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IEEE MTT-S International Microwave Workshop Series on Advanced Materials and Processes for RF and THz
Applications (IMWS-AMP 2022) is co-organized by South China University of Technology, and co-sponsored
by IEEE Guangzhou Joint AP/MTT Chapter. IMWS-AMP 2022 is a continuation of a series of annual
international events held in Suzhou, China (2015), Chengdu, China (2016), Pavia, Italy (2017), Michigan, USA
(2018), Bochum, Germany (2019), Virtual (2020) and Chongqing, China (2021). The purpose of this platform is
to boost technical and educational activities as well as exchanges and collaborations within the international
microwave community.

IMWS-AMP2022 will be held in Guangzhou, China on Nov. 13-15, 2022. IMWS-AMP2022 will feature both
invited and contributed papers. Distinguished researchers will be invited to deliver keynote speeches on
technology trends and significant advances in relevant topics. Contributed papers are solicited for the same
topics as listed below:

Topics
The topics include, but are not limited to, the following technical areas:
• Emerging electronic and optoelectronic devices (e.g. carbon nanotube, 2D materials and beyond)
• Wide bandgap and other emerging semiconductor materials (e.g. ionic materials) based electronic

devices and circuits
• Advanced silicon, integrated passive devices and integrated circuits
• Monolithic integrated circuits
• Low-temperature co-fired ceramic and liquid crystal polymer based microwave devices and circuits
• Large-area printing, inkjet printing and 3D printing materials and processes for RF and THz applications
• Integrated passive devices and advanced packaging for RF applications
• Advanced materials (flexible, ferromagnetic and superconducting materials etc.) for RF electronics and 

antennas
• Engineered metamaterials and plasmonics for absorption, cloaking, and wave manipulation
• Passive/active microwave and terahertz devices and circuits
• Antennas with advanced/complex/artificial materials and processes
• Microwave and millimeter wave antennas and antenna arrays

Electronic Paper Submission
Prospective authors are invited to submit manuscripts in electronic (PDF) format only. All papers must be
written in English and limited to three pages including text, references, and figures. A template is
available on the IMWS-AMP 2022 website. Papers submitted will be peer reviewed and all papers
presented at the conference will be included in IEEE Xplore pending quality review. Note that one-page
abstracts can also be acceptable, but it will not be included in IEEE Xplore.

Special Issues in IEEE Transactions on Microwave Theory and Techniques:

Authors of all papers presented at IEEE IMWS-AMP 2022 are invited to submit an expanded version of
their papers to a Mini-Special Issue of IEEE Transactions on Microwave Theory and Techniques. Every
paper will be reviewed by the respective journal in the same manner as all other regular submissions.

Best Paper Awards
Awards for Best Student Papers will be presented to the winners at the conference. The Awards
Committee will judge the papers primarily on originality, significance, technical soundness, presentation,
and reviewers’ reports. To qualify for the Best Student Paper, the author must be a full-time student who
presents, as the first author, the paper at the conference.

Important Dates
Paper Submission Deadline: August 15, 2022
Notification of Acceptance:  September 15, 2022
Pre-registration: September 30, 2022

Special Sessions
Special sessions of Young Professionals (YP) and Women in Microwaves (WiM) will be organized in the 

conference. 

Exhibitions
Exhibition of company products is solicited for the areas related to the topics. Interested parties could
contact the Conference Secretariat.

Call for Papers

IMWS-AMP 2022
2022 IEEE MTT-S International Microwave Workshop Series on 
Advanced Materials and Processes for RF and THz Applications

November 13-15, 2022, Guangzhou, China

http://www.em-conf.com/imws-amp2022
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Welcome to the June Issue
■ Robert H. Caverly

For many years, the issues of IEEE 
Microwave Magazine are not only 
sent out to IEEE Microwave 

Theory and Techniques Society (MTT-S) 
members in the manner in which they 
subscribe (hard copy or electronic), but 
they are also placed inside the delegate 
bags at the MTT-S’s flagship conference, 
the International Microwave Symposium 
(IMS). For 2022, we are again including 
this month’s issue, the June 2022 issue, 
as the second insert for the delegate bags 
as a way to show the “Breadth of the 
MTT-S,” that is, examples of the wide-
ranging topics that fall within our field 
of interest (see the MTT-S field of inter-
est statement at https://mtt.org/field
-interest-statement/). 

This issue complements the May 2022 
IMS2022 focus issue with an updated 
advance program as well as four techni-
cal features, our regular columns, and 
the annual special feature on the newly 
inducted Fellows of IEEE, which focuses 
on members associated with the MTT-S. 
The elevation to Fellow of IEEE is an hon-
or reserved for a select group of engineers, 
with the number of IEEE Members elevat-
ed to Fellow not exceeding one-tenth of 

1% of the total voting membership. This 
highest grade of membership is conferred 
by the IEEE Board of Directors in recogni-
tion of an individual’s outstanding record 
of accomplishments in any IEEE field of 
interest. Before going into the overview of 
the issue, I would like to thank one of the 
magazine’s associate editors, Chia-Chan 
Chang, for her efforts in the development 
of the Fellows recognition article and for 
interacting with all of the new IEEE Fel-
lows to bring this article to fruition.

As previously mentioned, our four 
technical features this month span a 

wide range of topics within the MTT-S. 
The first article, by Cuadrado-Calle 
et al., “Solid-State Diode Technology for 
Millimeter and Submillimeter-Wave Re-
mote Sensing Applications,” is a timely 
look at the advances in high-frequency 
diode technology and related applica-
tions up to 5 THz. The article covers key 
global players in diode fabrication and 
then discusses the applications of many 
of these devices, including mixers, mul-
tipliers, detectors, and noise sources, 
finishing with a look down the technol-
ogy road. 

Digital Object Identifier 10.1109/MMM.2021.3136635
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In the second feature, Gao et al. take 
a more system-oriented approach in 
 “Integrated Filter–Amplifiers.” Here, the 
authors consider filters and antennas in 
a microwave system as a single circuit 
block, rather than separate blocks, to 
reduce the parts count and simplify the 
system design. The authors describe a 
synthesis approach in the co-design of 
filters and antennas and then move to 
the presentation of various published de-

signs to show the importance of the co-
design approach. 

In our third feature, “Microwave 
Power Detectors in Different CMOS 
Design Architectures,” Ravanne et al. 
discuss the current state of the art in 
detector design. The feature reviews 
the important requirements for a mi-
crowave power detector and then pro-
ceeds to present several active power 
detector circuits. 

The final technical feature by Dutta 
et al., “Spatiotemporal Nonreciprocal 
Filters,” looks at current active nonrecip-
rocal filter circuits, which are integrated 
substitutes for traditional magnetic 
material-based nonreciprocal filters. The 
authors present the necessary theoretical 
background governing nonreciprocity 
and then discuss design techniques for 
nonreciprocal filters, concluding with 
nonreciprocal filter examples from the 
literature. While these four feature ar-
ticles do not represent the entire field of 
interest of the MTT-S, they are excellent 
examples of our wide-ranging field.

Our traditional monthly columns 
are in this issue as well, starting with 
Rashaunda Henderson’s “President’s 
Message.” Fred Schindler, in our “Micro-
Business” column, talks about the need 
to perform due diligence when taking on 
new industry partners or acquisitions. The 
MTT-S currently has 26 technical commit-
tees (TCs) that span our core technologies 
and techniques as well as the systems 
and applications that fall within our field 
of interest. In this month’s “MTT-S Soci-
ety News” column, we hear from one of 
those TCs, TC-2 Design Automation, with 
its biennial report on the activities and ac-
complishments of the TC since 2019. With 
the various workshops, conferences, talks, 
and publications in TC-2’s technical area, 
it is clear that the TC is active in spite of the 
constraints of the last two years. 

Sherry Hess, a member of the MTT-S 
Administrative Committee (AdCom) as 
well as chair of the AdCom’s Marketing 
and Communication Committee, pro-
vides a 12-year retrospective look at the 
activities and accomplishments of the 
MTT-S Women in Microwaves group. 
In addition to the solution to last month’s 
“Enigmas, etc.” problem, we also have 
the IMS2022 advance program. 

Finally, we have our monthly “Con-
ference Calendar.” When putting the 
calendar together for this month, I no-
ticed a distinct trend toward returning to 
in-person events, which is a trend that I 
hope can continue at a rapid pace. Be sure 
to check the websites of the  conferences 
to see if there are any changes in confer-
ence modalities as the conference date 
approaches. We hope you enjoy this 
month’s issue, and I look forward to see-
ing you at IMS2022. 

®
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That was a slogan American Ex-
press used years ago, when I was 
younger and an avid TV watch-

er. The company’s commercials always 
showed people on great vacations, living 
lavishly. The implication was that if you 
had membership with American Express 
through its credit card services, you, too, 
would have all the privileges displayed 
in the ads. As I embarked on writing this 
article, I wanted to mention the benefits 
of membership in the IEEE Microwave 
Theory and Techniques Society (MTT-S).

Many of us joined the Society as stu-
dents in undergraduate school and per-
haps were part of IEEE as a whole. We 
benefited from IEEE Spectrum and being 
tutored or serving as tutors in challeng-
ing electrical engineering, math, and 
physics courses. There are strong IEEE 
Student Branch Chapters that compete 
across respective regions and do out-
reach representing their universities, re-
sulting in bonds with on-campus peers. 
After graduation, you may have started 
working in industry or government and 
moved away from the college campus. As 
a new employee learning the company, 
you may have been encouraged to read ar-
ticles and journals to get up to speed with 
the state of the art in a concentration area.

Perhaps if you attended graduate 
school like me, you began research in a 
specific area and were encouraged to 
join a Society within IEEE. In this way, 
you may have unknowingly become 
involved in the IEEE Technical Activi-
ties Organizational Unit. If one is still in 
school, student membership is still at a 
reasonable rate but increases when you 
select a Society for your affiliation. Stu-
dent and Society memberships provide 
direct benefits toward IEEE-sponsored 
conference registration rates. This is a 
particular perk that one takes advantage 
of as a student because the difference in 
conference registration rates can be sig-
nificant. Once again, maybe unknowing-
ly, as a Society member, you are eligible 
for additional benefits. Examples include 
being added to email lists for Society 

newsletters that keep one abreast of op-
portunities in a technical area and jour-
nals and magazines that can be mailed. 
In the past 15 years or so, we have moved 
away from hard-copy journals to access-
ing content using IEEE Xplore. If you 
have membership in a Society, there 
is free access to IEEE’s digital library 
to view all the archives. This is an ex-
tremely valuable benefit. 
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Membership Has Its Privileges

Rashaunda Henderson 
(rmhen@ieee.org), 2022 
MTT-S president, is with 
the University of Texas 
at Dallas, Richardson, 
75080, Texas, USA.
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As young engineers in industry, we 
are often surprised by the rate increase 
from student membership to full mem-
bership. Justifying why we should invest 
in IEEE membership becomes important 
and worthy of debate. In one sense, if 
you work for a company that subscribes 
to IEEE Xplore, there is no real reason 
why you should pay for that access 
through your own membership. Gradu-
ate student members also gain access to 
IEEE Xplore through university libraries. 
However, IEEE wants to be more than 
a repository for technical content. IEEE 
wants to be your professional home. 
This means that throughout your career, 
IEEE is part of your life. Whether you 
are a Student Member or a Life Member, 
IEEE wants to be your source for techni-
cal advancements, networking, profes-
sional development, and community 
service opportunities.

Not only can you gain from Society 
membership but you can also give to 
others. This can take many forms and 
develop skills that can be used in the 
marketplace. You can volunteer for lead-
ership roles ranging from treasurer to 
committee chair. You can be trained to 
manage conferences, become an editor, 
and contribute to the development of 
global standards for industry. The ben-
efits of leadership training within IEEE 
are as vast as the number of technical 
areas IEEE covers. If you are not interest-
ed in IEEE membership but only in the 
MTT-S, you could become a Society af-

filiate. Affiliates are members of a Society. 
MTT-S affiliates are not IEEE Members 
and are eligible to receive benefits and 
services from the Society, not IEEE. 
There are pros and cons to becoming an 
affiliate, but there is a clear reduction in 
membership costs.

IEEE Young Professionals (YP) is the 
former Graduates of the Last Decade 
(GOLD) program that focused on re-
taining and meeting the needs of recent 
graduate student members. In 2014, 
GOLD was replaced with YPs and is now 
defined by members who are within 15 
years of receiving their first professional 
degree. The YP Affinity Group has tradi-
tionally been focused at the IEEE level, 
but Society YP groups are being formed 
and helping provide benefits that are 
specific to the technical activities of pro-
fessionals who are early in their career.

Let’s think about advancing in one’s 
career and integrating it with IEEE mem-
bership. That happens in two ways: one 
is through senior member grade and 
the other is IEEE Fellow status. Senior 
Member is achieved by application and 
requires experience within a profession. 
The application process occurs between 
April and June and requires a reference 
from a Senior Member. Candidates typi-
cally have been in professional practice 
for at least 10 years and shown notable 
performance during at least five of them 
in many areas in IEEE-designated fields. 
A subset of the areas of performance 
includes the following: substantial re-

sponsibility and achievement; the publica-
tion of papers, books, and inventions; the 
technical direction and management of 
important work, with evidence of accom-
plishments; and recognized contributions 
to the welfare of the professions encom-
passed by IEEE. As a member of the IEEE 
Phoenix Section, I applied for Senior 
Member grade and had support from col-
leagues who were fellow Members and 
with whom I worked at Motorola. Often, 
your daily role in technology and product 
development may be sufficient for seek-
ing Senior Member grade. Your service to 
a Society and technical achievements can 
help you achieve this grade. When you 
achieve senior membership, you receive a 
recognition plaque.

The grade of IEEE Fellow recognizes 
unusual distinction in a profession and 
is conferred only by invitation of the 
Board of Directors on people with ex-
traordinary accomplishments in any of 
IEEE’s designated fields of interest. This 
month, we celebrate the Fellows of 2021, 
who were announced at the beginning 
of the year. Members of this group have 
been elevated through the MTT-S or had 
accomplishments that led to elevation 
through another Society. We congratu-
late them and look forward to their con-
tinued success.

Fast-forward through your career and 
consider Life Member grade. You must be 
at least 65, and your age and the number 
of years you have been an IEEE Member 
must equal 100 or more. When that hap-
pens, you become a Life Member. There 
are benefits, some of which mimic those 
for students, including conference regis-
trations. I recently received the IEEE Life 
Members Newsletter and enjoyed reading 
it. IEEE Members are eligible for group 
insurance rates. I have used the life insur-
ance for additional coverage and avoid 
rates associated with my employer.

IEEE Members enjoy discounts (as 
listed at https://www.ieee.org/mem
bership/join/index.html) from compa-
nies such as UPS, Dell, and the GE Ap-
pliances Store, to name a few. Not only 
do we have financial benefits but there 
are intangible perks that include lifelong 
friendships and collaborations providing 
disaster relief. The IEEE Special Interest 
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Figure 1. The IEEE membership life cycle as presented by Ievgen Pichkalyov (chair of the 2021 
IEEE Membership Recruitment and Recovery Committee) and Elyn Perez (MGA staff). 
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Group on Humanitarian Technology 
program is free to join and provides an 
opportunity to get involved by using 
technical skills. It can be as easy as ex-
plaining to nontechnical Red Cross vol-
unteers how to set up Wi-Fi, for example.

The responsibility of providing 
Member benefits is part of the IEEE 
Membership and Geographical Activi-
ties (MGA) Board’s mission. MGA has a 
 membership development portal full of 
content that technical activities commit-
tees can utilize to encourage and retain 
student and YP members. MGA is study-

ing how to better support IEEE Members 
and focusing on ways to understand 
how to best assist them through their life-
time (Figure 1).

I would like to highlight the IEEE 
Center for Leadership Excellence and 
the Volunteer Leadership Training 
(VoLT) Program. These initiatives pro-
vide a vast set of resources for mentoring 
and self-study.

I would like to remind MTT-S stu-
dents and professors to tell their peers 
and pupils who are not MTT-S mem-
bers that the cost to join is US$1, with 

an IEEE Member rate of US$24. Since 
this is June, those numbers are reduced 
by 50% (Figure 2). Reduced IEEE mem-
bership dues can be requested for spe-
cial circumstances and the MTT-S has 
a membership fee subsidy program as 
well. This information can be found on 
the IEEE website. There are also regional 
subsidies available to members. In con-
clusion, IEEE would like to be a profes-
sional home for you and me. I believe it 
is a good place for us to establish connec-
tions and advance in our areas of interest. 
Let’s grow together.

Figure 2. The IEEE membership development cycle through a calendar year.
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Mergers and acquisitions hap-
pen all the time. They are 
often a means for a company 

to obtain new technologies, products, 
and services. They can bring compa-
nies with complementary capabilities 
together. They can help reduce costs. 
However, it seems that many of them 
fail. An article in the Harvard Business 
Review claims that companies spend 
more than US$2 trillion on acquisi-
tions every year, but 70–90% of them 
are failures [1]. That many failures 
represent not only the loss of trillions 
of dollars in acquisition costs but also 
the loss of businesses, product lines, 
and careers.

With so many failures and so much 
economic loss, why are mergers and 
acquisitions still so common? It’s worth 
keeping in mind that there are also 
many successful mergers and acquisi-
tions. They often make a lot of sense. 
I’ve seen some successful mergers and 
acquisitions up close. I’ve also seen 
some failures. Most importantly, I’ve 
seen some successful nonacquisitions. 

Sometimes, the greatest success comes 
from not going through with a prospec-
tive acquisition.

That is where due diligence comes 
in. Due diligence is a process where the 
potential acquiring company closely 
evaluates a potential acquisition be-
fore making a final decision. I’ve had 
the opportunity to participate in some 
due diligence processes. I’ve also had 
the opportunity to watch some and see 
the results of others. There are plenty 
of guides available for how to best 
complete a due diligence exercise, but 

the most important guidance is to be 
diligent with your due diligence.

Doing due diligence well takes 
time, though, typically, time is limited. 
There is also the matter of resources. 
People with expertise need to spend 
time investigating the target and mak-
ing careful evaluations. However, for 
most companies, employees with the 
necessary expertise already have a 
full-time job. They can’t afford to take 
a few weeks away from all of their on-
going projects and commitments to 
focus adequately on the due diligence 
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for a potential acquisition. There are 
companies that maintain a staff to con-
tinually evaluate potential acquisitions 
and to do due diligence. Even these 
companies often find it useful to hire 
outside experts.

With trillions of dollars spent on 
mergers and acquisitions, it’s a big 
business. There are organizations that 
focus on helping companies find ac-
quisition targets and, 
on the other side of 
things, sell companies 
or parts of companies 
to new organizations. 
These investment bank-
ers col lect a fee for 
closing a deal. Their 
incentive is to close the 
deal, not necessarily to 
ensure a thorough due 
diligence process and 
the long-term success 
of the acquisition.

There are lots of 
reasons why so many 
mergers and acquisi-
tions fail. I believe most 
of these can be avoided with appropri-
ate due diligence. In the technology 
space, a larger company often acquires 
a smaller one to gain a new technology 
or a complementary capability. Then 
the key questions include the following: 
Does a unique technology or capabil-
ity actually exist? Does the technology 
work? Is the talent that developed and 
understands the technology still with 
the company? Is the technology worth 
the price that’s being paid in the acqui-
sition? Are employees likely to stay? Is 
there a cultural difference? All of these 
questions can be, at least partially, ad-
dressed with good due diligence.

You would think that the question 
of whether a technology works would 
be simple to address, yet I know of a 
number of counterexamples. In one 
case, a large acquisition was made pri-
marily on the basis of a presentation 
on the product family the target com-
pany was developing. What wasn’t 
appreciated, even months after the 
acquisition was completed, was that 

the slides were aspirational. The com-
pany that made the acquisition start-
ed aggressively selling the promised 
products and didn’t realize—until 
customers complained about the lack 
of samples—that the product develop-
ment had just started. 

In another case, a target company 
had developed a product to operate to 
a standard. As part of due diligence, 

the acquiring company 
observed the product 
functioning, but only 
in the target company’s 
lab. The parts func-
tioned well when they 
interacted with parts 
made by the same com-
pany, but there was no 
test of the product’s per-
formance when operat-
ing with a competitor’s 
products. The acquiring 
company missed a seri-
ous flaw that prevented 
full compliance with 
the standard. 

There are a range 
of techniques that can be employed 
in good due diligence. The acquiring 
company typically receives sets of 
data about the target. Due diligence 
may uncover claims that exaggerate 
realities. For example, digging into 
the target’s f inancial summar ies 
might show that they’ve lost most 
of their research and development en-
gineering talent. It’s also possible to 
learn quite a bit by carefully review-
ing public materials on the company’s 
website. It’s not difficult to judge how 
technologically advanced or obsolete a 
company’s products are. If most of the 
company’s products use 10- to 20-year-
old technology, it’s likely that the com-
pany is more interested in milking the 
business than growing new revenue.

Site visits are an invaluable part 
of any due diligence exercise. Meeting 
with leaders, observing processes, see-
ing facilities, and interacting with em-
ployees can be very revealing. I recall 
one site visit where we visited adjoining 
buildings, one with up-to-date equip-

ment and excellent process control. The 
building was well maintained, and the 
employees conveyed pride. The other 
building wasn’t bad, but it was less 
well maintained, the employees were 
less enthusiastic, and the equipment 
was not as modern. It was clear which 
products the company was investing 
in. That can be a valuable insight.

Very small companies are often 
dominated by one person—typically 
the technical leader. In these cases, it’s 
important to not only assess the tech-
nology but also the leader’s vision for 
the technology. We need to consider 
the perspectives of the other em-
ployees. Are they are engaged and 
aligned? If there is disharmony in a 
small company, there’s a good chance 
that the organization won’t survive 
an acquisition.

Often the target company is a start-
up—a venture- or angel-funded com-
pany that is developing a new concept, 
product, or technology. The investors 
have an incentive to sell the company 
and recognize a profit or, sometimes, 
just recoup some of their investment. 
Some start-ups develop valuable tech-
nologies and, for the right purchaser, 
can add lasting value. However, for 
some start-ups, the real product is the 
company itself. The goal is to sell the 
company so that the investor and may-
be even the founders realize a profit, 
even though there isn’t much underly-
ing value. Consider my first example, 
where the acquirer essentially bought 
a concept on a set of slides. That was a 
due diligence failure.

There are plenty of shortcomings 
and qualities that good due diligence 
can expose. Good due diligence will 
also guide the integration of the com-
panies once the acquisition is con-
summated. However, the key for due 
diligence is to do it well.

Reference
[1] C. M. Christensen, R. Alton, C. Rising, and A. 

