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From the Editor’s Desk

Welcome to the November Issue

H Robert H. Caverly

elcome to the November
issue of IEEE Microwave
Magazine! This is one of our

“The Breadth of Microwave Theory
and Techniques (MTT)” issues in
which we publish articles on a variety
of topics. These articles are unsolicited
and submitted by authors wishing to
present reviews and tutorials on top-
ics they think might be of interest to
you. This is in contrast to our focus
issues, which are usually organized
by a guest editor and include articles
invited specifically for publication in the
issue. In short, anyone with a desire to
write a technology review can submit
a manuscript for publication in IEEE
Microwave Magazine; you do not have
to be invited to submit.

Writing for this magazine is differ-
ent than writing for IEEE Transactions
on Microwave Theory and Techniques, IEEE
Journal of Microwaves, or IEEE Microwave
and Wireless Components Letters. Rather
than presenting your latest research
findings, an IEEE Microwave Maga-
zine article should be a general-interest

Robert H. Caverly (rcaverly@uillanova.edu)
is with Villanova University, Villanova,
Pennsylvania, United States.
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review or tutorial that appeals to a wide
audience. The material covered in the
feature should also fall within the IEEE
Microwave Theory and Techniques So-
ciety’s (MTT-S’s) field of interest (https://
www.mtt.org/field-intereststatement/).
Technical features should pres-

ent a balanced picture
of the state of the
art rather than
focusing on re-
search from a sin-

gle laboratory or
company. Feature
articles are ty-
pically about 8-10
pages in length,
which is approxi-
mately 6,000 words,
including references.
This translates to
roughly 16-20 pages
of double-spaced, single-column

text. All technical features under-
go a rigorous peer evaluation. If you
have an idea for such a review manu-
script, please consider submitting it to
the magazine.

Our first technical feature in this
“The Breadth of MTT” issue is an in-
teresting look at a graphical design
tool that all microwave and RF engi-
neers know: the Smith chart. Although
most of us are quite adept at using the

NOVEMBER

chart on paper, in their article “The 3D
Smith Chart: From Theory to Experi-
mental Reality,” Andrei Muller and
his coauthors take us on an explora-
tion of the 3D Smith chart. Prof. Muller
etal. show us its origins and use in sev-
eral familiar design examples. The
second technical feature,

by Oscar Quevedo-
Teruel et al., “Peri-
odic Structures With
Higher Symmetries:
Their Applications in
Electromagnetic De-
vices,” presents a
detailed discussion

g
g,

on periodic struc-

©SHUTTERSTOCK.COM/PENWIN

tures. These are well
known to microwave
engineers, but this ar-
ticle takes the discussion
a number of steps further

by looking at various sym-

metries in the periodicity that can
improve the performance of these
structures. Examples of the use of
higher symmetries are bandwidth
improvements in electronic bandgap
structures as well as reduced dis-
persion properties in parallel-plate
waveguides. The final technical fea-
ture in this issue, “Balanced to Unbal-
anced: An Overview of Multifunctional
Wideband Balanced-to-Unbalanced

November 2020
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Four- and Five-Port Filtering Power
Dividers” by Wenjie Feng et al., pres-
ents the theory of and example circuits
for multiport, multifunctional signal
dividers, some of which have rela-
tively small footprints. As these are
single-layer structures, they are also

candidates for use with on-chip cir-
cuits and systems.

We also have a full lineup of columns
and other articles in this issue. MTT-S
President Alaa Abunjaileh discusses
the Society’s strategic plan, which has
had to be revisited due to the COVID-19
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pandemic and related changes in
MTT-S activities. Please take a look at
the “President’s Column” for an over-
view of the MTT-S’s future direction. In
our “MicroBusiness” column, two
different management styles (leading
and misleading) are highlighted, one of
which is shown to be much more ef-
fective than the other. Our “Microwave
Surfing” column looks at the history of
the IEEE Committee on Man and Radia-
tion and why its work is still important
nearly 50 years after its creation. In the
“Society News” column, we have an
interview with the chair of the MTT-S
Meetings and Symposia Committee,
who discusses its general operation
and its incredibly busy year dealing
with the many conference realign-
ments in light of the global health crisis.

Speaking of global, this month’s
“Around the Globe” column includes
another reprint from James Clerk Max-
well Foundation Newsletter, this time
looking at the photographs of famous
physicists on the wall of Einstein’s
study. It interesting to see whom
Einstein chose to cover part of his
study’s precious wall space. Our “New
Products” editor has put together a list
of six recently introduced microwave-
related products that might be of in-
terest to you. And, in addition to his
regular “Enigmas, etc.” column, Dr.
Takashi Ohira has written an article
for this month’s “Educator’s Corner”
column, where he takes an in-depth
look at planar geometry and how
it relates to impedance (and ties in
with the Smith chart), reflection coef-
ficients, and the Poincaré disk. This
material will help you solve the next
few “Engimas” puzzles (Prof. Ohira
has provided a new one to think about
this month as well as the solution to
last month’s problem). Finally, we have
our usual conference calendar; what
is not usual, however, is the fact that
the conference landscape is continu-
ally changing. Please be sure to check
the conference websites to see the lat-
est news of any changes in dates, loca-
tions, or venues. Enjoy the issue!

R
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President’s Column

The 2020 MTT-S Strategic Plan

M Alaa Abunjaileh

he IEEE Microwave Theory and
I Techniques Society (MTT-S) de-
veloped its first formal Strategic
Plan in 2010 as part of an IEEE-wide
effort. This plan has since become a vital
part of the ongoing evolution within
IEEE. It presents a model for how Societ-
ies perform their strategic planning and
provides clear goals, which our com-
munity is pursuing, alongside initia-
tives that will enhance our growth in the
coming years.

The MTT-S Strategic Plan has been
revised this year; Past President Dylan
Williams is leading this effort and
chairs our 2020 Strategic Planning
Committee, covering every corner of
our Society. Greg Lyons, the Society’s
president-elect and vice-chair of the
committee, will be responsible next
year for implementing many of the
plan’s objectives with strong support
from committee members.

As you would expect, the COVID-19
pandemic influenced the revision of
this plan. The current update explores
opportunities that have arisen this
year, branching into online and hybrid
events that could expand the growth of
our Society and increase the footprint

Digital Object Identifier 10.1109/MMM.2020.3016074
Date of current version: 6 October 2020
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of our events. There is emphasis on the
development and archiving of digital
content that can be shared worldwide
as well as on the pursuit of technology
for virtual meetings and other events.
The Society’s Strategic Plan is complex
and multifaceted; while it is still being
revised as of this writing, I wanted to
give you an overview of the plan and a
sense of its scope.

Our Society’s overall goal as artic-
ulated in the new draft plan is to “be
the indispensable global, collaborative,
multidisciplinary community for RF
through terahertz technology, for the

benefit of humanity.” This goal is fol-

lowed by a set of “vivid descriptions” of

what this will look like for the Society,
among which are the following:

e The MTT-S will be the first place

to which RF and microwave

- 1 Alaa Abunjaileh
(abunjaileh@ieee.org),
2020 MTT-S president,
is with Airbus Defence
and Space, Stevenage,
United Kingdom.

November 2020
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engineers throughout the world
turn to ensure their success.

The MTT-S will be globally rec-
ognized by microwave practi-

tioners and their management/
institutions as 1) the authority on
microwaves, 2) the unbiased nex-
us for open interchange of micro-
wave information, and 3) the first
choice for the dissemination and
discussion of microwave science
and engineering,.
MTT-S journals will be univer-
sally recognized as “the place to
publish,” known for the highest
quality, and as the main point
of communication in all regions
of the world about all things RF
through terahertz.
Our professional and organiza-
tional programs and practices,
such as the IEEE International
Microwave Symposium and IEEE
Distinguished Microwave Lectur-
ers, will be the recognized model
for other Societies and councils.
The Strategic Plan not only addresses
these larger goals of our Society; it
also aims to accomplish smaller objec-
tives and specific strategies in the
areas of publications, conferences,
education, and professional devel-
opment as well as marketing and

communications. For example, the
MTT-S will have a fleet of successful
conferences around the world, fully
accessible to local and
global communities.
Companies will con-
sider our conferences
the number one place to
showrcase their products/
services. As new sci-
ence and technologies

There is

of digital

emphasis on the
development
and archiving

education and throughout their
professional careers.

Strategic planning for the MTT-S
should become the
methodology for our
operations at all times
and at all levels through-
out the Society. This
plan represents a
compass the Society
will use to guide its

emerge in our field of content that work over the next
interest, we will hold Can be shared five years. Each year
conferences and impanel WOI'I dWi d e of its life, the plan will

technical committees
to address these new
areas. Furthermore,
the MTT-S will be the
world’s leading au-
thority for creating,
developing, and pro-
moting microwave-
related, multidisciplinary publica-
tions, activities, and events in collabo-
ration with other IEEE Societies and
Councils as well as non-IEEE entities.
This will enhance the MTT-S’s effort
to provide opportunities for collabora-
tive learning and facilitate megahertz
through terahertz authoritative
information exchange for educating
and supporting students from the
early stages through their higher

as well as on

the pursuit of
technology for
virtual meetings
and other events.

be updated based on
past experiences and
new circumstances or
as new opportunities
and challenges emerge
so that the global com-
munity can continue
to actively and increas-
ingly engage with our Society.

My “electronic door” will always
be open to hear any feedback, sug-
gestions, constructive criticism, or
complaints; you can reach me at abun
jaileh@ieee.org. If you would like to
get more involved in the MTT-S, please
send me an email with a short descrip-
tion of your interests, and I will get
back to you about possible positions
within the Society. R
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MicroBusiness

Leading and Misleading

M Fred Schindler

here is an inter-

esting relation-

ship between
the words leading and
misleading and their
meanings. Leading is
commonly used to des-
cribe the process or
ability of getting people
to follow. Misleading
means conveying some-
thing that isn’t correct.
They aren’t quite oppo-
sites, at least not in com-
mon usage. People try
to mislead one another
all the time. Leaders do,
too. In my experience,
misleading is generally
not an effective way to lead. We tend
to be persuaded by facts and realities.
Misleading statements that are not
based in reality eventually discredit
the leader who makes them. Is such a
leader a leader at all?

Fred Schindler (m.schindler@ieee.org)
consults on management issues in Boston,
Massachusetts, USA.
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Are there categories of misleading?
Is being misleading sometimes a useful
management tool? Consider a famous
case of a leader misrepresenting reality.
People who worked for Steve Jobs, the
cofounder of Apple, talked about his
“reality distortion field.” He used it to
motivate others and convince them to
accomplish the seemingly impossible.
It was, perhaps, self-serving, but it led
to the development of many innovative
products. The focus was not on him and
his personal desires, though. Rather, the

focus was on a common
goal of fulfilling a vision.
He was effectively lead-
ing a team. Ultimately,
he wasn’t misleading
people at all. He was
convincing his team
that what it thought
was impossible was actu-
ally possible.

There are plenty of
scenarios where leaders
intentionally provide
misleading information.
In some cases, leaders
feel compelled to do
so for the benefit of the
organization. A good
example of this is when
companies need to downsize and lay
off some employees. It’s a difficult sub-
ject, and the process is challenging.
Usually, plans are developed in secret
and then quickly executed, followed by
communications within the organiza-
tion and sometimes a disclosure out-
side the company. This can all be done
without being misleading. A leader
wants to take the necessary action with
minimal disruption, share information
about what happened, and then have
everyone move forward.

IEEE MiCrowave magazine 13



In concept, this is a good plan, but
the reality is often different. More
than once I was at a company where
employees noticed that the HR staff
had been working late into the night
for several days. With a declining
business environment in the back-
ground, it wasn’t difficult to guess
that HR was planning to reduce staff.
In one case, there were denials of
impending layoffs just days before job
cuts were announced.

The greatest challenge is in attempt-
ing a quick execution and follow-up
communications. The execution isn’t
always fast. Some people are out of the
office or away on travel, so it isn’t imme-
diately possible to inform them that
they are being laid off. Then, it becomes
a choice between broadly communicat-
ing to the organization before the job
cuts are complete or waiting to discuss
the reductions until after they are fin-
ished. Communications can become
muddled, people will be confused and
preoccupied, and many employees will
feel misled.

In the end, the leaders may just be
misleading themselves, thinking that
this can be done quickly and that the
organization will get back to work. It
won't. Even if a layoff is done well, its
disruption will linger. If it’s handled

poorly, the many employees who
weren't let go will consider finding
work somewhere else.

Leaders can mislead in many ways.
I'was told by a senior leader at a former
employer that my organization would
not be closed down, only to have him
shutter the operation several weeks
later. I guess he wasn't ready to disclose
the reality of the situation. But many of
us suspected we were going to be shut
down, and he didn’t gain credibility by
misleading me. Perhaps it didn’t matter
that it didn’t matter to him. It contrib-
uted to my eventual departure.

There are also leaders who chroni-
cally mislead—seemingly pathological
liars. There was, for example, the man-
ager who talked about his “open-door
policy” even though his door was often
closed. Perhaps it was his wish to have
an open door, even though it wasn't his
practice. It was also his wish to grow the
business. He wasn't able to accomplish
that, either.

I worked for a leader who claimed
that he had invented an innovative
technology, one that the industry was
broadly adopting at the time. It wasn't
difficult for most of us to determine that
his claim wasn't true. Patents are pub-
lic information, enabling anyone with
enough interest to investigate them. He
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hadn’t invented the technology. He did
have some patents in the general techni-
cal area, and perhaps one of them help-
ed facilitate the innovative technology.
He made the claim often enough that
he probably came to believe it himself.
Ultimately, it was self-aggrandizement,
and didn't help him lead us.

We saw similar behaviors in his man-
agement practices. Like any organi-
zation, we had our share of technical
and project problems. When problems
occurred, he needed to assign blame.
When problems were solved, he needed
to assume credit. That his management
of the organization may have been part
of the problem was beyond his concep-
tion. He had an inability to accept blame,
a need for adulation, and a suspension
of reality. He misled his employees, and
he misled himself.

There were some who considered
him a great leader. They were mostly
people who didn't work in his organi-
zation. Their assessments were pri-
marily based on what he told them. He
was keen to boast of his accomplish-
ments, take credit for the contribu-
tions of others, and deflect blame from
himself. The facts, for those who were
interested in considering them, told
a different story. There were others
who defended him despite his faults
because it served their self-interests,
even though he wasn't acting in the
best interests of the overall organiza-
tion. But most people saw his mislead-
ing for what it was, and many excellent
engineers left the company.

Every leader misleads from time
to time, often because he or she per-
ceives it as a necessity. It may even,
on balance, be the right thing to occa-
sionally mislead. But when a leader
persistently, chronically misleads, con-
sider the motive. If it’s the deflection
of blame, a need for praise, or the
pursuit of self-aggrandizement, that
person is not leading. Such people are
not leaders at all and should not be in
positions where they are expected to
manage others.
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What Is the IEEE Committee on Man and Radiation?

M Rajeev Bansal

“ n March of 1973, Consumers Union
I (CU) held a press conference to
announce their decision not to
recommend any microwave ovens be-
cause of doubt about their radiation
safety. They called for
zero (later modified
to minimum detect-
able with the appro-
priate instruments
at the time) leakage.
The next day, before
Senator Tunney, Dr.
Milton Zaret testified
that ‘there is a clear,
present, and ever-
increasing danger
to the entire popu-
lation of our country
from exposure to
the entire nonion-
izing portion of the
electromagnetic spectrum’” [1].
This was one of the first public chal-
lenges faced by the fledgling IEEE
Committee on Man and Radiation
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|EEE COMMITTEE ON
MAN AND RADIATION

Editor's Note

An earlier version of this column originally appeared in the October 2020 issue
of IEEE Antennas and Propagation Magazine.

(COMAR). The com-
mittee had been
formed in 1972 “to
carry out the goal
of informing the
public on ques-
tions related to
microwave/RF
radiation (exclud-
ing optical- and
X-radiation) and
their effects and
hazards” [1]. At
the behest of Dr.
John Osepchuk, a
founding member
of COMAR, IEEE added to the charter
that “whenever necessary, committee
members, or the committee as a whole,
should try to correct false or mislead-
ing information that is disseminated in
newspapers, journals, television, radio,
etc. by sending corrective information
to managers of the media” [1]. COMAR
encouraged a letter-writing campaign
to Senator Tunney. In the spring of 1974,

©SHUTTERSTOCK.COM/KOLONKO

IEEE held a press conference with the
then-chair of COMAR to announce its
opposition to the CU’s position.

Nearly 50 years later, when micro-
wave ovens have become fixtures in
kitchens and offices around the world,
it would appear that the public’s fears
of nonionizing radiation would be a
thing of the past. If only it were so. I
first heard about COMAR when, as
a graduate student during the late
1970s, I read a COMAR review of a
series of alarmist articles about micro-
waves written by Paul Brodeur and
published in The New Yorker. Roughly
20 years ago, I joined COMAR as a
liaison member from the IEEE An-
tennas and Propagation Society.
By that time, COMAR had become a
committee under the umbrella of the
IEEE Engineering in Medicine and
Biology Society.

As noted on the COMAR website [2],

COMAR’s primary area of inter-

est is biological effects of nonion-

izing electromagnetic radiation.
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It examines and interprets the
biological effects and presents
its findings in an authoritative
manner, usually in Technical
Information Statements (TISs) or
Position Papers. These papers are
subject to an extensive review
process within the Committee
and represent the consensus of
the Committee.
It is important to note that, while
COMAR does not establish safety stan-
dards, it has an interest in the stan-
dards activity within its scope.
In a TIS [3] published in 2009,
COMAR concluded that
the weight of scientific evidence
in the RF bioeffects literature
does not support the safety lim-
its recommended by the Bio-
Initiative group. For this reason,
COMAR recommends that public
health officials continue to base

their policies on RF safety lim-

its recommended by established

and sanctioned international or-
ganizations, such as the Institute

of Electrical and Electronics Engi-

neers International Committee

on Electromagnetic Safety and
the International Commission on

Non-lonizing Radiation Protec-

tion, which is formally related to

the World Health Organization [3].

In its most recent TIS [4], pub-
lished in 2020, COMAR addressed the
health and safety issues surround-
ing the new 5G networks. COMAR
concludes that “so long as exposures
remain below established guidelines,
the research results to date do not
support a determination that adverse
health effects are associated with RF
exposures, including those from 5G
systems” [4]. From microwave ovens
to 5G networks, it has been a long

road for COMAR, but the committee
is always ready to take on new chal-
lenges as they arise.
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NOW ACCEPTING PAPERS

0 IEEE Journal of Microwaves

“Expanding science, technology and connectivity across the globe.”

J/EEE Journal of Microwaves is now open for manuscript submission at:
https://mtt.org/publications/journal-of-microwaves

TS LIt /-~L Journal of Microwaves (JMW) is our new Gold Open
Access publication covering the complete scope of the Microwave
Theory and Techniques Society: from MHz to THz.

We are breaking new ground by acting as both a high-quality outlet
for peer reviewed technical articles, as well as featuring broad-
interest review and editorial series features that will appeal to all
our members.

Our archival-quality Inaugural Issue will be released in both print
and online formats in early January. This issue contains more than
500 pages with articles and special series features from distin-
guished authors throughout the microwave community, and covers
many of the technical topics served by the MTT Society.

You will NOT want to miss having this volume on your shelf!

Just a select few of our upcoming article titles and special features are:

Microwave Imaging in Security — Two Decades of Innovation Microwaves in Chemistry

Sensing of Life Activities at the Human-Microwave Frontier Microwave Superconductivity

Innovative RFID Sensors for Internet of Things” Applications Microwave Photonic Array Radars

Automotive Radar — From First Efforts to Future Systems Microwaves in Quantum Computing

Connecting Chips with more than 100 GHz Bandwidth Microwave and Millimeter Wave Power Beaming

THz Spectroscopy in the Laboratory and in Space Microwave Huygen’s Metasurfaces: Fundamentals & Apps.
Gyrotron-Based Millimeter-Wave Non-Lethal Weapon Systems Microwave Magnetics & Considerations for Systems Design
PLUS:

Micrometer Sensing with Microwaves: Precise Radar Systems for Innovative Measurement Applications
Packaging and Antenna Integration for Silicon-Based Millimeter-Wave Phased Arrays: 5G and Beyond
Coherent Automotive Radar Networks: The Next Generation of Radar-Based Imaging and Mapping
MID-Radio Telescope, Single Pixel Feed Packages for the Square Kilometer Array: An Overview
Advanced RF and Microwave Design Optimization: A Journey and a Vision of Future Trends
Millimeter-Wave Power Amplifier Integrated Circuits for High Dynamic Range Signals

History and Innovation of Wireless Power Transfer via Microwaves

Opportunities in Beyond-5G and 6G Communication

SPECIAL FEATURES:

Carver Mead: “It’s All About Thinking,” A Personal Account Leading up to the First Microwave Transistor
Microwave Pioneers: John C. Mather, “A Singular Purpose”

On the Shoulders of Giants: Reflections on the Creators and Uses of Radio by Tom Lewis

Microwaves are Everywhere: “CMB: Hiding in Plain Sight”

Journal of Microwaves is a model for, rather than simply a participant in, our changing future.
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MTT-S www.mtt.org/publications/journal-of-microwaves
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IMS2021 ATLANTA, GA | 6-11 JUNE 2021

International Microwave Symposium

CALL FOR PAPERS

The IEEE Microwave Theory and Techniques
Society’s 2021 International Microwave
Symposium (IMS2021) will be held June

6-11,2021 at the Georgia World Congress
Center in Atlanta, Georgia. You are cordially
invited to join us in Atlanta at the intersection
of communications, aerospace, automotive,
loT and other emerging technologies to learn the latest developments in
MHz-to-THz theories, techniques, devices, systems and applications. IMS2021
is the centerpiece of Microwave Week 2021 which is comprised of three
conferences including the RFIC Symposium (www.rfic-ieee.org) and the

ARFTG Conference (www.arftg.org)

New this year: IMS will be a hybrid conference — both face-to-face and virtual.
More details will be reported soon.

Microwave Week, with more than 8000 participants and 600 industrial

exhibits of state-of-the-art microwave products, is the world’s largest gathering
of radio-frequency (RF) and microwave professionals encompassing MHz to THz
ranges and is the most important forum for the latest research advances and
practices in the field. IMS2021 offers something for everyone, including the
following:

® Technical Program — Oral/Poster Sessions, Workshops, Technical Lectures,
and Panel/Rump Sessions

® Connected Future Summit (formerly 5G Summit) showcasing the next-
generation wireless technologies for mobility, V2X and loT

® RF Bootcamp intended for students, engineers, and managers from
non-microwave engineering disciplines

® Job Fair for students offering employment opportunities within our exhibitor
community

® Exhibitor workshops and application seminars featuring presentations
by the preeminent technologists from our exhibitors, explaining the
technology behind their products

® Special small business/entrepreneurs’ area on the exhibitor floor

® Discounted pricing for students with a SUPERPASS offering access
to all conference events

Digital Object Identifier 10.1109/MMM.2020.3020487

® Competitions for Best Industry Paper, Advanced Practices Paper, Student
Paper Award, Three-Minute Thesis (3MT), Student Design Competitions and
Student Demonstrations; a Student Demonstration event to showcase the
prototypes developed by students and presented in the technical papers
@ Project Connect for underrepresented minority engineering students,
and the Ph.D. Student Initiative for new students

® Networking events for Amateur Radio (HAM) enthusiasts,
Women in Engineering (WIE)/Women in Microwaves (WIM), and
Young Professionals (YP)

® STEM Program featuring hands-on activities and exhibitions designed to
help students in middle and high school expand their understanding of
what it is to be an engineer

® Guest hospitality suite and tour programs for attendees and their guests

® New technical areas on RF to mm-wave physical layer security, quantum
electronics and Al/ML for RF and microwave

LEaMTT-S

IEEE MICROWAVE THEORY &
TECHNIQUES SOCIETY

Paper Submission: Authors are invited to submit technical papers describing
original work on RF, millimeter-wave, and terahertz theory and techniques. The
deadline for submission is 16 December 2020. A blind review process will be
used to ensure anonymity for both authors and reviewers. Detailed instructions
on submitting a blind-review compliant paper can be found at www.ims-ieee.
org. Papers will be evaluated on the basis of originality, content, clarity, and
relevance to IMS.




PAPER SUBMISSION INSTRUCTIONS:

1. All submissions must be in English.

2. Authors must adhere to the format provided in the template, which can be
downloaded from www.ims-ieee.org.

3. For regular submissions, authors must submit their paper at www.ims-ieee.org
by 11:59 PM Hawaii Standard Time on 9 December 2020. Late submissions
will not be considered. The initial submission should be between three and four
pages, must be in PDF format, must be double-blind compliant, and cannot
exceed 2MB in size. Hardcopy and email submissions are not accepted.

Page Limit: For the initial submission deadline, the paper length should be three
pages. Papers longer than three pages will not be considered. The final page length
for the papers accepted for publication in the proceeding is three pages.

Paper Selection Criteria: Papers are reviewed by IMS2021 Technical Program
subcommittees. The selection criteria will be:

® Originality: Is the contribution unique and significant? Does it advance the
state of the art of the technology and/or practices? Are proper references to
previous work by the authors and others provided?

® Quantitative content: Does the paper give a comprehensive description of the
work with adequate supporting data?

® Clarity: Is the paper contribution and technical content presented with clarity?
Are the writing and accompanying figures clear and understandable?

©® Interest to MTT-S membership: Why should this work be reported at this
conference?

Technical Areas: During the paper submission process, authors will choose a
primary and two alternative technical areas (see the Technical Areas). The paper
abstract should contain information that clearly reflects the choice of the area(s).
Author-selected technical areas will be used to determine an appropriate committee
for reviewing the paper. The technical areas are divided into five different categories
that are used to organize the paper presentation schedule. It is permissible to
choose primary and alternative technical areas that are in different categories.

Presentation Format: IMS offers three types of presentation formats. The authors’
preference will be honored where possible, but the IMS2021 Technical Program
Committee (TPC) reserves the right to place papers in the most appropriate technical
area and presentation format.

1. Full-length (20-minute) papers report significant contributions, advancements,
or applications in a formal presentation format with questions and answers
(Q&A) at the end.

2. Short (10-minute) papers typically report specific refinements or improvements
in the state of the art in a formal presentation format with Q&A at the end.

3. Interactive forum papers provide an opportunity for authors to present their
theoretical and/or experimental developments and results in greater detail
and in a more informal and conversational setting. Papers will be presented
in a standard poster format. An IMS2021 poster template will be provided. In
addition, authors have the opportunity to display hardware, perform demon-
strations, and conduct discussions with interested IMS attendees.

4, Authors of accepted IMS2021 papers must submit a pre-recorded video of their
paper presentation. Details of the video presentation will be communicated with
the first author of the selected papers.

Notification: Authors will be notified of the decision by 10 February 2021 via

the email address(es) provided with the initial paper submission. For accepted
papers, an electronic version of the final manuscript (three to four pages, to be
published in the Symposium proceedings) along with a copyright assignment to the
IEEE must be submitted by 4 March 2021. Authors will be required to submit their
presentation slides using the approved template by 20 May 2021, and these will be
made available to all attendees at the conference. The submission instructions will
also be provided through emails and can be accessed through the Symposium
website. The Symposium proceedings will be recorded on electronic media and
archived in |IEEE Xplore.

Clearances: It is the authors’ responsibility to obtain all required company and
government clearances prior to submitting a paper. Authors are strongly urged not to

wait until the last day to start the paper submission process. Those unfamiliar with
the process may encounter paper formatting or clearance issues that may take time
to resolve. A statement certified by the submitting author that such clearances

have been obtained and a completed IEEE copyright form must accompany the
manuscript of each accepted paper. Details regarding clearances will be available
during the paper submission process.

Student Superpass: IMS2021 enthusiastically invites participation from students

at all levels to attend IMS2021. All students will be offered the opportunity to
purchase a SUPERPASS allowing access to the IMS, RFIC, and ARFTG conferences,
all workshops, short courses and panel sessions, Connected Future Summit (formerly
5G Summit), and most other events over the course of the week. Student SUPER-
PASS prices are significantly discounted to encourage student participation.

Student Paper Competition: Eligible students are encouraged to submit papers for
the Student Paper Competition. These papers will be reviewed in the same manner
as all other contributed papers. First, second, and third prizes will be awarded based
on content and presentation. To be considered for an award, the student must be a
full-time student during the time the work was performed, be the lead author, and
personally present the paper at IMS. During the submission process, the student is
required to provide the email address of the faculty advisor, who will be asked upon
the selection of the paper to certify that the work is primarily that of the student.
Please refer to www.ims-ieee.org for full eligibility details.

Industry and Advanced Practice Paper Competitions: Eligible authors from industry
are encouraged to submit papers for the Industry Paper Competition. Additionally,
any author who submits a paper on advanced practices may be entered into the
Advanced Practice Paper Competition. A paper on advanced practices describes an
innovative RF/microwave design integration technique, process enhancement, and/
or combination thereof that results in significant improvements in performance and/
or in time to production for RF/microwave components, subsystems, or systems. The
papers will be evaluated using the same standards as all contributed papers. Please
refer to www.ims-ieee.org for details.

Workshops, Technical Lectures, Focus and Special Sessions, Panel and Rump
Sessions: Topics being considered for these areas include, but are not limited to,
next-generation wireless systems (5G and beyond), emerging RF/microwave
applications, latest technologies for RF/microwave measurements, and advances in
RFIC technology. Please consult www.ims-ieee.org for a more detailed list of desired
topics and instructions on how to prepare a proposal. Proposals must be received
by 23 September 2020.

MicroApps and Exhibitor Workshops: Microwave Application Seminars (MicroApps)
continue as a forum on the exhibition floor for IMS exhibitors to present the
technology and special capabilities behind their commercial products. In addition,
the Exhibitor workshops provide IMS exhibitors a unique opportunity to provide more
in-depth presentations of technical topics to the attendees. Both events are open to
all conference and exhibit attendees. Exhibitor workshops require a nominal fee while
MicroApps are free of charge.

Student Design Competition: All eligible students or student teams are invited
to consider taking part in the Student Design Competitions (SDCs) during the
IMS2021. Please refer to www.ims-ieee.org for full eligibility details, a list of
IMS2021 SDCs, and the rules for each SDC.

Student Demonstrations: All students who have submitted papers for oral or
interactive forum are invited to participate in the Student Demonstrations during
the IMS2021. This will be a unique opportunity for students to showcase prototype
hardware that was presented during technical sessions. Please refer to www.
ims-ieee.org for full eligibility details.

Three-Minute Thesis (3MT®) Workshop: For eligible students and young profession-
als, participants with accepted papers are invited to attend a full-day workshop on
Sunday on presenting technical work for broader audiences. Following the workshop,
students will be invited to enter the 3MT® competition. The 3MT® contestants will
make a presentation of three minutes or less, supported only by one static slide,

in a language appropriate to a non-specialist audience.

IEEE T-MTT Special Issue: Authors of all papers presented at IMS2021 can submit
an expanded version of their IMS papers to the Special Issue of the IEEE Transactions
on Microwave Theory and Techniques (IEEE T-MTT) devoted to the IMS2021. Please
refer to www.ims-ieee.org for details.



TECHNICAL AREAS:

Electromagnetic Field, Device and Circuit Techniques

o Field analysis and guided waves — Novel guiding and radiating structures, new
physical phenomena in transmission lines and waveguides, and new analytical methods
for solving guided-wave and radiation problems.

0 Numerical techniques & CAD algorithms — Finite-difference, finite-element,
integral equation, and hybrid methods for RF, microwave, and THz applications.
Simulation, modeling, uncertainty quantification, and design optimization; circuit-,
EM-, multi-physics-, and statistics-based, including surrogate modeling, space
mapping, and model order reduction techniques.

@ Instrumentation and measurement techniques — Theoretically supported and
experimentally demonstrated linear and nonlinear measurement techniques for devices
and materials, error correction, de-embedding, calibration, and novel instrumentation.

o MHz-to-THz device modeling — Active and passive, linear and nonlinear device and

structure modeling (physical, empirical, and behavioral) including characterization,
parameter extraction, and validation.

6 Nonlinear circuit and system analysis, simulation, and design — Distortion,
stability and qualitative dynamics analysis; circuits and systems (C&S) simulation
techniques and applications; behavioral modeling of nonlinear C&S (excluding PAs);
and nonlinear C&S design and implementations.

Passive Components and Packaging

o Transmission-line structures — Novel transmission-line structures and devices,
transmission-line equivalent circuits, artificial transmission lines and metamaterial
structures, transmission-line applications for devices and systems.

Passive circuit elements — Couplers, dividers/combiners, hybrids, resonators, and
lumped-element approaches.

Planar passive filters and multiplexers — Planar passive filters and multiplexers
including lumped elements, theoretical filter and multiplexer synthesis methods.

Non-planar passive filters and multiplexers — Resonators, filters and multiplexers
based on dielectric, waveguide, coaxial, or other non-planar structures.

etc.), active, and tunable filters.

Microwave acoustic, ferrite, ferroelectric, phase-change, and MEMS com-
ponents — Surface and bulk acoustic wave devices including FBAR devices, bulk and
thin-film ferrite components, ferroelectric-based devices, and phase-change devices
and components. RF microelectromechanical and micromachined components and
subsystems.

@ Packaging, MCMs, and 3D manufacturing techniques — Component and
subsystem packaging, assembly methods, inkjet printing, multi-chip modules, wafer
stacking, 3D interconnect, and integrated cooling. Novel processes related to 3D print-
ing or additive manufacturing techniques.
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Active Devices

@ Semiconductor devices and process characterization — RF, microwave,
mm-wave, and THz devices on lI-V, silicon and other emerging technologies. MMIC
and Si RFIC manufacturing, reliability, failure analysis, yield, and cost.

@ Low-noise amplifiers, variable-gain amplifiers and receivers — LNAs, VGAs,
detectors, receivers, integrated radiometers, cryogenic amplifiers and models, and
characterization methods for low-noise integrated circuits and components.

@ Signal generation, modulators, frequency conversion, and signal shaping
ICs — CW and pulsed oscillators in silicon and IlI-V processes including VCOs, DROs,
YT0s, PLOs, and frequency synthesizers, signal modulators, and frequency conversion
ICs in silicon and IlI-V processes, such as IQ modulators, mixers, frequency multipliers/
dividers, switches, and phase shifters.

Mixed-signal and wireline ICs — High-speed mixed-signal components and
subsystems for transmission; equalization and clock-data recovery techniques for
electrical backplanes and electro-optical interfaces. High-speed mixed-signal
components and subsystems, including ADC, DAC and DDS technologies.

High-power MHz, RF and microwave amplifiers — Advances in discrete and IC
power amplifier devices and design techniques based on Ill-V and LD-MOS devices,
demonstrating improved power, efficiency, and linearity for HF, UHF, VHF, RF and micro-
wave bands (< 26 GHz). Power-combining techniques for SSPA and vacuum electronics.

Compound semiconductor power amplifiers — Advances in IC power amplifier
devices, design techniques and power combining based on Ill-V and other compound
semiconductor devices demonstrating improved power, efficiency, and linearity for
millimeter-wave bands; vacuum electronics for millimeter-wave.

Silicon power amplifiers — Advances in RFIC and digital power amplifier design and
power combining techniques based on silicon CMOS and SiGe processes, demonstrat-
ing improved power, efficiency, and linearity for RF, millimeter-wave, and sub-THz bands.

Linearization and transmitter techniques for power amplifiers — Power
amplifier design, characterization, and behavioral modeling; linearization and pre-
distortion techniques; envelope-tracking, outphasing and Doherty transmitters for Ill-V
and silicon technologies
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Active, tunable, and integrated filters — Integrated (on Si, LTCC, LCP, MCM-D, GaAs,

@ Integrated transceivers, beamformers, imaging and phased-array chips and
modules — Design and characterization of complex llI-V ICs, silicon ICs, heterogenous
systems, and related packaging in the RF to mm-wave including narrowband and wide-
band designs. Innovative circuits and sub-systems for communications, radar, imaging,
and sensing applications. Integrated on-chip antennas and on-package antennas.

@ Millimeter-wave and terahertz integrated circuits and systems — Design
and characterization of active components including LNAs, PAs, and frequency conver-
sion ICs in silicon and IlI-V processes and/or packaging in the upper mm-wave and
THz regimes; innovative THz circuits systems for communications, radar, imaging, and
sensing applications. Demonstrations of on-chip antennas. Novel multi-feed antennas
and antenna-electronics co-designs and co-integrations.

Microwave photonics and nanotechnology — Integrated devices and 1D-2D
material-based technology. Multidisciplinary field studying the interaction between
microwaves, THz waves, and optical waves for the generation, processing, control,
and distribution of microwave, mm-wave, and THz signals. Emerging RF applications
of nanophotonics, nanoplasmonics, and nano-optomechanics; nanoscale metrology
and imaging.

Systems and Applications

@ Phased Arrays, MIMO and Beamformers — Technology advances combining theory
and hardware implementation in the areas of phased-array antennas, integrated beam-
formers, spatial power combining, retrodirective systems, built-in self-test techniques,
broadband arrays, digital beamforming, and multi-beam systems. New beamforming,
beam-tracking, and spatial notching algorithms, signal processing, and demonstrations.

@ Radar and Imaging Systems — RF, millimeter-wave, and sub-THz radar and imaging
systems, automotive radars, sensors for intelligent vehicular highway systems, UNB and
broadband radar, remote sensing, radiometers, passive and active imaging systems,
radar detection techniques, and related signal processing.

@ Wireless, 5G & Beyond, and New Satellite Communication Systems — RF,
millimeter-wave, and sub-THz communication systems with hardware implementation
for terrestrial, vehicular, satellite, and indoor applications, point-to-point links, backhaul
and fronthaul applications, radio-over-fiber links, cognitive and software-defined radios,
MIMO and full-duplex technologies, and simultaneous transmit and receive (STAR)
systems.

@ Wireless System Characterization and Architectures — Wireless and 5G &
Beyond enabling technologies including but not limited to beamforming techniques,
MIMO, massive MIMO, multiple radio access technologies, centralized radio access
networks, shared and novel spectrum use, waveform design, modulation schemes,
and channel modeling.

@ Sensing and RFID Systems — Short range wireless and RFID sensors, gas and fluidic
sensors, passive and active tags from HF to millimeter-wave frequency, RFID systems
including wearables and ultra-low-power.

@ Wireless Power Transmission — Energy harvesting systems and applications,
rectifiers, circuits, self-biased systems, combined data and power transfer systems

MHz-to-THz instrumentation for biological measurements and healthcare
applications — Devices, components, circuits and systems for biological measure-
ments and characterizations; biomedical therapeutic and diagnostic applications;
systems and instrumentation for biomedical applications; wireless sensors and systems,
and implantable and wearable devices for health monitoring and telemedicine.

MHz-To-THz interaction of materials and tissues — Electromagnetic field
interaction at molecular, cellular, and tissue levels; electromagnetic characterization of
biological materials and living systems; MRI and microwave imaging. Industrial and sci-
entific, medical applications utilizing microwave power technology; microwave-enhanced
chemistry; non-destructive evaluation /testing and material property measurements at
nanometer to millimeter. Multi-modal and multi-physical imaging techniques, such as
microwave-induced acoustic imaging.

@ Innovative systems and applications — Emerging technologies and novel system
concepts for RF/microwave applications such as 6G, Internet of Things (loT), Internet of
Space (loS), wearable computing/communication systems, machine-to-machine (M2M)
communication, intelligent transportation, smart cities, smart environment, heteroge-
neous integration and 3D ICs, silicon photonics and plasmonics.

@ MHz-to-THz physical layer security — Devices, circuits, and systems for secured
communication and sensing from MHz to THz, addressing general security vulnerability
due to electromagnetic emissions, hardware and software co-design for physical layer
security, advanced devices and materials to enhance RF, mm-Wave, and THz physical
layer security, trusted design, fabrication, packaging, and validation for RF, mm-Wave,
and THz electronics;

@ Al/ML for RF and Mm-Wave — Al/ML algorithms, implementations, and demonstra-
tions for spectrum sensing, mobile edge networking, and MIMO and array beam opera-
tions and management; AL/ML algorithms for design and optimization of RF/mm-Wave
components, circuits, and systems; AL/ML algorithms for in-situ sensing, diagnostics,
control, reconfiguration, and optimization of MHz to THz communication and sensing
circuits and systems.

@ Quantum devices, systems, and applications — Cryogenic RF devices, circuits, and
systems for general quantum device interfacing and quantum computing applications.
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The 3D
Smith
Chart

he Smith chart was primarily de-

veloped, extended, and refined by

Phillip Hagar Smith [1] in a series

of works published [2]-[4] between

1939 and 1969. Smith was born in
Lexington, Massachusetts, in 1905. He majored
in electrical communications at Tufts University
and joined the Radio Research Department of
Bell Telephone Laboratories (now Bell Labs) in
1928. While there, in around 1930, Smith started
work on the diagram that was to become the
Smith chart. He submitted the initial version to
Electronics Magazine in 1937; the magazine finally
published his diagram in 1939 [2]. The MIT Radi-
ation Laboratory started using the chart. In 1940,
and in 1944 Smith published a second article that
incorporated further improvements, includ-
ing the use of the chart with either impedance
or admittance coordinates. In 1952, Smith was el-
evated to IEEE Fellow for his contributions to the de-
velopment of antennas and the graphical analysis
of transmission-line characteristics. The first issue
of Microwave Journal (1958) published a biography of
Smith to acknowledge the importance of his con-
tributions. In 1969, he wrote the book Electronic Ap-

plications of the Smith Chart in Waveguide, Circuit and
Component Analysis; he retired from Bell Labs in 1970.
In 1975, he received the IEEE Microwave Theory and
Techniques Society’s Special Recognition in Micro-
wave Applications award for the Smith chart, and in
1994 he was elected to the New Jersey Inventors Hall
of Fame.
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In this article, we start with several drawings
of spherical Smith charts, proposed with the aim of
having a generalized chart that deals with both nega-
tive and positive resistance circuits within a compact
surface. Then, we introduce our suggested 3D Smith
chart, discussing its main equation from an inversive
geometry perspective, for which Mdbius transfor-
mations are a simple type of transformation, map-
ping circles into circles on a special sphere (called a
Riemann sphere [5]); doing so leads to mathematical

completeness and simplicity
when dealing with negative
resistance and infinity.

Based on this, the article
takes the reader on a journey to
a compact tool where all nega-
tive and positive resistances are
analyzed on a preserving-circles
patterned sphere. We propose to
use the 3D space surrounding
the sphere for multiple-com-
plex-scalar visualization, which
is useful in equivalent-circuit
extractions and multiparam-
eter optimization or simply
for multiple-variable imaging
and uncovering changes in fre-
quency orientation.

Spherical Smith Chart
Drawings for Negative-
Resistance Circuits

The Smith chart is limited
within the unit circle to pas-
sive circuits with positive resis-
tance () [or conductance ()] [1];
circuits with negative r (or g),
which occurs in active circuits,
are not covered by the conven-
tional Smith chart [4], [6].

In 2006, IEEE Microwave
Maguazine presented an article
[7] on drawings by the art-
ist M.C. Escher, including a
spherical self-portrait. The
article pointed out the con-
nection between the draw-
ings of Escher and hyperbolic geometry while also
emphasizing the connection between the Smith
chart and Mobius transformations in geometry within
the 2D complex plane.

Motivated by the desire to have a unified chart for
both active and passive microwave circuits, Zelley
proposed drawing an intuitive spherical Smith chart
on a ping-pong ball [8]. The drawing in [8] still lacked
“mathematical rigor,” as the author acknowledged,
and no equations were given for its construction.

©SHUTTERSTOCK.COM/AUDRIUS MERFELDAS

Andrei A. Muller, Victor Asavei, Alin Moldoveanu,
Esther Sanabria-Codesal, Riyaz A. Khadar, Cornel Popescu,
Dan Dascalu, and Adrian M. Ionescu

November 2020

IEEE Microwave magazine



24

Inspired by the beautiful drawing in [8]—obtained
by means of skillful but complicated arithmetical and
trigonometrical manipulations—spherical Smith chart
theories were proposed in [9] and [10]. In [9], the circles
appearing in 2D are mapped into different curves on
the spherical chart, while, in [10], the circles on the
spherical Smith chart are distorted into ellipses in 2D.

In fact, in [9], the authors parameterize the sphere
using two angles as parameters so that the circles of
resistance appear when we view the plane containing
the equator from the point (1,0,0) and the circles of con-
stant reactance are displayed when we turn this plane
sideways. With this structure, the orthogonal projec-
tion of these circles onto the equator plane (2D Smith
chart) distorts them into ellipses. In the same way, the
curves on the sphere considered in [10] are projected
orthogonally in 2D and do not, in general, have a cir-
cular shape.

Here we develop our main (initial) work on a single
concept: inversive geometry. Inversive geometry con-
siders the space of inversive transformations, which
map all the circles into circles on a 2D sheet or on the

Figure 1. A vision of infinity: (a) moving away from the
origin of the Smith chart and (b) moving away from the origin
of the 3D Smith chart. The males and females are in one-to-
one correspondence on the Smith and 3D Smith charts.

Figure 2. The (a) impedance plane’s left half-plane is (b) mapped
onto the exterior of the Smith chart. The constant r circles (for
negative r) are now mapped into circles outside of the Smith
chart, while the constant x circles are mapped into arcs outside of
the Smith chart.

IEEE MiCrowave magazine

Riemann sphere when points are thrown to infinity
(o0). For this geometry, o is just a point [5], [11]-[13],
unlike Euclidean geometry, where o = unending, or
hyperbolic geometry, where o = circle [7].

3D Smith Chart and Negative Resistance

In [12], we propose a single equation that maps the
entire reflection-coefficient (o) (1) plane onto a unit
sphere (s). The equation can be expressed in terms of p
(its real pr and imaginary p. part), normalized imped-
ance (z), resistance (r), and reactance (x) as follows:

z—1

p(z):Z"Fl/ (1)
) 2p: 200 1—|pf
pap(p = pr+ pf)=( : / ,
o T TP 1+1pF 141 0P
|zZP-1  ox 2r

paD(Z=7’+jx)=< ) ¥

l[zP+1"|zP+1" |zP+1
This guarantees the invariance of the circles and
angles; the 3D Smith chart includes both active and
passive microwave circuits on a single sphere, map-
ping the original Smith chart onto the northern hemi-
sphere and mapping the circles that tend to infinity
on the 2D extended Smith chart into circles in the
southern hemisphere. Thus, the northern hemisphere
contains circuits with positive resistance, and the
southern hemisphere contains circuits with negative
resistance—east for inductive and west for capacitive.
In further developments of the concept [14], [15], the
3D space surrounding the sphere is then used for visu-
alizing a variety of parameters. Figure 1 shows the con-
ventional Smith chart and 3D Smith chart in a direct
comparison. Infinity or reflection coefficients with
very high magnitudes are scattered in all directions on
the 2D Smith chart (reflection coefficients of loads with
negative resistance). On the 3D Smith chart, surpassing
the unit magnitude of the reflection coefficient means
simply moving south, while infinity is a point on the
sphere (the south pole, in geographical language).

Smith Chart Leading Equation and

Negative Resistance

The leading equation that generates the Smith chart
(1) is presented by Smith as a bilinear conformal trans-
formation in [4]; however, nothing about the global
geometrical properties of these transformations is dis-
closed in [2]-[4].

The equation maps the constant » and constant x grid
lines of the impedance plane’s right half plane (r > 0)
into arcs and circles within the unit circle of the Smith
chart, leaving the left half plane (r < 0) to be mapped
in its exterior (as depicted in Figure 2), while throwing
points to infinity in all directions. Unlike the literature
describing the classical Smith chart, which considers (1)
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either a bilinear transformation [4], [7], [16] or a confor-
mal one [17], [18], here we see it as a particular case of
inversive transformation, that is, the direct inverse: D(z)
(3a) [11].

Direct inversive (also called Mobius) and indirect I(z)
inversive transformations (3b) are the only transforma-
tions that map all generalized circles (simple circles or
infinite extended lines) into generalized circles irrespec-
tive of their position on the complex plane. When points
are thrown to infinity, one needs to compress the complex
plane (C U oo} Riemann sphere) to visualize them [5].