Waldeck. “The big idea: The new M&A play-
book,” in Harv. Bus. Rev., Mar. 2011. [On-
line]. Available: https://hbr.org/2011/03/the
-big-idea-the-new-ma-playbook 
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Technical Committee 2 (TC-2) 
is the IEEE Microwave Theory 
and Techniques Society (MTT-S) 

TC on Design Automation (https://
mtt.org/technical-committees/mtt-2
-design-automation/). TC-2 spear-
heads advances in all aspects of meth-
ods, software, and technologies of 
high-frequency circuit and system 
design. From RF to terahertz (THz), 
engineering innovation hinges on the 
availability of state-of-the-art design 
automation. Our mission is thus fun-
damental to the MTT-S, and our activi-
ties are often in collaboration with many 
other MTT committees. Fields of inter-
ests to TC-2 include the following:

• modeling and simulation of de-
vices, circuits, and systems

• optimization techniques
• multiphysics modeling
• design automation technologies 

from megahertz to THz
• emerging design automation tech-

nologies such as artificial intelli-

gence (AI), machine learning, and 
quantum computing.

Membership
Chaired by Dr. Qijun Zhang, and with 
Vice Chair Dr. Roni Khazaka, TC-2 
had 24 members and 
two affiliate members 
in 2021, including 12 
IEEE Fellows. New 
members are added to 
the committee through 
nomination and voting 
by the committee mem-
bers. During 2021, three 
new members and two 
affiliate members were 
added. The members of 
TC-2 have representa-
tion in microwave de-
sign automation from 
both academia and industry, and vari-
ous parts of the globe including North 
America, Latin America, Europe, Asia, 
and Oceania.

The members of TC-2 are expected 
to be active in the microwave design 
automation field, and to participate in 
MTT-S and TC-2 activities related to 
TC-2’s fields of interests. TC-2 members 
contribute to the nomination of Distin-
guished Microwave Lecturers as well 

as to proposals of workshops, short 
courses, focus sessions, the Three 
Minute Thesis (3MT) competition, 
and student design competitions for the 
IEEE MTT-S International Microwave 
Symposium (IMS). TC-2 members also 

play pivotal roles in 
several MTT-S-spon-
sored confer e nce s, 
including the IEEE 
MTT-S International 
Conference on Nu-
merical Electromag-
netic and Multiphysics 
Model ing  and Op-
timization (NEMO), 
the IEEE MTT-S Latin 
America Microwave 
Conference (LAMC), 
and the Conference 
on Electronic Perfor-

mance of Electronic Packaging and 
Systems (EPEPS). TC-2 members also 
represent the MTT-S in the IEEE 
Council on Electronic Design Auto-
mation. TC-2 members give keynote 
and other important talks related to 
microwave design automation in con-
ferences and professional events. In 
addition, TC-2 also contributes to 
special issues related to design auto-
mation in IEEE Microwave Magazine

TC-2 Technical Committee Report
■ Qijun Zhang and Roni Khazaka
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and IEEE Transactions on Microwave 
Theory and Techniques.

Activities Report (2020–2021)

IMS Workshops
TC-2 sponsored the workshop on “Re-
cent Advances in the Efficient Small- 
and Large-Signal Stability Analysis of 
Microwave Circuits” at IMS 2021. The 
workshop was organized by Dr. A. 
Suarez and TC-2 member Dr. Marco 
Pirola. The workshop presents new 
achievements in the field of small- 
and large-signal stability analysis with 
state-of-the-art results presented in the 
last few years. The five speakers are rec-
ognized authorities in the field of stability 
analysis. This workshop addresses a top-
ic that has not been covered in any work-
shop for many years. Emerging areas 
are covered through stability-analysis 
examples linked to RF and microwave 
identification and active antenna arrays, 
among others.

A workshop for IMS 2022 sponsored 
by TC-2 and proposed by Dr. N.C. Mill-
er and TC-2 member S. Khandelwal 
has been approved. The workshop is 
titled “Measurement and Modeling of 
Trapping, Thermal Effects, and Reli-
ability of GaN HEMT Microwave PA 
Technology.” This workshop aims to 
inform and excite the attendees on the 
advances in multiple aspects of this 
technology. Starting with a gallium ni-
tride (GaN) technology overview, the 
planned talks will inform the audience 
about measurement and characteriza-
tion of this technology, including the 
complex thermal, charge trapping, and 
long-term degradation phenomenon 
in these devices. The next part of the 
workshop covers modeling and simu-
lation research in GaN. Starting with 
an overview of modeling challenges in 
GaN devices, the workshop will cover 
the latest industry standard compact 
models and advances in Technol-
ogy Computer-Aided Design-based 
modeling of GaN devices.

NEMO
 NEMO 2020 was held in Hangzhou, 
China, in December 2020 (Figure 1). 

The conference was organized by Prof. 
Wenyan Yin of Zhejiang University, 
Prof. Erping Li of Zhe-
jiang University–Uni-
versity of Illinois at 
Urbana-Champaign 
Institute, and Prof. 
Junfa Mao of Shanghai 
Jiaotong University. 
NEMO 2020 attracted 
over 315 in-person 
participants, with 275 
papers presented. The 
conference presented 
the Women in NEMO 
for MAPE Award to 
five women authors of 
NEMO papers, and the 
best student paper award to six win-
ning student papers.

Due to COVID-19, NEMO 2021 was 
rescheduled to July 2022, to be held in 

Limoges, France (www.nemo-ieee.org). 
It is organized by Prof. Dominique 

Baillargeat of the Uni-
versity of Limoges. The 
conference a ims to 
bring together experts 
and practit ioners of 
electromagnetic- and 
mult iphysics-based 
modeling, simulation 
and optimization for 
RF, microwave, and 
THz applications. This 
conference is an ideal 
forum to share new 
ideas on techniques for 
electromagnetic and 
multiphysics modeling, 

propose efficient design algorithms 
and tools, and anticipate the modeling/
analysis needs of future technologies 
and applications.
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LAMC
LAMC 2021 was held fully virtually in 
Cali, Colombia, from 26 to 28 May 2021. 
It included a technical session on 
computer-aided design techniques for 
RF and microwave engineering. A Re-
gion 9 graduate student initiative was 
implemented to support the audience. 
The next edition of LAMC will be in 
December 2023.

EPEPS
EPEPS 2021 was a milestone occur-
rence for EPEPS in its 30th year. EPEPS 
2021 was held virtually and covered a 
growing range of electronic packaging 
topics, which resulted in a very strong 
program with technical novelty and 
diversity. The technical paper sessions 
included 42 papers selected after a ro-
bust and thorough review process. The 

conference technical events included 
two keynote presentations and one in-
vited presentation on future outlooks 
and pertinent efforts on electronic pack-
aging given by Bradley McCredie of 
AMD, Mike (Peng) Li of Intel, and Sunil 
Sudhakaran of Nvidia. Furthermore, 
the first day of the conference included 
eight technical tutorials given by highly 
respected experts from the industry. In 
celebration of 30 years of EPEPS, a panel 
was held bringing together several in-
dividuals who have made lasting and 
distinguished contributions to EPEPS, 
including Andreas Cangellaris, Al-
bert Ruehli, Madhavan Swaminathan, 
Jose Schutte-Aine, and W. Dale Beck-
er. Three paper awards were given at 
EPEPS 2021: the Best Conference Paper 
Award, the Best Student Paper Award, 
and the Best Benchmark Paper Award.

TC-2 Members Playing 
Key Roles in Other 
MTT-Sponsored Conferences
TC-2 member Sourabh Khandel-
wal served as the technical program 
committee (TPC) cochair of the 2021 
Asia Pacific Microwave Conference 
(APMC), which was held virtually 
from 28 November to 1 December 
2021. APMC 2021 had four technical 
sessions covering design automation 
topics including active and passive de-
vice modeling and simulations, design 
optimization of antennas, and micro-
wave systems.

TC-2 members have made a signifi-
cant impact on the Signal and Power 
Integrity (SPI) Workshop over many 
years of its history. SPI 2021 was held as 
a virtual event from 10 to 12 May 2021. 
TC-2 members Michel Nakhla and 
Madhavan Swaminathan served on the 
standing committee, and Peter Aaen, 
Francesco Ferranti, and Andreas Weis-
shaar served on the TPC.

3MT in IMS
Dr. John Bandler is the founding orga-
nizer for the 3MT competition at IMS. 
Since 2017, Dr. Bandler and Erin Kiley 
have organized the 3MT for each IMS, 
with the first year in Honolulu (2017), 
the second year in Philadelphia (2018), 

Figure 2. TC-2 Member Dr. Feng Feng of Tianjin University organized the first IEEE 
MTT-S Young Professionals Workshop on Electromagnetic Modeling and Optimization 
(EMO 2021) in October 2021.

Figure 1. NEMO2020 was held in Hangzhou, China, in December 2020.
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the third year (2019) in Boston, and the fourth and fifth years 
(2020, 2021) virtually. Selected videos of the competition can 
be found on the MTT-S IMS YouTube channel https://www.
youtube.com/user/mttims. Participation in 2020 and 2021 
included the collocated RF Integrated Circuit and the Auto-
matic Radio Frequency Techniques Group conferences (Mi-
crowave Week). Aline Eid and Daniel Tajik joined the 3MT 
team in 2021.

In connection with the 3MT, John Bandler, Erin Kiley, Aline 
Eid, and Daniel Tajik presented a webinar titled “Exploring 
Online Presentation Skills for Engaging Your Audience” as 
an IEEE MTT-S Webinar, 11 March 2021 (www.tinyurl.com/
kzj498yv). They further described the 3MT in an article, “The 
IMS2021 Microwave Week Virtual 3MT Competition,” in IEEE 
Microwave Magazine [1].

A 2021  Special Issue on Machine Learning in 
IEEE Microwave Magazine
A special issue on machine learning in microwave engineer-
ing was organized jointly by TC-1 and TC-2, with guest edi-
tors Costas Sarris and Qijun Zhang. This issue was published 
in October 2021, including three feature articles that speak to 
the past, present, and some aspects of the future of machine 
learning in microwaves. The three feature articles included 
“Design Space and Frequency Extrapolation: Using Neural 
Networks” by Osama Waqar Bhatti, Nikita Ambasana, and 
Madhavan Swaminathan; “ANNs for Fast Parameterized 
EM Modeling: The State of the Art in Machine Learning for 
Design Automation of Passive Microwave Structures” by Feng 
Feng, Weicong Na, Jing Jin, Wei Zhang, and Qijun Zhang; and 
“Enabling Automatic Model Generation of RF Components: 
A Practical Application of Neural Networks” by Lei Zhang, 
Humayun Kabir, Rick Sweeney, and Kevin Kim.

A future special issue on AI and machine learning tech-
nologies for microwaves is scheduled for IEEE Transactions 
on Microwave Theory and Techniques in 2022, with guest editor 
Qijun Zhang.

Speakers Bureau
The Speakers Bureau speakers elected in TC-2 during 2021 
are Prof. Jose Rayas-Sanchez of ITESO and Prof. Francesco 
Ferranti of Vrije Universiteit Brussel. Prof. Rayas-Sanchez’s 
presentation is titled “Space Mapping Optimization: Power 
in Simplicity Rooted in Engineering Practice.” Prof. Ferranti’s 
presentation is titled “Uncertainty Quantification of Complex 
Systems Described by Large-Scale Equations.”

Young Professionals Workshop on Electromagnetic 
Modeling and Optimization
TC-2 member Dr. Feng Feng of Tianjin University organized 
the 2021 IEEE MTT-S Young Professionals Workshop on 
Electromagnetic Modeling and Optimization (EMO 2021). The 
workshop, technically sponsored by TC-2, was held as a vir-
tual event on 25 October 2021 (Figures 2 and 3). It provided a 
platform for young professionals to share their recent research 
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on electromagnetic modeling and op-
timization.

The workshop featured young 
professional talks from Asia, Eu-
rope, and North America. Dr. John 
Bandler, a senior professional from 
TC-2, shared his vision and experi-
ences with the young professionals. 
The workshop attracted participation 
by young faculty members and grad-
uate students from Tianjin Universi-
ty, Beijing University of Technology, 
Shaanxi University of Science and 
Technology, Harbin Institute of Tech-
nology, Zhejiang University, Beijing 
University of Posts and Telecommu-
nication, the University of Birming-
ham, Carleton University, Reykjavik 
University, and more.

 EMO 2021 was the first young pro-
fessionals workshop technically spon-
sored by TC-2. It is planned that this 
workshop will continue as a periodical 
event offering opportunities for young 
professionals in similar technical ar-
eas to meet and discuss with each 
other and interact with senior experts.

Talks
 TC-2 members gave many technical 
talks around the world. Samples of 
talks include:

• Natalia Nikolova, “The Methods 
of Real-Time Microwave and Mil-

limeter-Wave Imaging,” plenary 
talk at the International Applied 
Computational Electromagnetics 
Society Symposium, 3 August 2021

• Natalia Nikolova, “Measured 
System Point-Spread Functions 
Enable Real-Time Quantitative 
Imaging,” IEEE MTT-S Webinar 
Series, 22 June 2021 

• Natalia Nikolova, “Microwave and 
Millimeter-Wave Near-Field Imaging: 
Applications, Methods and Chal-
lenges,” University of Toronto, IEEE 
Antennas and Propagation Society 
Student Chapter, March 2021

• Christopher Snowden, “Micro-
waves: Past, Present, Future,” an 
Invited Opening Keynote Presen-
tation in the Antennas and Propa-
gation Conference 2019, Birming-
ham, U.K., 25 September 2019

• Christopher Snowden, “III-V Nitride 
Semiconductors for Microwave Ap-
plications,” an Invited Opening 
Keynote Presentation in the Euro-
pean Microwave Integrated Circuits 
Conference at European Microwave 
Week, London, 4 April 2022

• Qijun Zhang, “Machine Learning 
and Cognition-Driven Approach-
es to Microwave Design,” an In-
vited Opening Keynote Presenta-
tion in NEMO 2020 Hangzhou, 
China, on 7 December 2020

• Justin King, “Physics-Based Mod-
eling for Compound Semiconduc-
tors,” an invited talk at the IEEE 
International Wireless Symposium 
in Nanjing, China on 24 May 2021

• David Root, “What Every Mi-
crowave Engineer Should Know 
About Quantum Computation,” 
an invited MTT-S Webinar on 14 
December 2021.

Invited Overview Articles
 TC-2 members wrote two invited arti-
cles representing state-of-the-art design 
automation topics in the inaugural issue 
of the new IEEE Journal of Microwaves in 
January 2021. One of the invited articles 
was by Jose Rayas-Sanchez, Slawomir 
Koziel, and John Bandler, titled “Ad-
vanced RF and Microwave Design Op-
timization: A Journey and a Vision of 
Future Trends.” The other invited arti-
cle was by Qijun Zhang, Emad Gad, Be-
hzad Nouri, and Michel Nakhla, titled 
“Simulation and Automated Modeling 
of Microwave Circuits: State-of-the-Art 
and Emerging Trends.”

Industrial Application of Design 
Automation Technologies 
Traceable to TC-2 Members 
and Their Students
  Many design automation technolo-
gies traceable to TC-2 members and 
their students have been adopted in 
industrial applications over the years. 
A recent example of such applications 
during the reporting period is the 
PathWave Device Modeling (IC-CAP, 
Keysight Technologies) 2022 Update 
that contains a new artificial neural 
network (ANN) model generator that 
trains ANNs to data, including partial 
derivative data, and exports nonlinear 
model building blocks in Verilog-A 
format that can be consumed by many 
industrial simulators.

Reference
[1] J. W. Bandler, E. M. Kiley, D. Tajik, and A. 

Eid, “The IMS2021 Microwave Week Virtual 
3MT Competition,” IEEE Microw. Mag. vol. 
22, no. 5, pp. 63–65, May 2021. doi: 10.1109/
MMM.2021.3056985. 

Figure 3. Dr. John Bandler, a senior professional from TC-2, shared his vision and 
experiences with the Young Professionals during EMO 2021.
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E
levation to Fellow of the IEEE is an honor 
reserved for a select group of engineers each 
year. The number of Fellows elevated in any 
year cannot exceed one-tenth of 1% of the 
total voting membership. 

This highest grade of membership 
in the IEEE is conferred by the IEEE 
Board of Directors in recognition 
of an individual’s outstanding re-
cord of accomplishments in any 
IEEE field of interest. This year, 
13 honorees were awarded the 
status of Fellow of the IEEE, with 
the IEEE Microwave Theory and 
Techniques Society (MTT-S) as 
the evaluating Society. Another 
five new Fellows are members 
of the MTT-S but were awarded 
the level of Fellow by other Soci-
eties or Councils. In alphabetical 
order, those awarded the level of 
Fellow by the MTT-S are

• Dominique Baillargeat, for con-
tributions to developments of nanomaterials 
for RF packaging and sensors

• James F. Buckwalter, for con-
tributions to high-efficiency 
millimeter-wave power 
amplifiers and optical trans-
ceivers in SOI technologies

• Wenquan Che, for contribu-
tions to planar transmission 
line structures for micro-
wave passive components

• Alessandra Costanzo, for 
contributions to nonlinear 
electromagnetic co-design of 
RF and microwave circuits

• Apostolos Georgiadis, for con-
tributions to designs of RF 
energy harvesting circuits

• Jeffrey L. Hesler, for con-
tributions to development 
of terahertz components 
and instrumentation

• Slawomir Koziel, for con-
tributions to modeling and 
optimization of microwave 
devices and circuits

• Moriyasu Miyazaki, for 
leadership in developments 
of airborne active phased-
array radars and satellite 
communication microwave 
subsystems

• Anh-Vu Pham, for contributions to organic pack-
aging technologies

• Christopher T. Rodenbeck, for contributions to 
radar microsystems for ultrawideband and milli-

meter-wave applications
•  Daniel van der Weide, for 

contributions to ultrafast 
terahertz electronics and 
biomedical applications of 
microwave technologies

•  Christian Waldschmidt, for 
contributions to millime-
ter-wave automotive radar 
sensors

•  Anding Zhu, for contribu-
tions to behavioral model-
ing and digital predistortion 
of RF power amplifiers.

In honor of their contributions, 
short biographies of our Society’s 
new IEEE Fellows are presented 

in the following pages. These new 
Fellows have worked very hard and 

made many sacrifices for this work. Please join us in 
congratulating each of them.
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Dominique Baillargeat is a professor of excep-
tional class at the University of Limoges. He is 

the scientific executive director of the French Na-
tional Center for Scientific Research Campus for 
Research and Technological Enterprise framework 
of the National Research Foundation of Singa-
pore. He conducts his research between Limoges 
(XLIM laboratory) and Singapore 
(Centre national de la recherche 
scientifique-International-NTU-
Thales Research Alliance labora-
tory) where, in 2019, he initiated 
a research area on RF nanotech-
nology. Dr. Baillargeat is among 
the pioneers of the use of nano-
materials for the design and 
packaging of innovative RF and 
millimeter-wave components. 
This cross-disciplinary activity is 
based on fundamental research 
on nanomaterials, such as gra-
phene, 2D materials, and carbon 
nanotubes, for the design of RF 
components by considering the 
constraints of integration, elec-
tromagnetic shielding, connectiv-
ity, and thermal management.

Dr. Baillargeat has pioneered new technological 
processes and characterization methods to fabricate 
and understand nanomaterials as well as full-wave 
modeling tools for RF component design and inte-
gration. His main achievements are in the follow-
ing areas:

• Nanomaterial characterization: This contribution is 
crucial to well characterize 2D materials for their 
future use in disruptive RF nanotechnology.

• Nanomaterial modeling: This work proposes the 
first equivalent full-wave model of nanotubes 
and nanowires in arrays and bundles of arbitrary 

shape and size. This pioneering work is crucial for 
the efficient design of RF components.

• Nanomaterial-based RF nanopackaging: This semi-
nal work demonstrates that carbon nanotubes 
can be used for RF interconnects operating at 
40 GHz and can be a promising platform for 
interconnects at higher operating frequencies. 

In 2020, this work was extended to 
the W band.

In 2012, Dr. Baillargeat wid-
ened the scope of his RF nano-
technology research to the design 
and fabrication of nanomaterial-
based sensors by considering 
the constraints of integration, 
flexibility, and sensitivity, help-
ing to address needs of future 
smart cit ies that promote a 
human-centered approach with 
particular attention to safety 
and health. In this direction, 
t h e  Inter net  of  Th i ngs (IoT) 
is becoming essential for the 
large-scale deployment of sen-
sors. Dr. Baillargeat’s research 

addresses nanomaterial-based sen-
sors for the following:

• Biological and chemical applications: His work on 
graphene-based sensors demonstrates how nano-
materials can significantly enhance ultrasensitive 
plasmonic nanosensors. He reviews trends and 
challenges in the engineering and application of 
nanomaterial-enhanced surface plasmon reso-
nance sensors for detecting ‘‘hard-to-identify’’ 
biological and chemical analytes, providing a 
platform for designing future ultrasensitive plas-
monic nanosensors.

• Volatile organic compound monitoring: His work 
proposes a differential sensor printed on a  flexible 

Dominique Baillargeat
University of Limoges
Limoges, France

for contributions to developments of nanomaterials 
for RF packaging and sensors

Dr. Baillargeat 
is among the 
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for the design 
and packaging of 
innovative RF and 
millimeter-wave 

components.
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 substrate through low-cost technologies and based 
on two planar microwave transducers with and 
without nanomaterials, such as graphene and car-
bon nanotubes. The device can be integrated into 
real-time multiple-sensing platforms dedicated to 
applications requiring low power consumption 
for the IoT.

Dr. Baillargeat has been the advisor of 33 graduated 
Ph.D. students. He has coauthored 84 journal publica-
tions, 170 conference publications, three patents, and 
five book chapters.

Relevant Publications
• L. Hong et al., “From bulk to monolayer MoS2: Evolution of Raman 

scattering,” Adv. Functional Mater., vol. 22, no. 7, pp. 1385–1390, 2012.

• P. Franck, D. Baillargeat, and B. K. Tay, “Mesoscopic model for the 
electromagnetic properties of arrays of nanotubes and nanowires: 
A bulk equivalent approach,” IEEE Trans. Nanotechnol., vol. 11, no. 5, 
pp. 964–974, 2012, doi: 10.1109/TNANO.2012.2209457.

• C. Brun et al., “Flip chip based on carbon nanotube-carbon nano-
tube interconnected bumps for high-frequency applications,” IEEE 
Trans. Nanotechnol., vol. 12, no. 4, pp. 609–615, 2013, doi: 10.1109/
TNANO.2013.2264534.

• S. Zeng, D. Baillargeat, H. P. Ho, and K. T. Yong, “Nanomaterials 
enhanced surface plasmon resonance for biological and chemical 
sensing applications,” J. Chem. Soc. Rev., vol. 43, no. 10, pp. 3426–
3452, 2014, doi: 10.1039/c3cs60479a.

• P. Bahoumina et al., “Microwave flexible gas sensor based on 
polymer multi wall carbon nanotubes sensitive layer,” Sensors 
Actuators B, Chem., vol. 249, pp. 708–714, Oct. 2017, doi: 10.1016/j.
snb.2017.04.127.
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James F. Buckwalter received the B.S. degree (with 
honors) in electrical engineering from the California 

Institute of Technology (Caltech) in 1999. After work-
ing at Telcordia Technologies, in Morristown, New 
Jersey, he earned the M.S. degree in electrical engi-
neering from the University of California, Santa Bar-
bara (UCSB) and returned to Caltech to complete his 
Ph.D. degree. He joined the Department of Electrical 
and Computer Engineering, Universi-
ty of California, San Diego in 2006, 
becoming an associate professor 
in 2012, and he returned to UCSB 
as a full professor of electrical 
and computer engineering in 
2014. He was the recipient of a 
2004 IBM Ph.D. fellowship, 2007 
DARPA Young Faculty Award, 
2011 National Science Founda-
t ion (NSF)  CAR EER Awa rd, 
and 2015 IEEE MTT-S Young 
Engineer Award. He has super-
vised more than 20 Ph.D. and 
15 M.S. degree students. He has 
published 200-plus conference 
and journal papers on research 
related to RF, millimeter-wave, 
and high-speed optoelectronic 
circuits and systems.

Dr. Buckwalter is reco g nized for 
significant early contributions to circuit design for 
mill imeter-wave and high-speed optoelectronic 
t ra nsceivers based on SOI CMOS. His research 
group published the first comprehensive studies 
of millimeter-wave and broadband stacked-field-
effect transistor (FET) PAs based on SOI CMOS. Along-
side collaborators at UCSB, he showed that FETs could 
be stacked at high frequency by using novel meth-
ods and presented new design approaches for load 
line and power scaling. The results demonstrated 

a power-added efficiency of 32% in a two-stack PA 
design at 45 GHz, which, at the time, was a tremen-
dous advance in silicon-based millimeter-wave PAs. 
His research group subsequently fabricated the first 
silicon-based millimeter-wave Doherty PA, with 
an efficiency exceeding 20%, and pushed stacked-
FET PAs toward 100 GHz and proposed a multidrive 
technique. The work, supported under the DARPA 

Efficient Linearized All-Silicon Trans-
mitter Integrated Circuits program, 

invigorated industry and aca-
demic research on SOI CMOS 
processes for emerging millime-
ter-wave markets.

Dr. Buckwalter has also made 
significant research contribu-
tions to the advancement of SOI 
CMOS in energy-efficient opto-
electronic interfaces. Through 
collaborations with Oracle, he 
realized the first fully integrated 
25-Gb/s transceiver based on 
photonic microring resonators 
and achieved energy efficiency 
under 10 pJ/bit. He continued to 
chart a course for future energy-
efficient optical transceivers based 

on 45-nm CMOS SOI. By leveraging 
the insight that the FET-stacking design 

techniques were inherently broadband, his research 
group proposed optical driver amplifiers with a differen-
tial voltage swing of 4 V over a bandwidth of 30 GHz.

Dr. Buckwalter has volunteered for the IEEE Cus-
tom Integrated Circuits Conference, IEEE BiCMOS 
and Compound Semiconductor Integrated Circuits 
and Technology Symposium (BCICTS), IEEE MTT-S 
International Microwave Symposium (IMS), and 
International Solid-State Circuit Conference and 
was the cochair of the Technical Program Committee 

James F. Buckwalter
University of California, Santa Barbara
Santa Barbara, California, United States

for contributions to high-efficiency millimeter-wave 
power amplifiers and optical transceivers in SOI 
technologies
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(TPC) for IMS 2010 and 2020. He has served as an associ-
ate editor of IEEE Transactions on Circuits and Systems II: 
Express Briefs and IEEE Transactions on Microwave Theory 
and Techniques (TMMT) and a guest editor for the IEEE 
Journal of Solid-State Circuits special issue on the BCICTS 
and TMMT special issue on microwave and millimeter-
wave communication and sensor systems. He is cur-
rently the chair of MTT-S Technical Committee 14.

Relevant Publications
• H. Dabag, B. Hanafi, F. Golcuk, A. Agah, J. F. Buckwalter, and P. 

M. Asbeck, “Analysis and design of stacked-FET millimeter-wave 
power amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 4, 
pp. 1543–1556, 2013, doi: 10.1109/TMTT.2013.2247698.

• A. Agah, J. A. Jayamon, P. M. Asbeck, L. E. Larson, and J. F. Buck-
walter, “Multi-drive stacked-FET power amplifiers at 90 GHz in 45 
nm SOI CMOS,” IEEE J. Solid-State Circuits, vol. 49, no. 5, pp. 1148–
1157, May 2014, doi: 10.1109/JSSC.2014.2308292.

• A. Agah, H. Dabag, B. Hanafi, P. M. Asbeck, J. F. Buckwalter, and 
L. E. Larson, “Active millimeter-wave phase-shift Doherty power 
amplifier in 45-nm SOI CMOS” IEEE J. Solid-State Circuits, vol. 48, 
no. 10, pp. 2338–2350, Oct. 2013, doi: 10.1109/JSSC.2013.2269854.

• J. Buckwalter, X. Zheng, G. Li, K. Raj, and A. V. Krishnamoorthy, 
“A monolithic 25-Gb/s transceiver with photonic ring modula-
tors and Ge detectors in a 130-nm CMOS SOI process,” IEEE J. 
Solid-State Circuits, vol. 47, no. 6, pp. 1309–1322, 2012, doi: 10.1109/
JSSC.2012.2189835.

• J. Kim and J. F. Buckwalter, “A 40-Gb/s optical transceiver front-
end in 45nm SOI CMOS technology,” IEEE J. Solid-State Circuits, vol. 
47, no. 3, pp. 1–4, 2012, doi: 10.1109/CICC.2010.5617418.

®

Where technology and 
philanthropy intersect
Together, we deliver opportunity, innovation and impact across the globe.

Find your program:
ieeefoundation.org/what-to-support

    JOIN US!



32     June 2022

Wenquan Che received the B.Sc. degree from the 
East China Institute of Science and Technology, 

Nanjing, in 1990; M.Sc. degree from the Nanjing 
University of Science and Technology (NUST) in 
1995; and Ph.D. degree from the City 
University of Hong Kong (CITYU), 
Kowloon, Hong Kong, in 2003. 
In 1999, she was a research as-
sistant with the CITYU. In 2002, 
she was a visiting scholar at 
Polytechnique de Montréal. She 
had been with NUST as a lectur-
er, associate professor, and pro-
fessor since 1995. In November 
2018, she joined South China Uni-
versity of Technology as a full 
professor. From 2007 to 2008, she 
conducted academic research at 
the Technical University of Mu-
nich (TUM). In 2005 and 2006 
and from 2009 to 2016, she was 
with the CITYU as a research 
fellow and visiting professor. 
She was a visiting professor at 
TUM and Paris Nanterre University 
in 2015. She has authored or coauthored more than 
300 internationally refereed journal papers and 100-
plus international conference papers, and she holds 
more than 30 Chinese patents. Her research interests 
include microwave and millimeter-wave circuits and 

systems, antenna technologies, and medical applica-
tions of microwave technologies.

Dr. Che is an elected member of the IEEE MTT-S 
Administrative Committee (AdCom) (2018–2023) 

and the chair of the AdCom Education 
Committee. Among many recogni-

tions, she was a recipient of the 
2007 Humboldt Research Fellow-
ship, presented by the Alexander 
von Hu mboldt  Fou ndat ion, 
of  Germany; the f i f th China 
Young Female Scientists Award, 
in 2008; and a National Natural 
Science Foundation Committee 
of China Distinguished Young 
Scientist in 2012. She received 
several IEEE Best Student Paper 
Awards at, for instance, the 2017 
Global Symposium on Millimeter 
Waves, 2016 IEEE International 
Conference on Microwave and 
Mill imeter-Wave Technology, 
and 2016 IEEE MTT-S Interna-

t ional  Microwave Workshop 
Series on Advanced Materials and 

Processes for RF and Terahertz Applications. She is 
the editor-in-chief of Microwave and Optical Tech-
nology Letters (2019–2022) and a reviewer for sev-
eral IEEE transactions and journals (see “Dr. Che: 
Main Achievements”).

Wenquan Che
School of Electronic and Information Engineering
South China University of Technology
Guangzhou, China

for contributions to planar transmission line 
structures for microwave passive components
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of microwave 
technologies.
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Dr. Che: Main Achievements
• Theoretical modeling of substrate integrated 

waveguide (SIW)-related guiding structures: 
In particular, she derived a group of analytical 
equations for quick designs of SIW circuits. She 
derived the formula for characteristic impedance 
for the offset double-sided parallel stripline 
(DSPSL) and further implemented several novel 
DSPSL components.

• Innovative structures of planar transmission 
lines and related circuits: She proposed a ridged 
SIW featuring a much wider bandwidth than its 
counterparts and created a framework for its 
exploitation. Furthermore, she designed a couple 
of novel microwave and millimeter-wave SIW 
components, including an H-plane horn antenna 
with a dielectric lens, a planar magic T, and a 
ferrite circulator. These contributions make SIWs 
more flexible and effective for microwave systems, 
promoting wide applications of SIW technology.

• SIW-based subsystems and massive products: 
She implemented several high-performance SIW-
based antenna arrays from the X to W bands and 
SIW-based microwave subsystems for industries. 

These inventions have been commercialized by 
different companies.

• Novel resonant structures, design methods, and 
filtering circuits: These have a very compact size 
and good performance and can be easily applied 
in packaging and on-chip systems, even up to 
millimeter-wave bands.

• Innovative electromagnetic field manipulation 
structures and applications on circuits 
and antennas: She made important 
accomplishments in the exploration of 
artificial magnetic conductors, metasurfaces, 
and frequency-selective surfaces to flexibly 
control the amplitude, phase, frequency, and 
polarization of electromagnetic fields. Several of 
her novel electromagnetic structures have been 
proposed and used for implementing innovative 
antennas featuring a low profile, broadband, 
high aperture efficiency, easy reconfiguration, 
and a low radar cross section. These antennas 
have application potential for advanced wireless 
communication systems. Several designs have 
been commercialized.
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Alessandra Costanzo is a full professor at the Univer-
sity of Bologna, where she leads the RF and wire-

less laboratories on the Bologna and Cesena campuses. 
Her research activities began, under the supervision of 
Prof. Vittorio Rizzoli, in the areas of nonlinear micro-
wave circuit simulation and design, with an emphasis on 
the electromagnetic analysis and design of microwave 
integrated circuits and the nonlinear/electromagnetic 
cosimulation and co-design of communications links.

Prof. Costanzo has conceived and developed algo-
rithms to simultaneously handle nonlinear components 
and circuits, such as oscillators, mixers and amplifiers, 
with electromagnetic entities, such as antennas, antenna 
arrays, and multilayered RF structures, exploiting domain 
partitioning, space mapping, and neural network model-
ing. She has played a key role in establishing the bridge 
between system- and circuit-level design techniques for 
RF/microwave wireless links, which are essential prereq-
uisites for the reliable design of current RF/microwave 
miniaturized systems. She was able to demonstrate end-
to-end circuit-level optimization of entire multiple-input, 
multiple-output links, including the actual radio channel 
model, adopting layout-based radiating elements as the 
true source and load terminations of the nonlinear circuits.

Prof. Costanzo has developed pioneering work in 
the field of wirelessly powering devices and systems, 
adopting near- and far-field techniques. She has antici-
pated fundamental results for the theoretical under-
standing of interactions between the transmitter and 
receiver sides of wireless power transfer (WPT) sys-
tems to quantify the overall efficiency of the wireless 
powering mechanism. She was able to develop original 
system architectures for different application scenarios 
in various frequency and power ranges.

In the far-field radiative energy transfer case, 
she demonstrated not only full operation of battery-
less wireless sensors but also the possibility of their 
localizing and tracking in harsh electromagnetic 

environments, which are key enabling features for the 
effective exploitation of the IoT paradigm in industrial 
plants and e-health. In the near-field case, she proposed 
a novel modular system for the load- and coupling-
independent wireless powering of “on-the-move” 
small cars, adopting a gallium nitride-based class EF 
inverter in the megahertz range. She developed origi-
nal architectures that integrate microwave devices 
with WPT systems to combine energy and information 
transfer, thus enabling remote sensing capabilities.

Prof. Costanzo is the cofounder of European Union 
Cooperation in Science and Technology action IC1301 
to address wireless power transmission, and she is an 
elected vice-president of the IEEE Council on RFID for 
publications, where she also serves as a Distinguished 
Lecturer. She is a past associate editor of TMMT and 
a former chair of MTT-S Technical Committee 26. She 
was the TPC chair of the 2018 IEEE MTT-S International 
Microwave and RF Conference and 2019 IEEE Wireless 
Power Transfer Conference.

Relevant Publications
• V. Rizzoli, A. Costanzo, D. Masotti, A. Lipparini, and F. Mastri, “Com-

puter-aided optimization of nonlinear microwave circuits with the 
aid of electromagnetic simulation,” IEEE Trans. Microw. Theory Techn., 
vol. 52, no. 1, pp. 362–377, Jan. 2004, doi: 10.1109/TMTT.2003.820898.

• A. Costanzo et al., “Electromagnetic energy harvesting and wire-
less power transmission: A unified approach,” Proc. IEEE, vol. 102, 
no. 11, pp. 1692–1711, Nov. 2014, doi: 10.1109/JPROC.2014.2355261.

• V. Rizzoli, A. Costanzo, D. Masotti, P. Spadoni, and A. Neri, “Pre-
diction of the end-to-end performance of a microwave/RF link by 
means of nonlinear/electromagnetic co-simulation,” IEEE Trans. 
Microw. Theory Techn., vol. 54, no. 12, pp. 4149–4160, Dec. 2006, doi: 
10.1109/TMTT.2006.885566.

• R. Trevisan and A. Costanzo, “A UHF near-field link for passive 
sensing in industrial wireless power transfer systems,” IEEE Trans. 
Microw. Theory Techn., vol. 64, no. 5, pp. 1634–1643, May 2016, doi: 
10.1109/TMTT.2016.2544317.

• A. Costanzo and D. Masotti, “Energizing 5G: Near- and far-field 
wireless energy and data Tran transfer as an enabling technology 
for the 5G IoT,” IEEE Microw. Mag., vol. 18, no. 3, pp. 125–136, May 
2017, doi: 10.1109/MMM.2017.2664001.

Alessandra Costanzo
Department of Electrical, Electronic, and Information 
Engineering “Guglielmo Marconi”
University of Bologna
Bologna, Italy

for contributions to nonlinear electromagnetic 
co-design of RF and microwave circuits
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Apostolos Georgiadis was born in Thessaloniki, 
Greece. He received the B.S. degree in physics and 

the M.S. degree in telecommunications from the Aris-
totle University of Thessaloniki in 1993 and 1996, re-
spectively. He received the Ph.D. degree in electrical 
engineering from the University of Massachusetts, 
Amherst in 2002. In 2002, he joined Global Commu-
nications Devices, North Andover, Massachusetts, as 
a systems engineer and worked on CMOS transceiv-
ers for wireless network applications. In June 2003, he 
began at Bermai, Minnetonka, Minnesota, as an RF/
analog systems architect. In 2005, he transitioned to the 
University of Cantabria, Spain, as a Juan de la Cierva 
fellow. In March 2007, he went to the Catalonia Tele-
communications Technology Center (CTTC), Barce-
lona, Spain, as a senior research associate in the area 
of communications subsystems. In 2013–2016 he was 
the group leader of the CTTC Microwave Systems and 
Nanotechnology Department. In July 2016, he joined 
Heriot-Watt University, Edinburgh, U.K., as an associ-
ate professor. During 2016, he was a visiting scholar at 
the Georgia Institute of Technology, Atlanta, as a Marie 
Curie Global Fellow. Since 2017, he has been with the 
European Patent Office, The Hague, The Netherlands.

Dr. Georgiadis was the general chair of the 2011 
IEEE international Conference on RFID Technology 
and Applications and general cochair of the 2011 IEEE 
MTT-S International Microwave Workshop Series on 
Advanced Materials and Processes. He has been an 
associate editor of IEEE Journal of Radio Frequency Iden-
tification; IEEE Microwave and Wireless Components Let-
ters; IET Microwaves, Antennas & Propagation; and IEEE 

RFID Virtual Journal. He cofounded and was the editor-
in-chief of Cambridge Wireless Power Transfer Journal. He 
has been a Distinguished Lecturer of the IEEE Council 
on RFID, and he was the chair of International Union of 
Radio Science (URSI) Commission D: Electronics and 
Photonics. He was the recipient of the 2016 Bell Labs 
Prize (third place) and has been a Fulbright scholar. An 
URSI fellow, his research interests include energy har-
vesting and wireless power transmission, RFID tech-
nology, active antennas and phased-array antennas, 
inkjet and 3D printed electronics, and millimeter-wave 
systems. He has published more than 200 papers in 
peer-reviewed journals and international conferences.

Relevant Publications
• A. Georgiadis, A. Collado, and M. M. Tentzeris, Energy Harvesting: 

Technologies, Systems, and Challenges (EuMA High Frequency Technol-
ogies Series). Cambridge, U.K.: Cambridge Univ. Press, 2021.

• A. Georgiadis, E. Tentzeris, and G. Goussetis (third place), “Nokia 
announces its 2016 Bell Labs prize winners: 3D/Inkjet printed 
millimeter wave systems”, Nokia, Espoo, Finland, 2016. [Online]. 
Available: https://www.nokia.com/about-us/news/releases/
2016/12/15/nokia-announces-its-2016-bell-labs-prize-winners/

• S. Kim et al., “Ambient RF energy-harvesting technologies for 
self-sustainable standalone wireless sensor platforms,” Proc. 
IEEE, vol. 102, no. 11, pp. 1649–1666, Nov. 2014, doi: 10.1109/
JPROC.2014.2357031.

• A. Collado and A. Georgiadis, “Optimal waveforms for ef-
f icient wireless power transmission,” IEEE Microw. Wireless 
Compon. Lett., vol. 24, no. 5, pp. 354–356, May 2014, doi: 10.1109/
LMWC.2014.2309074.

• A. Georgiadis, G. Andia Vera, and A. Collado, “Rectenna design 
and optimization using reciprocity theory and harmonic balance 
analysis for electromagnetic (EM) energy harvesting,” IEEE Anten-
nas Wireless Propag. Lett., vol. 9, pp. 444–446, May 2010, doi: 10.1109/
LAWP.2010.2050131.

Apostolos Georgiadis

for contributions to designs of RF energy 
harvesting circuits
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Jeffrey L. Hesler received the B.S. degree in electrical 
engineering from Virginia Tech, Blacksburg, in 1989 

and the M.S. degree (1991) and Ph.D. degree (1996) from 
the University of Virginia (UVA), Charlottesville, both 
in electrical engineering. He joined the UVA faculty as 
a research assistant professor of electrical engineering 
in 1997, and in 2001, he went to Virginia Diodes (VDI), 
becoming a full-time employee in 2004. He became the 
VDI chief technology officer in 2008, a position he con-
tinues to hold. Dr. Hesler was a member and secretary of 
the IEEE P1785 Standards Working Group, which, from 
2008 to 2016, developed and published IEEE standards 
for terahertz waveguide interfaces. He is an associate ed-
itor of IEEE Transactions on Terahertz Science and Technol-
ogy (2018–present) and has been a member (2014–present) 
and the chair (2021–2022) of MTT-S Technical Committee 
21 on Terahertz Technology and Applications.

Beginning with his time as a student at UVA, Dr. Hes-
ler’s career has focused on the creation of new technolo-
gies to make possible the full exploitation of the terahertz 
frequency band for scientific, defense, and industrial 
applications. During his early work, he focused on the 
development of broadband frequency mixers and mul-
tipliers that do not require mechanical tuning and bias 
adjustments to achieve optimal performance and broad 
operational bandwidth in the terahertz frequency band. 
In doing so, he was a pioneer in fully utilizing the capa-
bilities of newly available planar diode fabrication tech-
nologies. In addition, he developed modeling techniques 
that enabled the use of commercial electromagnetic and 
harmonic balance simulation tools to develop terahertz 
devices and components. These advances made the tech-
nology practical for a much greater range of applications, 
leading to the rapid development of terahertz technology 
over the past two decades.

Perhaps the best example of the use and impact of these 
components is the existence and routine operation of the 

Atacama Large Millimeter Array (ALMA). ALMA is a 
big science international project that developed a 66-dish 
radio astronomy array on a 5,000-m Chilean plateau, with 
receivers operating across the ~100–1,000-GHz range (in 
ten bands). ALMA receivers above about 100 GHz rely on 
broadband frequency multipliers to generate the required 
local oscillator signals. These multipliers were produced 
by VDI, and some 2,000 of them were delivered as part of 
the project. One well-known result from ALMA was the 
first image of a black hole, at ~230 GHz (https://www.
almaobservatory.org/en/press-releases/astronomers
-capture-first-image-of-a- black-hole/). 

Dr. Hesler also used broadband terahertz components 
for the development of advanced test and measurement 
equipment to characterize materials, devices, compo-
nents, and systems. An important example is the vec-
tor network analyzer (VNA), which is commonly used 
to measure complex S-parameters. Before this work, 
wideband terahertz VNA extenders were limited to 
about 300 GHz, with a modest dynamic range (~50 dB), 
and higher-frequency systems were narrow band and 
required mechanical tuning. In 2010, VDI delivered the 
first VNA frequency extenders that enabled full two-
port measurements (magnitude and phase) across the 
entire 500–750-GHz (WM380) waveguide band. This 
system had a dynamic range approaching 90 dB. Since 
then, the frequency range has been extended to 1.5 THz, 
with increased dynamic range and improved measure-
ment stability. Terahertz VNA frequency extenders and 
associated signal analyzers and generators are now 
ubiquitous in microwave laboratories throughout the 
United States, Europe, and Asia, and the broad com-
mercial availability of these test and measurement 
tools has fundamentally changed the methods by 
which engineers and scientists develop and evaluate 
materials, components, and systems throughout the 
terahertz range.

Jeffrey L. Hesler
Virginia Diodes
Charlottesville, Virginia, United States

for contributions to development of terahertz 
components and instrumentation
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Slawomir Koziel received the M.Sc. and Ph.D. de-
grees in electronic engineering from Gdansk 

University of Technology, Poland, in 1995 and 2000, 
respectively. He also received the M.Sc. degrees in 
theoretical physics and mathematics in 2000 and 2002, 
respectively, as well as the Ph.D. degree in mathemat-
ics in 2003, from the University of Gdansk. He is cur-
rently a professor with the Department of Engineer-
ing, Reykjavik University.

His research interests include CAD and the mod-
eling of microwave and antenna circuits, simulation-
driven design, surrogate-based optimization, space 
mapping, circuit theory, evolutionary computation, 
and numerical analysis. In recent years, he has been 
working extensively on surrogate-based modeling and 
optimization techniques as well as computationally 
efficient simulation-driven design methods for micro-
wave and antenna engineering and aerospace engi-
neering. He has published several book chapters and 
more than 1,000 research papers. He is a founder and 
director of the Engineering Optimization and Model-
ing Center, Reykjavik University.