D(z)=Z+L, (3)
I(z) = g;jg. (3b)

Smith Chart Circle Equation and Negative
Capacitance and Inductance

To visualize the circuits exhibiting clockwise and
counterclockwise frequency orientation, the dynamics
of the frequency path need to be grasped. A variety
of circuits exhibit reflection-coefficient movements

In 1952, Smith was elevated to IEEE
Fellow for his contributions to the

development of antennas and the

graphical analysis of transmission-
line characteristics.

on the unit circle of the complex plane; however, their
intrinsic nature can be very different. Table 1 lists dif-
ferent frequency parameterizations of the unit circle
with their angular frequency speed and specific ori-
entation. The oriented curvature [k(w)] gives the ori-
entation of any possible circuit. When computing the
reflection coefficient for a positive inductor or nega-
tive capacitor (or vice versa), one will see the identical
circle-like path in the reflection plane. However, when
computing their curvature k [19], one may spot sign
changes and, in this case, find their different intrinsic
natures and orientations. In Table 1 it can be seen that
the reflection coefficient of a single-port, normalized
positive capacitance is a direct inversive transforma-
tion (3a) of z = 1/(jwC), while the reflection coefficient

TABLE 1. Different perspectives on the unit plane circle depending on the mathematical viewpoint.

Viewpoint Equation

Speed

Position at ® = 71/2,
(Starting Point 1, 0)

Orientation,
Curvature (k)

Algebraic, 2D Euclidean
geometry

24+ x?=1

Differential geometry Cos(w) +jSin(w)w ={0,2* 7z}

Differential geometry Cos(—2w) +jSin(—2w)w ={0,2*z}

Reflection-coefficient 1
positive capacitor o= la])C
et

Reflection-coefficient _ 1y
negative capacitor p= /(‘]’C
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Figure 3. The 3D Smith chart construction. (a) The 3D Smith chart image of circuits with | p| < 1 and (b) |p| > 1 in (b) the

southern hemisphere.

TABLE 2. The properties of the 2D Smith chart versus the 3D Smith chart.

3D Smith Chart Geographic Coordinate System
Language (Latitudinal and Longitudinal)

Property 2D Smith Chart
Positive resistance Interior of unit circle
Negative resistance Exterior

Perfect matching Origin

|Reflection coefficient|==infinity Infinity, far out

Inductive Above the T axes
Capacitive Below the T, axes
r,x, g and b constants Circles
Purely resistive T, axes

| T | = constant Circle centered in the origin

Constant phase of the reflection Lines through the origin

Northern hemisphere
Southern hemisphere
North pole

South pole

East

West

Circles

Great circle formed by the prime meridian and antemeridian,
dividing the world into east and west hemispheres

Latitude circle

Great circle of longitude made by the prime meridian and

coefficient antemeridian
=1 Unit circle Equator
|T| q
Open circuit (1,0) Null island (prime meridian/equator intersection) (0,0)
Short circuit -1,0 Antipodal point to null island (antemeridian/equator
intersection) (0, —180 E)
Unit-inductive load ) (0,90E)
Unit-capacitive load 0,—j 0,90 W
p ]
Short Circuit Prirr)e. North Pole lp|=0 Sl
|p|= o ort Circuit  |p|=co North nM(':f.f[_(_j'an p! x=0 Circuit

0,90 W
X=j
Null " Equator Open , -\:\|p| =1
Island P Lo Circuit”
Southern
Hemisphere  Seuth Pole o=
(a) (b) (c)

Figure 4. (a) A 2D Smith chart, (b) Earth, and (c) a 3D Smith chart rendered with r (blue) and x (red) circle points and zones
correspondence.
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TABLE 3. The uses, advantages, and disadvantages of the 3D Smith chart.

Use Circuit Examples Location Advantages/Disadvantages
Negative resistances in [12]  In amplifier stability, Southern Compact space for all possible loads on a sphere (thus a
and [13] and in this article diodes, oscillators, and hemisphere surface); a CAD or 3D printed chart is needed
so on (surface)
Gain representations/group ~ Amplifiers 3D space Scalar levels can be seen simultaneously with
delay in [14] and [15] and in (exterior when  S-parameters; a CAD chart is needed

this article

positive, interior

when negative)

All the circuits,
negative capacitances,
negative inductances,
and metamaterials

Frequency dynamics [19] 3D space

and in this article

Multiparameter in
optimizations/equivalent-
circuit extractions in [19]
and in this article

In the design/

modeling of all circuits 3D space

of the negative capacitance is an indirect inversive
transformation (3b) of z=1/(jwC); both have the same
circle path but opposed orientations. Later in this arti-
cle, we show how the 3D Smith chart can spot orienta-
tion changes.

3D Smith Chart Construction

Figure 3 displays the construction of the 3D Smith
chart using a stereographic projection from the south
pole with its guiding (2) (C U {oc}). The construction is
based on the circles’ visualization theory of direct and
indirect inversive transformation, (3a) and (3b), respec-
tively, first proposed in 1914 by Maxime Bocher, former
president of the American Mathematical Society [5].

The classical Smith chart is mapped in the north-
ern hemisphere [Figure 3(a)]; the circuits with nega-
tive resistance, exhibiting |p| > 1, are mapped in the
southern hemisphere in Figure 3(b). The 3D chart’s
properties are listed in Table 2. Figure 4 presents the
3D Smith chart, showing its key points in a one-to-one
comparison with the Smith chart and Earth. Table 2
lists its properties and Table 3 its possible advantages
and drawbacks.

Figure 5 represents the 3D Smith chart and the
Smith chart rendered with constant 7, x, g, and b (sus-
ceptance circles). The CAD tool in which it is (or may
be) implemented allows the viewer to rotate it in any
convenient way for the desired application.

Table 3 lists the various properties of the Smith
chart and 3D Smith chart. Figure 5 shows the 3D Smith
chart rendered with the constant normalized resis-
tance, reactance (x), conductance (g), and susceptance
circles (b) in comparison with the Smith chart. The
7,8 € (0,00) for the Smith chart while r, g € (—oo, )
for the 3D Smith chart.

November 2020

Surface and

S-parameters'’ clockwise and counterclockwise changes
can be spotted, and intrinsic physical connections can be
made; a CAD chart is needed

Simultaneously fit S-parameters and orientation
inductances, Qs, and fulfill multiple requirements/the
correct extraction of equivalent circuits; a CAD chart is
needed

Short
Circuit

MBF Open

f Snass o, abvag
| :' ;f Circuit
Nexzs

Figure 5. (a) A Smith chart and (b) a 3D Smith chart
rendered with 1, x, g, and b circles.

Matching a Network on the Chart Surface

To match the desired network, one must intersect the
r=1or g =1 circles, which pass through the origin of
the Smith chart in Figure 6(a) or through the north pole
of the 3D Smith chart [Figure 6(b)]. When the north pole

IEEE Microwave magazine

27



On the 3D Smith chart, the

orientation is best visualized as if
the viewer were a person walking
on the surface with his or her feet

on the circles.

28

is reached, matching is achieved. The matching proce-
dure is identical to that used in 2D; the designer simply
has to move on the constant » and constant g circles or
on the constant reflection-coefficient circles (latitude)
to intersect the ¥ =1 and g =1 circles in the fashion
desired. Figure 6(c) presents a variety of matching

* Series C
* Series Open Stub

S

* Series L
* Series Short Stub

Short _
Circuit

strategies and their circuital meaning while moving on
the constant 7, g circles in opposed directions. On the
3D Smith chart, the orientation is best visualized as if
the viewer were a person walking on the surface with
his or her feet on the circles.

Example 1: Matching a Given

Passive Network

To match a load of 10 +j10 to a 50-Q line with L, C net-
works, we normalize to 50 Q and get z = 0.2 +j0.2. Figure 7
presents schematically the matching of a z = 0.2+ 0.2j
network with various circuits. The values of these ele-
ments can be easily computed as on the 2D Smith chart,
keeping in mind the coordinates of the points and (2).

e Shunt C
¢ Shunt Open Stub

¢ Shunt L
¢ Shunt Short Stub

P\
[} 5

_ Short
T\ AN Circuit

1

Figure 6. Matching a network. (a) A Smith chart’s g=1 and r = 1 circles, (b) a 3D Smith chart’s g = 1 and r = 1 circles, and (c)
moving along g and r constant circles on the 3D Smith chart in a clockwise- and counterclockwise-circuital correspondence.

IEEE MiCrowave magazine

November 2020



Figure 7. The step-by-step matching of a 0.2 + 0.2f load using four different paths, that is, (a), (b), (c), and (d), on the Smith

and 3D Smith charts, respectively.

Scalar
_farameter

Parameter

(a)

S,-/- Parameter

Scalar-Positive o
Parameter

SjjParameter | §

* Scalar-Positive
Parameter

(©)

Figure 8. 3D space representations of scalar values. (a) A parameter with possible positive (the exterior of the 3D chart) and
negative values (the interior of the 3D chart) (group delay). (b) Only the positive values are shown as a generalized cylinder
with variable radii. (c) A frequency display graphing the dynamics of the S-parameters.

Figure 7(a)—(d) shows the following: a series capacitance
and shunt inductance, series L and shunt C, a lossless
transmission line (moving on a latitude circle) and shunt
short stub, and a lossless transmission line and shunt
short stub.

3D Space Rendering Above the 3D

Smith Chart Used for Both Passive

and Active Circuits

Figure 8 synthesizes the main rendering schemes pro-
posed for displaying a variety of frequency-dependent

November 2020

parameters simultaneously with S-parameters,
which are always displayed on the surface. Figure 8(a)
shows the rendering that applies for the display
of group delay and series- and shunt-inductance
models. Mapping from the center of the sphere
using variable homothety [15], [19] maps these val-
ues closer or further away from its surface (for each
frequency point), corresponding to the normalized
values displayed. If the values become negative,
the values are mapped in the interior of the chart.
Another positive scalar value that is dependent on

IEEE Microwave magazine
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The topology of the 3D Smith

chart allows for multiple
parameter visualizations that can
potentially speed up the design/
characterization of passive circuits,
while giving new insights.

30

the previous value is displayed as the variable radius
of a generalized cylinder along the previously pre-
sented variable [Figure 8(b)]. Figure 8(c) depicts the
proposed frequency display as the distance from the
corresponding Sy parameter (with a reference sys-
tem in the center of the sphere).

8
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Frequency (GHz)
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Frequency (GHz)
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Inductors: Characterization of Multiple
Simultaneous Parameters

The topology of the 3D Smith chart allows for multiple
parameter visualizations that can potentially speed up
the design/characterization of passive circuits, while
giving new insights. The authors of [19] report reconfig-
urable inductors with the phase-change material vana-
dium dioxide (VO,) as the switching material between
insulating and conductive states with temperature
control. Such programmable inductors outperform the
inductors reported in [20] and [21], which use the same
material, in terms of quality (Q) in the conductive state
of VO,. The VO, switch length of fewer than 635 nm
minimizes its limited conductivity effects in [20], and (Q)
factors of roughly seven were achieved (unlike three in
[20] or below unity in [21]) while using VO,.

VO, ., T=100°C
N V02 offs T: 26 O(.\;

(b)

—_

Q
O—=NWAUIONDOO

A VOZ on
—&= VO,

/)

45678 9101112131415
Frequency (GHz)

C{3D V02 on
y

S113D_VO, o

@ (e)

Figure 9. (a) An inductor with VO, switches in a fabricated photo. (b) An S-parameter measuring setup with a heater for VO,
on/off activation using the in-house Anritsu VectorStar VNA. (c) A series-inductance display over the S-parameters, (d) a
shunt-inductance display over the S-parameters, and (e) a Q-factor display over the shunt-inductance curve. Q: quality.
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Here we present other inductors with a 1.6-um
switch length and their corresponding performances
in on/off states measured with the Anritsu Vector Star
vector network analyzer and extracted using its incor-
porated software (Microwave Office) and our GUIL The
results reported in Figure 9 improve upon the results
reported in [19] in terms of insulating-state (off-state)
performance while performing less well in the on state
(because the 1.6-um length of the VO, switch accentu-
ates the on-state losses). Figure 9(a) shows the layout
of the inductor, which is the same as in [19] (but with
a larger switch); Figure 9(b) depicts the measurement
setup, including a heater to activate the VO,. The
extracted series inductance (based on the Y,; admit-
tance parameter) [20], [21] is shown in Figure 9(c); the
extracted shunt inductance is shown in Figure 9(d) [22]
(based on the Y}, parameters), while Q is displayed in
Figure 9(e). All of these are displayed on both a 2D plot
and a 3D Smith chart together with the corresponding
Sisp(jw) = psp(jw) parameters.

The 3D representations are based on the models
presented in Figure 8(a) and (b). For the 3D representa-
tion of the series and shunt inductance, the normalized
(Ln) values are first computed on the given frequency
range of the display. The psp (2) is used and, at each
frequency point, the 3D inductance curve is computed
using the following formula:

Lat(w) =(Ln (@) + 1) pap (jw). @

In Figure 9(c)—(e), multiple Touchstone files are rep-
resented (series and shunt), then the maximum of the
series and shunt inductance is used in the normaliza-
tion step to obtain the normalized values across the
different states displayed. The Q factor Q;p is displayed
as a generalized cylinder along the Lsi (@) curve, with
the variable radius corresponding to its value at the
given frequency point normalized through its maxi-
mum over the display range [19]. When this becomes
negative, the cylinder radius becomes 0.

Stability Circles—Inversive Transformations
The stability of an amplifier, or its resistance to oscilla-
tion, is a very important consideration in its design and
can be determined from the S-parameters, matching
networks, and terminations.

Some passive loads and source terminations can
produce input and output impedances that have neg-
ative real parts; oscillations are possible under these
circumstances. A designer would aim for uncondi-
tional stability: that is, for possible loads and source
terminations, the amplifier should not produce nega-
tive real parts of its input and output impedance.

A graphical way to check this, and thus to ensure
unconditional stability, is to make certain that the load
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Some passive loads and source
terminations can produce input
and output impedances that have

negative real parts; oscillations are

possible under these circumstances.

(input) stability and source (output) stability circles are
mapped in the exterior of the Smith chart (both their
centers and all their points) [16], [23]. The positions
of these circles are given by (5a), (5b), and (6), where
z denotes the unit circle and A the determinant of the
two-port S-parameters [23] (7).

Writing (5) as (6), we can see that we have an inver-
sive transformation of z, where z is the unit circle. Geo-
metrically, for (5b), we have step (a) translation of the
unit circle with A/Sx», step (b) inversion in the unit
circle, step (c) dilatation with abs (S12521/53%), and step
(d) rotation with arg (S12521/5%):

_ z—8n
Hz) = Snz—A’ (5a)
_ Sw—z
pz)= A—Snz’ (5b)
51252
2
Hz)= g - —2, (62)
o
S»
Sufu
p(z)=g—+ 22— (6b)
LA
Su
A =S11%52»— S %512, 7)

In the rather unusual but possible situation that
|A/Sx|=1, step (a) will translate the unit circle in (5b)
into a circle passing through the origin in a point. Step
(b) will then map this circle into an extended line pass-
ing through infinity (as inversions in circles passing
through the origin result in infinite lines), and steps
(0) and (d) will not change this any further, resulting
in an extended line. The same things occur with (6b)
for |A/S11|=1; thus, theoretically, one can deal with
circles or extended lines within the 2D complex reflec-
tion coefficients plane for (5) and (6).

On the 3D Smith chart there are no exceptions: (5)
and (6) are inversive transformations of the unit circle;
if [A/Sn|=1o0r|A/Su|=1, both (5) and (6) will gener-
ate circles passing through the south pole.

To ease the use of stability circles once their centers
are mapped toward infinity (and thus become impos-
sible to visualize on a 2D Smith chart), we propose
the use of the 3D Smith chart for checking the stability
in a compact and general way:.
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Example 2: Stabilize a Transistor With a
Shunt Resistor

The following example shows how a resistive loading
can stabilize a potentially unstable transistor using the
graphical methodology presented in the previous sec-
tion. To test it, we also compute the values of classical
stability coefficients in both situations.

Determine the resistive load that can stabilize the
transistor with the following S-parameters presented
in Table 4 at 800 MHz [16, pp. 227], and plot the stabil-
ity circles in both situations. The stability circles can
be seen in Figure 10(a) and (b) on the 3D Smith chart.
To see the values needed for r and g to stabilize the
input stability circle (black), we change the rendering
for r, x and g, b and detect the values needed.

Stability tests for the transistor presented in Table 5
based on the Rollet (8) equation [16], [24], [25] show k = 0.54
with |A|=0.50, or the more compact versions [26]
given in (9) resultin x1 = 0.85, thus providing a violation
of the conditions:

_ 1+[AP—|SuP—|SnP
2| S12% Sa1 |

1—|Suf

k >land|Al=<1, (8

> 1. )

= [Sao— Si1A|+]|S12 % Sa |

TABLE 4. S-parameters of the given transistor with a shunt resistor connected.

[Sl Phase (°) [S;, Phase (°) [Sa1]

Phase (°) |S,,|

Moreover, as k is smaller than unity, the stabil-
ity circles cross the boundary of the Smith chart
[25] or the equator of the 3D Smith chart; our aim
is to shift their centers and all of their points out-
side of the northern hemisphere. Figure 11(a) and
(b) shows the stability circles” positions once the
transistor is stabilized, which correspond to the
S-parameters in Table 4. Adding a shunt resistor
of 500 Q, the new S-parameters can stabilize the
transistor (schematic view in Figure 11) exhibiting
the S-parameters in Table 4, providing k = 1.04 with
|A|=0.40 and 1 =1.02, which is thus uncondition-
ally stable, according to (9).

Power Gain Circles—Pure Euclidean

Geometry in 3D

Unilateral transducer constant power gain circles
play an essential role in the design of RF amplifiers
and active modulators because they help to deter-
mine optimal impedance-matching conditions to
meet gain and stability specifications. Unilateral
transducer constant power gain circles (for the source
input in our example) are a subfamily of Apollonius
circles with respect to Si1* and 1/S;;. Plotting these
gain circles on the 3D Smith chart overcomes tradi-
tional limits associated with contour plots on the tra-

ditional 2D Smith chart [14].

Example 3

Phase (°) Consider the following bipo-

0.65 —94

Figure 10. Stability circles for the transistor described in Table 4 at 800 MHz (black
input and green output). (a) The Smith chart and (b) the 3D Smith chart.

TABLE 5. S-parameters of the given transistor.

Phase (°) [S,|

[Snl Phase (°) [S:2] Phase (°) [S2il

0.032 412 4.62 116.2

lar junction transistor (BJT)
S-parametersmeasured at1 GHz
[16] given in Table 6. The maxi-
mum achievable gain is 10(1/1Ig
10(1/Lg|1—Su[*) =3.31dB.
Plot the 3.31-dB constant power
gain circles and the —2.27 power

0.66 =36

gain circles.

In Figure 12, we plot two
gain circles corresponding to
the values in Table 7 computed
for the BJT transistor given in
Table 6. The power level in 3D
is normalized with respect to
the square root of the maxi-
mum gain (for display reasons).

Example 4: Negative
Capacitance

Negative capacitance [26]-
[30] is of interest in many RF
applications; however, the

Phase (°) negative-capacitance and posi-

0.65 =5
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Output Stability Circle

(a) (b)

Transistor

500 Q

r w

- Output Stability Circle

(©)

Figure 11. A stabilized transistor with a 500-Q resistor. (a) Stability circles on the Smith chart, (b) the 3D Smith chart, and (c)

the stabilization scheme.

TABLE 6. The BJT S-parameters at 1 GHz.

|Su] Phase (°) [S12| Phase (°) |Sa] Phase (°) [S2a| Phase (°)
0.73 175 0 0 4.45 65 0.21 —80
—2.27 dB Negative
3.31dB —2.27dB Capacitance

Figure 12. The power gain circles for two different power
levels on (a) a 2D Smith chart and (b) a 3D Smith chart.

TABLE 7. BJT S-parameters at 1 GHz.

Gain (dB) Gain (dB) Gain 2.5
3.31 2.15 1.46

1.78 1.51 1.23

0 1 1

—2.27 0.6 0.77

networks share the same paths on the Smith chart. By
means of differential geometry, however, we can see
that their orientation (oriented curvature [20] of their
frequency Sy) in either one- or two-port configurations
is opposed. Their Foster/non-Foster character [27]-[30]
changes the orientation of their S;; motions as frequency
increases on the Smith chart.

November 2020

Positive
Inductance

(a) (b)

Figure 13. Negative-capacitance and positive-inductance
reflection coefficients on (a) a 2D Smith chart and (b) a
frequency-dependent 3D Smith chart.

Figure 13(a) represents the S;; of a negative capacitor
and positive inductor in a one-port configuration with
a 50-Q load at both ports analyzed from 1 to 7 GHz.
The implementation in [19] distinguishes the different
intrinsic natures (the opposed sign of oriented curva-
tures) of both by representing the sweeping frequency
dependency in 3D, as displayed in Figure 13(b). In this
representation, we can detect not only the path but also
the dynamics of the motion. The frequency represen-
tation in [19] allows the quantitative display of the fre-
quency in 3D as the distance from the 3D Smith chart
for each S;; point. The counterclockwise-frequency

IEEE MiCrowave magazine

33
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gain circles (for the source input

in our example) are a subfamily of
Apollonius circles with respect to
S,,* and 1/S,,.

34

increase motion is clearly detected in Figure 13(b) for the
negative capacitance, thus proving its different nature
with respect to a conventional positive inductor. Even
though its S;; parameters coincide on the Smith chart
on a large frequency range with the S;; parameters of a
conventional positive inductor, Figure 13(b) detects the
different intrinsic nature of the negative capacitance.

Example 5: Negative-Resistance Circuits
Let us consider a negative-resistance phenomenon
[31], such as the one observed in tunnel diodes [32]

Short
Circuit

(Esaki diodes), which have been employed in active
circuit design since 1957. Figure 14(a) depicts a small
signal-equivalent circuit [4] consisting of nega-
tive resistance R, unavoidable shunt capacitance C,
series inductance L, and series resistance R;. With
the additional presence of a very lossy package,
including the presence of additional parasitic [33]
Ry, Ly, and C, and taking into account the values
depicted in Figure 14, compute the input impedance
(Zin) at 2 GHz.

Figure 14(b) depicts the computation procedure using
the 3D Smith chartby means of normalized values to 50 Q
(0.02 S). The input-normalized impedance detected with
the 3D Smith chart is zin=1/(g +jb) ~ 0.037 — 0.147j;
thus, Zin ~—1.85—j7.35.

Conclusions

This article reported on the historical evolution of
the Smith chart and its current extension and ana-
lytical generalization as a 3D tool. We illustrated the

g=-08,b=0 @ g=—08b=19 @ r=—019,x=—032 @ r=-017,x=-032 @ r=-017,x=—02 @ r=-007,x=02

0O 9--159,b=639 @

(b)

Figure 14. (a) A tunnel diode-equivalent circuit, including the packaging at 2 GHz with R =—62.5 2 (g =—0.8),
C=3pF(b=19), L=0.5nH (x=0.126), Rs=182(r=0.02), L, =0.5nH (x=0.126), R, =58 (x =0.1), and
Cp = 3 pF (b= 1.9), along with its Smith-chart impedance in different points. (b) A 3D Smith chart impedance computation

seen from two perspectives.
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theoretical development, refinement, and capabilities
of the 3D Smith chart using a series of examples from
passive to active components, including concepts such
as negative-resistance and negative-capacitance circuits.
For all of the selected examples, we used the same basic
mathematical formulations, and we have reported how
inversive-differential geometry theory can be used to
develop an engineering tool that enhances the visual-
ization capability of traditional Smith charts and offers
new insights into the design of RF devices and circuits.
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Periodic Structures
With Higher
Symmetries
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igher symmetries frequently

amaze human beings because

of the illusions and incredible

landscapes such symmetries can

produce. For example, imagine
the unearthly pictures of the Dutch graphic artist
M.C. Escher. He made use of glide symmetry and
reflection to produce unbelievable transitions
and transformations of objects and beings, as il-
lustrated in Figure 1(a). However, the history of
higher symmetries started much earlier. Escher
was partially inspired by the Moorish tessella-
tions in the Alhambra in Granada, Spain, such as
the ones pictured in Figure 1(b).