Dr. Koziel was a recipient of a Fulbright Scholar-
ship for the 2003–2004 academic year. He has served 
on the editorial board of various international jour-
nals and on various program committees and been a 
co-organizer of numerous special sessions and work-
shops at international conferences. He is an associate 
editor of several journals (IET Microwaves, Antennas, 
and Propagation; Electronics Letters; International Jour-
nal of Mathematical Modeling and Numerical Optimiza-
tion; and International Journal of Numerical Modeling). 
He has also been a guest coeditor of several special 

issues of international journals, including Optimiza-
tion and Engineering; International Journal of RF and 
Microwave Computer-Aided Engineering; International 
Journal of Mathematical Modeling and Numerical Opti-
mization; and IEEE Transactions on Microwave Theory 
Techniques, as well as a coauthor of numerous books, 
such as Performance-Driven Surrogate Modeling of High-
Frequency Structures (Springer, 2020), Simulation-Based 
Optimization of Antenna Arrays (World Scientific, 2019), 
Multi-Objective Design of Antennas Using Surrogate Mod-
els (World Scientific, 2016), Simulation-Driven Design 
by Knowledge-Based Response Correction Techniques
(Springer, 2016), and Antenna Design by Simulation-
Driven Optimization (Springer, 2014), and a coeditor of 
several others.

Relevant Publications
• S. Koziel and A. Bekasiewicz, “Expedited geometry scaling of com-

pact microwave passives by means of inverse surrogate modeling,” 
IEEE Trans. Microw. Theory Techn., vol. 63, no. 12, pp. 4019–4026, 
2015, doi: 10.1109/TMTT.2015.2490662.

• S. Koziel and J. W. Bandler, “Rapid yield estimation and optimi-
zation of microwave structures exploiting feature-based statisti-
cal analysis,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 1, pp. 
107–114, 2015, doi: 10.1109/TMTT.2014.2373365.

• S. Koziel, J. Meng, J. W. Bandler, M. H. Bakr, and Q. S. Cheng, “Ac-
celerated microwave design optimization with tuning space map-
ping,” IEEE Trans. Microw. Theory Techn., vol. 57, no. 2, pp. 383–394, 
2009, doi: 10.1109/TMTT.2008.2011313.

• S. Koziel, J. W. Bandler, and K. Madsen, “Space mapping with adap-
tive response correction for microwave design optimization,” IEEE 
Trans. Microw. Theory Techn., vol. 57, no. 2, pp. 478–486, 2009, doi: 
10.1109/TMTT.2008.2011243.

• S. Koziel, J. W. Bandler, and K. Madsen, “A space-mapping frame-
work for engineering optimization—Theory and implementation,” 
IEEE Trans. Microw. Theory Techn., vol. 54, no. 10, pp. 3721–3730, 
2006, doi: 10.1109/TMTT.2006.882894.

Slawomir Koziel
Department of Engineering
Reykjavík University
Reykjavík, Iceland

for contributions to modeling and optimization of 
microwave devices and circuits
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Moriyasu Miyazaki received the B.E. degree in elec-
trical engineering and the M.E. and Ph.D. degrees 

in electronic engineering from Chiba University, Japan, in 
1982, 1984, and 1997, respectively. As a graduate student, 
he accomplished a novel formulation of edge-guided mag-
netostatic modes by using the boundary element method 
(BEM). In 1984, he joined Mitsubishi Electric, where he be-
gan to research microwave passive circuits. As one of his 
noteworthy works in the 1990s, he succeeded in optimiz-
ing a planar N-way hybrid power divider with sectorial 
shape via a design based on the BEM. This accomplish-
ment contributed to the realization of an extremely thin 
and broadband active phased-array radar (APAR) and was 
applied to many airborne radars. After 2000, he became 
a department head of the Information Technology R&D 
Center, Mitsubishi Electric, and led not only passive cir-
cuit developments but also overall RF front-end develop-
ments, including semiconductor devices. Gallium nitride 
RF devices were successfully put into practical onboard 
use. His achievements are utilized in various APARs and 
play a role in variety of applications, including mobile 
communication systems. During this period, he also com-
pleted a unique design technique, superior in practicality, 
for waveguide filters by combining the conjugate gradient 
method, mode-matching techniques, and the BEM.

Dr. Miyazaki also provided leadership and realized 
an antenna subsystem for in-flight Internet services uti-
lizing communication satellites, achieving high-accuracy 
satellite acquisition and sufficient communication speed 
of 40 Mb/s while maintaining a compact size and low 
profile for mounting on aircraft. The service adopting 
this antenna subsystem was commercialized in 2004. 
Through this work, several inventions were born, such 
as ultrathin orthomode transducers and an integrated 
diplexer low-noise amplifier unit. Dr. Miyazaki’s pioneer-
ing developments 20 years ago resulted in today’s in-flight 
Wi-Fi services. For this project’s success, he received the 

R&D 100 award from R&D Magazine (2005). He also led a 
national project on the development of radio communi-
cation systems for aircraft through millimeter waves. He 
oversaw the development of the antenna subsystem and 
access control system and succeeded in 100-Mb/s bidirec-
tional communication between aircraft and ground con-
trollers. For this contribution, he received the 58th OHM 
Technology Award from the Promotion Foundation for 
Electrical Science and Engineering of Japan (2010).

Dr. Miyazaki moved to the Electronic Systems 
Group, Mitsubishi Electric, in 2013 as a senior chief 
engineer to support the business from the perspec-
tive of microwave and millimeter-wave applications. 
He is currently a technical adviser in the group and 
belongs to the Research Organization for Open Inno-
vation Strategy, Waseda University, Tokyo. He served 
as the treasurer of the IEEE MTT-S Japan Chapter 
(2003–2004), vice chair of ceremonies for the 2010 Asia 
Pacific Microwave Conference (APMC), and chair of 
the APMC National Committee (2019–2020).

Relevant Publications
• M. Miyazaki, O. Ishida, and T. Hashimoto, “N-way sectorial hybrid 

power divider design using boundary element method,” Int. J. Mi-
crow. Millimeter-Wave Comput.-Aided Eng., vol. 3, no. 3, pp. 175–182, 
Jul. 1993, doi: 10.1002/mmce.4570030305.

• M. Miyazaki, K. Yashiro, and S. Ohkawa, “Edge-guided magnetostatic 
mode in a ridged-type waveguide,” IEEE Trans. Microw. Theory Techn., 
vol. 33, no. 5, pp. 421–424, May 1985, doi: 10.1109/TMTT.1985.1133023.

• M. Hangai, M. Hieda, N. Yunoue, Y. Sasaki, and M. Miyazaki, “S- 
and C-band ultra-compact phase shifters based on all-pass net-
works,” IEEE Trans. Microw. Theory Techn., vol. 58, no. 1, pp. 41–47, 
Jan. 2010, doi: 10.1109/TMTT.2009.2036322.

• A. Monk et al., “Ultra-low profile airborne reflector antenna subsystem
for broadband satellite communications,” in Proc. 21st AIAA Int. Com-
mun. Satellite Syst. Conf., Apr. 2003, pp. 15–19, doi: 10.2514/6.2003-2316.

• M. Miyazaki, H. Yukawa, T. Nishino, S. Urasaki, T. Katagi, and 
H. Kurebayashi, “Design of iris-coupled broadband waveguide 
filter using modified reflection-zero frequencies,” Electron. 
Commun. Japan (II, Electron.), vol. 83, no. 7, pp. 59–67, 2000, doi: 
10.1002/1520-6432(200007)83:7<59::AID-ECJB9>3.0.CO;2-7.

Moriyasu Miyazaki
Electronic Systems Group
Mitsubishi Electric
Tokyo, Japan

for leadership in developments of airborne active-
phased-array radars and satellite communication 
microwave subsystems
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Anh-Vu Pham received the B.E.E. (with high hon-
ors), M.S., and Ph.D. degrees in electrical engi-

neering from the Georgia Institute of Technology, At-
lanta, in 1995, 1997, and 1999, respectively. He joined the 
University of California, Davis in 2002 as an assistant 
professor and was promoted to full professor in 2008. 
From 1999 to 2002, he was an assistant professor at 
Clemson University, South Carolina. He is a codirector 
of the Davis Millimeter Wave Research Center at the 
University of California, Davis. His research interests 
include RF-to-terahertz hybrid and integrated circuits, 
electronic packaging, antennas, radars and sensors, 
and energy harvesting systems. He has published 200 
peer-reviewed articles, several book chapters, and two 
books and has graduated 22 Ph.D. students.

Dr. Pham received the NSF CAREER Award in 2001 
and the MTT-S Outstanding Young Engineer Award in 
2008. He served as the TPC cochair of IMS 2016, in San 
Francisco, and the TPC of the 2017 IEEE Asia Pacific 
Microwave Conference, in Malaysia, and an MTT-S 
Distinguished Microwave Lecturer from 2010 to 2012. 
He has served as a guest editor of TMMT special issues 
on broadband millimeter-wave PAs in 2020 and the 
Asia-Pacific Microwave Conference in 2017.

Dr. Pham has led the development of organic pack-
aging technologies for microwave and millimeter-wave 
applications. His contributions to organic packaging 
technologies include surface-mount packages, multi-
layered board-integrated passives and antennas, and 
multichip modules. He and his students explored liquid 
crystal polymers (LCPs) for lightweight, compact, and 
reliable packages and modules. LCPs have permeation 
similar to glass, ultralow moisture absorption, and a 
coefficient of hygroscopic expansion. These character-
istics make LCPs attractive candidates for lightweight 
and high-reliability packaging. His group developed 
processes to laminate them on LCPs and semiconduc-
tor materials for packaging electronic circuits. Using 

these processes, his group demonstrated the first LCP 
Ka-band surface-mount package in which integrated 
circuits are housed in an all-LCP sealed cavity, and it 
carried out environmental tests to demonstrate LCPs’ 
packaging capabilities.

Dr. Pham’s contributions to organic packaging 
began in the late 1990s when he developed on-wafer 
measurement techniques to characterize and model 
low-cost plastic packages up to 26.5 GHz and demon-
strated organic multichip modules up to 110 GHz. Dr. 
Pham also led the development of integrated passives, 
including baluns, filters, couplers, and power dividers, 
and antennas in multilayered organic boards. Utilizing 
multilayered structures, thin substrates, and design 
techniques such as a defected ground, his group devel-
oped state-of-the-art baluns that achieve record band-
width ratios up to 46:1.

In 2008, Dr. Pham cofounded PlanarMag and 
served as the chief technology officer. He led a team to 
develop the first organic board-integrated transformer 
products for 10 Gb/s Ethernet applications by using 
automated manufacturing. Traditionally, Ethernet 
transformers and common mode chokes are manufac-
tured using hand-wound wires around a ferrite core. 
Handmade transformers have reliability and electrical 
variability issues. Dr. Pham’s team developed a process 
to embed ferrite cores in a printed circuit board (PCB) 
that can be used in fabrication processes to produce 
transformers. Ferrite-embedded components in PCBs 
can be designed with controlled linewidth and spacing 
to achieve wide bandwidth and electrical consistency. 
This technology has opened new capabilities for PCBs 
and PCB-integrated magnetic components. PlanarMag 
was acquired by TE Connectivity in 2010. Also, in 1997, 
Dr. Pham cofounded RF Solutions, Atlanta, Georgia, a 
fabless semiconductor company providing PAs and RF 
integrated circuits for Wi-Fi applications. In 2003, RF 
Solutions was acquired by Anadigics.

Anh-Vu Pham
Department of Electrical and Computer Engineering
University of California, Davis
Davis, California, United States

for contribution to organic packaging technologies
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Christopher T. Rodenbeck received the B.S. (summa 
cum laude), M.S., and Ph.D. degrees in electrical en-

gineering from Texas A&M University, College Station, 
in 1999, 2001, and 2004, respectively. From 2004 to 2014, 
he was with Sandia National Laboratories, Albuquer-
que, New Mexico. At Sandia, he led a multidisciplinary 
advanced/exploratory technology development pro-
gram for ultrawideband radar and sensor applications. 
The principal achievements of this program were the 
consolidation of more than 800 discrete RF components 
into a handful of integrated circuits and the develop-
ment of a monolithic pulsed PA exhibiting the fastest 
ultrawideband pulse modulation and extinction rates 
reported at power levels greater than 10 W. The success 
of this program, including US$84 million in cost sav-
ings to the U.S. Air Force alone, was reported by the Wall 
Street Journal and twice the subject of congressional tes-
timony by Sandia’s president. Dr. Rodenbeck accepted 
the prestigious National Nuclear Security Administra-
tion Defense Programs Award of Excellence in 2012 on 
behalf of a large, multisite team.

Dr. Rodenbeck is currently an office head with the 
U.S. Naval Research Laboratory (NRL), Washington, 
D.C., where he leads the Advanced Concepts Group 
within the Radar Division. His programs at NRL 
have resulted in the development of multiple first-
in-class millimeter-wave airborne radar systems for 
the U.S. Navy and Department of Defense, including 
the creation of compact millimeter-wave radars for the 
autonomous guidance of unmanned aerial vehicles. 
His demonstrations of sound reproduction on moving 
vehicles are motivating the development of a long-range 
radar system based on the first 100-W solid-state PA at 
the W band. Most recently, Dr. Rodenbeck has been lead-
ing multiple research programs in microwave power 

beaming, and he serves as the principal investigator 
for the Air Force Research Laboratory’s Arachne power 
beaming spacecraft, the flagship experiment under the 
Space Solar Power Incremental Demonstrations and 
Research Project.

Dr. Rodenbeck has authored or coauthored numer-
ous publications and patents on a wide range of topics 
in RF microsystems and applications, including several 
highly cited patents on transceiver miniaturization. He 
has mentored numerous engineers in the radar elec-
tronics application area. He was an associate editor of 
the Encyclopedia of Electrical and Electronics Engineering 
(Wiley) from 2011 to 2020 and currently is the editor-in-
chief of the forthcoming Encyclopedia of RF & Microwave 
Engineering, Second Edition (Wiley).

Relevant Publications
• M. Kirkpatrick. “Sounding the nuclear alarm.” The Wall Street 

Journal. https://www.wsj.com/articles/SB122731227702749413
• P. Hommert, “Oral and written testimony to U.S. House of Rep-

resentatives,” Oct. 29, 2013. [Online]. Available: https://www.
hsdl.org/?view&did=755532, https://www.osti.gov/servlets/
purl/1673652. “Oral testimony to US Senate,” Apr. 18, 2012. [On-
line]. Available: https://www.hsdl.org/?view&did=729407

• U.S. Patents Appl. 20200284901A1, 11029403, 20180174472, 20180172821, 
20180172821.

• Worldwide Patent Appl. WO2018112404.
• U.S. Patent Appl. 63/066932.
• U.S. Patent Appl. US20210156953A1.
• J. Soric et al., “A 100W W-band GaN SSPA,” Presented at the IEEE 

Int. Microwave Symp., to be published.
• C. T. Rodenbeck et al., “Microwave and millimeter wave power 

beaming,” IEEE J. Microw., vol. 1, no. 1, pp. 229–259, Jan. 2021, doi: 
10.1109/JMW.2020.3033992.

• C. T. Rodenbeck et al., “Terrestrial microwave power beaming,” 
IEEE J. Microw., vol. 2, no. 1, pp. 28–43, Jan. 2022, doi: 10.1109/
JMW.2021.3130765.

• C. Delbert, The Air Force is Building a Spacecraft that will Beam Solar 
Power to Earth. New York, NY, USA: Popular Mechanics, Dec. 30, 2020.

• U.S. Patents 7439935, 7408512, 7345647.
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Daniel van der Weide is a pioneer in terahertz inte-
grated circuits, having designed, fabricated, and 

quantified the shortest electronically generated and 
measured pulses, a record that has stood for 28 years. As 
a Ph.D. student in David Bloom’s group at Stanford Uni-
versity, he measured the first subpicosecond electronic 
circuits; as a postdoctoral researcher in Klaus von Klitz-
ing’s group, he measured the current record 480 fs, 3.5-V 
pulses, using gallium arsenide nonlinear transmission 
lines and samplers (receiving 126 citations since 1994). 
He has guided his students to apply a related phase dis-
criminator to high-precision materials measurements 
(earning first prize in the 2020 IEEE Radio and Wireless 
Week student paper competition).

At the University of Wisconsin–Madison since 1999, 
Dr. van der Weide has made extraordinary contributions 
to the understanding of terahertz electronics, including 
coherent measurements, ultrabroadband antennas, and 
remote sensing. With John Booske, he invented and pub-
lished a scaled slow wave structure for terahertz travel-
ing-wave tubes that has been a reference in this rapidly 
growing field (receiving 348 citations since 2004). With 
Fritz Keilmann, he invented a polarization-based inter-
ferometer, applying pulse interferometry to femtosec-
ond lasers to produce broad infrared combs, whose 
development has had worldwide impact. With Robert 
Blick, he applied these techniques to the spectroscopy 
of low-dimensional electronics. He invented techniques 
to localize terahertz to submicrometer dimensions by 
using micromachined scanning probes as near-field 
antennas for microwave microscopy.

These small-signal measurements gave way to the 
exploration of localized microwave power to treat can-
cer. Challenged by Fred Lee to develop a superior treat-
ment modality to RF ablation, Dr. van der Weide invented 
a triaxial antenna that could be impedance matched to 
diseased tissue to efficiently deliver ablative power in 

a 17-gauge format, enabling percutaneous application 
under image guidance. With advisees Christopher Brace 
and Paul Laeseke, he pursued the clinical refinement of 
this application of 2.45-GHz microwave power, ultimately 
establishing NeuWave Medical, which has treated thou-
sands of patients and was acquired by Johnson & John-
son in 2016. Subsequently, he cofounded Elucent Medical, 
which has treated hundreds of patients through a wire-
less surgical navigation system of his invention that is 
being hailed as a breakthrough in breast cancer surgery.

Dr. van der Weide’s interests in coherent signal anal-
ysis in optical fiber for >100 Gb/s communications led 
him to cofound Optametra in 2007 with Rob Marsland 
(another Bloom group member). Optametra was 
acquired by Tektronix 2011. While he has wide-ranging 
interests and creativity to support them, the examples 
in the preceding indicate the breadth and depth of his 
contributions to the use of high-frequency technology 
to terahertz measurements and human health.
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Christian Waldschmidt received the Dipl.-Ing. 
(M.S.) and the Dr.-Ing. (Ph.D.) degrees in elec-

trical engineering from the Karlsruhe Institute of 
Technology, Germany, in 2001 and 2004, respective-
ly. From 2001 to 2004, he was a research assistant at 
the Institute of Radio Frequency Engineering and 
Electronics, Karlsruhe Institute of Technology. Since 
2004, he has been with Robert Bosch, in the corporate 
research and chassis systems business units. He has 
led research and development teams in microwave 
engineering, RF sensing, and automotive radar. In 
2013, Dr. Waldschmidt returned to academia. He was 
appointed the director of the Institute of Microwave 
Engineering, University of Ulm, Germany, as a full 
professor. His research topics include radar and RF 
sensing, millimeter-wave and submillimeter-wave 
engineering, antennas and antenna arrays, and RF 
and array signal processing. He has authored or co-
authored 280-plus scientific publications and more 
than 25 patents.

Dr. Waldschmidt’s research team has received 14 
best paper awards since 2014. He was a two-time TPC 
chair and general chair of the IEEE MTT-S Interna-
tional Conference on Microwaves for Intelligent Mobil-
ity. Since 2018, he has served as an associate editor for 
IEEE Microwave and Wireless Components Letters. He is 
member of the Executive Committee of the MTT-S/
IEEE Antennas and Propagation Society (AP-S) Joint 
Chapter in Germany. He was the founding chair of 

MTT-S Technical Committee 29 on Microwave Aero-
space Systems, and he served as chair of MTT-S Techni-
cal Committee 27 on Wireless Enabled Automotive and 
Vehicular Applications. He is a reviewer for multiple 
IEEE transactions and many IEEE conferences in the 
field of microwaves. Since 2020, he has been member of 
the Heidelberg Academy of Sciences and Humanities.
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TMTT.2011.2178427.
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Anding Zhu received the Ph.D. degree in electron-
ic engineering from University College Dublin 

(UCD) in 2004. He is currently a professor with the 
School of Electrical and Electronic Engineering, UCD. 
His research interests include high-frequency nonlin-
ear system modeling and device characterization tech-
niques, high-efficiency PA design, wireless transmitter 
architectures, digital signal processing, and nonlinear 
system identification algorithms.

The main body of Dr. Zhu’s work lies in the behav-
ioral modeling and digital linearization of RF PAs 
for wireless communications. The RF PA is one of 
the most critical units in wireless transmitters, as it 
consumes a large amount of energy and introduces 
distortion that limits data capacity. Dr. Zhu’s most 
prominent contribution is in developing accurate and 
compact behavioral models for RF PAs. He belongs to 
a small group of pioneers who demonstrated, from 
early 2000, how to use modified Volterra series mod-
eling of RF PAs. He developed various approaches 
to prune Volterra series to reduce model complexity 
while maintaining accuracy, which provided a foun-
dation for the use of Volterra series in PA modeling 
and real-world implementation.

The dynamic deviation reduction Volterra model 
that Dr. Zhu proposed in 2006 is one of the top three 
models currently used in real systems. His pioneering 
work in developing accurate behavioral models has not 
only enabled accurate characterization of PA behavior 
to help designers optimizing circuit performance but, 
more importantly, it enables a digital predistortion 
technique that applies an inverse function in digital 
basebands to compensate for the nonlinear distortion 
encountered in analog PAs to maintain efficiency with-
out losing linearity. Over the past 20 years, Dr. Zhu has 
continuously contributed to digital predistortion devel-
opment, from early prototypes to ground-breaking 

discoveries. He not only provides theorical advance-
ments but also smart solutions in real implementations 
that have had enormous impact in the field.

Dr. Zhu served as the secretary of the MTT-S 
AdCom in 2018 and is currently an elected member. 
He is the chair of Electronic Information Committee 
and the vice chair of the Marketing and Communica-
tions Committee. He served as the chair of the MTT-S 
Microwave High-Power Techniques Committee 
in 2020–2021. He was the general chair of 2018 IEEE 
MTT-S International Microwave Workshop Series on 
5G Hardware and System Technologies and the guest 
editor of a TMMT special issue on 5G hardware and 
system technologies. Dr. Zhu is a track editor of TMMT
and an associate editor of IEEE Microwave Magazine. 
He has been a member of the IEEE Future Directions 
Committee since 2020. He was the recipient of the 2021 
IEEE MTT-S Microwave Prize.
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 Solid-State Diode 
Technology for 
Millimeter and 
Submillimeter-
Wave Remote 
Sensing 
Applications
David Cuadrado-Calle, Petri Piironen, 
and Natanael Ayllon

tmospheric data collected through spaceborne millimeter (mm) and 
submillimeter-wave (sub-mm-wave) radiometry combined with 

complex numerical weather prediction models allow meteoro-
logical offices around the world to deliver accurate weather 
forecasting services of great socioeconomic value. Addition-

ally, the same radiometric technology is pivotal to other applications that 
include but are not limited to the study of the upper atmosphere of Earth, 
the understanding of the effects of climate change, and the study of the 
atmosphere and geological surface of other planets in the solar system. 
Table 1 shows some examples of remote sensing instruments where there 
is a demand for mm-wave, sub-mm-wave, and supra-THz radiometers and 
whose scientific success is underpinned, in great part, by the performance of 
the fundamental building blocks that form the instruments.

A
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Frequency mixers, frequency multipliers, total 
power detectors, and noise sources are key funda-
mental building blocks in heterodyne and direct 
detection receivers operating at mm- and sub-mm-
wavelengths, and these blocks are usually realized 
by taking advantage of the nonlinear electrical 
properties exhibited by certain types of solid-state 
diodes. Schottky-barrier diode mixers are a central 
element in all modern heterodyne mm- and sub-
mm-wave receivers for Earth observation (EO) and 
planetary science, and today, they are still the pre-
ferred first-detecting component at frequencies 
higher than 230 GHz [1]; see Figure 1. This is due to 
their superior maturity and electrical room-temper-
ature performance when compared with their main 

first-detecting competitor technology: the low-noise 
amplifier (LNA). 

The dominance of Schottky mixers in the sub-mm-
wave range is best exemplified through some of the most 
recent state-of-the-art mm- and sub-mm-wave front-end 
receiver developments for European Space Agency (ESA) 
space flight missions: the 243-, 325-, 448-, and 664-GHz 

front-end receivers on the Ice Cloud Imager 
(ICI) instrument for the MetOp-Second Genera-
tion (MetOp-SG) satellite series and the 600- and 
1,200-GHz front-end receivers on the Submilli-
metre Wave Instrument (SWI) for the JUpiter 
ICy moons Explorer (JUICE) [2]. All these front-
end receivers include a Schottky-barrier mixer 
as a first-detecting element in the receiving 
chain, and this component determines many 
fundamental performance parameters of the 
system, including the noise temperature and, 
consequently, the noise equivalent differential 
temperature (NE TD ).

At present and despite a recent emergence 
in heterostructure barrier varactor (HBV) 
technology for the development of fre-
quency triplers and quintuplers, Schottky-
barrier diodes are also the most frequently 
used technology for developing frequency 
multipliers due to their superior maturity. 
The utilization of Schottky varactors at mm-
wavelengths is ubiquitous, and to meet the 
local oscillator (LO) power requirements, it 
is common to place several diodes in series 
to increase the power-handling capability of 
the multiplier.

Another application of Schottky diodes 
and also of tunnel diodes is small-signal 
square-law or envelope power detection. The 
89-GHz channel on the microwave sounder 
(MWS) instrument for MetOp-SG is being 
built with this technology, and the outlook 
for these detectors at higher frequencies in 
the coming years is very promising. This is 
due, in part, to the expected improvements in 
high-electron mobility transistor monolithic 
microwave integrated circuit (MMIC) LNA 

technology at frequencies higher than 100 GHz [4], 
which is a stepping-stone for the utilization of direct 
detection systems in future mm- and sub-mm-wave 
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EO missions. Figure 2 shows the simplified diagram of 
a direct detection receiver.

The internal calibration of mm-wave radiometers 
with a noise source is currently considered another 

concept with high potential for application in the 
EO community. The radiometric calibration of 
mm-wave remote sounding and imaging receiv-
ers has traditionally been performed by alternating 
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Figure 1. Simplified functional diagram of a heterodyne receiver operating at frequencies >230 GHz and MetOp-SG receiver 
developed by Radiometer Physics GmbH (RPG). Diode components are highlighted in red. (Receiver photo source: [3].) IF: 
intermediate frequency; LNA: low-noise amplifier; MetOp-SG: MetOp-Second Generation; MPA: medium power amplifier. 

TABLE 1. Examples of missions with a demand for mm-wave, sub-mm-wave, and supra-THz diode technology.  

Instrument Type Phase Diode Development Needs

LEO Meteorological Satellites

MetOp MHS mm-wave sounder Utilization Radiometers at: 89, 157, 183, and 190 GHz.

MetOp-SG MWS mm-wave sounder Production Radiometers at: 31, 50–57, 89, 166, 183, and 229 GHz.

MetOp-SG MWI mm-wave imager Production Radiometers at: 31, 50–53, 89, 118, 166, and 183 GHz

MetOp-SG ICI mm-wave imager Production Radiometers at: 183, 243, 325, 448, and 664 GHz

CIMR mm-wave imager Mission analysis Radiometers at: 36 GHz

AWS mm-wave sounder Mission analysis Radiometers at: 54, 89, 166, 183, and 325 GHz

GEO Meteorological Satellites

GEO-sounder mm-wave sounder Concept Radiometers at: 183 GHz

FY-4M GIMS mm-wave sounder Concept Radiometers at: 50–56 GHz

GeoSTAR MWS Utilization Radiometers at: 54 and 183 GHz

Atmospheric Science Missions

EarthCARE Cloud profiling radar Production Radar at: 94 GHz

Keystone (formerly 
LOCUS)

Upper-atmospheric sounder Concept Radiometers at: 800 GHz, 1.1, 3.5, and 4.7 THz

Planetary Science Missions

JUICE SWI Terahertz sounder Production Radiometers at: 600 and 1,200 GHz

ORTIS Terahertz Sounder Concept Radiometer at: 2.2 THz.

MHS = Microwave Humidity Sounder; CIMR: Copernicus Imaging Microwave Radiometer; AWS: Arctic Weather Satellite; ORTIS = Oxford RAL Terahertz-Infrared Sensor; LOCUS: 
Low Cost Upper- atmosphere Sounder.
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measurements of an internal calibration target and 
the “cold” sky. This requires a “bulky” calibration 
subsystem that increases the mass of the payload 
and can also impact the mission efficiency due to 
the speed limitation of the rotating quasi-optics. In 
this sense, the future utilization of fast-switching 
Schottky-diode mm-wave noise source technology 
can lead to a significant mass reduction and improved 
mission efficiency.

When con sider i ng a l l  t he a forement ioned 
applications and because Schottky diodes, tunnel 
diodes, and HBVs deliver excellent performance 
when operated at room temperature, these devices 
are a very versatile and competitive technology, 
and it is in the best interest of the EO and plan-
etary science communities to have them readily 
available from commercial sources. However, due 
to the niche market of these diodes, their develop-
ment has not always been commercially attractive 
and, more often than not, the critical mass for R&D 
and production has had to be supported with pub-
lic funding.

Scope and Applications
In this article, we present the current development 
status and a quantitative comparison of different 
consolidated (e.g., Schottky) and emerging (e.g., 
HBV and resonant interband tunneling) solid-state 
diode technologies that are suitable for the imple-
mentation of each of the following building blocks 
for heterodyne and direct signal detection radiome-
try: frequency mixers, multipliers, total power detec-
tors, and noise sources. The application that will be 
driving the development road map for these diode 
technologies is remote sensing—including low-Earth 
orbit (LEO) meteorological remote sounders and 
imagers, geostationary (GEO) atmospheric sounders, 
upper-atmosphere sensors, and so on—where instru-
ments require a very high degree of sensitivity while 
being operated at room temperature to reduce mass 
and complexity. 

Therefore, it is with this application in mind that we 
present this technology overview, which covers a broad 
range of operating frequencies, extending from the mm-
wave range (30–300 GHz), to the sub-mm-wave range 
(300–3,000 GHz) and up to the supra-THz region 
(<5 THz). With the aforementioned considerations in 
mind, it must be noted that in addition to remote sens-
ing, the technologies presented in this article are rele-
vant to several other applications, such as astrophysics 
and cosmology (with the instrument typically operated 
at <20 K), space-to-space very-long-baseline interferom-
etry, sub-THz intersatellite links, telecoms, nondestruc-
tive testing of insulation materials, biomedical imaging, 
and security scanners.

Key Players in Europe and the United States

European Foundries
Planar Schottky diodes were first introduced by Cro-
nin and Law from the University of Bath (United King-
dom) in the early 1980s [6], [7] and developed in the 
late 1980s and 1990s, thanks to the pioneering work 
undertaken, first at the University of Virginia (United 
States) [8], NASA Jet Propulsion Laboratory (JPL) 
(United States) [9], and the group of H. Hartnagel at 
the Technical University of Darmstadt (Germany) [10], 
and subsequently, at other research institutions like the 
Rutherford Appleton Laboratory (RAL) (United King-
dom) [11]. Rydberg and Kollberg from Chalmers [12] 
introduced the HBV in 1989, and the work at the Insti-
tut d’Electronique et de Microélectronique du Nord 
(France) was also paramount to bring this technology 
to maturity [13].

In the early 2000s, Europe did not have competi-
tive diode technology for spaceflight operation in 
the sub-mm-wave regime. However this situation 
has changed drastically over the past two decades, 
thanks in part to several technology development 
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Figure 2. (a) Simplified functional diagram of (b) a direct 
detection total power radiometer and power detector for 
MetOp-SG developed by ACST. (Detector photo source: [5].)

Several European foundries have 
developed competitive space-
qualified diode processes and 
demonstrated them in recent  
ESA missions. 



48     June 2022

programs that have taken place under the framework 
of MetOp-SG as well as other ESA and national fund-
ing sources. Several European foundries, such as ACST 
GmbH (Germany), Chalmers University of Technology 
(Sweden), the Observatoire de Paris (OdP) (France), and 
Teratech Components Ltd./RAL (United Kingdom), 
have developed competitive space-qualified diode pro-
cesses and demonstrated them in recent ESA missions.

ACST GmbH and Teratech Components Ltd./RAL 
have supplied Schottky diodes for the frequency mix-
ers and LO chains developed by both RAL and Radi-
ometer Physics GmbH for the mm- and sub-mm-wave 
receivers operating up to 664 GHz on the MWS, Micro-
wave Imager (MWI), and ICI instruments for MetOp-
SG [1]. Chalmers and the OdP/Laboratoire d’Etudes 
du Rayonnement et de la Matière en Astrophysique 
et Atmosphères (LERMA) have supplied Schottky 
diodes for the frequency mixers and multipliers in the 
JUICE SWI [2], [14]. United Monolithic Semiconduc-
tors (France) have also demonstrated space-qualified 
planar Schottky diodes, which are included in the ESA 
Preferred Parts List. Figure 3 shows a scanning elec-
tron microscope (SEM) image of two diodes: one from 
RAL and the other one from OdP-LERMA.

The European foundries employ different techniques to 
fabricate their Schottky diodes. Teratech Components Ltd./
RAL and Chalmers use surface channel etch planar diodes 
[9], [17]. ACST GmbH uses a quasi-vertical planar structure 
[9]. The OdP/LERMA uses a reflow process and a photore-
sist membrane [16]. UMS uses a buried epitaxial Schottky 
(BES) process [18]. Figure 4 shows a typical layer diagram 
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Figure 3. SEM images of antiparallel air-bridge diode pairs 
from: (a) RAL ([15]) and (b) OdP-LERMA ([16]). 
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for some of these techniques. More 
information on these fabrication 
methods can be found in [9].

While Schottky diodes have 
typically been and still remain the 
reference diode technology for the 
development of sub-mm-wave 
remote sensing instrumentation, 
some European foundries have 
developed other diode technolo-
gies that can also deliver excel-
lent performance. This is the case, 
for instance, for Chalmers’ HBVs 
[19] and OMMIC’s resonant inter-
band tunnel diodes (RITDs) [20].

U.S. Foundries
U.S. foundries NASA JPL and 
Virginia Diodes (VDI) have long been leading interna-
tional suppliers of Schottky-barrier diodes for space-
borne applications, pioneering sub-mm-wave and THz 
integrated diode circuit development since the 1990s, 
thanks in part to the astrophysics community and the 
technology development road map for Herschel [6], 
[21]. As a matter of fact, some of the highest-operating-
frequency multipliers and mixers from the open litera-
ture use diodes from these two foundries [9], [22]–[24]. 
The University of Virginia, of which VDI was initially 
a spin-off, also has in-house space-qualified Schottky-
diode fabrication capabilities.

The fabrication processes of these three American 
foundries have a longstanding space-qualification 
heritage through multiple space missions. To exem-
plify this: NASA JPL supplied the diodes for the LO 
source of the Heterodyne Instrument for Far-Infrared 
onboard the Herschel Space Observatory; the Univer-
sity of Virginia supplied diodes for the Earth Observ-
ing System Microwave Limb Sounder [25]; and VDI 
supplied a sub-mm-wave receiver for IceCube with in-
house Schottky diode technology, a satellite that deliv-
ered the first map of the global distribution of 883-GHz 
cloud ice between 2017 and 2018.

Like their European counterparts, these U.S. found-
ries use different fabrication processes. VDI fabricates the 
planar Schottky diodes using surface channel etching [9]. 
JPL uses a reflow process and a photoresist membrane 
[9]. Finally, the University of Virginia uses a quasi-verti-
cal structure [9].

Although we have not found any evidence for the uti-
lization of this technology on a space mission, HRL Labo-
ratories has produced an antimony (Sb) heterostructure 
backward tunnel diode, which allows for the development 
of very sensitive zero-bias detectors and has potential for 
application in space [26]. More recently, the U.S. Naval 
Research Laboratory has demonstrated a new gallium 

nitride (GaN)-based RITD concept whose development 
should be closely monitored in the future [27].

Frequency Mixers
Schottky-barrier diodes are the central element in all 
modern room-temperature frequency down-converter 
systems for atmospheric science and astronomy. 
A Schottky junction consists of a metal and a semi-
conductor: typically gallium arsenide (GaAs). When 
these two elements are brought in contact with each 
other, a potential barrier builds up in the interface, 
creating a nonlinear voltage-current relationship that 
allows the down-conversion of the incident signal by 
application of an LO signal. Figure 5 shows the band 
diagram of a Schottky diode, where EV is the energy 
of the valence band, EC is the energy of the conduc-
tion band, E0 is the free space energy level, EF is the 
Fermi level, and BU  is the Schottky barrier height. 
Figure 6 shows the internals of a 1.2-THz frequency 
mixer from JPL [28].

When pumped at their fundamental frequency, 
Schottky mixers typically deliver their best perfor-
mance when pumped with an LO signal of 1 mW, 
and this power requirement usually doubles or triples 
when using a subharmonic configuration: that is, when 

Metal Metal
N-Type
Semiconductor

N-Type
Semiconductor

E0

E0EC

ΦB EC

EV

EV

EFS

EFEFM

(a) (b)

Figure 5. A simplified energy band of a metal-semiconductor junction. (a) Before 
contact. (b) After contact. (Based on figure from [29]; used with permission.)  
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Figure 6. A 1.2-THz mixer device mounted in its housing. 
(Source: [28].) 
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the mixer is pumped at half of its 
fundamental frequency. In this 
sense, the utilization of low-barrier 
Schottky diodes with semiconduc-
tor materials such as indium GaAs 
(InGaAs) can bring the LO power 
requirements down by an order 
of magnitude [30], thereby open-
ing the door to the development of 
future multipixel focal plane arrays. 
However, the tradeoff between 
the pump power and the noise 
performance of the mixer needs to 
be considered.

Current State of the Art 
Versus Frequency
Figure 7 depicts the double-side-
band (DSB) noise temperature of 
several state-of-the-art Schottky-
barrier frequency mixers from the 
open literature versus frequency 
and also against the quantum limit, 
i.e., the noise level limit resulting 
from the Heisenberg uncertain-
ty principle. The data shown in 
Figure 7 do not take into account 
the operat ing bandwidth of 
the devices as the goal of this fig-
ure is not to compare individual 
Schottky mixer performances to 
each other but rather to get an 
idea of the current noise capabili-
ties of diode technology.

From Figure 7, it can be seen that 
the best mixers reported to date 
in the open literature with operat-
ing frequencies lower than 1.1 THz 
feature a DSB noise temperature 
between 30 and 50 times the quan-
tum limit. Developments at fre-
quencies between 1.1 and 5 THz 
are pioneered by JPL, VDI, and 
Chalmers [9], [46], [47], although 
the noise temperatures reported 
in this segment are significantly 
higher than 50 times the quan-
tum limit.

Frequency Multipliers
Frequency multipliers are the cor-
nerstone of LO sources operating 
in the mm-wave range and beyond 
[6]. Signal multiplication has tra-
ditionally relied on the nonlinear 

10
0,

00
0

10
,0

00

1,
00

0

10
0

DSB Noise (K)
Fr

eq
ue

nc
y 

M
ix

er
s

Fr
eq

ue
nc

y 
(T

H
z)

F
un

da
m

en
ta

l

F
un

da
m

en
ta

lIn
G

aA
s

(S
im

. O
nl

y)

In
G

aA
s

0.
1

1
10

30
× 

hv
/k

50
× 

hv
/k

80
× 

hv
/k

D
ev
ic
e

(G
H
z)

L
O

P
o
w
er

(m
W
)

R
ef
.

D
ev
ic
e

(G
H
z)

L
O

P
o
w
er

(m
W
)

R
ef
.

16
6

2
[3

1]

18
3

2.
5

[3
2]

18
3

0.
34

[3
3]

23
5

4
[2

5]

24
0

3
[2

5]

30
0

2.
5

[3
4]

33
0

2.
5

[3
5]

34
0

1.
2

[3
6]

34
0

7
[3

7]

34
5

N
R

[3
8]

38
0

2.
5

[1
8]

40
0

5.
5

[3
9]

44
5

N
R

[3
8]

55
0

1.
5

[1
4]

55
7

3
[1

6]

56
0

1.
5

[4
0]

1.
5

[1
4]

N
R

[3
8]

1.
25

[4
1]

1.
5

[4
2]

2.
2

[2
8]

0.
3

[3
0]

1
[4

3]

1
[4

4]

N
R

[3
9]

7.
4

[1
1]

0.
38

[4
5]

N
R

[3
9]

2
[4

6]

N
R

[4
7]

66
0

66
4

85
0

87
4

1,
13

4

1,
20

0

1,
56

1

2,
06

0

2,
40

0§

2,
50

0

2,
80

0§

3,
00

0§

3,
50

0∗

4,
00

0∗

4,
80

0
N

R
[9

]

S
ch

ot
tk

y 
Te

ra
te

ch
-R

A
L

S
ch

ot
tk

y 
C

ha
lm

er
s

S
ch

ot
tk

y 
A

C
S

T
S

ch
ot

tk
y 

O
dP

-L
E

R
M

A
S

ch
ot

tk
y 

U
M

S
S

ch
ot

tk
y 

U
ni

ve
rs

ity
 o

f V
irg

in
ia

S
ch

ot
tk

y 
JP

L
S

ch
ot

tk
y 

V
D

I

Fi
gu

re
 7

. N
oi

se
 te

m
pe

ra
tu

re
 v

er
su

s f
re

qu
en

cy
 o

f s
ev

er
al

 st
at

e-
of

-t
he

-a
rt

 fr
eq

ue
nc

y 
m

ix
er

s f
ro

m
 th

e o
pe

n 
lit

er
at

ur
e a

t r
oo

m
 te

m
pe

ra
tu

re
. M

ix
er

s a
re

 h
ar

m
on

ic
 u

nl
es

s o
th

er
w

is
e i

nd
ic

at
ed

. 
N

oi
se

: )
, n

ot
 re

po
rt

ed
 (N

R
); 

§,
 e

st
im

at
ed

 fr
om

 lo
ss

es
; s

im
.: 

si
m

ul
at

ed
; R

ef.
: r

ef
er

en
ce

.



June 2022   51

operating principles of Schottky-barrier metal-semicon-
ductor contacts implemented on GaAs substrates, given 
the high degree of maturity of this technology. How-
ever, GaN is also a promising material due to its wider 
bandgap (3.4 eV versus 1.4 eV for GaAs), which leads 
to a higher breakdown voltage, and consequently, 
higher power-handling capability than GaAs with 
the same anode size. Figure 8 shows the internals of a 
Schottky-based 260–307-GHz frequency doubler from 
OdP-LERMA [16].

HBVs have recently emerged as a competitor to 
Schottky varactors in some multiplier applicat ions. 
HBVs consist of a “sandwich” structure with two 
identical semiconductor materials (e.g., InGaAs) sepa-
rated by a third different type of semiconductor mate-
rial (e.g., aluminium arsenide), with the inner layer 
featuring a larger bandgap than the outer layers [19]. 
Bringing these three semiconductor layers together 
results in a symmetric and nonlinear capacitance-voltage 
characteristic that cancels the even-mode harmonics and 
allows an incident signal to be multiplied by a factor of 
×3 or ×5.

Current State of the Art Versus Frequency
Figure 9 shows the room-temperature performance of 
several state-of-the-art Schottky and HBV multiplier 
sources from the open literature. From Figure 9, it can be 
seen that the output power generation capability of the 
multiplier sources decreases with frequency and the gen-
eration of LO power at frequencies higher than 700 GHz 
is by no means easy. This is the reason why the maxi-
mum powers reported to date in the literature with 
uncooled LO source technologies (i.e., excluding quan-
tum cascade lasers) at frequencies >700 GHz are gener-
ally <2 mW [6], [9]. It is also worth noting that, despite 
their inferior maturity, the few GaN Schottky multi-
pliers reported in the literature deliver similar output 
power to the Schottky and HBV multipliers. However, 
while the efficiency of GaAs Schottky and HBV devices 
is as high as 30% [9], [38], [56], the efficiency of GaN 
Schottky multipliers is lower than 11.5% [49], [52], [55].

Detectors
The detector technologies with the best applicability in 
room-temperature receiver systems for remote sensing 
are Schottky diodes and Sb heterostructure backward 
tunnel diodes [26]. Traditional GaAs Schottky junc-
tions have a differential resistance at 0 V in the range 
of teraohms. Measurement of the dc voltage across 
this resistance is possible only by the application of 
a bias signal that reduces the differential resistance 
but also adds noise to the dc output signal. An alter-
native approach to overcome this obstacle, which has 
been adopted by ACST and VDI, consists of lowering 
the barrier by using materials such as InGaAs/indium 

phosphide (InP), which enable the operation under 
zero-bias conditions.

Sb heterostructure backward tunnel diodes are a 
proprietary technology of HRL [59] and are based on 
epitaxial layers of the indium arsenide (InAs)/alumin-
ium antimonide/gallium antimonide (GaSb) family. 
OMMIC also has developed its own RITD technology 
on an InP substrate that can be integrated with an 
MMIC LNA. The bandgap between InAs and GaSb, 
where the conduction band minimum of InAs lies ener-
getically below the valence band maximum of GaSb, 
creates a natural asymmetry in the current flow with 
bias direction. The resulting curvature in the I–V char-
acteristic is ideal for zero-bias direct detection. Also, it 
is noteworthy that these devices are very robust against 
temperature variations [26].