Oscar Quevedo-Teruel (oscarqt@kth.se) is with the Division of Electromagnetic Engineering, KTH Royal Institute of Technology,
Stockholm, Sweden. Guido Valerio (guido.valerio@sorbonne-universite.fr) is with Sorbonne Université, CNRS, Laboratoire de Génie Electrique et
Electronique de Paris, France, and the Université Paris-Saclay, CentraleSupélec, CNRS, Laboratoire de Génie Electrique et Electronique de Paris,

Gif-sur-Yvette, France. Zvonimir Sipus (zvonimir.sipus@fer.hr) is with the Faculty of Electrical Engineering and Computing, University
of Zagreb, Croatia. Eva Rajo-Iglesias (eva@tsc.u3m.es) is with the Department of Signal Theory and Communications,
Carlos I1I University of Madrid, Spain.

Digital Object Identifier 10.1109/MMM.2020.3014987
Date of current version: 6 October 2020

IEEE miCrowave magazine 1527-3342/20©2020IEEE November 2020



Higher symmetries can be employed not only to create
artistic creations but also as tools for a better description
of space (e.g., in connection with numerical problems in
space tessellation and meshing [1] and for enhancing the
performance of electromagnetic devices). Here, we explain
the importance of the recently discovered electromagnetic
properties of higher symmetries as well as their implications
and opportunities for microwave and antenna engineers.

Higher Symmetries in Electromagnetic
History: Back to the 1960s

Narrowing our scope to physics, higher symmetries were
very popular during the 1960s. For example, George L.

X n)
©SHUTTERSTOCK.COM/STEVE ALLEN

Trigg wrote in 1965 that “in the last few months, scarcely
an issue of Physical Review Lett. has failed to contain at
least one paper on the topic” [2], demonstrating the vol-
ume of studies at the time. If we are even more specific
and focus our attention on electromagnetic engineer-
ing, the first studies of higher symmetries, mostly on

November 2020

periodically loaded waveguide structures, arrived dur-
ing the middle of the 1960s [3], [4], and they were popu-
lar for one decade, until the mid-1970s [5], [6]. However,
during the 1970s, the electromagnetic engineering
community was not ready to further develop scien-
tific studies of higher symmetries and understand the
symmetries’ full potential. First, computers were very
basic, and there was no commercial software that could
be used to simulate these complex structures. Second,
our understanding of periodic structures achieved
maturity during the 2000s, with the arrival of concepts
such as metamaterials [7], [8] and metasurfaces [9],
[10]. Finally, at the end of the 1970s and the beginning
of the 1980s, electromagnetic engineers focused their
attention on making wireless systems affordable for
everybody, so printed and planar technologies were
the selected solutions for low-cost communications at
low frequencies [11].

We are now entering the third decade of the 21st
century, and powerful computers are easily accessi-
ble, commercial software for simulation is commonly
available, and periodic structures are broadly under-
stood thanks to studies on metamaterials and meta-
surfaces: the opportunity for higher symmetries has
arrived. This opportunity is evolving as the industry
demands electromagnetic systems operating at higher
frequencies [12]. At these frequency ranges, there is a
need for low-loss structures, which can be achieved
only with fully metallic devices and integrated anten-
nas and circuits [13].

In this situation, antennas based on leaky waves and
lenses are gaining converts for communication designs
in the new bands of 5G and satellite communications
[14]. Although the design of these antennas is more
complicated than the architecture of arrays, the anten-
nas present a simpler feeding network. On the other
hand, filters were traditionally designed as an inde-
pendent unit connected to the rest of the system. Due
to insertion loss and the losses in the interconnections
[15], for high-frequency designs filters must be inte-
grated with other components. Finally, because of these
large losses, future components, such as filters, must be
reduced in length. Therefore, design techniques that
are not based on isolated elements but on coupled ele-
ments are required to reduce overall losses.

Definition of Periodic Structures

With Higher Symmetries

A periodic unit cell possesses higher symmetries when
it is invariant under a geometrical transformation that,
iterated several times, gives the unit-cell translation.
For example, a glide-symmetric unit cell is invariant
after a translation and a mirroring [16]. A twist-sym-
metric unit cell is invariant after a translation and a
rotation (or angular movement) [17].
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Glide Symmetries

In Figure 1(c), we present the creation of a periodic
structure through glide reflection. A unit cell, repre-
sented in blue, is filled with a triangle and a rectangle.
One could repeat this unit cell with a simple transla-
tion, and one could also create a reflected unit cell that

Unit Cell .
1
|
Modified :
Unit Cell
ST e AT
’ Reflected !
L % Unit Cell 1
o
1
: 1
e R S

(b)

Figure 1. Glide symmetries in art. (a) An explanation of glide reflection at the museum of
M.C. Escher in The Hague, The Netherlands. (b) Moorish tessellations in the Alhambra,
Granada, Spain. (c) Compositions made of translations and glide reflection.
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is alternated together with the translation. Glide sym-
metries can be 1D or 2D. In Figure 2(a) and (b), we rep-
resent two examples of 1D glide-symmetric structures:
corrugations [18]-[20] and transversal slots [21], [22].
These two structures have glide symmetry with respect
to the x direction; however, their mirroring planes are
different. In the corrugations,
this plane is horizontal, but, in
the slots, it is vertical. In these
cases, the glide operation is
X —x+p/2 and either z -~z
in the corrugations or y ——y
in the slot, with p as the peri-
odicity in both cases.

A specific new case of glide
symmetry was recently reported
as polar glide symmetry [17], [23].
It refers to the case in which
the mirroring surface is not
defined with Cartesian coor-
dinates but with polar ones.
Therefore, the mirroring sur-
face is orthogonal to a vector
in the p direction [23], [24].
2D glide-symmetric struc-
tures were first studied in [25],

Translation
1 1

Glide Reflection
I ] 1

(c)

and they require translation in
two orthogonal directions that
are opposite the vector of the

(d)

Figure 2. Electromagnetic configurations of higher symmetries. (a) Glide-symmetric corrugations. (b) A slot with glide-
symmetric transversal loads. (c) A 2D glide-symmetric holey structure. (d) A twist-symmetric holey configuration.
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mirroring plane. For example, a common glide opera-
tioncanbe (x, y) — (x +px/2,y +py/2) and z ——2z [26],
[27], with p» and p, as the periods in x and y, respec-
tively. One example of 2D glide symmetry is illus-
trated in Figure 2(c) for conical holes inserted in two
parallel plates.

Twist Symmetries

Twist-symmetric structures are those that are invari-
ant under a translation in one direction. For example,
Figure 2(d) illustrates a holey metallic wire oriented in
the z direction, i.e., the propagation direction. The wire
has holes that rotate through the z direction. A peri-
odic structure possesses m-fold twist symmetry, with
m being an integer, if it is invariant under a p/m trans-
lation and a 27 /m rotation around the twist direction,
where p is the periodicity of the structure [23]. The par-
ticular case in Figure 2(d) is threefold. We must note
that helices are a particular case of twist symmetry
with m = co. Helices were studied in terms of disper-
sion properties during the 1950s [28]. For this reason,
twist symmetry is also known as helical symmetry and
screw symmetry [6].

Subperiodicities in Higher Symmetries
Introducing higher symmetries in periodic structures
may drastically change the dispersion properties of
those structures (i.e,, how passbands and stopbands
are distributed in the frequency domain). The basic
property of higher-symmetric periodic structures con-
cerns the possibility of closing selected bandgaps.
This was previously discussed by Hessel et al. [6] dur-
ing the early 1970s, with reference to 1D structures.
Specifically, the presence of a glide symmetry with
period p closes the first stopband at the edge of a Bril-
louin zone B = 7/p, where B is the phase constant of a
Bloch mode; an m-fold twist symmetry closes the first
m — 1 stopbands, alternatively at 8= 7z/p and g=0.
More recently, the same spectral properties have been
observed in 2D structures [26], [27].

For example, in a glide-symmetricstructure, the absence of
astopband at 8 = z/p canbe easily explained if the effect
of the periodic scatterers on the two sides of the glide
plane is the same. This means that these scatterers can be
moved on the same side of the plane, thus transforming
the glide structure into an equivalent, purely periodic
structure with a halved spatial period p/2. An example
of such a 1D glide structure and its associated nonglide
structure are depicted in Figure 3(a) and (b). The Brill-
ouin diagram of this new nonglide periodic structure
presents a first stopband edge at g =7z/(p/2) =2x/p,
which is equivalent to the g = 0 point in the diagram of
the glide structure. In other words, the glide structure is
equivalent to a structure with a shorter period so that its
first stopband is found at higher frequencies.
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However, the equivalence between scatterers on the
two sides of the glide plane is not necessarily verified
in all glide structures. To explain this phenomenon, let
us decompose the Bloch mode supported by the glide
structure into the modes of the uniform background
structure. These modes are coupled together by peri-
odic scatterers. In the glide structure of Figure 3(a),
these scatterers are placed alternately on the two sides
of the glide plane; in the periodic structure of Fig-
ure 3(b), they are all on the same side. On the one hand,
if in both structures the scatterers are weakly inter-
acting among one another, only one dominant mode
is relevant in the coupling between adjacent scatter-
ers. This happens if each scatterer mainly excites only
one dominant background mode or if all the higher-
order background modes excited by one scatterer
are strongly attenuated when they reach the adjacent
ones. In this case, the mutual position of two adjacent
scatterers does not impact the coupling, which is the
same whether both scatterers lie on the same side or on
opposite sides of the glide plane. The glide structure is
then reducible to the nonglide periodic structure with
a halved spatial period [29].

An example of a reducible glide structure can be
seen in Figure 3(c), where the glide and nonglide lines
have the same dispersion diagram if their phase con-
stants are normalized with respect to the same dis-
tance p (the period of the glide line). On the other
hand, if in at least one of the two structures in Fig-
ures 3(a) and (b) the scatterers are strongly interact-
ing, several background modes will be relevant for
their coupling [30]. These modes will have, in gen-
eral, different parity with respect to the glide plane;
the odd and even modes will experience a different
scattering according to the position of the scatterer
with respect to the glide plane. This richer modal
coupling in strongly coupled structures makes the
glide-symmetric structure irreducible to the non-
glide periodic one with a reduced spatial period [29].
An example of an irreducible glide structure appears
in Figure 3(d), where the glide and nonglide periodic
structures have different dispersion diagrams. The
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same phenomena can be found in twisted structures,
where the scatterers lie along a spiral, rather than on
different sides of a plane [31].

Circuit Models to Analyze Glide-Symmetric
Structures

Despite the recent interest in higher-symmetric struc-
tures, simplified models for the efficient design of
these structures are not yet available. Specific models
of higher-symmetric structures are needed because the
application of full-wave numerical methods to this class
of structures is difficult. Interesting dispersive behav-
iors, such as wideband response and strong bandgap
rejection, require extreme values of geometrical param-
eters (e.g., very close glide surfaces to enhance their
mutual interaction). In these cases, numerical methods
encounter difficulties. For example, thin gaps between
surfaces require a very dense localized meshing in
finite-element and finite-difference methods, and they
cause slow convergence in Green’s functions in the
method of moments. Furthermore, the study of finite
structures made by a nonuniform array of thousands
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of subwavelength cells is a multiscale problem that
requires ad hoc computation techniques.

Circuit Models

The availability of equivalent circuits for the unit cells
of higher-symmetric structures would considerably
simplify the structures” preliminary design. Based on
the previous analysis, if a higher-symmetric structure
is reducible to a non-higher-symmetric periodic struc-
ture, a monomodal equivalent circuit is sufficiently
accurate to calculate its dispersion behavior. Further-
more, the model can be performed on only one subunit
cell, and its non-higher-symmetric structure can be
analyzed instead of the higher-symmetric structure.
This was done in [19], where a 1D glide-symmetric
corrugated structure [as illustrated in Figure 2(a)] was
analyzed by means of an equivalent circuit derived
from the T junction discontinuity [32]. In fact, the cen-
tral horizontal waveguide region can be regarded as a
parallel-plate waveguide (PPW) connected with a series
of vertical corrugations, with each one equivalent to a
PPW along the vertical direction. A unit cell can then

(b)
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Figure 3. (a) A structure with glide-symmetric corrugations along one direction. (b) An associated nonglide-symmetric
structure with corrugations along one direction. (c) A Brillouin diagram of glide and nonglide structures with h =1 mm,
w=0.5mm,p=23mm,and t =0.25 mm. (d) A Brillouin diagram of glide and nonglide structures with h =1 mm, w = 0.5 mm,

p=1.5mm,and t = 0.75 mm.
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be described as a composition of T junctions between
parallel plates.

This kind of discontinuity has been widely studied
and can be characterized with the closed-form scat-
tering parameters found in [32]. The results of this
equivalent circuit are extremely accurate for the full
range of parameters used in current applications, as
long as the unit cell keeps a T junction topology. This
is no more valid in the glide-corrugated structure
in Figure 3(a). More recently, a circuit model analy-
sis was proposed to model glide-symmetric loaded
microstrip lines [33]. This model accurately explains
the coupling effects between unit cells and the differ-
ent interactions among conventional and glide-sym-
metric unit cells.

Multimode Analysis

When irreducible structures are of interest, a multi-
modal equivalent circuit can always be used to correctly
model the interactions among the different scatterers
[29], [31]. In a 1D higher-symmetric line, the unit cell
can then be modeled as a 2-N-port network, where N
is the number of background modes retained on each
Floquet boundary of the cell to accurately compute
the interactions among scatterers. This network can
be characterized by means of its transmission matrix
T, whose eigenvalues are related to the wavenumbers
of the Bloch modes supported by the structure. If only
two modes are relevant, we get
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ve| . lve

T & =e o) )
@ @

where V" and I are the voltage and currents asso-
ciated with the first mode on one Floquet boundary
of the cell, V® and I® are the voltage and currents
associated with the second mode on the same Floquet
boundary, and ki is the (possibly complex) unknown
Bloch wavenumber.

In terms of the transmission matrix, this descrip-
tion can also lead to an alternative approach for
performing a dispersion equation by means of a sub-
cell’s multimodal transmission matrix. In this case,
we need to take into account that, after translating
one subcell, each background mode composing the
Bloch mode is not equivalent to a phase shift (as a
translation of one cell is). To get a phase shift, we
also need to perform a reflection [29] or a rotation
[31] according to the glide or twisted nature of the
structure. We can compensate for each background
mode in this geometrical operation by multiplying
each mode by a factor depending on the mode parity.
In the case of a glide line, if the first mode in (1) is
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even with respect to the glide plane and the second
mode is odd, we get

v v
vel . l-ye
Tl/2 : 1) =e T/ O | (2)
I I
@ —1®

where the transmission matrix Ti/2 refers to only one-
half of the unit cell (thus enabling a faster computa-
tion). Equation (2) also confirms that the presence of
only one mode (or the presence of modes with the same
parity) in both (1) and (2) makes the structure equiva-
lent to a nonglide periodic line, having as a unit cell
the subcell of the glide line. All these results can be
easily generalized to 2D glide structures [29], where
background modes can be defined on each of the four
Floquet boundaries of the unit cell.

Mode Matching to Analyze

Glide-Symmetric Structures

An appropriate way of analyzing electromagnetic struc-
tures that have higher symmetries is to apply the mode-
matching analysis approach. Mode matching is based
on representing the electric and magnetic fields in each
section of the structure as a sum of suitable modes with
unknown complex amplitudes. In other words, it uses
preknowledge about the electromagnetic field configu-
ration and symmetry properties to reduce the number
of unknowns. With this technique, it is possible to pre-
cisely describe the electromagnetic fields in the struc-
ture and gain physical insight into the properties of
higher symmetries.

As an example, let us consider a PPW with glide-
symmetric holey walls [Figure 2(a) and (c)]. The elec-
tromagnetic fields in the PPW region (parallel to the
walls) can be expressed as a series of Floquet harmon-
ics by virtue of periodicity,

Gap __ 1 —j(kxsx+ky,qy) zGap
E;P = 7223 jks, yzy)et/sq (2),
s

H’GaP — LZZ e*f(kx,s"’*kwlj)flssf‘;’ (Z), (3)
5,4
with kys = kyo+27s/p and kyq=kyo+22q9/p, and by
assuming a rectangular lattice with period p in both
the x and y directions. The amplitude of each Floquet
harmonic of the transverse electric field can be writ-
ten as
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where k.o = (k§ —k3s— kﬁ,q)l/ 2 is the vertical wavenum-
ber of the (s,q)" harmonic. This electromagnetic dis-
tribution is matched to the zero tangential electric
field on the metallic parts of the PPW walls and to the
tangential electromagnetic field distribution in the

lateral waveguides

E}NG <Z = %) = Zr;me(I)m (x/ y)/

HfWG<z = %) =2 i YuCulz X ®u(x, y)], ©)

where C,, is the unknown coefficient of the mth mode
and ®, and Y, are the corresponding cross-section
modal function and the wave admittance. In the formu-
lation, both the E- and H-field components should be
matched at the lateral waveguide openings, by which
it is possible to determine the unknown coefficients.
One should note that the selected waveguide modes
are orthogonal in PPWs and in the lateral waveguide
sections, but they are not mutually orthogonal. There-
fore, the bi-Galerkin method is applied (i.e., waveguide
modes of the PPW and the lateral waveguides are used
to test the E- and H-field equations), and the mode-
matching matrix is densely filled.

The generalized Bloch theorem [6], [26], [27] states
that the field repeats itself (apart from an exponential
factor) after a translation of half a period and a mirror-
ing operation:

tty-n-selbtiee-d o) @

If we assume that the field distribution in the lateral
waveguides is described with only one waveguide
mode, the linear system (whose determinant repre-
sents the characteristic equation of the mode travel-
ing along the glide-symmetric periodic structure) is
reduced to a single equation:

Z D (s, ) B (—kens, ks q) ky ! 0t<kzy%g>

By (ke
= % B k) B (e~ k) L tan(F55)

s+q

odd

+]p sz 01 = (7)

The presence of glide symmetry means that, for even
Floquet mode indices (i.e., for an s+g even number),
the electric field in the parallel-plate region is described
with cos (k.sz) terms (i.e., with terms that have an even
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symmetry across the z = 0 plane), while, for odd Flo-
quet mode indices, the electric field is described with
sin (kzs;z) terms [i.e., with terms that have an odd sym-
metry; see (4)]. It is interesting to compare this char-
acteristic equation with the one given for an open
holey surface. In the case of an open surface, there is
no mixing of odd and even modes since there is no
second holey surface forming the PPW (i.e., only the
outgoing waves are present), so it is usually enough
to consider only one waveguide mode. The situation
is different when a top ground plane approaches
the structure [34], [35] and when the structure pos-
sesses glide symmetry [26], [27].

Dielectric Glide-Symmetric Structures

Until recently, most of the realized prototypes possess-
ing higher symmetry were made from metal. How-
ever, in many applications and especially when going
higher in frequency toward optics, dielectrics are the
preferred building material. Although, at first glance,
there are a lot of similarities between the analysis of
metallic and dielectric glide-symmetric structures,
the main difference comes from the fact that in the
dielectric case part of the propagating wave (and thus
part of the electromagnetic power) travels outside the
dielectric waveguide. The wave propagating in the cor-
rugated region can be modeled as a wave propagating
along a periodic array of dielectric slabs, and it has to
be matched at both interfaces with the modes present
in the PPW and in free-space, respectively [36]. For
propagation constants smaller than the free-space one,
a fast wave is excited, which leads to the leakage of
electromagnetic energy (i.e., the considered structure
actually represents a leaky-wave antenna).

Glide Symmetry to Create Stopbands and
Electromagnetic Bandgaps

Some of the recently proposed structures with higher
symmetries, and specifically those with glide sym-
metry, have been studied for their ability to produce
stopbands and bandgaps. Periodic structures are often
used in antenna designs to eliminate surface waves,
reduce the mutual coupling between antennas, and
produce microwave filters. On the other hand, a new
technology known as the gap waveguide was recently
proposed for high-frequency microwave circuits and
antennas [13]. This technology requires stopbands
for parallel-plate modes instead of surface waves (i.e.,
the periodic structure is embedded in a parallel-plate
structure). One of the most popular types of gap wave-
guides is the groove gap waveguide. This technology
is equivalent to a conventional rectangular waveguide
in which the solid lateral walls are replaced by an
electromagnetic bandgap (EBG) structure. Using this
EBG structure, the waveguide is manufactured in two
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pieces that are assembled afterward by simply screw-
ing them together. Electrical contact between the two
pieces is not strictly required.

Analysis of 2D Holey Glide-Symmetric EBGs
One possible solution to creating stopbands between
parallel plates is to use periodic holes, as proposed
in [37]. However, the stopband in all directions (i.e.,
the EBG) that is created by holey structures is typi-
cally narrow, as illustrated in Figure 4(a). Even after
a thorough optimization of the constituent param-
eters of the holes, the stopband is quite different
from one produced with pin-type structures [38]. In
[39], it was demonstrated that holey structures with
glide symmetry have a larger EBG bandwidth than
conventional periodic holey structures. Indeed, the
replacement of the top metal lid for a periodic struc-
ture made of holes, as shown in Figure 4(a), modifies
all modes propagating in the structure and creates a
wide stopband between the second and third mode
that can be used, for example, for gap waveguide
technology [40]-[42].

A complete parametric study of glide-symmetric
holey structures, in terms of stopband properties, was
carried out in [38]. The authors demonstrated that
the period of the structure plays a key role in glide-
symmetric holey structures since it determines the
frequency range of operation. This implies that such a
periodic structure is electrically larger than one made
of pins. Another relevant conclusion is that the depth
of the holes affects the behavior of the structure up
to a given value, which has interesting consequences
for the manufacturing of the structure since the depth
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of the holes does not need to be precisely controlled.
This property can be explained by the fact that only
evanescent modes penetrate the holes [34], [35]. These
modes vanish after a given depth, making this struc-
ture practically insensitive to the flatness and height
of a hole.

Holey Glide-Symmetric Structures for Gap
Waveguide Technology

One popular application of EBGs is in a parallel-plate
scenario for potential use in gap waveguide technology.
A number of periodic structures—typically, pin types,
corrugations, and mushroom types—have been pro-
posed for gap waveguide technology [44]. Gap wave-
guides can also be implemented with glide-symmetric
holes acting as an EBG [40]. The two main advantages
of this implementation are simplified manufacturing
and robustness. The presence of the glide-symmetric
holey structure stops the leakage produced by the
irregularities on the two surfaces, which, in practice,
are not perfectly attached.

With this approach, as illustrated in Figure 4(b), it is
possible to design waveguide components. For exam-
ple, phase shifters were presented in [41] and [45].
Another example of a component made with this ver-
sion of the technology is aTE10-to-TE2 mode converter,

sl

(b)

Figure 4. (a) Dispersion diagrams comparing holey structures with and without glide symmetry. (b) A manufactured groove

gap waveguide [40] and a flange [43] with glide-symmetric holes.
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which was used in [46] to produce a transversally com-
pact slot array. Finally, a recent work [42] explored the
possibilities of breaking the symmetry of the holes to
add filtering capabilities to gap waveguide technol-
ogy. When glide symmetry is broken, the bandgap is
divided in two with a propagating mode in between.
Therefore, in the frequency range of this mode, the
waveguide has leakage that can be dissipated by
introducing a thin, lossy material between the lay-
ers. Recent implementations of glide symmetry also
make use of multilayer structures to reduce the man-
ufacturing cost at high frequencies [47]. In [47], glide
symmetry is imposed between adjacent layers. In
other words, each layer is a half-unit cell displaced
with respect to its top and bottom layers to increase
the bandwidth of rejection.

Glide Symmetry for Flanges

Another interesting use of glide symmetry as an EBG
was proposed in [43]. In this case, holey glide-sym-
metric holes were introduced in a waveguide flange
to avoid leakage between connections. This technique
can be used to produce fast measurements at very high
frequencies since no physical contact between flanges
is required. This idea was previously proposed with
pins instead of holes in [15]. Here, again, the solution
with holes is remarkably more robust and simpler to
manufacture than the pin type. The concept was exper-
imentally validated in the U band in [43]. The designed
flanges in this article are presented in Figure 4(b).