Micro hot electron bolometers (HEBs), transition 
edge sensors (TESs), kinetic inductor detectors (KIDs), 
and Golay cells are other detector technologies with 
potential for achieving exceptional sensitivities. How-
ever, HEBs, TESs, and KIDs are operated at cryogenic 
ambient temperature, and therefore, are not part of 
the scope of this document. Golay cells are uncooled 
and feature comparable performance in the sub-mm-
wave range to Schottky diodes, but Golay cells feature 
a slower response time, in the range of 25–30 ms [17] 
(compared to the response time of Schottky diodes in 
the order of picoseconds).

The performance of a power detector is quantified 
by its responsivity and its noise-equivalent power 
(NEP). The responsivity indicates the output voltage 
response of the detector to an applied RF power at the 
input. The NEP is the minimum input power, which 
produces a signal-to-noise ratio of one at the output 

Input Waveguide
Output Waveguide

Beam Leads dc Bias Path

Diodes

Figure 8. Internals of a Schottky-based 260–307-GHz 
frequency doubler for JUICE-SWI. (Source: [16].)  

Frequency multipliers are the 
cornerstone of LO sources operating 
in the mm-wave range and beyond.
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of the detector. The linearity 
of the detector (deviation from 
square law) is also an essential 
parameter, and a compromise 
among responsivity, signal-to-
noise ratio, and linearity is often 
needed when selecting the oper-
ating point.

Current State of the Art 
Versus Frequency
Figure 10 shows the responsiv-
ity versus frequency and NEP of 
several state-of-the-art detectors 
from the open literature. From 
Figure 10, it can be seen that 
current state-of-the-art Schottky 
and tunnel diode-based detec-
tor s  ac h ieve  re spon siv it ie s 
wit hout video amplif icat ion 
between 1,000 and 3,000 mV/mW 
from 60 to 500 GHz, between 
700 and 1,000 mV/mW from 
500 GHz to 1 THz, and around 
100 mV/mW in the 1–1.7-THz 
frequency range. The NEPs of 
these devices range from 3 to 
6 pW/√Hz at the lower end of 
the mm-wave spectrum [34], [39] 
to 12–15 pW/√Hz from 300 to 
1,000 GHz [39] and 113 pW/√Hz 
from 1.1 to 1.7 THz [39].

Noise Sources
As explained at the beginning 
of this article, noise sources can 
be used to perform an internal 
radiometric calibration of space-
flight receivers. State-of-the-art 
mm-wave noise sources from the 
open literature have tradition-
ally been implemented in the 
form of a reverse-biased diode 
in the avalanche regime. The 
white noise signal arises from 
the collision-induced ionization 
of free carriers in the semicon-
ductor medium [62]. The diodes 
are often a Schottky device im -
plemented on GaAs [62], simi-
lar to those used in frequency 
mixers and multipliers, or a PN 
union and a Schottky device in a 
series implemented on a bipolar 
CMOS (BiCMOS) structure [63]. 
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Cernex and ELVA-1 use Impact ionization Avalanche 
Transit-Time (IMPATT) silicon diodes [64], [65].

The performance of a noise source is quantified by 
its excess noise ratio (ENR), which is the ratio between 
the output noise power of the diode in its ON and OFF 
operating states. The ENR can often be adjusted by 
tuning the bias reverse current.

Current State of the Art Versus Frequency
Figure 11 shows several state-of-the-art noise sources 
from the open literature. From Figure 11, it can be 
seen that there is a range of commercial-off-the-shelf 
noise sources operating in the 30–220-GHz range 
from commercial vendors, such as VDI, Noisecom, 
Eravant, Quinstar, Cernex, and ELVA-1. Teratech-
RAL proposed a novel approach to noise source 
development, which is based on the heterodyne 
mixing of intermediate frequency (IF) signals [69] 
and which delivers ENRs higher than 23 dB up to 
190 GHz. Although this article is focused on solid-state 
diode technology, a recent work by VTT-Millilab [70] 
has also been included in Figure 11, showing two noise 
sources implemented in the form of a silicon ger-
manium BiCMOS amplifier with an input termination 
that deliver exceptional performance, such as an ENR 
of 25 dB at 215 GHz. These amplifier sources have a 
supply voltage requirement of only 2.3 V, compared 

with the 28 V often required by other technologies, 
such as Schottky [39] and IMPATT [39]. The only works 
reported in the sub-mm-wave region with an ENR 
higher than 10 dB do not use solid-state diodes either 
but a combination of erbium-doped fiber amplifiers 
and photodetectors [72], [74].

Key Areas for Future Research
The diode technology survey presented in the previous 
sections allows some key areas of research to be identi-
fied to push the boundaries of mm- and sub-mm-wave 
remote sensing instrumentation. To enable future science 
objectives, such as the observation of key mesosphere 
and lower thermosphere species like atomic oxygen, 
the hydroxyl radical, and nitric oxide, the maturity of 
Schottky mixer technology needs to be expanded to the 
THz region. To develop supra-THz mixer and multiplier 
technology, it is paramount to use high-quality epitaxial 
layers and air bridges and reduce the junction capaci-
tance of the diodes by reducing the size of the anode to a 
small fraction of a µm2 [45]. Other parasitics, such as the 
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Figure 10. (a) and (b) Responsivity (a) and NEP (b) versus frequency of several state-of-the-art detectors from the open 
literature at room temperature, normalized to a video gain of ×1. The video gain of the detectors operating at 70, 82, 90, 100, 
200, 600, and 1 THz GHz has been estimated to be ×10. 

Noise sources can be used to 
perform an internal radiometric 
calibration of spaceflight receivers.
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series resistance, also need to be minimized, and this can 
be achieved by shortening the path between the anode 
and the ohmic contact. Velocity saturation effects can be 
mitigated by increasing the doping level, although being 
mindful of the impact on the ideality factory. The thick-
ness of the passivation layers also needs to be reduced to 
a few tens of nm [6].

An important obstacle for expanding the opera-
tion of heterodyne receivers to the THz regime is the 
lack of LO power. With the advent of power amplifi-
ers operating at frequencies higher than W-band and 
delivering watts of output power, the development of 
sub-mm-wave wave Schottky multipliers is commer-
cially viable, and these can be extended to the THz 
range if precise models that account for nonideal phe-
nomena, such as edge and fringing capacitance effects, 
are developed [75], [76]. The development of sub-mm-
wave HBVs is also commercially viable, but HBV 
technology has to be brought to maturity in terms of 
reproducibility and reliability. GaN Schottky devices 
can handle watt-order input powers but feature less 
efficiency than their GaAs Schottky or HBV counter-
parts. Thus, a further investment in GaN Schottky 
technology is also needed.

Current LO pump requirements of fundamental 
and subharmonic mixers, combined with the difficulty 
of spaceborne LO signal generation, are hardly com-
patible with future focal plane imaging arrays. It is 
therefore important to investigate low-barrier technol-
ogies, such as InGaAs, which can reduce the LO power 
requirements by an order of magnitude [30].

The upper operating frequency threshold and the 
maturity of total power detectors and noise sources 
need to be increased to enable the development of novel 
spaceborne system architectures, such as direct detec-
tion and internal calibration. The atmospheric attenu-
ation at frequencies higher than 300 GHz experiences 
a gradual increase, and therefore, the development of 
more sensitive detectors with lower NEP is even more 
important than at lower frequencies. However, there 
are very few examples of detectors operating above 
this frequency threshold, and a further investment is 
needed to push the limits of this technology.

Lastly, it is worth noting that all the building blocks 
presented in this article can benefit from using inte-
grated diode structures. Diodes can be fabricated as 
discrete devices that can be soldered onto a matching 
network or directly integrated in a filter or a (mem-
brane) MMIC structure. The approach of direct inte-
gration is an excellent alternative to the rather complex 
space-qualified diode soldering process, improves 
repeatability, and also reduces parasitics and mis-
alignment issues.

Conclusions
Recent advancements in solid-state diode technology, 
such as a reduction in the device feature size and the 
use of high-quality semiconductor materials, have 
allowed the scientific community to develop frequency 
mixers, multipliers, and power detectors, which have 
fulfilled the requirements of recently developed single-
pixel remote sensors operating in the mm-wave range 
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and up to 1.2 THz, such as the MWS onboard MetOp-
SG and the SWI onboard JUICE. However, it is impor-
tant to continue thinking forward and investing in 
solid-state diode technologies. This will allow the cur-
rent performance limits of fundamental receiver build-
ing blocks to be pushed forward and future demands 
for additional LO power in support of future multi-
pixel focal plane arrays to be accommodated. Equally 
important is to extend the frequency of operation of 
the diodes in support of future THz sensor develop-
ment and research novel technologies, such as internal 
onboard calibration subsystems, to improve the pay-
load design and mission efficiency.
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mplifiers and filters are essential components in microwave 
systems. An amplifier is used to increase the signal strength, 

and it is usually cascaded by filters for frequency selection 
or harmonic rejection [1]–[3]. Their functionalities require a 
precise design of the individual parts as well as the way in 

which they are connected. The common approach is to make individual 
components with a system impedance that is usually .50X  A generic 
example of the filters and amplifier in a generalized receiver is shown in 
Figure 1(a).

Rather than the conventional topology, where the amplifiers, match-
ing networks, and filters are separate, the amplifier and the filters can 
be integrated, allowing the input matching network (IMN) and the out-
put matching network (OMN) of the transistor to be removed [see Fig-
ure 1(b)]. In this approach, the filters are designed to replace the matching 
networks whose elements can be on-chip lumped circuits or planar struc-
tures. Thus, loss reduction can be achieved through two aspects: first, 
the ohmic and dielectric loss of the microstrip matching circuitry can 
be minimized; secondly, the insertion loss and risk of multiple reflec-
tions associated with the port-to-port interconnection can be avoided. 
Apart from reduced loss, such integrated filter–amplifiers also have 
appealing advantages, such as significantly reduced size and improved 
performance in terms of matching and efficiency over the conventional 
approach based on individually cascaded components. These advantages 
are particularly attractive for millimeter-wave and terahertz applications, 
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where the insertion loss of the matching network is 
usually a significant concern. Here, we will review the 
recent advances of the integrated filter–amplifiers and 
present featured techniques and examples.

Extending Passive Filter Design 
Methods to Active Circuits
Passive filter synthesis techniques have been well 
established [3]. These techniques normally deal with 
filters with real loads (usually ),50X  which is a valid 
assumption for typical microwave filters. However, 
in general, the loads presented by transistors are not 
real, and they present a complex frequency-depen-
dent impedance, as shown in Figure 2(a). Filter–
amplifier integration concerns the transformation of 
the transistor port impedances so that the amplifier 
response can be fully specified using Chebyshev, 
Butterworth, elliptical, or other filtering functions 
[see Figure 2(b)]. The challenge is to incorporate the 

complex impedances presented by the transistors into 
the design of passive filters where the real-valued 
source and load impedances are usually considered. 
The matching filters of the transistor also play an 
important role in the amplifier’s characteristics, such 
as efficiency, harmonic terminations, stability, and 
noise figure.

Let us start the discussion with broadband filter–
amplifiers, followed by narrow-band filter–amplifiers. 
For broadband amplifiers, matching filters are com-
monly realized using multistage LC element-based lad-
der networks, enabling the use of the well-developed 
classic wideband filter synthesis. The matching filter 
design techniques can be classified into numerical or 
analytical methods [4]. A numerical solution, namely 
the real frequency technique, was proposed by Carlin 
and Komiak [5] and further developed by Yarman and 
Carlin [6]. Fano, for the first time, came up with tran-
scendental equations for broadband filter matching 
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Figure 1. (a) A typical receiver system and (b) an integrated filter–amplifier. The amplifier and filters can be integrated, 
eliminating the need for separate impedance matching circuits. IMN: input matching network; OMN: output matching network. 
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network with arbitrary impedance to achieve the 
desired return loss [7]. Dawson proposed closed-form 
formulas and tabulated methods for broadband ampli-
fier matching [8]. Other analytical techniques were also 
developed and utilized, such as the clipping contour 
method [9], simplified real frequency technique [10], 
even–odd-mode analysis technique [11], and reac-
tance-compensation technique [12]. The distributed 
amplifier (DA) is also a common solution to broad-
band amplifications [13]. Unlike these aforementioned 
techniques, actively coupled resonators, active imped-
ance/admittance inverters, and negative resistance 
were also applied to satisfy the filter transfer func-
tions in DAs [13]–[15]. Compared with passive filter 
ladder-based amplifiers, the advantages of the DAs 
are flat gain, flat group delay, low noise figure, and 
low voltage standing-wave ratio (VSWR) over a wider 
bandwidth. The disadvantage of the active distrib-
uted filter is the need for multiple transistors, which 
increase the circuit complexity and cost and result in 
relatively low efficiency.

Narrowband amplifiers deal with a relatively sim-
pler situation because the complex frequency-depen-
dent impedance can be treated as a constant value 
within the band of interest. By incorporating the arbi-
trary complex impedance of the transistor into the fil-
ter, the filtering matching can be readily maintained. 
There exist indirect and direct integration techniques 
for the filter–amplifiers. For the indirect approach, 
the imaginary component of the complex impedance 
is absorbed first and then transferred to the 50-X
common terminal impedance. This is followed by the 
classic filter synthesis. The equivalent circuit analysis 
method can be employed in the conversion of arbi-
trary complex port impedance. In practice, coupled 
lines [16] and quarter-wavelength impedance invert-
ers [17] are often used in the conversion of the imped-
ance’s imaginary part, and the filter couplings are 
adjusted to match the real parts. The drawbacks of 
the indirect approaches lie in the additional circuit 
complexity and loss introduced by the transforma-
tion structure.

Unlike the indirect approach, the direct filter–
amplifier integration method treats passive elements 
and active elements as an entity and utilizes resona-
tor-based filters to offer the matching for amplifiers. 
Figure 3 shows diagrams of a typical n-coupled reso-
nator filter and an integrated filter–amplifier. In the 
resonator-based filter–amplifier topology, the complex 
impedance conversion can be achieved by choosing 
appropriate coupling values [18]. For example, if the 
transistor has a complex input admittance Y a jbin = +

(a and b are real constants), to achieve the desired Che-
byshev (or other) filtering response, the coupling coef-
ficients can be modified as [19]–[21]

,m a g g
b

,k
k k

k
1$

=-
+

 (1)

,m m a g g
a b

, ,k k
k k 1

2 2

in in $
= = +

+
 (2)

where gk  and gk 1+  are the standard g values defined 
in the Chebyshev low-pass prototype [3]. m ,k k  is the 
self-coupling of the kth resonator that is adjacent to 
the transistor port; m ,k in  and m ,kin  are the couplings 
between the kth resonator and the transistor.

This resonator-based filter integration technique 
is ideally suitable for applications at millimeter-wave 
and terahertz frequencies in that the resonators could 
have very low loss if made from waveguide structures 
[22]–[24]. Resonator-based filter matching approaches 

dc Supply

Input
Filter

Output
Filter

Ygd

YS YL

Yds

Ygs

Gain

f

S
-P

ar
am

et
er

s

Return Loss

(a)

(b)

Figure 2. (a) Filters matching the complex input and output 
impedances of a transistor. YS  and YL  are the optimum 
source and load admittances depending on the types of 
amplifiers; ,Ygd ,Ygs  and Yds  are the admittances of the 
transistor small-signal model. (b) Illustrative filter–amplifier 
S-parameter response with a filtering function and gain.

The challenge is to incorporate the 
complex impedances presented by 
the transistors into the design of 
passive filters where the real-valued 
source and load impedances are 
usually considered.
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can also be employed to provide the desired matching 
for other types of microwave circuits with complex 
port impedance. For example, we have demonstrated 
this on filter–amplifiers with different topologies 
[19]–[21], orthomode transducers [25], Schottky diode-
based frequency triplers [26], [27] and subharmonic 
mixers [28]. See also “Active Coupling Matrix Synthe-
sis for Filter–Amplifiers.”

Physical Construction of Integrated 
Filter–Amplifiers
Now let us move on to the practical amplifier design. 
Electrical and physical characteristics of the inte-
grated filter–amplifiers are closely related to the tran-
sistors, packaging process, choice of filter types, and 
integration techniques. It should be noted that the 
design of the filter–amplifier is a two-stage approach, 
where the type of filter (e.g., microstrip, coaxial, wave-
guide, or dielectric) can be considered at the second 
stage. The technique described here can be used in 
different types of filters. The choice of the filter types 
depends upon the device or system requirements, 

such as insertion loss, achievable bandwidth, power-
handling capability, noise, power, temperature stabil-
ity, size, and cost. The physical construction of the 
filter and how it is integrated with the on-chip tran-
sistor is an important practical consideration. A few 
different schemes of filter–amplifier integration using 
various physical structures will be reviewed later.

The losses of the integrated filters (including dielec-
tric loss, ohmic loss, and radiation loss) are determined 
not only by the physical and electrical parameters of the 
materials but also by their physical construction. Table 1
summarizes the typical unloaded Q-factors of several 
popular microwave resonators. Advanced manufactur-
ing technologies allow various physical constructions 
to be precisely fabricated. Apart from traditional com-
puter numerical control machining, emerging manu-
facturing technologies, such as 3D printing, SU-8, laser 
cutting, and silicon deep reactive ion etching have been 
utilized in making various passive microwave circuits 
[30]. Combining these advanced machining technolo-
gies with the new packaging and integration scheme 
is expected to greatly reduce the loss and improve the 
efficiency of the amplifier and advance the technologies 
into new applications at increasingly higher frequencies.

Microstrip Filter–Amplifiers
Planar circuit filters are commonly used for matching 
transistors because of their low production cost and 
ease of fabrication [31]–[35]. Compared with nonplanar 

Source

Source

Load

Load

mS,3

mS,k

mk,L

m1,3

m1,3

m3,(n–1)

mk,n–1

m(n–1),n

m(n–1),n

m1,2

m1,2

m2,3

m2,S

m3,L

m3,n

m2,n

mk,in min,out

m2,L

m1,L

1 2 3

1 2 k Pin Pout

n–1

n–1

n

n

(a)

(b)

Figure 3. The general topology of (a) a passive filter and (b) an integrated filter–amplifier with coupling coefficients m ,i j  and a 
set of resonators labeled 1 to n showing couplings between the resonators. The active element (transistor) is represented by the 
nonresonating nodes Pin  and .Pout

Planar circuit filters are commonly 
used for matching transistors 
because of their low production  
cost and ease of fabrication.
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Active Coupling Matrix Synthesis for Filter–Amplifiers

The concept of the coupling matrix was first 
introduced by Atia and Williams in the 1970s and 
implemented using waveguide cavity filters [S1]. 
Initially, an N N#  matrix design approach was 
developed based on lumped circuit elements and an 
ideal transformer coupling. This was later extended to 
the N 2+  coupling matrix, where port impedances 
were included [S2]. Recently, N 3+  and N 4+  active 
coupling matrices based on direct-synthesis and 
optimization methods were developed [19]–[21] to 
deal with the design of filter–amplifiers. The typical 
N 2+  passive coupling matrix and the recently 
developed active coupling matrix elements are 
illustrated in Figure S1.

Three topology examples and their corresponding 
S-parameter responses are given in Figure S2. Their 
coupling matrices can be directly synthesized for 
filter matching with a Chebyshev response when 
resonators are coupled to the input or output of the 
transistor, as shown in Figure S2(a) and (b). When 
the transistor is placed between resonators, as 
shown in Figure S2(c), the coupling matrix can be 
obtained using the optimization method [21]. This is 
due to the existence of feedback from the transistor, 
making it more difficult to calculate the coupling 
coefficients using the direct synthesis technique. 
Apart from the S-parameters, noise figures have also 
been derived using the coupling matrix technique 
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[21]. It is worth noting that the active coupling 
matrix approach can also be applicable to other 
amplifier parameters, such as stability factor, gain, 
and efficiency. The active coupling matrix represents 
a new and potentially generic design approach 
for filter–amplifiers and other types of active and 
nonlinear circuits.
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metallic structures, planar matching filters bring in 
relatively high losses. As frequencies go higher to the 
submillimeter or terahertz regime, the losses increase 
rapidly and impair the amplifier’s performance. There-
fore, planar filter–amplifiers are often found in rela-
tively low-frequency applications.

Figure 4 shows a schematic 
of a narrowband microstrip 
power amplifier with a filter 
integrated at the transistor 
output [31]. The equivalent cir-
cuit analysis technique is used. 
Through a microstrip tuning 
line, the imaginary part of the 

transistor impedance can be absorbed. The normalized 
real input impedance was obtained using the coupling 
coefficients, expressed by
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Figure 4. A schematic of the power amplifier integrated with a filter at its output [31]. 
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TABLE 1. Typical Q-factors of various types of resonators [29].

Microstrip/
Stripline SIW DR

Rectangular 
Waveguide

Unloaded Q-factor 50–200 150–1,000 200–3,000 1,000–12,000

SIW: substrate integrated waveguide; DR: dielectric resonator.
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To fulfill the required input impedance ,Zin  the 
external coupling can be adjusted by controlling exter-
nal quality factor ,Qe  according to

.M
Q FBW

1
,S

e
1

$
= (4)

The embedded filtering circuit not only realized the 
impedance matching at the operating frequency but 
also eliminated the harmonics. Figure 5(a) illustrates the 
simulated and measured S-parameter results, showing 
a gain of around 16.4 dB over the passband. Two trans-
mission zeros (TZs) are created at the passband edges to 
enhance the selectivity. Figure 5(b) gives the simulated 
and measured ,Pout  gain, and power-added efficiency 
(PAE) of the power amplifier at a fixed frequency of 

2.45 GHz. The PAE is up to 69.8%, and the corresponding 
output power and gain are 40.1 dBm and 11.8 dB, respec-
tively. With the integrated filter, the skirt selectivity is 
increased, and the total size of the integrated component 
is . . ,0 65 0 48 gg #m m  smaller than the cascaded power 
amplifier and filters.

Substrate Integrated Waveguide 
Filter–Amplifiers
A substrate integrated waveguide (SIW) becomes an 
attractive candidate transmission medium as frequen-
cies go higher because of its lower loss compared to 
microstrip circuits. SIW technology usually presents a 
good performance for applications under 100 GHz. Also, 
the good manufacturability of SIWs provides a unique 

and attractive solution for mass-
production or cost-sensitive 
applications, even though the 
Q-factor (150–1,000) of SIW res-
onators is generally lower than 
that of metallic waveguide reso-
nators (1,000–12,000).

As a planar structure, an 
SIW is easy to integrate with 
on-chip active devices. Spe-
cifically, broadband amplifiers 
can be more feasibly achieved 
using SIW matching structures 
because they support propaga-
tion of transverse electric modes 
and avoid parasitic transverse 
magnetic modes. De-embed-
ded coupling slots and stepped 
impedance transitions are often 
used in controlling the external 
coupling strength for impedance 
transformation. The interreso-
nator couplings are commonly 
implemented by using irises.

Evanescent (EVA) mode cav-
ity resonators based on SIW 
technology have been utilized 
for the design of the narrow-
band power amplifier’s OMN in 
[24]. The circuit diagram and the 
physical construction are illus-
trated in Figure 6. The coupling 
coefficients are determined by 
the geometries of the coupling 
iris, and the external couplings 
are realized using slot aper-
tures. By tuning the bias line, 
the second harmonic is termi-
nated in the high-efficiency 
region, while the fundamental 
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impedance almost remains the same. The small- and 
large-signal responses of the filter–amplifier are given 
in Figure 7. Note that the co-design approach enhances 
the efficiency from 64% (cascaded) to around 72% 
(co-design) at a power saturation of 40 dBm.

A more general filter–amplifier topology is given 
in [21], where an all-resonator structure is applied to 
replace both the IMN and OMN of the transistor, as 
illustrated in Figure 8. The amplifier geometries can be 
extracted accurately using the coupling matrix, which 
resembles the classic passive filter design method. The 
size of the coupling iris (wi  in Figure 8) can be deter-
mined from the coupling coefficients. As shown in Fig-
ure 9, the two-pole Chebyshev responses are displayed 
in both S11  and S22  responses; S21  shows about a 9-dB 
gain over the passband, and the measured noise figure 
is around 2.5 dB in the passband. Unlike the previous 
examples, where the input and output matching fil-
ters are modeled individually, the feedback coupling 
between output and input in the transistor is consid-
ered in [21]. This provides an integrated design method 
for which the physical geometrics can be extracted 

more accurately, yielding a much reduced electromag-
netic simulation time.

Waveguide Filter–Amplifiers
If an even higher frequency or power capacity must be 
fulfilled in the amplifier applications, the use of high-
performance nonplanar components becomes impera-
tive. A metallic waveguide featuring a high Q-factor is 
an attractive structure at higher frequencies, especially 
above 100 GHz. 3D metallic filters in the form of rect-
angular, cylindrical, or spherical shapes are usually 
selected for loss-sensitive, high-performance, and high-
power capacity applications [19], [22], [36]. The main dis-
advantage is that the structure is bulky in size, and the 
manufacturing could be costly. One challenge of using 
3D metallic waveguides is the transition between on-
chip transistor and waveguide. 

Transition structures with a high coupling efficiency 
are not easy to realize. E-plane probes, dipoles, and fin-
lines are the common choices of the transitions. Other 
contactless or air-filled transitions, such as step ridges, 
can avoid dielectric loss, with the penalty of increased 
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complexity and cost. For waveguide filter–amplifier 
integration, the active inverter or resonator methods 
discussed previously no longer apply because it is diffi-
cult to model active elements within a 3D construction.

Figure 10 illustrates a tunable filtering power ampli-
fier where the resonators are tuned using screws [23]. 
The center frequency can be tuned from 2.95 to 3.35 GHz, 
as shown in Figure 11. The power efficiency reaches its 

highest point of 67%, and the corresponding gain com-
pression is about 2 dB at the maximum output power 
of 40 dBm.

Figure 12 illustrates a waveguide filter–amplifier 
with E-plane probes used for coupling the waveguide 
and the transistor [20]. The interresonator couplings are 
achieved by the waveguide iris, while the external cou-
plings are determined by the probe structure. A photo of 
the waveguide amplifier is given in Figure 13. The mea-
sured results in Figure 14 show the Chebyshev filter-
ing response of S11  and .S22  The S21  curve indicates 
a gain of around 11.1 dB over the passband. A brief 
design procedure of this waveguide filter–amplifier 
is described in “Design Steps of the Integrated Wave-
guide Filter–Amplifier.”

Dielectric Resonator Filter–Amplifiers
Dielectric resonators (DRs) feature a high Q-factor and 
lower cost than waveguide cavities [37], [38]. As illus-
trated in Figure 15, a DR filter was employed to real-
ize output impedance matching of a gallium nitride 
(GaN) transistor power amplifier [38]. The analytical 
method was used for the DR-based filter–amplifier 
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design. To realize the filtering response, a transmis-
sion line TL11 is used to eliminate the imaginary part 
of the load impedance. The DR filter converts the real 
impedance to 50X  through tuning of the external 
couplings, as given by [38]

.M
R

M
,

,
S

S
1

1

in
=l (5)

The filter’s selectivity was enhanced by the two TZs 
near the passband. This integrated DR filter–ampli-
fier achieves a small-signal gain of 18.3 dB with a 3-dB 
bandwidth of 2.3%. The measured ,Pout  PAE, and drain 
efficiency (DE) at 1.88 GHz are given in Figure 16. This 
filter–amplifier exhibits its superiority of high PAE 
over the microstrip filter–amplifier in [31] and the 
hybrid microstrip-cavity filter–amplifier in [36] with 
the same fractional bandwidth.

Broadband Filter–Amplifiers
Broadband filter synthesis methods used to match the 
frequency-dependent impedance of amplifiers have 
already been briefly reviewed. In this section, a broad-
band filter–amplifier is presented as an example, and 
several recently published broadband filtering amplifi-
ers are summarized in Table 2. In general, the required 
wideband matching networks are commonly realized 
using passive LC-ladder networks, which are usually 
based on microstrip structures.

Figure 17 shows an example of a broadband fil-
tering power amplifier [40] employing a right-/left-
handed (CRLH) cell and a dual CRLH (D-CRLH) cell 
that offer filter matching to the amplifier. Match-
ing filters formed by the D-CRLH absorb the bias 
circuits and allow for a reduced circuit footprint. 

Note that filter matching at both the fundamen-
tal and harmonic frequencies is required over the 
bandwidth. An optimum impedance of . . j19 7 5 5 X+

at the center frequency of 2 GHz was chosen. Real-
to-real and real-to-complex transformations were 
carried out. The measured S-parameters of the fil-
ter–amplifier are given in Figure 18(a), where the 
return loss is around 5 dB, and a TZ is created at 3 
GHz. The measured DE and output power versus 

Design Steps of the Integrated 
Waveguide Filter–Amplifier

1) Determine the filter–amplifier specifications 
(i.e., the center frequency, bandwidth, gain, 
power, efficiency, and type of filtering response) 
based on the specific application scenarios.

2) Model the active component and extract the 
optimum input and output impedances of the 
transistor at the filter center frequency.

3) Obtain the active coupling matrix through direct 
synthesis or optimization.

4) Extract the initial dimensions of the filter–
amplifier from the nonzero elements of 
the obtained coupling matrix. Usually, this 
is undertaken through electromagnetic 
simulations. The transition geometries (e.g., the 
E-plane probe and the waveguide cavity shown 
in Figure 13) can also be determined by the 
self- and external couplings.

5) Optimize the entire device via electromagnetic 
simulations to finalize the design and make it 
ready for fabrication and measurement.
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frequency at an input power of 28 dBm are shown in 
Figure 18(b). Compared with conventional LC-lad-
der based low-pass matching filters, the D-CRLH 
bandpass filter (BPF) matching network demon-
strates its broadband harmonic impedance trans-
formation characteristics.

Comparison of Integrated Filter–Amplifiers
A comparison of the state of the art for integrated fil-
ter–amplifiers is given in Table 3. Various filter types 
(microstrip, DRs, waveguide, hybrid microstrip-to-DR 

types) together with their advantages/disadvantages 
are presented. The reviewed examples validate the 
generality of the filter–amplifier integration theory, 
which can be applied to both input and output com-
plex impedances of active devices as well as planar or 
nonplanar filter constructions.

Toward Terahertz Applications
The integrated filter–amplifier configuration can be par-
ticularly beneficial for terahertz applications, where 
loss becomes a major concern. For terahertz amplifiers, 
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Figure 15. (a) Configuration of the DR filtering power amplifier. (b) Photograph of the fabricated device [38]. 
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monolithic microwave integrated circuits (MMICs) 
are usually integrated with hollow metal waveguides. 
For such MMICs, the probe transitions are usually 
made from substrate materials, such as alumina (with 
a dielectric constant of 9.6) or quartz (with a dielectric 
constant of 3.8). Because of the extremely sensitive 
parasitic parameters, there are stringent requirements 
on dimensional accuracy for these probes and wave-
guides. A common E-plane probe and a dipole antenna 
are illustrated in Figure 19(a) and (b).

Instead of using separate matching networks, the active 
components can be matched directly using resonators of 

waveguide cavity filters, and such waveguide cavities 
have inherently low losses compared to typical match-
ing circuitry based on lossy planar structures. This 
approach also minimizes the footprint of the entire 
filter–amplifier. Although the concept of amplifiers 
matched to filters has been reported extensively, filter–
amplifiers operating at terahertz frequencies have not 
yet been reported in the open literature. However, this 
method, i.e., using waveguide filters to match active/
nonlinear circuits with complex loads, has been suc-
cessfully applied to the design of millimeter-wave tri-
plers [26], [27] and terahertz subharmonic mixers [28]. 

TABLE 2. A summary of recently published broadband filtering power amplifiers.

Mode
Bandwidth  
(GHz, %) Pout (dBm) Efficiency (%) Gain (dB) Filter Matching Technique Reference

Class J 2–3, 40 40–41.8 58–72 11.5–12.5 Equivalent circuit nonlinear model 
approximation

[4]

N/A 1.9–4.3, 78 39.5– 41.8 57–72 9–11 Resonant parallel LC circuits [9]

Class F 1.45–2.45, 51 35.7–35.9 70–81 10–12.6 Simplified real frequency technique [10]

N/A 0.8–3.2, 120 39.7– 42.9 57–74 10.7–13.5 Even–odd-mode analysis technique [11]

Class E 0.136–0.174, – 39.03 74 11.5–12.2 Reactance-compensation technique [12]

Class J 1.4–2.6, 60 39.5– 40.4 57–72 11–12 Norton transformer [39]

N/A 1.2–2.3, 63 40.6–42.6 64.3–77.5 12.4–14.5 D/CRLH BPF [40]

N/A 2–4, 70.7 35.1–38.9 40–55 9.5–11 Minimum inductor BPF [41]

N/A 1.9–2.3, – 39–40.4 69–78.2 13.4–15.1 Coupled line-based tuning network [42]

Class F 1.35–2.5, 60 40.96–42.6 68–82 15.2–17 Modified elliptic low-pass filter [43]

Class E 1.4–2.7, – 39–41.2 64.5–73.5 9–10.9 Shunt capacitance and shunt filter [44]

Class E 0.9–2.2, 84 40–43 63–89 10–13 Synthesized low-pass matching network [45]

N/A 1.7–2.6, 35 28–42 65–78 9.1–10.1 Step-impedance quasi-Chebyshev  
low-pass filter synthesis

[46]

Class F 0.3–1, 107.7 37–40.3 62–81 12–15.3 Quasi-elliptic low-pass filtering network [47]

N/A 1.15–2.45, 77.4 39.7–41.7 38.4– 52.2 6.5 Optimum balanced broadband load 
network

[48]

D/CRLH: dual right-/left-handed; BPF: bandpass filter.
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Figure 17. (a) A schematic of the broadband power amplifier. (b) A prototype of the proposed broadband power amplifier using 
the D-CRLH bandpass filtering matching method [40]. 
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TABLE 3. A comparison of integrated filter–amplifiers in the open literature.

Filter Type Cost Loss Volume Reference Advantages and Disadvantages

Microstrip Low High Medium [4], [9]
[31]–[35],  
[39]–[48]

Easy integration with on-chip transistor; low cost; high loss

On chip High High Small [35] Extremely small volume; easy integration with monolithic 
microwave integrated circuit; high loss; costly

DR Medium Low Large [36]–[38] Bulky; complex planar-3D coupling structure; low loss; 
medium cost

Ceramic coaxial 
resonator

Medium Low Medium [35] High Q-factor; low loss; medium volume

SIW Low Medium Medium [21], [24] Easy integration with on-chip transistor; good tradeoff 
among cost, loss, and volume

EVA cylinder cavity High Low Large [23] High cost; bulky; low loss at very high frequencies
Complex planar-3D coupling structure; high power capacity

Waveguide cavity High Low Large [19], [20]

MMIC: monolithic microwave integrated circuit. 

(a) (b)

Figure 19. (a) A 300-GHz mHEMT amplifier using 2-mil-thick quartz E-plane probes [50]. (b) A 650-GHz power amplifier 
dipole antenna transition [51].
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In the co-design of terahertz mixers and multipliers 
with waveguide cavity filters, the complex impedance 
of the diode chip is matched directly using waveguide 
filters. This new approach provides a built-in filtering 
function and removes the need for a separate imped-
ance interface and therefore the associated transmis-
sion or transition losses. Excellent performances have 
been achieved for both the triplers and mixer, as 
shown in Figure 20(a) and (b). Low-loss hollow wave-
guides are also widely used for the interconnection of 
multiple components in terahertz systems. Waveguide 
filters can be used to simultaneously match the output 
of one device and the input of the subsequent device, 
as shown in [49] and in Figure 20(c) and (d), where 
the output of the 150-GHz frequency tripler and the 
input of the 300-GHz mixer are matched simultane-
ously by using the same third-order waveguide filter. 
This offers a further reduction of the overall size of 
the system.

Conclusions
This article reviewed the concept of integrated fil-
ter–amplifiers and implementation examples. Various 
types of filters based on waveguide, SIWs, microstrips, 
and hybrid DRs have been described. This demon-
strates the feasibility of replacing conventional match-
ing networks with filters. The integration techniques 
lead to more compact construction, lower loss, and 
increased efficiency. As transistors with a complex 
port impedance/admittance can be matched with nar-
row/broadband filters, the methodology can be gener-
alized to deal with a wide range of components with 
complex ports, such as antennas, mixers, and triplers. 
All of these components can be eventually assembled 
to form a system, and the technique is expected to be 
applicable to multifunctional devices and systems. 
There is still considerable work to be done in many 
aspects of this concept. The development of filter–
amplifier integration techniques as well as other inte-
grated devices and systems remains an active area 
of research.
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Microwave 
Power Detectors 
in Different 
CMOS Design 
Architectures

T
ransmitted and received pow-
er must be controlled quickly 
and accurately to comply 
with government regulations, 
minimize interference, and 

optimize power consumption. Microwave 
power detectors (PDs) are critical build-
ing blocks employed in applications such 
as integrated circuit tests and measure-
ments, wireless communication, and auto-
matic-gain-control (AGC) circuits to moni-
tor signal power level. PDs are utilized as 
received signal strength indicators (RS-
SIs) to adjust the gain of the intermediate 
frequency/RF signal via an AGC circuit 
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[1]. They are also used in mobile terminals to moni-
tor the transmitted power, thereby optimizing power 
consumption. Two popular methods employed to 
measure the power signal level are root mean square 
(RMS) value and peak value. Peak detectors capture 
the input’s peak power to provide power informa-
tion, whereas the RMS PD provides information about 
the average power [2]. Figure 1 shows a convention-
al block diagram of a microwave PD employed in 
an RF transmitter. The directional coupler is used 
to couple the output signal from the power ampli-
fier to a PD. The signal is then converted to a dc 
voltage that the power controller utilizes to change 
the power amplifier’s gain, thereby improving the 
transmitter’s linearity.

The specification of PDs relies on the application 
requirements and design methodologies. Performance 
metrics such as operating frequency, dynamic range, 
sensitivity, and power consumption determine PDs’ 
efficiency and accuracy. These critical performance 
metrics are described next.

Operating Frequency
A consistent response is necessary over the frequency 
of operation. Two important parameters are required 
to accomplish this: input impedance matching and the 
gain variation of the PD versus frequency [3]. Input 
matching networks are circuitry connected between a 
load and a source that ensures maximum power trans-
fer to the load, thus, guaranteeing a low voltage stand-
ing wave ratio [4]. These two parameters simplify the 
design and maintain extremely low variation over the 
frequency of operation.

Sensitivity
PD sensitivity relates to the system’s ability to obtain 
usable information from a low input signal [3]. The 
minimum output signal level of the PD should be 
lower than the minimum input signal level. Sensitiv-
ity is enhanced with an increase in the gain of the PD; 
however, if the PD’s gain reaches saturation, sensitivity 
degrades. Sensitivity is highly dependent on the input 
matching network of the system, and it affects the lin-
earity of the PD [5].

Dynamic Range
Dynamic range is defined as the law-conformance 
for which the PD satisfies the accuracy level over all 
operating conditions. Law-conformance is the ripple 
error arising from the difference between the mea-
sured and the ideal transfer characteristics of the PD. 
The conventional value of law-conformance is ±1 dB, 
even though a smaller value such as ±0.5 dB is also 
acceptable [6]. It is often employed to define the accu-
racy of logarithmic PDs. A PD with a larger dynamic 

range offers greater flexibility in the selection of system 
components [7]. As such, PDs with a larger dynamic 
range are suitable for multiple applications.

Power Consumption
With the continuous downscaling of semiconduc-
tors, power consumption has gained major design 
significance comparable to performance and area 
[8]. Power consumption is a crucial design param-
eter as it impacts weight, cost, and size, and it estab-
lishes the electrical and thermal limits of designs. 
Furthermore, there is a reliability issue at high 
power consumption. High-power systems, which 
tend to operate at high temperatures, can cause sili-
con failures [9]. From an environmental perspective, 
low-power electronic devices are preferred because 
lower electricity consumption lessens the global 
ecological impact.

Aside from the application requirements, design 
methodologies, and performance metrics, the technol-
ogy utilized to fabricate PDs is also crucial. Various 
technological processes are currently being used in 
the market, such as BiCMOS, CMOS, and III–V tech-
nologies. BiCMOS technology offers excellent noise 
performance and ensures high input–output (I/O) 
speed and switching. BiCMOS also achieves lower 
power consumption than bipolar technologies and 
improved speed over CMOS technology [2]. However, 
the process complexity of BiCMOS results in a higher 
cost and longer fabrication cycle time compared to 
CMOS technology [10]. III–V technologies offer higher 
electron mobility compared to silicon, making them 
appropriate for low-power and high-speed applica-
tions [11]. Although BiCMOS and III–V technologies 
presently provide superior performance, CMOS tech-
nology is the preferred option to fabricate integrated 
circuits (ICs) due to its ultralow power consumption, 
higher packing density, and low-cost, making them 
suitable for mass production [12]. In addition, CMOS 
technologies provide higher ease of integration for 
digital and analog functions on the same chip. CMOS 
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Figure 1. A conventional microwave PD in an RF 
transmitter [1]. 
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technology also has a higher density for digital opera-
tions and a high slew rate and gain for analog func-
tions [13]. These advances in microwave integrated 
circuit performance in standard CMOS technologies 
in terms of ease of integration, power consumption, 
and cost has made the design of microwave PDs using 
CMOS a compelling choice.

Design Methodologies for PDs
PDs can be classified into 1) peak detection, 2) distrib-
uted PDs, 3) true RMS detection, and 4) logarithmic 
detection. This section investigates different design 
methodologies for these PDs and analyzes these 
methodologies’ advantages and limitations. Circuit 
implementations and how a given circuit architecture 
addresses specific applications and performance met-
rics are described.

Peak Detection
Peak detectors capture the amplitude of the signal 
at the input. Two types of peak detectors commonly 
employed are negative peak detectors that measure 
the input signal’s trough and positive peak detectors 
that measure the input signal’s crest [14]. Peak detec-
tion is utilized in the design of constant envelope 
modulated signal applications such as pulse detec-
tion, electronic warfare, envelope tracking in power 

amplifiers, and in the Global System for Mobile (GSM) 
communication [2]. Peak detectors perform power 
detection by rectifying the input signal with a full or 
half-wave rectifier. The output signal is then obtained 
using a low-pass filter (LPF) to average the input sig-
nal. Peak detection is commonly accomplished by 
employing bipolar transistors or diode-based PDs. 
However, since bipolar transistors are challenging 
to implement in CMOS technology, diode-based PDs 
are the more popular choice for peak detection using 
CMOS technologies [2].

In the early 1990s, diode-based PDs were extensively 
used in microwave applications due to their high-fre-
quency characteristics [15]. Diode-based PDs exploit 
diodes’ nonlinear characteristics to rectify the input 
signal, generating a dc output proportional to the input 
amplitude. These PDs offer the fastest response time 
constant compared to other designs [8]. Fast response 
time is a vital specification for applications involving 
wireless communications. Nevertheless, since the diode 
junction is temperature dependent, the output rectified 
voltage changes with temperature [16]. In addition, for 
applications in the gigahertz region, the cost of a large 
chip area, power consumption, and matching design 
are crucial. A simple diode-based PD implementation 
is shown in Figure 2. The diode D1 is an active element 
that performs power detection. The resistor R1 offers 
resistive input matching and provides a return path for 
the rectified current. Resistor R2 acts as the load, and 
capacitor C1 filters the signal.

In a recent paper [17], a diode-based PD was 
developed in a 65-nm CMOS process to improve the 
maximum input power and dynamic range through 
a balanced switched capacitor architecture for wire-
less microwave power transfer applications. Their 
PD consisted of four p-type and n-type (PN) junc-
tion diodes operating as switches, an output filter 
for high frequency, a load resistor, and two capaci-
tors at the input. The diode’s bias voltage is below 
the threshold voltage, which resulted in low power 
consumption of 0.7 mW. The diodes operated as PDs 
both in the negative half-cycle and in the positive 
half-cycle to enhance linearity, and thus the dynamic 
range. Figure 3 shows the proposed PD’s measure-
ment setup for a device under test.

Figure 4 shows the proposed PD’s I/O character-
istics when the power level is swept from −5 dBm to 
40 dBm at 4 GHz, 5 GHz, and 6 GHz. The measurement 
results show a dynamic range of 34 dB at 5 GHz with 
an error of ±1 dB and an operating range of 2 to 6 GHz. 
The maximum input power was 35 dBm, which is the 
highest achieved to date [17].

For comparison, commercially available diode-based
PDs offer up to a 90-dB dynamic range. A range of −70
to 20 dBm is available for single-path models optimized
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Figure 3. A proposed measurement setup [17]. 

D1
Pin Vout

R1 R2C1

Figure 2. A diode-based PD. 
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for continuous-wave measurements [18]. For instance,
ON Semiconductor fabricated an NCS5000 PD with an
integrated Schottky diode for applications in communi-
cation systems. The PD has a simple configuration for
operation up to 2 GHz and a dynamic range of 50 dBm.
The PD can operate at a low supply current of 300 µA for
a temperature range of −40°C to 85 °C [19].

Distributed PDs
Distributed PDs are a design that solves the issues of 
wideband input matching arising from established 
matching methods such as reactive and resistive 
matching [20]. The principle of operation of such PDs 
relies on the diode’s parasitic junction capacitance cou-
pled with a lumped inductive element to perform RF 
power detection [21]. Distributed PDs achieve higher 
bandwidth through absorption of the diode’s parasitic 
junction capacitance in a traveling-wave structure. 
Input power dissipation through matching resistors is 
prevented, leading to higher voltage sensitivity that is 
suitable for communication receiver applications [20].