Controllable Stopbands on Planar Technology
Although glide symmetry has become popular for its
immediate application to gap waveguide technology, its
opportunities extend beyond this specific domain. For
example, glide symmetry has also been applied to trans-
mission lines. In particular, it was proposed in coplanar
waveguides to independently control the stopbands of
even and odd modes [22]. Similarly, glide symmetry was
employed in planar bifilar technology to control the
stopbands generated by creating and breaking this
symmetry [48]. In [49], elliptical holes between two
dielectric layers were proposed to produce stopbands by
breaking the glide symmetry. This work demonstrated
that the width of these stopbands and their attenuation
depend on the level of symmetry that is broken.

In [33], it was demonstrated that, using glide-sym-
metric mushrooms, the bandwidth of the first stopband
in a microstrip technology can be increased without
any additional manufacturing cost. This increase in the
bandwidth is due to the different coupling that exists
between conventional and glide-symmetric periodic
unit cells. Therefore, only when the unit cells are elec-
trically closed can glide symmetry be advantageous.
Finally, in [50], glide-symmetric holes were used to
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directly produce fully metallic filters. These filters are
proposed as a robust and low-cost alternative to con-
ventional waffle-iron technology for high-frequency
applications, such as at the Ka band and beyond.

Glide Symmetries to Reduce Dispersion

Another important feature of higher symmetries (and,
in particular, glide symmetry) is that they can be used
to reduce the dispersion of the first propagating mode in
a periodic structure. This phenomenon has been used
to create broadband lenses and low-dispersive transmis-
sion lines that find applications in leaky-wave antennas.

1D Glide-Symmetric Structures

The first studies of the dispersion of glide-symmetric
structures were conducted for 1D periodic struc-
tures [6]. When the coupling between subunit cells
is strong, the dispersion of the modes propagating in
the new periodic structure is reduced. More recently,
these results were corroborated for thin metallic cor-
rugations [18], planar bifilar lines [48], and slotted lines
[21], [22]. In all these studies, and for all these differ-
ent technologies, when glide symmetry was applied,
the first and second modes were connected, remov-
ing the first stopband [19]. The elimination of the first
stopband inherently reduces the dispersion of the first
mode, which means that the bandwidth is increased.
This feature can be used, for example, to control the
radiation of leaky-wave antennas [22], [51]-[54]. In one
remarkable antenna proposed in [52], glide symmetry
was used to compensate for the phase dispersion of a
leaky-wave antenna, producing a low-cost broadband
antenna for point-to-point communications at 60 GHz.
Although most examples of glide symmetry employ
two layers to implement the symmetry, a new type of
flat glide symmetry was proposed in [49]. In that work,
elliptical holes were introduced between two dielectric
layers. These holes modify the propagation character-
istics of the parallel-plate modes inside each layer, and
glide symmetry reduces the dispersion.

2D Glide-Symmetric Structures

As with 1D periodic structures, 2D glide-symmetric
structures are less dispersive than conventional ones. In
[25], it was demonstrated that fully metallic glide-sym-
metric structures reduce the dispersion of the first prop-
agating mode in PPWs. Additionally, the first mode is
able to produce higher refractive indexes, and it is more
isotropic. Although the first implementations of 2D
glide-symmetric structures were based on holey struc-
tures [25], similar properties were also found for glide-
symmetric pins [55], [56]. This technique was employed
in [57] to produce a broadband Luneburg lens antenna
in the Ka band for 5G communications. This antenna
is shown in Figure 5(a), and its radiation patterns at
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28 GHz are illustrated in Figure 5(b). It is broadband
and highly efficient, and it has low scan losses.

Both pins and holes can be implemented to produce
anisotropic responses. This anisotropy does not neces-
sarily affect the broadband response of periodic struc-
tures. Glide-symmetric anisotropic unit cells were
used to compress the size of a conventional Luneburg
lens with transformation optics [58], which is an asset
in practical applications since lens antennas can be
reduced in size. In [58], it was demonstrated that glide
symmetry was able to produce a higher level of com-
pression than conventional unit cells.

Another example of 2D glide symmetry can be
found in [59]. The authors demonstrated that nearby
layers of patches that possess glide symmetry are able
to produce higher equivalent refractive indexes. Simi-
larly, glide symmetry is a good candidate for produc-
ing low-dispersive materials that can be used for lens
antennas [60], [61]. Other recent implementations of 2D
glide-symmetric structures include multilayer glide-
symmetric metasurfaces [62], [63], dielectric lenses
[64], reconfigurable planar lenses in the optical regime
[65], and broadband slow acoustic waves [66]. Finally,
glide symmetry has been introduced to reduce the
reflections at the contour of homogeneous lenses [67].
For example, in [67], it was established that glide-sym-
metric unit cells are able to produce effective magnetic
materials to practically eliminate the reflections in a
hyperbolic lens. This technique can be used to increase
the total efficiency of lens antennas.

Twist-Symmetric Structures
Similar to glide symmetries, twist-symmetric structures
have propagation properties that differ from common
periodic structures [68]. They can also be described with
models that are analogous to glide symmetry. In [6], it
was demonstrated that an m-fold twist line leads to the
suppression of the first m — 1 stopband in the line’s Bril-
louin diagram. As in glide-symmmetric structures, this
effect can be used to reduce frequency dispersion. Fol-
lowing the generalized Floquet theorem, m-fold twist-
symmetric structures can be characterized by a subunit
cell of length p/m. Therefore, they can be analyzed with
equivalent-circuit models, as in the “Circuit Models” sec-
tion [24], and with a multimodal approach similar to the
one described in the “Multimode Analysis” section [31].
The latter method requires the description of a sub-
unit cell as a 2-N-port network, where N is the number
of background modes retained at each Floquet bound-
ary, which defines a subcell transmission matrix T1/u,
as in (2). Unlike glide symmetry, in twist structures, the
modes are classed according to their azimuthal variation
on the circular cross section of the waveguide [cos (n¢)
and sin(ng)] for a nth azimuthal order. The modes are
then rotated at an angle z/m by means of a rotation
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matrix during every translation of p/m. The eigenvalue
problem in (1) can be formulated as [31]

HERTEH I

where the Q matrix rotates the background mode at the
subunit cell ports. Here, again, the presence of higher-
order modes leads to a different dispersive behavior
with respect to a line without a twist operation, where
the Q matrix would become an identity matrix in (8).

Twist Symmetries in Circular-Section

Coaxial Cables

Twist symmetry has been used in coaxial lines to increase
their density across a large bandwidth of operation

=
o

Gain (dBi)
(6)]

Figure 5. A glide-symmetric Luneburg lens antenna [57].
(a) The manufactured prototype. (Scource: O. Zetterstrom;
used with permission.) (b) Simulated and measured
radiation patterns at 28 GHz. dBi: decibels isotropic.

IEEE Microwave magazine

45



46

[17], [23]. Two alternatives have been studied: holey
structures [23] and pins [17], [24]. Examples of the latter
are given in Figure 6(a). As illustrated in Figure 6(b),
the effective density of the medium depends on the
order of the twist symmetry. Holes drilled in the inner
conductor of the coaxial cable also lead to a similar
effect, as demonstrated numerically and experimen-
tally in [23]. In [23], to increase the effect of the holes in
the line, an opening of 7z radians was chosen. In [24],
m-radian rings were added to the outer conductor in
a twist configuration, and an extension of the nondis-
persive frequency range was clearly observed when
the twist order increased. As in glide structures, the
physical parameters of the scatterers along the line can
be changed, thus obtaining a graded-index line, where
different frequencies can be rejected at varying posi-
tions of the transmission line [23].

In circular coaxial cables, another kind of symmetry
analogous to the glide operator was introduced: polar
glide symmetry. This symmetry is created by translat-
ing the obstacle in one conductor by one half a period

N
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Figure 6. (a) A coaxial cable loaded with a periodic array of

pins with one-, two-, three-, and fourfold twist symmetry.
(b) Dispersion diagrams of the coaxial cables [68].
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and mirroring it into the other conductor [17], [23],
[24]. This operation is not strictly a glide symmetry,
and it does not close the first stopband at the edge of
the Brillouin zone. However, fine-tuning the structure
can result in waveguides with circular cross sections,
producing effects that are similar to glide symmetry
in Cartesian coordinates. A polar glide with z-radian
rings was employed in [23] to prove this effect. In [24],
a polar glide was implemented with z-radian rings,
which is equivalent to a stepped discontinuity in the
conductor radius. In its polar glide configuration, this
stepped discontinuity alternates between the inner
and outer conductor radii.

Another original way to combine twist and glide sym-
metries was proposed in [69], where a helicoidal radiating
line (i.e, a helix antenna) is perturbed with periodic cor-
rugations. A sequence of periodic corrugations naturally
defines a twist symmetry due to the helicoidal shape of
the line. Furthermore, a glide-symmetric sequence of cor-
rugations can also be combined with the twist symmetry
of the line. As a result, several geometric parameters can
be used to tune the propagation features along the line,
with a broadband response. In turn, in [69], it was proved
that a helix antenna can be miniaturized without a sig-
nificant deterioration of its performance.

Twist-Symmetric Waveguides

and Metasurfaces

Twist symmetries have also been implemented in
circular waveguides [70], as displayed in Figure 7. In
[70], a holey waveguide was periodically loaded with
metallic sheets having circular perforated holes that
were not centered in the waveguide cross section. These
obstacles block the first transverse electric mode of
the waveguide and let only the transverse magnetic
modes propagate. Furthermore, if these circular holes
are rotated in a twist-symmetric feature, the stopbands
between the first n modes are suppressed. Acting on
geometrical parameters, a broader band of propagation
is available as the period decreases, thus leading to a
miniaturization of the line. Finally, if the holes have an
elliptical shape, only a twist-symmetric rotation will
open a passband, as illustrated in Figure 7.

Other applications of twist symmetry can be encoun-
tered in metasurface designs. For example, in [71], a
multilayered configuration of metasurfaces based on
split-ring resonators was proposed. The layered struc-
ture is locally twist-symmetric with respect to the
stratification direction. The electric density encoun-
tered by a plane wave traveling across the metasur-
faces depends on the twist order. These properties
can be used to tailor a flat lens since different
phase delays at each incidence point can be produced.
In [71], these delays were designed to obtain a plane
wave emerging from the lens. The design maintained
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Figure 7. A circular waveguide with twist-symmetric irises, as in [70]. (a) Dispersion diagrams for a fourfold twist-symmetric
configuration with elliptical holes. (b) The prototype for circular holes.

the orientation of the split rings on the first and last
metasurfaces, so no depolarization is encountered.
However, similar configurations can be used to convert
the polarization [72], [73].

Conclusions

In this article, we described the latest discoveries
related to higher symmetries and opportunities to
incorporate them into electromagnetic device
designs. There are two known types of spatial higher
symmetries: glide and twist. Glide symmetry has been
the most broadly studied since it can be implemented
in planar structures, which are easy to manufacture.
For example, glide symmetry has been proposed to
reduce the dispersion properties of the first propagat-
ing mode in parallel-plate configurations. This creates
possibilities for increasing the bandwidth of metasur-
face lens antennas. More recently, glide symmetry was
proposed to reduce the cost of low-dispersive, leaky-
wave antennas.

Additionally, glide symmetry has been reported to
increase the operation bandwidth of conventional EBGs.
This presents opportunities, for example, in cost-effec-
tive and robust gap waveguide technology and filters
and to avoid undesireable leakage in flanges. Glide sym-
metry has also been proposed to produce tunable stop-
bands and increase the bandwidth of filters. In more
recent works, glide symmetry has been found suitable
for increasing the anisotropy of periodic structures,
which can be used to reduce the dimensions of lens
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antennas. Finally, glide symmetry has been proposed
for reducing the reflections at the contour of hyper-
bolic lenses; this can be used to increase the total
efficiency of lens antennas. Twist symmetries have
been less studied than glide symmetries due to the
complexity of their practical implementation. How-
ever, like glide symmetries, they have been proposed
to reduce the dispersion of propagating modes and to
control stopbands in transmission lines, waveguides,
and flat metasurfaces.
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ifth-generation (5G) communication tech-
niques are growing in popularity, and 5G
will become the commercial operation stan-
dard for mainland China in 2020 [1]. As the
next-generation mobile communication net-
work, 5G will not only greatly improve communica-
tion efficiency; it will also change the way people live
and work. The 5G communication system contains the
millimeter-wave and sub-6-GHz bands. For the sub-
6-GHz band, circuits are becoming ever more compact
and multifunction; thus, electromagnetic interference

to

©SHUTTERSTOCK.COM/BY RAWPIXEL.COM

and multicoupling problems will greatly affect the en-
tire system’s performance [2]-[4]. In response, balanced
circuits with higher immunity to environmental noises
[5]-[8], lower electromagnetic interference [9]-[11], and
better dynamic range [12]-[15] have attracted increas-
ing attention in the past few years, and a large num-
ber of balanced circuits are being conceived [16], [17].
Currently, all feature differential-mode input and out-
put terminals, so they cannot be connected directly to
single-ended circuits. Balanced filters, antennas, and
power dividers that can be cointegrated with balanced
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active circuits are required for the development of fully
balanced transmitter and receiver RF chains, such as
the balanced power dividers that can be connected to
a Doherty power amplifier in a balanced system. In
this case, balancing is only necessary at the input and
output stages. It is expected that the transistor stage is
still a single-ended structure, where only two amplifier
devices are needed [18].

Power-distribution circuits, such as power divid-
ers and directional couplers, are essential components
[16]-[18] employed in antenna arrays, power amplifi-
ers, phase shifters, and modems [18], all of which share
several characteristic parameters, such as power-
division bandwidth, power-division isolation, and
compact size. In this article, we provide an overview
of multifunctional wideband balanced-to-unbalanced
four-/five-port filtering power dividers. Proposed pla-
nar multifunctional balanced-to-unbalanced filtering
power dividers have attractive features such as wide-
band power-division bandwidth, wideband common-
mode suppression, high power-division isolation, and
multifunction integration.

Multifunctional Balanced-to-Unbalanced
Four-Port Filtering Power Dividers

Balanced-to-Unbalanced Four-Port Filtering
Power Dividers Using Coupled Lines

For microwave-balanced circuits, the differential-mode
signal is used to transmit power [5]-[9], and the common-
and cross-mode signals are suppressed [10]-[18]. Unlike
conventional four-port balanced-to-balanced circuits
[5]-[16], as shown in Figure 1(a), the proposed wideband
balanced-to-unbalanced filtering power divider is a four-
port reciprocal network with a pair of balanced ports,
ie, I, 1" (ports 1 and 3), and two single-ended ports, i.e.,
ports 2 and 4 [19]; S, refers to the mixed-mode scatter-
ing matrix, which can be obtained as in [19], [20]:

Sddi1 Sdct1 Sasiz Sdsia
Scatt Scet1 Sestiz Sesia

Smm - Sstl Schl 55522 55524 ! (1)

S sd41 S sc4l S 5542 S ss44

and
Saan1 = (S1+1+ — S141- — S1-1+ + S1-1-) /2
Scci1 = (S141+ + S141-+ S1-14+ S1-12) /2
Scat1 = (S141+ — S141-+ S1-14 — S1-12) /27
Sact1 = (S141++S141-—S1-1:. = S1-1) /2
Ssamt = (Sp1+ — Snl—)/ﬁ
Sasin = (S14n— Sl—n)/\/z
Ssent = (Sni+ + 5n1—)/\/§/
Sestn = (S14n+S1-0) /2
Sssnp = Snp, 2)
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where 1, p = 2, 4 and subscripts d, ¢, and s represent the
differential mode, the common code, and the single-
ended port, respectively. The filtering power divider
should meet the requirements for port-impedance
matching, differential-mode signal equal power divi-
sion, wideband common-mode signal suppression, and
power-division isolation.

In most balanced-to-unbalanced power dividers
[20], [21], the differential-mode power-division band-
widths are less than 40%, and the common-mode
suppression cannot meet the wideband frequency. To
overcome these disadvantages, three new wideband
balanced-to-unbalanced filtering power dividers are
proposed in [19]; when the odd/even modes are excited
from ports 1" and 17, a virtual short/open appears along
the symmetric line, as shown in Figure 1(b) and (c). Fig-
ure 2(d)—(f) displays the measured and simulated fre-
quency responses of the filtering power divider with
coupled lines, and the prototype of the filtering power
divider is shown in Figure 2(g).

For the differential mode, the measured 4-dB frac-
tional bandwidth is 80.5% (1.17 to 2.78 GHz), the |S4qi1|
is greater than 13 dB, and the minimum in-band
|Seq21| is 3.4 dB. For the common mode, the measured
|Seeo1| is better than 10 dB (the greatest 45-dB rejec-
tion at 2.03 GHz). The |Sy.| is greater than 30 dB.
In addition, the measured power-division isolation
|S4z| is more than 15 dB (1.76 to 2.23 GHz), and the
|S221/|544] is greater than 15 dB from 1.72 to 2.29 GHz.
In total, the proposed wideband balanced-to-unbal-
anced power divider with filtering function has been
fully realized, while the passband selectivity for the
differential-mode passband is not ideal. To overcome
this shortcoming, two other novel high-selectivity
wideband balanced-to-unbalanced filtering power
dividers with adjustable transmission zeros are also
realized in [19].

Balanced-to-Unbalanced Four-Port

Filtering Power Dividers With Extended

Upper Stopband

The balanced-to-unbalanced filtering power dividers in
[19]-[21] achieve wideband power division and multifunc-
tional performance. However, the broader-frequency
common-mode suppression levels, differential-mode
upper stopband, and differential-mode-to-common-
mode conversion suppression can be improved. Sev-
eral wideband balanced-to-unbalanced filtering
power dividers with extended upper stopbands are
proposed in [22]; one of these is shown in Figure 2(a).
In this case, the stepped-impedance, coupled-line sec-
tions are used to replace the conventional coupled
lines [23], and a one-wavelength-long closed-loop
resonator with even- and odd-mode characteristic
impedances Z., and Z,, and an electrical length of
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Figure 1. A balanced-to-unbalanced filtering power divider with coupled lines [19]. (a) The schematic diagram, (b) a
differential-mode circuit, (c) a common-mode circuit, (d) differential-mode frequency responses, (e) common-mode frequency
responses, (f) the single-ended ports’ responses, and (g) the prototype.
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a differential-mode circuit, (c) a common-mode circuit, (d) differential-mode frequency responses, (e) common-mode frequency
responses, (f) the single-ended ports’ responses, and (g) the prototype.
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0 is coupled to the input-port section of the circuit [a
pair of balanced ports 1%, 1" (ports 1 and 3)] and two
single-ended ports [2], [4], [24]. As displayed in Fig-
ure 2(b), for 61 = 6= n/6, four transmission zeros
are generated at the following spectral positions
(they are expressed in terms of electrical lengths at
these frequencies):

0( fiz1) = 0, 6( fir2)

= 3-arccos

de3Zoo4 - ch4Z(2)o3
2 2 7
Q(Zo(ﬁ + Zoo4)2 - @(Zeﬁ + Zee4)2

0(fiz3) = 37 — 0(fiz2),0(frzs) = 37.
3

The proposed wideband balanced-to-unbalanced
filtering power dividers can be analyzed by the dif-
ferential- and common-mode analysis procedure
(as illustrated in [19]). Figure 3(c)—(f) presents the
measured-frequency responses and a prototype
of the wideband balanced-to-unbalanced filtering
power divider with extended upper stopband. For
the differential mode, the measured 3-dB power-
division bandwidth (|S.4,;|<3.75 dB) extends from
1.72 to 2.8 GHz (i.e., 49.1% in relative terms). The
differential-mode input-power-reflection (|Sgqy;|)
parameter is below -14 dB throughout the fre-
quency range 1.8-2.9 GHz, whereas its 30-dB atten-
uation-referred stopband (]S4 |) extends from 3.1
to 10.6 GHz (i.e., up to 4.82 fy). The common-mode
suppression (|S,»;|) and common-to-differential-
mode dc reach 9.2 GHz (i.e., up to 4.7 f;), while the
minimum power-isolation (|S,,|) level between the
single-ended output ports is above 30 dB [a center
frequency (fy) of 2.28 GHz].

Multifunctional Balanced-to-Unbalanced
Five-Port Filtering Power Dividers

Microstrip Balanced-to-Unbalanced
Five-Port Filtering Power Divider Using

a 180° Phase Inverter

In addition to balanced-to-unbalanced four-port
power dividers, single-ended-to-balanced five-
port power dividers are also very important for
connecting to balanced-driven antennas and bal-
anced amplifiers. Some single-ended-to-balanced
power dividers are proposed in [25]-[27]. However,
they face some problems, such as narrow-band com-
mon-mode suppression, poor passband selectivity,
and harmonic suppression; their multifunctional
performance is hampered by the fact that they are
not capable of bandpass filtering. A series of wide-
band five-port single-ended-to-balanced power
dividers with wideband common-mode suppres-
sion is presented in [28]. As depicted in Figure 3(a),
the proposed single-ended-to-balanced filtering
power divider is a five-port component, which
consists of a single-ended input (port 5) and two
balanced outputs (ports A or 1 and 2 and B or 3
and 4). As with mixed-mode four-port balanced-
to-unbalanced power dividers, the mixed-mode
scattering matrix of the five-port power divider
can also be obtained from the equation in [27]
and [28]. For an example, see (4) at the bottom of
the page.

The performance of the five-port power divider
can be summarized as follows: when the differential-
mode signals are excited in balanced port A (B) [27],
[28], no differential-mode signals should be reflected
(i-e., Sqgan=Saqpp = 0), no differential-mode signals can
be transmitted to the other port B (A) (i.e., Sqapa = Sadas

Sddaa SddaB Sdeaa Sdea Sdsas

ScaBA  ScdBB SccBA  SceBB SesBs
Ssdsa  SsdsB Sscsa SscsB Sssss
S11—S21—S12+S52» S13— 53— Su+Su Suu—Sn+S12—5» Si3—S»+ S1u—Su Si5— Sx
2 2 2 2 ﬁ
S31— S41— S32+ Ss» S33— Sa3— Saa+ Su S31— Su1+ Szn— S S3z— Saz+ Sza— Sus Szs— Sss
2 2 2 2 ﬁ
_ | Su+Sn—S1—5» Si3+Sx3—S1a—Su Suu+Soau+ S+ S» Siz+ Sn+ S+ Su Sis+ Sxs 4
B 2 2 2 2 V2
Ss1+ Su1—S30— Sap S3z+ Su3—S34— Sus Ss1+ S+ S+ Sao Szz+ Suz+ Sz + Su Szs+ Sas
2 2 2 2 ﬁ
Ss51— Ss S53— Ss4 Ss1+ Ss Ss3+ Ssu Sss
72 72 2 2
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0.6-dB Wideband Common-Mode
Port Bandwidth  Common-Mode Common-Mode and Differential- Filtering  Core Circuit

References  Number (%, f) Suppression Suppression Mode Conversion  Property  Size (5% 4,)

[21,Sec.2] 4 5% 0.95-1.05 f, No <-15dB Yes 1.1 x 0.3
1.88 GHz <-15dB 0.9-1.1 1,

[25] 5 ~40% 0.9-1.11, No <-16dB No 0.5 x 0.25
10 GHz <-15dB 0.9-1.11,

[26] 5 ~30% 0.6-14 f, No <-15dB No 0.75 x 0.1
1 GHz <-15dB 0.8-1.2 f,

[27,5ec.2] 4 36% 0.8-1.2 1, No <—15dB No 0.75 x 0.1
2 GHz <-15dB 0.8-1.15 1,

[19, Sec. 2] 4 60% 0.9-1.2 1, Yes <-15dB Yes 0.57 x 0.26
2 GHz <-15dB 0.9-1.2 f,

[22,Sec.2] 4 49.1% 0-4.2 f, Yes <—20dB Yes 0.50 x 0.41
2.2 GHz <-—20dB 0-4f,

[28,Sec.3] 5 420 0-2.7 f, Yes <-15dB Yes 0.4 x0.16
1.03 CGHz <-17 dB 0-1.3f,

[28,Sec.4] 5 45% 0-2.7 f, Yes <-15dB Yes 0.45 x 0.2
1.01 GHz <-—20dB 0-2f,

= 0), and the common-mode signals converted from
the differential-mode signal are also not excited (i.e.,
Scaaa=Scaee=0) [27], [28]. After further calculation, the
mixed-mode scattering matrix can be shown as [27], [28]

0 0 0 0 V255
0 0 0 0 ﬁSm
[s™]=| o 0o -10 0 | ()
0 0 0 -1 0

V2515 /2555 0 0 0

Figure 3(d)-(f) depicts the measured and simu-
lated frequency responses of the filtering power
divider using an 180° phase inverter, and the prototype
of the filtering power divider is shown in Figure 3(g).
The measured 0.6-dB power-division bandwidth is
roughly 42% (0.78-1.2 GHz), the upper stopband har-
monic suppression is greater than 20 dB from 1.62 to
2.58 GHz (i.e., up to 2.58 f;), the |Syqag| is less than
-13 dB for 0.8-1.2 GHz, the common-mode suppression
parameter |S.pa| is at least —17 dB from dc to 2.7 GHz,
and the mode-conversion parameter for the common
and differential modes is below —15 dB from dc to
1.3 GHz. Moreover, the use of a half-wavelength open-
ended stub permits the synthesis of a high-selectivity
filtering power divider with two transmission zeros
located at 0.5 and 1.5 GHz, respectively [28].

Conclusions and Future Development

This article introduced wideband balanced-to-unbal-
anced four- and five-port filtering power dividers.
Some comparisons with other approaches to balanced
power dividers are listed in Table 1. In contrast to
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balanced power dividers developed using different
techniques, the proposed balanced-to-unbalanced filter-
ing power dividers all have multifunctional perfor-
mance [19], [22], wideband common-mode suppression,
and high passband selectivity for the differential mode
[28]. The largest common-mode suppression can be
extended up to over four octaves [22], and the inte-
grated filtering function can further reduce the power
divider’s circuit size and transmission loss [28].

It should be pointed out that all of these multifunc-
tional filtering power dividers are single-layer structures
[21]-[28]; they can easily extend to applications of on-chip
circuits and systems such as CMOS technology and gal-
lium-arsenide technology [29]-[34], and it can be antici-
pated that increasing numbers of balanced integrated
circuits will appear for 5G systems in the near future.
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Awards

IEEE Fellow Alexander I. Nosich Elected a Fellow

of the Optical Society

uring its September 2019 meet-
D ing in Washington, D.C., the

board of directors of the Opti-
cal Society (OSA) elevated Prof. Alexan-
der I. Nosich to OSA fellow (Figure 1),
effective in 2020. His citation reads, “For
the development of a method of ana-
lytical regularization to solve radiation,
scattering, and eigenvalue problems
in micro- and nano-optics.” Prof.
Nosich was elevated to IEEE
Fellow in 2004.

Prof. Nosich is principal (

scientist with and head of
the Laboratory of Micro and
Nano-Optics, a major
Ukrainian R&D cen-
ter for millimeter and
submillimeter waves
that he founded in
2010 at the Institute of
Radio Physics and Electronics,
National Academy of Sciences of Ukraine.
Prof. Nosich is a top-level theoretician in
the field of computational electromag-
netics and photonics. He is internation-
ally recognized for having promoted
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a powerful and generic mathematical
approach known as the method of ana-
lytical regularization, which converts
the electromagnetic field problem to a
Fredholm second-kind matrix equation
that guarantees convergence.

In optics, his derivation of the radia-
tion condition for open waveguides
was a pioneering achievement, general-

izing the Sommerfeld condition.
He also introduced the lasing
eigenvalue problem, a modi-
’ fied formulation of the source-
free Maxwell problem adapted
to study the on-threshold nat-
ural modes of lasers as
open resonators with
active regions. More
recently, he studied
ultrahigh-Q lattice
modes, linking them to
the origin of the well-known

phased array blindness effect.

Prof. Nosich initiated the Inter-
national Conference on Mathematical
Methods in Electromagnetic Theory
(which has been held since 1990),
organized the IEEE East Ukraine Joint
Chapter (1995), represented Ukraine in
the European Microwave Association

Figure 1. Prof. Alexander 1. Nosich was
elected an OSA fellow.

(2001-2003), and received the Doctor
Honoris Causa of the University
of Rennes-1, France (2015). It should
be mentioned that Prof. Nosich works
under conditions that are very unfa-
vorable compared to more developed
countries. Recognizing these circum-
stances, the International Commission
for Optics awarded him the Galileo
Galilei Medal in 2017. PR,
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Educator's Cor

A Radio Engineer’s Voyage
to Double-Century-0Old Plane Geometry

M Takashi Ohira

Sail to the mysterious triangles and
arcs of supreme elegance.

cademia may approach radio
engineering through two pos-

sible educational ways. One

is based on the analysis of formulas
stemming from electromagnetics and
circuit theory. Students are required
to have mastered calculus and linear
algebra beforehand. Although this
way is mathematically rigorous, stu-
dents sometimes become exhausted
by the nabla-manifold vector and
matrix equations. The other possible
approach is based on plane geometry.
The instructor draws an impedance
locus on a blackboard to illustrate
the behavior of circuit components,
such as LCR and transmission lines.
According to our academic experi-
ence, this friendly way is effective to
stimulate first-year students to intui-
tively start from the introduction. The
special geometry that can be exploited
in radio engineering originated in the

Takashi Ohira (ohira@tut.jp) is with
Toyohashi University of Technology, Aichi,
Japan. He is a Life Fellow of IEEE.
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early 19th century, i.e., long
before the Smith chart was
invented. One may then
ask, what in the world
took place two centu-
ries ago? To answer
this question, we
have in this article
a time-traveling
vessel. The final
boarding gong

is now beat-

ponder which one is the best intro-

duction for first-year students to

trigger their interest in RF theory

. nd techniques.

Impedance Plane

We believe that the best way

to introduce the repre-
sentation of impedance

is to use a Cartesian

2

X
< .
2, coordinate system,

ing, and we
will soon hoist the sails for a mysteri-
ous adventure.

Maiden Voyage

Imagine that we make our maiden
voyage across the ocean. Every mate
on duty must be able to use an indis-
pensable item: the navigation chart.
This idea also applies to voyages in
radio engineering. Through analogy
to Mercator, Mollweide, and Lambert’s
conic projections in cartography, there
are several different schemes we can
use to draw a chart of electric imped-
ance on a complex plane. Each scheme
has pros and cons in accordance with
the purpose of the chart, as comprehen-
sively overviewed by Harold Wheeler
in [1]. University lecturers may then

as presented in
Figure 1. Complex
impedance is decomposed into its real
and imaginary partsas Z = R +jX. This
is simply called the impedance plane or,

\\
00 /20 30 d0N80 "
1-10 Z
2
T-20
30

Figure 1. The impedance half-plane with
a mysterious triangle.
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to be more specific, the impedance
half-plane, when the load is assumed to
be passive, i.e, R > 0. The concept of
such a half-plane was originally pro-
posed by Henri Poincaré as a visible
model of hyperbolic geometry [2], [3].

This concept is exploited for radio
engineering by assuming that the
vertical axis represents a reactance
X, which physically implies induc-
tors for positive X and capacitors
for negative X. This R-X system uti-
lizes a linear and orthogonal grid,
which provides straight-line routes
to represent the behavior of LCR ele-
ments connected in series to the load.
Therefore, this simple approach is
highly recommended for first-semes-
ter young sailors or possibly prospec-
tive captains, rather than trying to
demonstrate other sophisticated cir-
cular charts abruptly. That is to say,
simple is beautiful.

Curious Enigma

One stimulating supplement to this
plane is a mysterious triangle drawn
on the R-X grid, as shown in Figure 1.
This is, apparently, distorted in com-
parison to the usual triangle. However,
in a sense, the three routes shown all
represent the shortest links between
two vertices. This may sound like a
tricky riddle. In spite of this, it is math-
ematically true when a special metric
or scale intended for the impedance
half-plane is employed. To address
this curious enigma in an analytical
way, let us set out on our voyage by
first examining the meanings of “dis-
tance” and “length” on a chart. These
concepts will be clarified in the fol-
lowing sections.

Geometric Distance

Let us consider two points, Z1 and Z»,
located anywhere on the half-plane.
For example, look again at the trian-
gle’s west side in Figure 1. The ques-
tion here is, how should we define
the distance, hereafter denoted as D,
between Z; and Z,? In any geometry,
the distance must be a single, scalar,
and real function of the relative posi-
tion of two points. More strictly, it

November 2020

Figure 2. A variety of VSWR indicators in our vessel’s radio shack.

must exhibit four properties: identity,
nonnegativity, commutativity, and tri-
angle inequality [2], [3].

Even taking all these requirements
into account, the definition of distance
is not unique; rather, it has alternative
formulations. A quick idea could be
D=|Z1—Z,|, where the twin verti-
cal bars mean complex modulus.
Although this definition is math-
ematically simple, it does not work
properly in radio engineering, as
the impedance has a dimension
of ohms. Another idea for the defini-
tion could be D =|Z1—Z2|/Z,, where
the denominator, Z, denotes some
reference impedance, such as 50 Q.
In this definition, the physical dimen-
sion is nullified by the normalization.
However, universe-strong versatility
is expected from the general defini-
tion of distance. What we are looking
for is a dimension-free, purely relative
quantity that is invariant to any refer-
ence impedance.

Among the possible candidates for
a valid definition of distance, we single
out the natural logarithm of voltage
standing-wave ratio (VSWR) p, which
is simply formulated as

D =Inp. 1)

This is because the logarithmic VSWR
strikes a deep chord with radio engi-
neers, as richly suggested by Madhu
Gupta in [3]. The aforementioned D is
called the Poincaré distance in hyper-
bolic geometry, and (1) indicates our
selection as the starting postulate of
this exciting voyage.

We employ log VSWR as our
starting postulate.

Reflectance Magnitude

To estimate the distance D between Z1
and Z using (1), we need to recall how
p is derived from the two impedances.
This can be formulated by the wave-
reflectance approach as follows.

Radio engineers, from amateur to
professional, often use p to tune a load,
such as antennas or a wireless coupler
for RF power transfer. Various mea-
surement instruments are illustrated in
Figure 2. They all indicate p to notify
the radio operator of how much power
is being reflected from the load. A basic
and well-known relation is given by

P=q (¢a)
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where y denotes the re-
flectance magnitude.
This equation tells us
that the VSWR starts
from unity at zero reflec-
tion, becomes three at
half reflection, and goes
to infinity at full reflec-
tion. Typical numerical
examples of this behav-
ior are given in Table 1.
In addition to the
numeric table, a more
instructive route to the y-to-p conver-

transfer.

sion is shown in Figure 3. Let us place a
perpendicular pole at point (1, 0) up to
height y. We draw a straight line (elas-
tic cord) from the pivot point (-1, 1)
that passes through the pole’s top. This
cord is extended down to intercept the
horizon at coordinate p, which gives
us the exact VSWR. An inverse conver-
sion is also available. Slide p from left
to right along the horizon while keep-
ing the pivot point fixed. The height y
at which the pole is truncated by the
cord gives the reflectance magnitude.
This mechanical model enables us
to estimate the VSWR even without
any formula or electronic calculator.
In fact, such a graphical approach cul-
tivates engineering intuition in stu-
dents” minds much more fully than
just starting with the user’s manual for
fully automated simulation software.
Our next question is that of how y
comes from the two impedances. Stating
the conclusion first, the aforementioned
reflectance can be formulated as
_|Z2=7

y=|£2"21

| Za+Zi ©®)

where the superscript asterisk * denotes
the complex conjugate.

Some undergraduates may be puz-
zled as to why the asterisk stays solely
in the denominator of (3) and not in the
numerator. The answer is easy: this for-
mula can be derived by just imposing

Radio engineers,
from amateur

to professional,
often use p to
tune a load such
as antennas or a
wireless coupler
for RF power

the basic Ohm’s law on
the RF voltages and
currents in a simple
lumped-constant sys-
tem. This can be done
even without assum-
ing transmission lines
or wave propagation.
A full description of
this elegant theory is
provided in [4].

We now have a pow-
erful tool to measure
the Poincaré distance, that is, the three-
step sequence (3)-(2)-(1) displayed
in Figure 4. This sequence is highly
versatile because (1), (2), and (3) are
valid not only for a Cartesian chart;
they are also valid for any kind of chart,
regardless of its shape, scale, or coor-
dinate gradation. This wide validity
can be directly derived from the for-
mulas themselves. Moreover, reference
impedance Z, does not affect vy, p, or
D at all. Obviously, these quantities are
functions only of Z; and Z».

Triangle Mystery

Charles Berlitz warned travelers never
to sail into the Bermuda Triangle, but
we now gather momentum toward
the triangle shown in Figure 1 with
full curiosity in mind. Upon reaching
vertex Zi, our first assignment is to
measure the distance between Z; and
Z itself. A zero distance may sound
trivial, but it actually makes sense, as
it resembles the 0-Q calibration of cir-
cuit testers or impedance analyzers.
By substituting Z1=Z> into (1), (2),
and (3) in Figure 4, we can sequentially
confirm that y=0, and thus p=1,
resulting in D=0 as expected. The
verification is successful. Our instru-
ments are go!

Next we steer our boat to vertex
Z>, where our second assignment is
to measure the distance between Z;
and Z». Reading out their positions as

TABLE 1. The reflectance-to-VSWR conversion lookup table.

y 0 02 0.5 06
P 1 15 3 4
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0.75 0.8 0.9 1
7 9 19 ©

Z1=10+;20 and Z>=10-/10 from
the grid and inserting these complexes
into (3), we obtain

| @o+po)-@ao-j0)| 3
"2 =110+ j20) + (10 +/10) |~ /13
@

where the combined subscript ;, denotes
the corresponding points Z: and Z».
Substituting this result into (2) and (1),
we obtain

D= lnim+ 3 ~2.4. (5)
J13 -3
This is the distance between Z; and
Z> observed in the Poincaré metric.

In (5), there is no unit appended
to the figure. This is quite natural for
dimension-free quantities. However,
if units are required, the answer is
neper (Np) for the quantity stemming
from the natural logarithm. Another

Pivot

: Slider
—1 0 1 P

Figure 3. An elastic-cord model to
explain the 'y-to-p conversion.

Z 2

@ /

1
4 @
M} e

Figure 4. A flowchart to measure the
Poincaré distance between Z; and Z,.

2= 2
22 e Z1*
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option we have is to convert Np into
decibel (dB), which is defined as 20
times the common logarithm and is
thus familiar to radio engineers. It is
quite impressive that 20 log;) VSWR
lives in perfect harmony with M.C.
Escher’s art work, as pointed out
by Gupta in [3]. For quick conversion,
1 Np =~ 8.686 dB.

We finally sail to vertex Zs of the
triangle, carrying a twofold mission:
to measure both Dy and D3 at once.
Repeating the same calculation pro-
cess as in (4) and (5), we obtain

(50 —j10) — (10 —;10) | 2

2= 50— 10y + (0 +10) | 37 ©

_ 1342
D23—1n3_2~ -0, (7)
| (50 —j10)— (10+j20) | /5 .
~| (50 —j10) + (10 — j20) =30
D =n37¥5 19 ©)

315

Comparing the three distances, we
can conclude that D23 <D31 <D1,. This
inequality apparently disagrees with
how the triangle looks in Figure 1
under the lamp of traditional geom-
etry. That is why this plane seems
so mysterious.

Which route is shorter, the curve
or the straight line?

Piecewise Segmentation
When we make a long-haul voyage,
the shortest or geodesic route is not
always available. Sometimes, a tidal
current or a jet stream dominates
our course. This is also true in radio
engineering. Imagine that we design
an impedance transformer from Z;
to Z». A wide variety of lumped and
distributed-constant elements can be
used. However, these elements seldom
follow the shortest path to reach the
target impedance on the plane [5]-[7].
This is why the length of curved routes
must be considered apart from the
direct distance described in the previ-
ous section.

According to differential geometry,
a smooth curve can be measured by a
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|6Z| = \JORZ + oX2

0 /
Figure 5. A smooth curve and its
segment on the impedance half-plane.

line integral of infinitesimal segments
along the curve. We begin with a small
segment truncated at Z: and Z,, as
shown in Figure 5. The two points are

denoted as
Z1=R+jX, (10)
Z>=R+jX+6Z, 11)

where §Z implies a slight differ-
ence between the two points on the
R-X plane.

Again, we follow the three-step
sequence (3)-(2)—(1) depicted in Fig-
ure 4. Substituting (10) and (11) into (3),
we obtain

Zo—Za|_ |6Z]
7o+ 71 [2R+8Z |

Y= (12)

Then, substituting (12) into (2) and
expanding the result into its first-
order Maclaurin series with respect to
|8Z], we obtain

_ 1+y _|2R+8Z|+|8Z]
- y  |2R+68Z|—|6Z]
|62|
R

=144 (13)

in which the higher-order terms can
be omitted because they are negligible.
Finally, substituting (13) into (1) and
applying the same expansion men-
tioned previously, we obtain

D=1Inp= 1n<1+ |5RZ|> 16z] (14)
for the distance between Zi and Z.
See Figure 6 for graphical assistance to
grasp what (14) means.

ON [isaidssiiassinans 7
0 p

Figure 6. A small segment length stems
from the natural logarithm of VSWR. We
find that SA =|8Z|/R because the curve
has a 45° slope in the vicinity of unity.

The segment length is a small
increment of VSWR from unity.

Assuming that the curve is smooth
and the segment sufficiently small,
the aforementioned distance can be
equivalently regarded as the segment
length. The impedance difference is
decomposed into its real and imagi-
nary parts as

87 = 8R + jX. (15)

Looking at Figures 5 and 6 together,
we can rewrite (14) as

1 VORE+ 56X

SA = \SZ\

(16)
This is the Poincaré distance between
two adjacent impedances. From this
result, we conclude that the small seg-
ment length is given by the absolute
difference in impedance normalized
to its original resistance. Note that the
original reactance X does not contrib-
ute to the length at all. Finally, above
S\ is accumulated as

A= fc dA 17)
to measure the entire curve length
A, where the prefix & is replaced by
the infinitesimal operator d. Sequence
(15)—(16)—(17) is summarized as a flow-
chart in Figure 7.

Curve Length

Now let us look back at the mysterious
triangle presented in Figure 1. We sail
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from vertex Z: to Z> once again. This
time, however, the route is segmented
into small pieces that are integrated
in length. For simplicity, we assume
that this route is a circular arc lying
along the circle that passes through Z;
and Z> and is centered on the x-axis.
Reading out its location from the grid,
the circle is formulated as
R*+(X-5)2=

325. (18)

dR dX
(15) /ﬂ? + jdX

(16)

Figure 7. A flowchart to measure the
Poincaré length of a smooth curve.

Figure 8. A pseudotriangle on the
impedance half-plane.

TABLE 2. The triangle dimensions in

the Poincaré metric.

-7, I,-7I; I,;-I,
Distance D 24 1.6 1.9
Length Ain 2.4 1.6 1.9
Figure 1
Length Ain 3 1.6 2
Figure 8
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By differentiation, the curve’s slope is
calculated as

dR __X-5

X~ R (19)

This slope enables us to eliminate §R
from (16), resulting in

dA = /AR +dX? =

_1 1
2| X-5+5/13

-1
X—-5-5/13

51/{?351)(

X,  (20)

where & reduces to the infinitesimal
operator d. Integrating this dA from
Z> to Zi, the arc is measured as

]20
—10

Av= [P dA
Z>
_ lln X-5+5/13
X-5-5/13

V13 +3
=In 7~24
V13 -3

1)

Although the calculation has
been a little bit tough this time,
the resultant length is identical to
the distance observed in (5). This
identity means that the assumed
arc is the shortest route that links
the two vertices. This is because,
in general, the length can never be
less than the distance. In a simi-
lar way, we can also confirm that
D23 = A23 and D31 = A3l-
conclude that this shape should

Thus, we

be called a triangle even though it
looks distorted.

Pseudotriangle

We now move on to another mysteri-
ous triangle, as seen in Figure 8. We
find that it resembles the triangle in
Figure 1; the only difference is that its
three sides are all straight lines rather
than curves. Looking at Figures 1 and
8 in parallel, let us pose the follow-
ing question: Which side is longer, the
curve or the straight line?

The straight line from Z; to Z» is
read out as R =10 and —10 <X <20.
Therefore, dR = 0, and, thus, (16) sim-
ply reduces to

-1
dA = 551X |. 22)

Integrating from Z, to Zi, the line
measures

An= [ZdA

of

This result finds a roughly 25% incre-
ment from (5) or (21). We can there-
fore answer the quiz: the straight
line is longer than the curve. This
answer is diametrically opposed to
common sense, considering usual
geometry.

Let us see the next line shown

o =3. (23)

in Figure 8. The straight line from Z»
to Zs is read out as 10 <R <50 and
X =—10. Therefore, dX =0, and, thus,
(16) reduces to

=Ly4R| 2%

=Ljar| (24)
Integrating from Z, to Zs, the line
measures

As= [ZdA

—f“’ L iR = [InRJ% = In5 ~ 1.6.
(25)

This is identical to the result from (7),
which is completely natural because
this route is a straight baseline com-
mon to both triang]les.

The final line shown in Figure 8
runs from Zi to Z3 at a slant, which is
formulated as

X=-3R4+35

1 > (26)

for10 <R <50. Therefore,dX =—3/4 dR,
and, thus, (16) reduces to

-5
dA = %l dR]. 27)

Integrating from Z: to Zs, the line
measures
Ay = [ “AA
0 5 5 50
=1 4R —-dR = [h’lR]10

= %lnS ~20. 28)
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By comparing this result with (9), we
can say again that the straight line
is longer than the curve. See Table 2
for an overview of the two triangles
in dimension.

In summary, the shape in Figure 8
looks like a triangle, but its sides do
not always link the corresponding
vertices with the minimum length. In
this sense, even having three angles,
it should be called a pseudotriangle.

The route looks straight but is
curved in a sense.

Zero and Infinity

Although the adventure on the imped-
ance half-plane is not yet exhausted,
we leave its further exploration to brave
future challengers. Let us now steer our
vessel from the triangular zone toward a
circular island with full rudder.

The question here is, on what kind
of plane can we meet both zero (short)
and infinity (open) (as they cannot
simultaneously live in a Cartesian
town)? This is because infinity is too
far on the aforementioned imped-
ance plane, whereas zero is too far on
the admittance plane. To overcome
this antipodal conflict, instead of the
Cartesian scale, a nonlinear scale for
the coordinates is required.

j50

j25

j10

One solution to this
puzzle is to employ the
reflectance magnitude
vy as a radial scale. It
is already known that
y ranges from zero to
unity, never diverging
even for an open, short,
or any positive real
impedance. The plane,
in general, must be a
2D world. Therefore,
in addition to the mag-
nitude, the phase 6 of the reflection
must be taken into account. Thus, we
involve y and 6 in the polar-coordi-
nate complex reflectance

P=1 5
p+1e !

[=yel= (29)

where p denotes the VSWR once seen
in (2). Explicitly, y = IT'|, and 6= <T.
The final right-hand side in (29) is
called the VSWR expression of complex
reflectance, which will be exploited in
the final section.

It is also known that the reflectance
can be calculated from

_ R+jX—50

I= R+jX+50

(30)

in a 50-Q system. For example, I' =—1
when R = X = 0. Tosee how I" behaves
in response to impedance, we sweep R

j100

j250

The shape

in Figure 8

looks like a
triangle, but its
sides do not
always link the
corresponding
vertices with the
minimum length.

and X from zero to in-
finity and plot I" on a
complex plane. The
result is presented in
Figure 9. We find that
zero and infinity can
successfully live to-
gether in one world.
This elegant projection
is called a Poincaré disk
in hyperbolic geometry
[2], 3], [8] and is also
known as a Smith chart
in radio engineering [9], [10].

How can zero and infinity live in
one world?

Power Ratio
The disk shown in Figure 9 was indeed
an elegant discovery and is even now
working for us on the visual display of
electromagnetic field simulators and
vector network analyzers and on the
blackboard in microwave engineering
classrooms. However, at least in geom-
etry, this disk is not the only solution
for zero and infinity to coexist. Looking
further forward, let us continue our
voyage to seek another circular island.
If we accept the concept of the
power standing-wave ratio (PSWR),
denoted as p? a favorable wind will

—j50

Figure 9. A Poincaré disk with an impedance grid.
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Figure 10. A Beltrami—Klein disk with an impedance grid.
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blow to hoist our sails. This notation,
p?, is based on the common circuit
theorem: voltage ratio squared equals
power ratio. Now, even though it may
sound somewhat abrupt, it is quite
convenient to thrust this PSWR into
the complex reflectance. By just replac-
ing p with p” on the final right-hand
side of (29), we define a new complex:

2
= 22—4_16]9. (31)

This simple replacement makes
a difference only in magnitude; the
phase is kept unchanged from the
original T'. Because the right-hand
side in (31) ranges from zero to unity
in magnitude at any phase, we notice
that Q draws a circular disk on the
complex plane as well as I' does. In
other words, this disk meets the prime
requirement of zero and infinity as
well as the Smith chart does.

Figure 11. A right triangle can be used to
remember the axial ratio’s elegant law.

To thoroughly comprehend how
Q behaves on the plane, it is helpful
to formulate Q in terms of I". By sub-
stituting (2) and (29) into (31), we can
eliminate p and 6 at the same time,
resulting in

_ 2T
Q_1+rr*'

©2)

Upon encountering this formula, might
students feel something come to their
attention? Yes, this is congruent with
the double-angle rule of hyperbolic tan-
gent, except for the conjugation on the
denominator’s final term. In any case,
using this formula, we can sail directly
from the familiar I" island to the new
Q island.

With the help of (32), we can convert
(30) into

_ R*+ (X +j50)°
2= X507 33)
which projects the R-X grid within
the disk, as seen in Figure 10. This
chart is called the Beltrami—Klein disk
in hyperbolic geometry [2], [11], [12].
On this disk, we notice ellipses in the
north—south symmetry with respect to
the Equator, commonly contacting the
East Pole (or West Pole in Australia-
orientated maps). These ellipses are
called horocycles in hyperbolic geom-
etry. They physically mean constant-R

Figure 12. Henri Poincaré (left) (1854-1912) and Eugenio Beltrami (1835-1900).
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contours, along which X ranges from
negative to positive infinity. Focusing
on the ellipse’s axial ratio », we find
50%+ R? = 50%1%, (34)
where R is the resistance read out at
the ellipse’s west-side interception
across the Equator. This formula is
so elegant that students can quickly
grasp it. Those who are better at geom-
etry than at algebra can memorize
this law via the equivalent right tri-
angle depicted in Figure 11 using the
Pythagorean proposition.

We also notice straight lines all
converging on the East Pole. These
lines are called geodesics in hyperbolic
geometry. They physically mean con-
stant-X contours, along which R
ranges from zero to infinity. It is a
remarkable feature of this disk that
all the constant-X contours lie in
straight chords, in contrast with the
circular arcs on the Smith chart shown
in Figure 9.

Voltage ratio squared equals
power ratio.

Back to the Future

Now it is almost time to bid goodbye
to 19th-century geometry and fuel
our vessel to sail back to the future.
We have three triangles and two cir-
cular disks to keep in our treasure
box. On finalizing this fruitful adven-
ture, we sincerely express our full
respect to Eugenio Beltrami and Henri
Poincaré by displaying their portraits
in Figure 12. Imagine if we could
invite these two great mathemati-
cians to our International Microwave
Symposium and give them the chance
to know our technical term SWR:
they might have presented in a spe-
cial memorial session how to formu-
late their circular disks, as in their
speech balloons.

Make geometry great again.
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MTT-S Society News

Spotlight on MTT-S Administrative Committees

B Goutam Chattopadhyay and Robert H. Caverly

he following interview
is the second in a series
of Spotlight articles that

take an in-depth look at some
of the committees that make
up the IEEE Microwave Theory
and Techniques Society (MTT-S)
Administrative Committee
(AdCom). I spoke with the chair
of the Meetings and Symposium
(M&S) Committee, Dr. Goutam
Chattopadhyay (GC).

Thank you, Dr. Chattopadhyay,

for agreeing to be interviewed

for our new Spotlight series and

to discuss some background

of the M&S Committee. What
exactly is the main purpose of the
M&S Committee?

Goutam Chattopadhyay (goutam@ieee.org),
senior research scientist with the NASA Jet
Propulsion Laboratory, California Institute of
Technology, Pasadena, is chair of the MTT-S
Meetings and Symposium Committee.
Robert H. Caverly (rcaverly@uillanova
.edu), editor-in-chief of IEEE Microwave
Magazine, is with Villanova University,
Villanova, Pennsylvania.
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GC: Conferences are the first place
where we present to our peers fresh-out-
of-the-oven research results and new
products. They bring together students,
young professionals (YPs), researchers,
industry leaders, and experts under the
same roof and provide an opportunity
to interact, exchange ideas, discuss
lessons learned, present preliminary
results, and fine-tune product concepts
based on user feedback. Moreover, con-
ferences provide the perfect platform
to network, especially for students and
researchers in their early careers. Here,

they can rub shoulders with
company CEOs/CTOs [chief
executive officers/chief technol-
ogy officers] to pitch their prod-
uct ideas and discuss research
ideas, breakthroughs, failures,
and future paths forward with
other researchers, professors,
and experts in the field.

The MTT-S sponsors and
cosponsors, both financially and
technically, more than 40 confer-
ences per year, which are held
all over the globe on a variety
of topics covering megahertz to
terahertz frequencies. The depth
and breadth of the MTT-S confer-
ences are astounding and con-
tribute tremendously to the success
of our Society. The role of the M&S
Committee is to perform due diligence
in approving conference applications
and to provide financial and techni-
cal guidance and assistance in help-
ing the organizers carry out successful
conferences. The M&S Committee also
makes sure that the conferences orga-
nized under the MTT-S banner are of
the highest quality and are managed
with the highest ethical standards.
Organizing conferences—Ilarge or
small—is not a simple task, and the
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M&S Committee, with its vast experi-
ence and expertise, helps organizers
navigate the different stages of con-
ference organization. Also, the M&S
Committee, with the support of
the MTT-S AdCom, acts as a bridge
between conference organizers and
the IEEE Meetings, Conferences, and
Events (MCE) Committee, which is
the umbrella organization for all IEEE
meetings and conferences.

Where does an MTT-S member see
the impact of M&S’s work?

GC: MTT-S members see the im-
pact of the M&S Committee’s work
at the conferences. The conferences,
along with our journals and peri-
odicals, are the prime reason people
become MTT-S members. The con-
ferences that MTT-S sponsors, both
financially and technically, are always
of the highest quality in technical
content, organization, and attendee
experience. The M&S Committee fol-
lows a rigorous process for conference
approval. Conference organizers are
asked to provide detailed plans, which
include the makeup of the organiz-
ing committee (the general chair, TPC
[Technical Program Committee] chair,
and treasurer), the technical content,
paper acceptance rate, prior years’
technical and financial performance,
and other relevant information. The
M&S Committee evaluates and then
approves or denies the conference
application. For financially sponsored
conferences, the M&S Committee
approval is followed by MTT-S Budget
Committee and AdCom approval.
The most important criteria we follow
when approving conference applica-
tions are the technical quality and the
quality of the attendee experience.

The other impact of the M&S
Committee that the MTT-S members
see is at conference registration. The
M&S Committee, with the approval
of the Budget Committee and the
AdCom, has implemented a confer-
ence registration discount process for
MTT-S members attending MTT-S
financially sponsored conferences.
This not only encourages participants

November 2020

to become MTT-S members; it also
gives current members some addi-
tional benefits.

What are some of the accomplish-
ments of the Mé&S in the last two
years that the general MTT-S mem-
ber would have seen?

GC: In our continued effort to
serve the needs of our members and
the microwave community around the
world at large, the M&S Committee
has been looking into improving the
topical and geographic coverage of
our conferences. The committee has
been actively looking into the areas
and topics of our Society’s fields of
interest that are not being adequately
represented in the existing slate of
conferences. Based on feedback from
Society members and microwave
practitioners, we have started two
new financially sponsored confer-
ences: the International Microwave
Filter Workshop and the International
Conference on Microwave Acoustics
and Mechanics.

The African continent is one of the
geographic areas where there is a lot
of interest in microwave-related activi-
ties but where we do not sponsor many
conferences. Over the past few years,
we worked closely with our colleagues
in Africa in starting the International
Symposium on Microwaves and
Antennas, a 100% MTT-S financially
sponsored conference. This conference
will move around to different parts of
Africa. The first edition was supposed
to be in Cairo, Egypt, in early 2021, but,
due to the COVID-19 situation, it will
now be held in early 2022.

Additionally, over the last two years,
the M&S Committee has improved the
process of conference organization.
The M&S Committee has streamlined
the guidelines and provides training
and other logistical support, helps
TPC chairs with subject matter experts
by connecting them to the appropriate
technical committee chairs and their
members, and puts them in contact
with the Marketing Committee to help
them with conference advertisement
and sponsorship.

How did the procedures change in
the M&S Committee when dealing
with the pandemic and its impact on
conferences?

GC: COVID-19 has had an unprece-
dented disruptive effectonall aspects
of our lives, and the M&S Committee
and our conferences have been no
exception. Since March 2020, there
has been a rush to postpone, cancel,
or go virtual for most MTT-S confer-
ences scheduled for the rest of the
year. Traditionally, any change to
an approved conference requires
M&S Committee approval and, for
financially sponsored conferences,
subsequent Budget Committee and
AdCom approval.

Since the COVID-19 disruptions
happened on such a massive scale and
the conference organizers needed to
make decisions on an expedited basis
(cancellations of venues, hotel rooms,
and other commitments, which usu-
ally have a big financial impact), we
quickly realized that it was not pos-
sible for us to work on a case-by-case
basis and solicit approval from mul-
tiple committees. We had to be nimble
and act fast, and a new strategy was
necessary. The AdCom authorized
the M&S Committee chair to approve
any changes in the conference sched-
ule (for 2020 conferences) by consult-
ing with the conference chairs, con-
ference Executive Committee chair,
MTT-S president, Budget Committee
chair, and treasurer. This, along with
help and support from the IEEE MCE,
was pivotal in dealing with the rapidly
evolving situation. After innumerable
WebEx and Zoom meetings with the
different stakeholders, we were able to
stabilize the situation.

Many conferences have been re-
scheduled to the latter part of the year,
some have been postponed by one
year, a few are going virtual, and some
are going to a hybrid mode—a mix
of virtual and in person. With help
from the conference organizers, M&S
Committee members, the AdCom, and
others, we dealt with the situation as
best as we could. All our decisions
were primarily based on keeping in
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mind the health and well-being of
our members and conference attend-
ees. We are making sure that the M&S
Committee provides all the support
that conference organizers need.

As a follow up, about how long before
the conference went virtual or was
postponed were the decisions made?
GC: That varied from conference
to conference. Conferences scheduled
in the first quarter of 2020 had to act
fast in March when the pandemic
hit hard. Some conference organiz-
ers wanted to wait and watch before
making decisions, as those confer-
ences were scheduled toward the end
of the calendar year. A few decided to
get ahead of the curve and postpone
by a year given the uncertainty of the
pandemic recovery. A couple of con-
ferences were postponed to a later
date and then the organizers came
back and decided to do a virtual con-
ference at the changed dates. At this
point, we are providing
maximum flexibility
to organizers and not
imposing any artificial
deadlines for them to
reschedule. If it is at
all possible to decide
early, we are encourag-
ing that option, but
the decisions are made
based on the situation
on the ground. Our approach has been
to provide conference organizers with
help and guidance so that they can
make the best possible decision for the
attendees and MTT-S volunteers.

What are some of the plans that the
M&S Committee is working on that
the general MTT-S member should
be looking forward to?

GC: We are joining hands with the
MTT-S YPs to bring in more students
and young engineers and research-
ers to our conferences. Students and
YPs are our future, and we are try-
ing to develop the next generation of
leaders by encouraging YPs to take up
more active roles in conference orga-
nization. We are also exploring the
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The conferences,
along with our
journals and
periodicals, are
the prime reason
people become
MTT-S members.

possibility of live-broadcasting the
keynote and plenary lectures of con-
ferences through the mtt.org website.
We believe that will not only act as
an advertisement for conferences and
future events but also will allow other
members to attend those lectures vir-
tually. We are also planning to broad-
cast some conference-related materials
prior to the keynote/plenary lectures.
To bring in more YPs and women in
microwaves (WiM) at our conferences,
we are encouraging the conference
organizers to select a YP/WiM as one
of the keynote/plenary speakers for
their conferences.

As an MTT-S member, how can I
make a contribution to help with the
work related to M&S Committee?
GC: The MTT-S is run by volun-
teers, and one of the high-impact acts
of volunteerism is through conference
organization. We highly encourage
MTT-S members to get involved in
conference organiza-
tion and to be a part
of the local organizing
committee. It’s a great
learning experience
and highly reward-
ing. If members do not
know how to become
part of the conference
organizing team, please
reach out to one of the
M&S Committee members, and we
will put you in contact with the orga-
nizing team. The best way to contrib-
ute to the M&S Committee’s work is
to attend conferences and send us
suggestions and ideas as to how we
can improve the quality and attendee
experience of our conferences.

What made you want to become the
chair of M&S Committee?

GC: Prior to getting elected as
an MTT-S AdCom member, I was a
Distinguished Microwave Lecturer.
In that role, I traveled to different
parts of the globe; interacted with
students, YPs, researchers, industry
experts, and others; and observed
firsthand the enthusiasm they all

have about microwaves, millimeter-
waves, and terahertz. I also noticed
the gaps that exist in different regions:
in many parts of the world, there are
not many microwave conferences to
attend. Moreover, often people from
those regions do not have the means to
travel to the IEEE MTT-S International
Microwave Symposium or to our
other flagship conferences. I felt that
we needed to address those needs.
Therefore, when I got elected to the
AdCom, I joined the M&S Committee
as the vice-chair under the leadership
of the then M&S Committee chair, Dr.
Maurizio Bozzi.

At the M&S Committee, we started
our work to establish a new confer-
ence in Africa. Earlier this year, I was
entrusted with the responsibility of
being the chair of the M&S Committee.
Additionally, it was quite clear to me
that we urgently needed to address the
gender, racial, and age-group diversity
of our Society as well as at our con-
ferences. I felt that, as the chair of the
M&S Committee, I would be able to
work closely with WiM Chair Prof.
Wengquan (Cherry) Che and incredible
YPs such as Dr. Tushar Sharma and oth-
ers to bring in the necessary changes
and address those shortcomings.

At our conferences, we are now try-
ing to have dedicated sessions when
there are no other parallel sessions,
similar to a keynote and plenary ses-
sion, entirely devoted to Women in
Engineering (WiE), WiM, and YPs.
At the 2019 International Microwave
and RF Conference in Mumbai, India,
where I was the co-general chair, we
had a wonderful special session on
WIE/WiM/YPs. There were dedicated
technical sessions by WiMs and YPs
as well as panel discussions related to
gender equality and diversity. I believe
it is imperative for all of us to go out
of our way to recruit women, people of
color, and YPs in conference organiza-
tion and leadership roles. These lead-
ers are out there, and our role as the
leaders of our Society is to encourage
and help them in any possible way to
make that happen.

FR
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Motivation

The aim of this Special Issue is to publish technical papers in microwave and millimeter-wave communication and sensor
systems. In recent years, we have seen a strong resurgence in such systems due to 5G and satellite communications (SATCOM),
automotive radars, precise location services, UAV tracking, imaging radars, STAR (simultaneous transmit and receive systems
also known as self-duplex), power amplifiers with digital pre-distortion, antenna tuning with closed loop functions,
etc. Also, silicon chips are becoming more complex with multiple transmit and receive beamforming channels, up and
down-conversion mixers, synthesizers, ADCs and DACs and even digital signal processing decision circuitry all on the
same die. The silicon (and III-V front-end) solutions can be considered as stand-alone and are connected to antennas (or
antenna arrays) for operation. For such complex systems, it is not required to know the detailed operation of every circuit
or component, and it is more important to look at the solution from a systems perspective, such as co-design of the RF
blocks with the antennas and with the DSP back-end, and the decision algorithms for the respective application areas.
Also, calibration and test of such complex systems is critical, and novel techniques are needed to reduce the calibration
cost which can lead to a reduction in system cost. The increased impact of microwave and millimeter-wave systems is
noticeable throughout society, especially in 5G communications, automotive radars, safety/security applications, and in
bio-medical sensors.

Topics of interest to be covered by the Special Issue include, but are not limited to

e Systems and system-level demonstrations for communications and radar sensing, including but not limited to: active and pas-
sive phased arrays using different beamforming technologies, MIMO arrays, repeaters, self-duplex and active nulling
arrays, polarization diversity, closed-loop antenna tuning solutions, dual- or multi-band arrays, reconfigurable arrays,
calibration and test techniques, etc. Applications for 5G, point-to-point links, SATCOM, automotive radars, position
sensing, and other standards are especially welcome.
System-level integrated circuits and/or sub-systems using multiple chips, including but not limited to: communication and
radar chips with multi-channel transceivers, power amplifiers with wideband digital pre-distortion and envellope

tracking, signal cancelling chips for self-duplex systems at the RF, IF and DSP level, and other complex systems on a
chip. Circuits using solid-state (BiCMOS, SiGe, CMOS, SOI CMOS, GaAs, GaN and any combination) and non-solid-
state technologies (RF MEMS, BST, liquid crystal, phase-change, etc.) are solicited.

Packaging and module technologies, including but not limited to: complex packaging design for multifunction wideband
systems, high power/thermal considerations, module technologies for receivers and transmitters, antennas-in-pack-

age and wafer-scale systems.

Review papers, including but not limited to: papers summarizing the state of the art in automotive radars, SATCOM, 5G,
point-to-point links, sensing systems, power amplifier digial predistortion, etc. are also encouraged. Potential authors
should contact the editors to discuss their submission and to get approval for this special category.

Authors must consult the link https://www.mtt.org/author-information-transactions/ for submission instructions.
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Around the Globe

Maxwell, Einstein, Newton, and Faraday

M David O. Forfar

When Einstein made his first

visit to the United Kingdom, the
press asked him if he had stood on the
shoulders of Newton. Einstein replied,
“That statement is not quite right.

I stood on Maxwell’s shoulders.”

James Clerk Maxwell
Foundation

This article is reprinted from the
2012 Maxwell Newsletter, with

the permission of the James Clerk
Maxwell Foundation (JCMF), which
is dedicated to the life and history
of Clerk Maxwell. A wealth of
information is available at http://
www.clerkmaxwellfoundation.org/.
In addition, the JCMF owns and
maintains an extensive collection of
Maxwell material at his birthplace,
14 India Street, Edinburgh, Scotland.
When travel conditions return to
normal, visitors are most welcome.
This article was arranged by David
Forfar and James Rautio, both
trustees of the JCMF.

David O. Forfar (doforfar@outlook.com) is
a trustee and former chairman of the James
Clerk Maxwell Foundation.
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James Clerk Maxwell

Albert Einstein

i

Issac Newton

he late Cambridge professor,
Stephen Hawking, Fellow of
the Royal Society, stated in a

television program some years ago
that there was a story that Einstein had

JAMES CLERK MAXWELL— ©SHUTTERSTOCK.COM/ROSEED ABBAS, ALBERT EINSTEIN— ©SHUTTERSTOCK.COM/JARTUP,

ISSAC NEWTON— ©SHUTTERSTOCK.COM/WPAP, MICHAEL FARADAY— ©SHUTTERSTOCK.COM/SAHROE

Michael Faraday

a picture of Clerk Maxwell, in addition
to that of Faraday and Newton, on the
wall of his Princeton study. The pho-
tograph of Einstein in his Princeton
study (Figure 1) provides the proof
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for Maxwell, and we can also assume
it was true for Newton and Faraday.
Einstein’s picture of Maxwell can be
identified; it is a photograph of the por-
trait of Maxwell (Figure 2) by Lowes
Dickinson that hangs in the hall of
Trinity College, Cambridge.

In 1931, in an essay about Maxwell,
Einstein wrote, “before Maxwell, phys-
ical reality was thought of as consisting
of material particles. ... Since Maxwell’s
time, physical reality has been thought
of as represented by continuous fields. ...
This change in the conception of reality
is the most profound and most fruitful
that physics has experienced since the
time of Newton.”

Faraday and Maxwell saw electro-
magnetic fields, and their attendant taut
“lines of force,” as a means by which
energy could be transmitted with a
finite speed. The energy carried by cer-
tain fields, which warm any object in
their path, is an example of the power
of fields to transmit a physical effect (in
this case, heat) across space.

Maxwell stated that it was Faraday
(1791-1867) who, in 1846, first proposed
that light was an electromagnetic wave.
Faraday had recognized the ability
of magnetism to alter light (its plane
of polarization).

It was known that waves would
travel through an elastic material at a
speed equal to the square root of the
ratio of its elastic modulus to its den-
sity. In his 1861 paper “On Physical
Lines of Force,” Maxwell assumed
that electromagnetic waves traveled
through such an “elastic material,”
called the aether. Maxwell estimated
the aether’s elastic modulus and den-
sity using known experimental results
for the value of certain electrical and
magnetic constants based on experi-
ments that were nothing to do with
light itself. The value of these electri-
cal and magnetic constants had only
been known since 1856, so Faraday
himself was not able to estimate, in
1846, the speed of electromagnetic
waves. However, in 1861, Maxwell
was able to do so. This speed of these
“electromagnetic” waves proved to be
equal (within experimental error) to
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Figure 1. Albert Einstein (right) in his Princeton study. His copy of Maxwell’s
portrait is visible above his right shoulder. (Source: Drew University and the Shelby
White and Leon Levy Archives Center, Institute for Advanced Study, Princeton,

New Jersey; used with permission.)

the known speed of light, derived by
the French physicist Fizeau (1819-1896)
from optical experiments on light itself.
This so confirmed Faraday’s prediction
of 1846 that Maxwell was able to con-
clude in 1861, “... we can scarcely avoid
the inference that light consists in the
transverse undulations of the same
medium, which is the
cause of electric and
magnetic phenomena.”

In 1865, in his paper
“A Dynamical Theory
of the Electromagnetic
Field,” Maxwell gave
the equations govern-
ing all electric and

Maxwell stated
that it was
Faraday who,
in 1846, first
proposed that
light was an

hardly known) being “displaced,” ie.,
being “pulled” in one direction and
then “pushed” in the opposite direction
(without the charges leaving the mol-
ecule), thereby creating a special type
of current which needed to be included
in the Oersted/Ampere law. This was
new and innovative, and Maxwell used
the name “displace-
ment current,” which
we now know exists
even in a vacuum. The
equations governing
the electromagnetic
field are now known as
Maxwell’s equations and
are among the most

magnetic phenomena. - fundamental equations
Certain of the equations electromagnetlc of physics, as they unify
were mathematical ex- WavVe. the electric and mag-

pressions of previous

laws of electricity and magnetism,
which had already been discov-
ered by Coulomb, Ampere, Oersted,
and Faraday.

In addition to these laws, Maxwell
considered that a changing electric
field would give rise to a special form
of current. He used the analogy of
positive and negative charges inside
molecules (although these were then

netic forces.

In 1864, Maxwell was then able to
confirm, even more elegantly than
he was able to do in his 1861 paper,
that these equations lead to undulat-
ing, but mutually supportive, electric
and magnetic fields. Maxwell showed
again that the speed of these waves
was, to within experimental error,
equal to the known speed of light

Z

itself. Maxwell reiterated, “.. it seems
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we have strong reason to conclude that
light itself (including radiant heat and
other radiations, if any) is an electro-
magnetic disturbance in the form of
waves propagated ...
electromagnetic laws.” This conclu-

according the

sion was the most stunning conclusion
of 19th century theoretical physics, as
many eminent physicists of the time
did not believe in such electromag-
netic waves traveling with finite speed
(the speed of light), thinking instead
that electric and magnetic effects were
transmitted instantly across the uni-
verse (“action at a distance”).

Some 22 years later, in 1887, when
Maxwell, had he lived, would have
been only 56, Hertz demonstrated, in
the laboratory, such electromagnetic
waves being transmitted and received
and having all the properties—reflec-
tion, refraction, interference—of waves
traveling at a finite speed. This was
the most stunning conclusion of 19th
century experimental physics.

Maxwell’s own words, “including
radiant heat and other radiations, if
any,” have proved prescient and have
been amply vindicated by the progres-
sive discovery of a whole spectrum of
electromagnetic radia-

Figure 2. Lowes Dickinson’s portrait

of Maxwell. (Source: The Master and
Fellows, Trinity College, Cambridge; used
with permission.)

(viewing the same event but with
one observer traveling with a constant
speed and direction relative to the
stationary observer), the speed of the
moving observer would need to be
added to the speed of the stationary
observer. Thus, according to Galileo
and Newton, “faster than light” speeds
were perfectly possible. Maxwell’s

equations, on the other

tion of different wave- M axwell’s hand, gave an iden-
lengths—radio waves, . tical value for the
microwaves, infrared equatlons' speed of electromag-

light, visible light, ultra-
violet light, X-rays, and
gamma rays. A tele-
scope in Hawaii, named
appropriately after
James Clerk Maxwell,
operates in the micro-
wave part of the elec-
tromagnetic spectrum.
Electromagnetic waves now provide the
means for modern devices to communi-
cate without wires, for example, today’s
mobile phones.

Einstein

Galileo and Newton had said that, in
order to change (transform) between
the viewpoints of two different observers
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without any
alteration, were
compatible

with Einstein’s
special theory of
relativity.

netic waves, no matter
what the speed of the
observer. These oppos-
ing theories could not
both be right!

In his 1905 paper “On
the Electrodynamics
of Moving Bodies,”
Einstein derived the
mathematical transformation (to change
from one observer to another) that
would result from the supposition that
each observer, in his own frame of ref-
erence, measured an identical value
for the speed of light. It turned out to
be the same transformation which the
physicist H. Lorentz (1853-1938) had
formulated earlier.

In the same paper, Einstein showed
his debt to Maxwell by demonstrat-
ing that Maxwell’s equations, without
any alteration, transformed correctly
between two observers, provided the
Lorentz transformation was used to
change the viewpoint between the
observers. It was such considerations
that enabled Einstein to state confi-
dently that nature behaved according
to the Lorentz transformation and not
according to the simpler Galileo/Newton
transformation.

Maxwell’s equations, without any
alteration, were compatible with Ein-
stein’s special theory of relativity,
whereas Newton’s equations had to
be changed. For example, the mass
of a body now became dependent on
its speed (as seen from Einstein’s for-
mula m(v)=m/y1—10v?/c*), whereas
the mass of a body, under Newton, had
always been a constant number, 11, inde-
pendent of the body’s speed.

Furthermore, there could be no
aether because, if there was such a
thing, there would be a privileged
observer in nature for whom the aether
was at rest. Einstein told us that there
are no privileged observers in inertial
frames of reference.

Einstein further showed that, as a
consequence of his 1905 paper, “if a
body gives off energy L in the form
of radiation, its mass diminishes
by L/c%.” Einstein derived this for-
mula by considering a body emitting
an electromagnetic wave. The for-
mula Einstein used for the energy of
the resulting electromagnetic wave
was the same one that Maxwell had
derived. Einstein viewed the same
event from the standpoint of both the
stationary and the moving observer,
using the Lorentz transform to change
to the viewpoint from one observer
to the other. By comparing the same
event, as viewed from the two differ-
ent viewpoints, he found the basis for
his famous equation, L =mc” or, as we
now say, E = mc>.

R
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New Products

H Ken Mays, Editor

Products listed in IEEE Microwave Magazine are restricted to hardware, soft-
ware, test equipment, services, applications, and publications for use in the
science and practice of RE/microwave and wireless engineering. Product
information is provided as a reader service and does not constitute endorse-
ment by IEEE or the IEEE Microwave Theory and Techniques Society. Absolute
accuracy of listings cannot be guaranteed. Contact information is provided
for each product so that interested readers may make inquiries directly.
Please submit “New Products” columninformation to microwave

newproducts@ieee.org.

elcome to a further install-
ment of the “New Products”
column in IEEE Microwave

Magazine. In this issue, we present six
items that may be of interest to the RF/
microwave and wireless communities.

Wideband High-Power
Amplifier Delivers 40 dBm

From 32 to 38 GHz

ERZIA Technologies, an RF/microwave
amplifier and integrated assembly com-
pany that provides commercial off-the-
shelf solutions for high-performance/
high-frequency applications, has
announced a new compact wideband
high-power amplifier (HPA) that operates

Digital Object Identifier 10.1109/MMM.2020.3015135
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from 32 to 38 GHz (Ka band). The ERZ-
HPA-3200-3800-40 is designed to offer
microwave system design engineers
working on Ka-band applications reli-
able and consistent output power across
the entire band of operation. In addition
to 40 decibel milliwatts (dBm) of power,
this microwave amplifier provides 49 dB

of gain. Itis qualified under U.S. Military
standard MIL-STD-810F against temper-
ature, shock, vibration, and acceleration.

The small size and modularity of
the amplifier support the rapid devel-
opment of microwave systems for
electronic warfare (EW), avionic and
ground radar, satellite communica-
tion, 5G, and test equipment operating
around Ka-band frequencies. ERZIA
wideband designs are among the first of
their kind capable of withstanding harsh
environments while maintaining output
power. ERZIA developed these prod-
ucts in direct response to EW designers
who routinely indicated their frustration
with power variances throughout their
critical wider-band applications and who
requested a single HPA to serve a variety
of multiband uses.

The ERZ-HPA-3200-3800-40 data sheet
can be downloaded at www.erzia.com/
microwave/hpa/562. The full lineup
of ERZIA wideband HPAs includes
models with the following bandwidth/
output power combinations: 1-23 GHz/
27 dBm, 2-18 GHz/30 dBm, 15-27 GHz/
29 dBm, 17-43 GHz/22 dBm, 24-40 GHz/
22 dBm, 2640 GHz/33 dBm, 3347 GHz/
29 dBm, and 75-83 GHz/27 dBm. The
models can be reviewed at https://www
.erzia.com/microwave/hpa.
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Sarcon Sample Kit
Fujipoly has introduced an engineer-

ing kit that includes free samples
of 20 Sarcon thermal interface materi-
als, giving engineers
the flexibility to test the
performance properties
of multiple products.
The materials in the kit
offer thermal conduc- thereby
tivities ranging from

09 to 13 W/mK. The kit
may be requested at

TS ensures a
high resistance
to interference,

reducing packet
losses in noisy

electromagnetic interference and enable
a modular certification.

The Mioty radio protocol implements
the European Telecommunications
Standards Institute’s telegram splitting
ultranarrowband (TS-UNB) Technical
Specification 103 357 to achieve greater
range and interference resistance. This
radio technology represents a unique
solution for massive IoI' deployments.
TS ensures a high resistance to inter-
ference, thereby reducing packet losses
in noisy environments and crowded
shared spectrum.

The module is sup-
ported by a develop-
ment kit consisting
of two development
boards and accessories
that, out of the box, can
be connected to a PC
and be ready to send
application data to a

https://www.fijipoly  apyjronments Mioty gateway, includ-
.com/usa/resources/ ing all third-party mod-
Sarcon-TIM-Sample and crowded els. The initial release
-Kithtml. shared is a one-way solution

for data transmission,
Radiocrafts SPeCtrum' and it will be upgraded

Releases Module

for Massive Low-Power,
Wide-Area Networks
Radiocrafts, a provider of RF mod-
ules and wireless connectivity equip-
ment, has announced a family of
RF modules for massive Internet of
Things (IoT) deployments using the new
Mioty radio protocol. The modules are
intended for smart metering, smart
city, and industrial sensor applica-
tions. The RC1882CEF-MIOTY1,
measuring 12.7 x 254 mm, is the first
shielded RF module with a complete
Mioty stack designed for industrial
use and volume production. The radio
module is completely shielded to avoid
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to bidirectionality as
soon as the infrastructure is in place.
Also, a U.S. Federal Communications
Commission-compliant variant is
planned. The European version, at
868 MHz, is available as an evaluation
sample and development kit.

Key features of the new Mioty
module and technology include the
following;:

¢ low-power, wide-area network
(LPWAN): UNB radio with TS
technology

¢ high resistance to interference

e the only LPWAN for massive IoT
deployments

e more than 1 million messages per
day in one network (single gateway)

e typical 15-km line of sight (5 km
in urban environments)

* license-free 868 MHz for Europe;
915 MHz for the United States (to
be released)

* very low power consumption,
short radio transmissions, and
battery friendly

e shielded compact module (12.7 x
254 mm) delivered on tape and
reel.

For further information, contact Radio-
crafts by telephone at +47 4000 5195 and
email at sales@radiocrafts.com.

Copper Mountain Releases
Compact Vector Network
Analyzers With Improved
Performance

Copper Mountain Technologies has
released compact vector network
analyzers (VNAs) 55045 and M5045
with a frequency range from 9 kHz to
4.5 GHz. Featuring a typical dynamic
range of 130 dB and a measurement
speed of 70 us, these VNAs replace
the recently discontinued S5048 while
delivering improved performance.
The S5045 comes with advanced soft-
ware features. The M5045 joins the M
series of VNAs and includes standard
software features in an economical
package. For additional information,
visit https://coppermountaintech
.com/vna/.

Modelithics Acquires
ProbePoints and

Launches Fixture and

Accessory Products

Modelithics” acquisition of Jmicro
Technology’s ProbePoints substrate
fixture assets encompasses test fix-
tures and probing accessories for RF/
microwave and electrical testing of
advanced semiconductor devices and

ACCESSORIES

BEE T 5
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packaging products.
These include alumina
substrate fixtures that
enable devices without
ground-signal-ground
probe pads to be eval-
uated with RF wafer
probes. Modelithics
will offer standard
and custom microwave
and millimeter-wave

Primarily for
use in the high-
speed digital
test market,
this connector
is designed

for stripline
applications.

services as well as
measurement-based
active and passive
simulation models,
such as Modelithics
COMPLETE Library,
which is available for
multiple electronic
design automation
simulation tools. For
more information and

test fixtures and cali-
bration standards in addition to the
ProbePoint products.

Designers can now obtain test fix-
tures and accessories from a company
known for precision measurements
and trusted models. Modelithics has
established an excellent reputation in
the RF/microwave industry through
its characterization and measurement

to request a quote,
visit the Modelithics website at www
.modelithics.com/home/fixtures or
contact the company via email at sales@
modelithics.com.

Samtec Releases 2.4-mm
Compression Mount Connector
Samtec has released a 2.40-mm com-
pression-mount connector designed

to perform at up to 50 GHz. Primarily
for use in the high-speed digital test
market, this connector is designed for
stripline applications. The connector
is vertically mounted to the printed
circuit board and attached by two
0-80 Unified Thread Standard screws,
eliminating the need for soldering to
the test points. A microstrip design
is in development. For more informa-
tion, visit http://www.samtec.com.

R
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Enigmas, etc.

Impedance Plane

M Takashi Ohira

wo points, Z1 =50 — j25 and Z»=50 + j75, are
I plotted on the complex impedance plane, as
shown in Figure 1. To link these two points, we
consider four different routes. Judging from the Poin-
caré metric, which one is the shortest? Find the correct
answer from among the following four choices:
a) straight line
b) obtuse bent
¢) right bent
d) acute bent.

In the sense of hyperbolic geometry, the four routes
are all curving, although they look like straight or bent
lines. Therefore, path length A cannot be estimated by
merely measuring the distance between two points but
should be strictly measured by the line integral

A:fch )

along the route. To perform this integration, infinitesi-
mal segment length dA is defined as

A = %\/auz2 +dx?, @)

which is identical to that defined for the curves project-
ed on the Smith chart [1].

The complex plane with Cartesian coordinates was
named Gaussian plane after the German mathemati-
cian and physicist Carl Friedrich Gauss (see Figure 2).

Takashi Ohira (ohira@tut.jp) is with Toyohashi University
of Technology, Aichi, Japan. He is a Senior Life Fellow of IEEE.
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Figure 1. The four different routes for linking Z, and Z, on
the impedance half-plane. The straight-looking option is not
always the best.
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Figure 2. A portrait of German mathematician and physicist
Carl Friedrich Gauss (1777-1855). (Image courtesy of
Marimo Matsumoto, Toyohashi University of Technology;
used with permission.)
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More specifically, the plane shown in Figure 1 should
be called impedance half-plane because we assume only
passive load impedance, i.e, R>0, whereas X runs
from positive (inductive) to negative (capacitive) reac-
tance. The mathematical concept of half-plane was first
exploited by Henri Poincaré to create a simple model of
hyperbolic geometry.

The purpose of this challenge is to get vistas on that
plane’s behavior from the viewpoint of RF engineers.
The correct answer will appear in next month’s “Enig-
mas, etc.”

Solution to the October 2020 Puzzle
We start from the voltage standing-wave ratio-based
reflectance formula

Fzz;}eje. )

Putting it into the Beltrami-Klein disk definition, we get

2 2
_p =1 j_(p+1)
p2+1e p’+1 r
2(0+1°C  __or )

Tt 1)+ (p—1F 1+IT

where superscript * designates the complex conjugate.
As commonly known in 50-Q systems, the reflectance is
translated into the impedance domain as

_7Z-50 _R-50+; X
I= 7350 " R+50+ X @

Putting it again into (2), we obtain Q = u + jv with

R?*+ X*-50°
YT RTY X2 1507 @)
100X
TR X2 4507 ©)

To observe the constant-X contour in question, we
eliminate R from (4) and (5). Although this algebra may
look complicated, it results, after all, in a simple linear
equation:

500 = X (1— u). ©)

Because it draws a straight line on the u — v plane or
disk Q, the correct answer to last month’s puzzle is a).
To get the line’s geometrical view, see Figure 3, which
shows 11 constant-X contours on the disk, together
with seven constant-R ellipses.

Thanks to the duality theorem, we can also deduce
a sister equation,

0=—50B(1+u), @)
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Figure 3. A Beltrami—Klein disk with constant-X lines and
constant-R ellipses.

(o]
e______

Z,=30 + j40 Z,%%

Figure 4. A resistive network-impedance trajectory projected
on the Smith chart and Beltrami—Klein disk.
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to draw a constant-B contour of admittance Y =G + jB.
Note that B <0 on the upper half of disk Q. Constant-B
contours can be also obtained geometrically by flipping
over the constant-X contours from left to right, as seen in
the following example.

To experience (6) and (7) in practice, one typi-
cal example is presented in Figure 4. A three-ele-
ment resistive network is connected to impedance
Z, =30+ j40. The trajectory starts from Z, and zigzags
down in three steps toward the horizon. It is so won-
derful that every step exhibits a linear segment
for both series and shunt resistors! As we know,
however, they would look concave if the disk were
a regular Smith chart. This astonishing linearity is a

distinct feature of the Beltrami-Klein disk from the
viewpoint of RF engineering [2]-[4].
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Conference C

Editor’s Note: Please check the website
of each conference for any changes to
paper or workshop deadlines or con-
ference dates and modality (in person,
virtual, or hybrid).

OCTOBER 2020

2020 IEEE Global Humanitarian
Technology Conference (GHTC)

29 October—1 November 2020
Location: Seattle, Washington,
United States (Virtual Conference)

NOVEMBER 2020

2020 IEEE BiCMOS and Compound
Semiconductor Integrated Circuits and
Technology Symposium (BCICTS)
8-11 November 2020

Location: Monterey, California,
United States (Virtual Conference)

2020 45th International Conference
on Infrared, Millimeter, and Terahertz
Waves IRMMW-THz)

8-13 November 2020

Location: Buffalo, New York,

United States (Virtual Conference)

2020 IEEE Asia-Pacific Microwave
Conference (APMC 2020)

10-13 November 2020

Location: Hong Kong

(Virtual Conference)
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2020 IEEE PELS Workshop on
Emerging Technologies: Wireless
Power Transfer (WoW) and 2020
IEEE Wireless Power Transfer
Conference (WPTC)

15-19 November 2020

Location: Seoul, South Korea
(WPTC: Hybrid Conference;
WoW: Virtual Conference)

2020 International Topical Meeting
on Microwave Photonics (MWP)
23-26 November 2020

Location: Matsue, Japan

(Virtual Conference)

DECEMBER 2020

2020 IEEE 21st Annual Wireless
and Microwave Technology
Conference (WAMICON)

1-3 December 2020

Location: Sand Key, Florida,
United States

2020 IEEE MTT-S International
Conference on Numerical
Electromagnetic and
Multiphysics Modeling and
Optimization (NEMO)

7-9 December 2020

Location: Hangzhou, China

2020 IEEE MTT-S International
Microwave and RF Conference IMARC)
10-12 December 2020

(postponed to 2021)

Location: Kanpur, India

2020 IEEE MTT-S Latin America
Microwave Conference (LAMC)
14-16 December 2020
(postponed to May 2021)
Location: Cali, Colombia

2020 IEEE MTT-S International
Microwave Biomedical
Conference (IMBioC)

14-17 December 2020
Location: Toulouse, France

JANUARY 2021

2020 50th European Microwave
Conference (EuMC), 2020 15th
European Microwave Integrated
Circuits Conference (EuMIC),

and 2020 17th European Radar
Conference (EuRAD)

10-15 January 2021

Location: Utrecht, The Netherlands

2021 IEEE Radio and Wireless
Week (RWW2021, colocated

with ARFTG)

17-20 January 2021

Location: San Diego, California,
United States (Virtual Conference)

JUNE 2021

2021 IEEE/MTT-S International
Microwave Symposium (IMS2021
colocated with ARFTG and RFIC)
6-11 June 2021

Location: Atlanta, Georgia,
United States
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Join us in Atlanta, as we come together once again for the
world’s premier RF and microwave industry conference
and tradeshow: IMS2021. Now in its 64" year, IMS is

the place to be each year for professionals buying and
developing materials, devices, components, systems,
design & simulation software, and test & measurement
equipment for products operating from RF to THz.

9000 participants from over 50 countries include senior
management, engineering management, engineers, and
R&D personnel from academia, commercial industry, and
government/military. Participating exhibitors can establish
new US and international connections, present products
directly to industry leaders, and see the state of the art

in a showcase of the best developments for applications
that enable us to connect for a smarter, safer world.
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Connecting Minds. Exchanging Ideas.

Georgia World Congress Center

In the heart of Atlanta, the Georgia World Congress Center is at the

forefront of the meeting industry, on the vanguard of event health

and safety, and offers these features and benefits:

e [argest combined convention, sports, and entertainment cam-
pus in North America

e 220 acres anchored by Georgia World Congress Center,

Centennial Olympic Park, and Mercedes-Benz Stadium

12,000 hotel rooms within walking distance

1.5 million square feet of prime exhibit space

World’s largest LEED certified convention center

Ample meeting space for exhibitor meetings

Branding opportunities within the facility

Wi-Fi throughout the facility

Inexpensive Public Transportation via Metropolitan Atlanta Rapid

Transit Authority (MARTA) from Atlanta area and Hartsfield-Jack-

son Atlanta International Airport to GWCC/CNN Station (W-1)

Reserve your IMS exhibition booth today!

Attendee Snapshot
IMS Four Year Attendance Numbers

Total Participants Total Attendees

o 8 SPONSOT g Iy

10,000 9989 Beyond the Booth:
/ 9466 Market to attendees through-
\ 8437 out the convention center, inviting
8,000 z them to your booth on the show floor.
Whether you are looking to promote a
product, build your brand, or connect with
6,000 customers, a sponsorship helps raise your
5633 }436 profile. Our expert sales team can help
— 5054 you construct the sponsorship plan that
4428 best meets your marketing goals.
4,000 \
2906
2,000
2016 2017 2018 2019

Contact your sales representative or exhibits@horizonhouse.com to discuss exhibit and sponsorship opportunities at IMS2021.
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Connecting Minds. Exchanging Ideas.

s W T
- Exhibit Options

Exhibitor Benefits STANDARD EXHIBIT BOOTH
Exhibitors will enjoy the following benefits before, during and after
the conference: IMS2021 Exhibit Space is $3,800 per 10x10 booth.
Pre-Show: — llluminated exhibit space with 8 high backwall drape if
e An IMS exhibitor console. Dedicated area to showcase your needed and 3’ high side rails (in-line booths only).
profile. — A7’ x 44" identification sign with the exhibitor’s name and
e Access to 2021 promotional opportunities booth number (in-line booths only).
¢ (Choice of hotel accommodations including hospitality suites and — Furnished booth packages and booth decor available in the
meeting space Exhibitor Manual through the event decorator.
On-Site:

e Alisting in the official Conference Program/Exhibition Catalog
e Priority space selection for the IMS2022

e Access to discounted conference registrations

e (General exhibit hall security service

e Daily aisle cleaning service

Post-Show:
e Post-event report with conference audit and attendee
demographics

Source: Shmuel Auster, MTT-S AdCom
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For General Inquiries
Call (781) 619-1994

or email
exhibits@horizonhouse.com

Eastern and
Central Time Zones
Michael Hallman

Sales Manager

4 Valley View Court
Middletown, MD 21769
Tel: (301) 371-8830

FAX: (301) 371-8832

mhallman@horizonhouse.com

SALES REPRESENTATIVES

Pacific and

Mountain Time Zones

Brian Landy

Western Reg. Sales Mgr.

(CA,AZ, OR, WA, ID, NV, UT, NM, CO, WY,
MT, ND, SD, NE & Western Canada)
144 Segre Place

Santa Cruz, CA 95060

Tel: (831) 426-4143

FAX: (831) 515-5444
blandy@horizonhouse.com

International Sales
Richard Vaughan

International Sales Manager
16 Sussex Street

London SW1V 4RW, England
Tel: +44 207 596 8742

FAX: +44 207 596 8749
rvaughan@nhorizonhouse.co.uk

Germany, Austria,

and Switzerland
(German-speaking)
WMS.Werbe- und Media Service
Brigitte Beranek
Gerhart-Hauptmann-Street 33,
D-72574 Bad Urach

Germany

Tel: +49 7125 407 31 18

FAX: +49 7125 407 31 08
bberanek@horizonhouse.com

France

Gaston Traboulsi

Tel: 44 207 596 8742
gtraboulsi@horizonhouse.com

Israel

Dan Aronovic

Tel: 972 50 799 1121
aronovic@actcom.co.il

Korea

Young-Seoh Chinn

JES MEDIA, INC.

F801, MisahausD EL Tower

35 Jojeongdae-Ro

Hanam City, Gyeonggi-Do 12918 Korea
Tel: +82 2 481-3411

FAX: +82 2 481-3414
yschinn@horizonhouse.com

China
< hen

Michael Tsui

ACT International

Tel: 86-755-25988571
FAX: 86-755-25988567
michaelt@actintl.com.hk

{ hai

Linda Li

ACT International

Tel: 86-021-62511200
lindal@actintl.com.hk

CONNECTING FOR A SMARTER, SAFER WORLD
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Cecily Bian

ACT International

Tel: +86 135 5262 1310
cecilyb@actintl.com.hk

Hong Kong, Taiwan, Singapore
Mark Mak

ACT International

Tel: 852-28386298
markm@actintl.com.hk

Japan

Katsuhiro Ishii

Ace Media Service Inc.
12-6, 4-Chome,
Nishiiko, Adachi-Ku
Tokyo 121-0824, Japan
Tel: +81 3 5691 3335
FAX: +81 3 5691 3336
amskatsu@dream.com




Smartphones, smart homes, smart...healthcare?

Visualization of the electric field norm and
far-field radiation pattern of a UHF RFID tag.

RFID tags are used across many industries, but when it comes
to healthcare, there is a major design challenge: size. If wearable
RFID tags are too big and bulky, they could cause patient
discomfort. Or, if the tag is for a biomedical implant, it has to be
smaller than a grain of rice! Design engineers can optimize the
size of an RFID tag for its intended purpose using RF simulation.

The COMSOL Multiphysics® software is used for simulating
designs, devices, and processes in all fields of engineering,
manufacturing, and scientific research. See how you can apply
it to designing RFID tags.

comsol.blog/biomed-RFID-tags

N COMSOL
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