In a recent review, Qayyum and Negra [22] developed 
a distributed PD in 130-nm standard CMOS technology 
using a traveling-wave structure. The transconductance 
of the transistors for power detection was biased in the 
subthreshold region to enhance the voltage sensitivity. 
Figure 5 shows a schematic of the proposed PD. The PD 
comprises three MOSFETs biased in the subthreshold 
region, a coupling capacitor (Ccoupling) at the input, a dc-
blocking capacitor (Cblock), resistors, and inductors. The 
proposed PD transmission line impedance Zline deter-
mines the impedance input matching. Zline is expressed 
by √(Lline/Lin), where Cin is the PD-stage input capaci-
tance. The transmission line is terminated by an on-chip 
dc blocking capacitor and a 50-Ω resistor.

The PD operated from 7 GHz to 70 GHz with an over-
all voltage sensitivity of 75 dB and power consumption 

of around 0.156 mW. Qayyum and Negra demon-
strated that the minimum detectable input power is 
within −40 dBm and −37 dBm. However, this design 
is more suited for sensitive high-voltage microwave 
applications such as radiometers and communication 
receivers. Other performance metrics of the PD were 
not discussed in detail [22].

True RMS Detection
The true RMS PD, also referred to as an RMS-to-dc 
converter, is a popular design methodology due to its 
insensitivity to the peak-to-average envelope power 
ratio (PAR) compared to peak and logarithmic detec-
tion. These PDs generate a quasi-dc signal representing 
the power level of an input signal.

Thermal Detection
In theory, thermal detection should be one of the sim-
plest methods for detecting RMS power; however, in 
practice it is difficult and expensive to realize [23]. Ther-
mal detection is commonly used in communication and 
sensor applications due to its high accuracy and wide 
bandwidth [24]. Figure 6 shows a PD implemented with 
thermal detection. Both the reference voltage and the 
input signal heat the adjacent thermocouples and a 
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Vin
+

–

+

–

A1

A2
Heater

Protection
Heater
Protection

kVin kVout

Vout

R1 R2
S1 S2

Thermocouple

Thermocouple
Thermal Barrier

Figure 6. An implementation of a PD with thermal detection.

0

–5

–10

–15

–20

–25

–30

–35

–40

–45

O
ut

pu
t V

ol
ta

ge
 (

dB
V

)

–5 0 5 10 15 20
Input Power (dBm)

25 30 35 40

4 GHz
5 GHz
6 GHz

Figure 4. A measured output voltage of the PD proposed 
in [17]. 



80     June 2022

resistor individually. The temperature is propor-
tional to the induced output voltage. The difference 
between these output voltages is a scaled measure 
of the input power relative to the reference power.

Thermal isolation and matching between the thermo-
couples to reduce dependency is crucial to improving 
accuracy. This implementation has excellent accuracy as 
the power is proportional to the difference in tempera-
ture [18]. However, the system is challenging to inte-
grate and implement in standard CMOS and has high 
power consumption.

PD Using a Single Field Effect Transistor
Field-effect transistors (FETs) are easier than diode-based 
and thermal-based PDs to integrate with different tech-
nology processes [7]. Furthermore, FETs are more sen-
sitive than Schottky diodes to temperature variations. 
A PD implemented using a single NMOS is presented 
in Figure 7. The square-law characteristic of the NMOS 
transistor M1 is exploited to perform power detection. 
The transistor is biased in the saturation region, and the 
input signal is applied through the drain of the device. 
Resistor R3 acts as a load to establish the output voltage 
while C3 and R2 filters the output signal.

Qayyum and Negra [12] designed a high sensitivity 
PD comprising a single common source NMOS using 

65-nm standard CMOS technology. The microwave 
PD operated in the subthreshold region to boost the 
device’s transconductance, thereby achieving good 
overall sensitivity and wide input matching. Measure-
ments showed an input reflection coefficient of less 
than −9.5 dB from 0.1 GHz to 110 GHz, a dynamic range 
of 35 dBm, high sensitivity of 67 dB, and power con-
sumption of 0.029 mW.

Differential Structure
A single-ended PD’s performance suffers from process 
and temperature variations, which affect the output of 
the PD [16]. A differential structure would alleviate 
this issue. Generally, differential PDs have one active 
device connected to the microwave power input and 
another similar active device, which acts as a reference 
point. The second device reduces the dc voltage offset 
caused by variations in supply voltage, process, and 
temperature [8]. Moreover, the differential signal has 
higher immunity to common-mode noise when com-
pared with a single-ended device [25].

A self-biased ultrawideband differential PD shown 
in Figure 8 was developed using 130-nm CMOS tech-
nology. The nonlinear properties of short-channel MOS 
in the saturation and subthreshold region of operation 
were used to produce a dc proportional to the input 
signal power [26]. The PD had an embedded amplifier 
to improve its sensitivity, and 50-Ω input matching was 
achieved using a quasi-T-coil matching network. The 
quasi-T-coil matching network is a circuit configuration 
that provides wider bandwidth than inductive peaking. 
From Figure 8, the quasi-T-coil consists of an inductor 
L, a resistor R2, and capacitors C. Since the transistors 
operated in the weak inversion region, their design had 
a relatively low power consumption of 0.1 mW. The PD 
had an operating frequency of 125 MHz to 8.5 GHz, 
a high output sensitivity of 268 mV/dB, and an input 
dynamic range of 47 dB, making the design suitable 
for a variety of applications, including communication 
receivers and reflectometers.

Another differential microwave PD was designed 
using 130-nm CMOS technology, which exploited 
MOS transistors’ square-law characteristic in the strong 
inversion region to detect microwave signals [2]. Their 
proposed design consisted of an exponential current 
generator, a differential PD unit, and a two-stage opera-
tional amplifier. Linear-in-decibel output was obtained 
by biasing the exponential generator’s transistors so that 
its drain current (IDS) is the exponential of the gate-to-
source voltage (VGS). The operating frequency was from 
low frequency to 8.5 GHz, and the static power consump-
tion was 0.18 mW. However, although a low power con-
sumption was achieved, the PD’s 18-dB dynamic range 
was relatively low compared to other design strategies. 
Furthermore, since the MOSFETs operating in the weak 
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inversion region are temperature dependent, the authors 
[2] suggest that a temperature and process compensation 
circuit should be included for better accuracy.

Rectifier Implementation
Rectifier microwave PDs are uncommon due to their high 
power consumption. However, they do have application 
in on-chip RF measurement. An unbalanced source cou-
pled pair is usually used to design current amplifiers [7].

Garcia et al. [27] employed a class AB rectifier shown 
in Figure 9 to design a microwave PD using a 350-nm 
standard CMOS process. The input voltage was con-
verted into current and amplified by a high input 
impedance input stage. The circuit operated in current 
mode, and the rectifier then performed full-wave rec-
tification of the current at the first stage. The class AB 
rectifier rectifies the current only if the operation is in 
the nonlinear region. The circuit also consisted of an 
LPF to extract the dc components. The PD had an oper-
ating frequency range of 0.9 GHz to 2.4 GHz, a conver-
sion gain of 50 mV/dBm, a dynamic range greater than 
30 dB, and power consumption of 8.6 mW, including 
the bias circuits.

Squaring Cell Detection
Another design strategy for RMS PDs is squaring cells 
(SQRs). Squaring cells consist of nonlinear elements 
such as MOSFETs generating an output voltage propor-
tional to the input voltage’s square. These squaring cells 
perform squaring and averaging to obtain the RMS volt-
age of the input signal. The output of the squaring cells 
contains power information, and they are classified into 
three modes: current mode, voltage mode, and voltage/
current mode [28]. Furthermore, they can be designed 
using different methodologies, such as the MOS trans-
linear (MTL) loop and Meyer squaring structure [29]. 
Choi et al. [30] developed a wide dynamic range RMS PD 
using a 28-nm CMOS standard 
process. Their proposed PD 
consisted of a transimpedance 
amplifier (TIA), cascading gain 
amplifiers (GAs), differential-
to-single-ended amplif ier 
(D2S), and squaring circuits. A 
power level segmented detec-
tion approach was employed 
to realize more than 40 dB of 
dynamic range. The RF input 
is first applied to the GAs, then 
it is converted to a squared dc 
voltage by the squaring cells 
for averaging. Their proposed 
design is shown in Figure 10.

The TIA converted the out-
put current from the GAs and 

squaring cells block to voltage with the help of a feed-
back resistor. Finally, single-ended voltage is realized 
using the D2S. The dynamic range could be extended 
if necessary by using more GAs and squaring cells. A 
Meyer squaring architecture was utilized to repress odd 
harmonics terms and common-mode variations. dc off-
set calibration is required due to mismatches that may 
arise in the circuit, which affects the dynamic range of 
the squaring cells considerably. The PD’s operating fre-
quency was from 0.7 GHz to 4 GHz with a dynamic 
range greater than 40 dB and power consumption of 
5.8 mW. Squaring cells’ insensitivity to modulation form 
or signal shape due to averaging over time makes them 
suitable for cellular RFICs applications. One limitation of 
squaring cells implemented in CMOS technology is mis-
matches that reduce the detection range.

Logarithmic Detection
High dynamic range is an essential requirement 
in the design of most microwave PDs. A dynamic 
range of 50 dB and above is generally realized through 
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log-amp limiters [7]. Log-amp limiters are a popular 
and efficient design strategy to extend the dynamic 
range. The limiter gain stages provide gain and clip 
the output at a specific voltage level. The limiter clos-
est to the output reaches the maximum level first and 
then the clipping moves toward the input. The limiters 
each generate a differential output current and volt-
age. The differential output voltage is passed to the 
succeeding limiter while the differential output cur-
rents are summed and applied to resistors to generate 
the linear-in-decibel output [8]. The higher the number 
of cascaded gain stages, the better the linear-in-decibel 
performance. However, the power consumption also 
increases with an increasing number of stages, so 
design tradeoffs are required.

In an attempt to improve the low dynamic range 
in [2], a PD with a current mirror active load along 
with a logarithmic amplifier was designed by [31]. 
Figure 11 illustrates the architecture of the proposed 
microwave PD. The microwave PD’s architecture con-
sisted of a differential PD unit, a seven-stage loga-
rithmic amplifier, a supply voltage, a process, and a 
temperature-insensitive current reference circuit for 
optimum biasing.

The RF input signal was applied to the differential 
PD unit and converted into a dc output voltage that 
was further amplified by the seven-stage logarithmic 
amplifier. Linear-in-decibel output was realized using 
piecewise linear approximation. Since the PD’s output 
was a dc voltage, the rectifier and filters were omitted 
from the logarithmic amplifier circuit design, result-
ing in comparatively low power consumption [31]. A 
high output resistance was set to achieve a higher con-
version gain that considerably improved the PD’s sen-
sitivity and linearity. The improved sensitivity makes 
the PD adequate for a wireless sensor network for fruit 
farming. The operating frequency was from 0.5 GHz 
to 3 GHz, and the dynamic range was 50 dB from a 
supply voltage of 1.8 V [31].

Another linear-in-decibel microwave PD that relies 
on a logarithmic amplifier using 180-nm standard 
CMOS technology was proposed in [32]. A Cherry-
Hooper architecture was employed to design limiting 
amplifiers to accomplish linear RF power detection 
under high frequency. A common source with PMOS 
diode-connected load differential amplifier architec-
ture was utilized to design the limiting amplifier. An ac 
coupling capacitor was also employed as an offset can-
cellation circuit to compensate for the dc offset due to 
device mismatch. A wide dynamic range of 40 dB was 
achieved along with a log-error of ±1dB; however, the 
PD’s power consumption relatively high.

There are also commercially available logarithmic 
PDs with good performance characteristics. Commer-
cial PDs are usually fabricated using a high-speed 
SiGe process. Some examples include the ADL5513 
and the AD8307, designed and manufactured by Ana-
log Devices [33], [34]. For instance, the ADL5513 PD 
provides wide bandwidth operation from 1 MHz to 
4 GHz with a constant dynamic range of 80 dB. The 
PD also has a sensitivity of -70 dBm that makes it suit-
able for applications involving RSSI measurement 
and power monitoring in radio link transmitters [33]. 
However, commercial logarithmic PDs also display 
high power consumption.

Table 1 presents an overview of the different design 
methodologies’ fundamental differences. Table 2 sum-
marizes a list of different design methodologies found 
in the literature. Their operating parameters and appli-
cations are also presented. Table 2 demonstrates that 
log-amp limiter PDs provide a wider dynamic range of 
up to 50 dB compared to the other design methodolo-
gies. Because cascaded low gain limiting amplifiers and 
log-amp limiter’s can compress wide dynamic range 
signals into the decibel equivalent, their high dynamic 
range makes the log-amp limiter suitable for GSM and 
wireless communications. However, as shown in Table 2, 
the wide dynamic range comes at the expense of higher 

power consumption and a 
larger chip area. This suggests 
that log-amp limiter PDs are 
less suitable for applications 
requiring operation for days 
with low power and small-chip 
area. Table 2 also shows that 
differential structure design 
methodologies offer a dynamic 
range between 20 and 27 dB 
and a much smaller chip area. 
Their power consumption is 
relatively low, making them 
suitable for RF transmitters 
and communication receiv-
ers. As shown in Table 2, the 
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distributed PD can offer a wide operating frequency 
range and low power consumption. A wide operat-
ing frequency range is crucial in many applications in 
wireless communications. Table 2 also demonstrates 

that RMS PDs have relatively low power consump-
tion, low chip area, and reasonably high dynamic 
range, making them appropriate for a wide range 
of applications.

Conclusions
This article presented, a review of 
microwave PDs using different 
architectures in standard CMOS. 
Different PD implementations and 
their performance metrics were 
analyzed, and comparisons were 
drawn. Table 1 shows that each of 
the available implementations strat-
egies has considerable advantages 
and disadvantages, so depending 
on the PD’s application requirement, 
a suitable topology can be chosen. 
Table 2 demonstrates that logarith-
mic amplifiers, even though they 
provide the highest dynamic range, 
also have the highest power con-
sumption. In contrast, diode-based 

TABLE 1. A comparison of implementation strategies for PDs.

Design 
Methodology Advantages Drawbacks

Peak 
detection

• Simpler circuits
• Fast response

•  Output voltage varies with PAR
•  Limited dynamic range
•  Inaccuracy at high frequencies
•  Poor temperature stability

Logarithmic 
detection

•  Wide dynamic range
•  Linear-in-decibel output
•  Excellent stability and accuracy
• Fast response

•  High power consumption
•  Output voltage varies with PAR

Distributed 
power 
detection

•  Better wideband input matching 
• Higher sensitivity
• Lower NEP

•  Limited dynamic range
•  No linear-in-decibel output

True RMS 
Power 
detection

•  Output voltage does not vary with 
PAR

• Good stability

•  Limited dynamic range
•  Slow response time

TABLE 2. A comparison of existing PD architectures.

Reference Topology

CMOS 
Technology 
(nm)

Operating 
Frequency 
(GHz)

Dynamic 
Range 
(dB)

P dc 
(mW)

Sensitivity 
(dB)

Chip 
Area 
(mm2) Applications

Date 
Published

[32] Log-amp 
limiter

180 0.1–8 40 70 - 0.98 GSM and AGC 2006

[2] Differential 0.13 0.1–8.5 20 0.18 - 0.0126 RF transmitter 2008

[27] Limiter and 
rectifier

350 0. 9–2.4 30 8.6 - 0.031 RF 
measurement

2008

[26] Differential 130 0.8–8.5 27 0.1 - 0.085 Reflectometer 
and 
communication 
receiver

2010

[31] Differential/
log-amp 
limiter

180 0.5–3 50 0.9 - 0.0078 Wireless sensor 
network and 
telemetry

2012

[25] Differential 65 0.1–44 20 - - - Microwave and 
millimeter wave

2014

[1] Limiter and 
rectifier

180 0.3–10 42 0.55 - 0.113 Wireless 
communication

2015

[30] Squaring 
cell

28 0.7–4 40 5.8 - 0.1499 RF transmitter 2016

[12] Single FET 65 0.1–110 - 0.03 67 0.0096 Radio 2017

[22] Distributed 130 7.0–70 30 0.16 75 0.0684 Wireless 
communication

2017

[17] Diode-
based

65 4.0–6 32 0.7 - 0.0036 Wireless 
microwave 
power transfer

2019

[35] Log-amp 
limiter

130 2.0–16 45 35.2 - - GSM 2019
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and distributed PDs have a lower dynamic range. T hese 
fundamental differences among design methodologies are 
essential in deciding upon a PD circuit configuration for 
specific application requirements. The significant growth 
of electronic devices has accentuated the need to control 
and monitor power at high frequencies. The current mar-
ket demands smaller size, lower cost, higher frequency 
capability, and better accuracy. PD designs have become 
competitive, with improved performance as the ultimate 
goal. C onsequently, to improve PDs’ performance, new 
designs for logarithmic amplifiers with lower power con-
sumption or distributed PDs with a larger dynamic range 
are areas for future research.
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N
onreciprocal components are of para-
mount importance in many electronic 
systems. Traditionally, reliance on 
magnetic materials, such as ferrites, 
has been the basis of the functionality 

of such components. The internal magnetic moment 

under the influence of a strong external magnetic bias 
breaks the reciprocity of the materials [1]. However, 
today’s state-of-the-art systems demand cost-effec-
tive, miniaturized, and integrated solutions. This can 
be achieved with magnetless nonreciprocal devic-
es that are capable of breaking the Lorentz reciprocity 
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principle [2]. In the past decade, passive metastructures 
have also been devised to achieve Faraday rotation 
without magnetic bias. Spatiotemporal biasing of the 
metasurfaces initiates frequency translation and har-
monic mixing properties that, in turn, generate nonreci-
procity [3], [4]. Recently, with the advent of magnetless 
nonreciprocal devices, time-varying circuits have been 
viewed as a remarkable breakthrough. This has, in fact, 
paved the path for researchers to develop nonreciprocal 
devices such as circulators [5]–[14], isolators [15]–[18], 
gyrators [19], and even leaky-wave antennas [20], [21]. 
Still, there remain some areas in the field of nonreci-
procity that can be explored with the aid of magnetless 
time-varying circuits. One such area is the implementa-
tion of nonreciprocity in bandpass filters.

Nonreciprocal bandpass filters (NR-BPF) find a 
broad spectrum of applications in the domain of com-
munication systems. One such application-specific 
deployment is in the wireless transceiver system 
shown in Figure 1. The NR-BPF in the transmitter sec-
tion allows only the in-band frequency components 
(indicated by green arrows) and prevents any out-
of-band frequency components (indicated by brown 
arrows) to pass to the power amplifier stage in the 
forward direction, while at the same time preventing 
any in-band frequency components (indicated by red 
arrows) to pass back to the mixer stage as a result of 
reflection from the power amplifier and the antenna. 
Similarly, in the receiver section, the NR-BPF not only 
acts as a filter (indicated by green and brown arrows) 
but also acts as an isolator by attenuating any reflected 
wave that might pass to the antenna. The advantage of 
using a single NR-BPF to serve this dual purpose lies in 

the reduction of losses that would have been incurred 
by deploying both the filter and the isolator together to 
manifest the same phenomenon.

Although nonreciprocity in bandpass filters has 
been implemented using various techniques [23]–[25], 
implementation using time-modulated resonators is 
still nascent. Wu et al. proposed a novel concept of an 
isolating bandpass filter with low forward transmission 
loss and high reverse isolation at the center frequency 
[22]. The basic block diagram of a third-order NR-BPF is 
given in Figure 2. The circuit consists of space-separated 
time-varying resonators in addition to the capacitors 
that are generated by virtue of admittance inverters (to 
be dealt with shortly). Owing to the nonlinear capaci-
tance property of a varactor diode under reverse bias, the 
modulation of the varactors within the resonators gener-
ates intermodulation (IM) products. The significant dif-
ference between the RF power distribution among the 
IM products in the forward and reverse paths generates 
nonreciprocity in the circuit characteristics. The essence 
of the time-varying capacitance lies in the generation of 
IM products, which, unlike time-invariant products, do 
not generate a reciprocal bandpass response. Interest-
ingly, with only the dc bias applied, the varactor would 
behave as a normal capacitor and hence would not pro-
duce any nonreciprocity. It will be further explained in 
the “Analysis of Spatiotemporal Transmission Lines” 
section that the amplitude, frequency, and phase of the 
ac signal applied to the time-varying capacitance deter-
mines the position of the IM products with respect to the 
RF signal in the frequency domain. Hence, the RF signal 
is translated to the higher and lower harmonic frequen-
cies owing to the position of the IM products as it travels 
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Figure 1. A block diagram of a transceiver deployed with NR-BPF. LO: local oscillator; LNA: low-noise amplifier.
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from source to load or vice versa. The frequency trans-
lation also leads to the distribution of RF power among 
these harmonics, but a wise choice of the parameters of 
the ac signal results in the constructive interference of 
the signals translated to harmonics with the signal at the 
fundamental frequency, thus reinforcing the RF signal 
reaching the load in the forward direction. Conversely, 
destructive interference between the signals in the 
reverse direction results in an attenuation of RF power 
reaching the source in the backward direction. This phe-
nomenon causes the bandpass filtering response in the 
forward direction while triggering an isolation within the 
passband of the filter in the reverse direction.

The concept of time-varying transmission lines 
(TVTL) has already proved its usefulness in applica-
tion-specific domains such as circulators, isolators, and 
other nonreciprocal communication systems. Nonre-
ciprocal filters with the aid of TVTL, although in the 
nascent stage, may prove superior to circuits involving 
conventional bulky and expensive ferrite components.

The objective of this article is to develop basic con-
cepts for the design of time-modulated filters and to sur-
vey the current state of practical implementation of these 
filters. Specifically, the prerequisites for the concept that 
are historically significant are elaborated to set the foun-
dation for a discussion of nonreciprocal filters. Second, 
the theory of nonreciprocity in filters at the fundamen-
tal frequency using spatiotemporal modulation (STM) is 
presented. Finally, a survey of practical implementation 
of the filters in lumped and distributed components is 
discussed. This review aims to contribute to the under-
standing of nonreciprocal filters and to open doors for 
researchers to accelerate the burgeoning development of 
the field of magnetless nonreciprocal filter design.

Prerequisites to the Concept 
of Nonreciprocity
Before moving on to decipher the cause of nonreciproc-
ity, it’s helpful to understand the concepts that serve as 
milestones in the development 
of nonreciprocity and that still 
underpin modern day techno-
logical advances in this domain.

The Parametric Amplifier
Any amplifier can be consid-
ered to be a modulator in which 
the energy of the input wave is 
transformed to the load imped-
ance by harnessing the energy 
from the amplifier ’s energy 
source. The amplifier’s energy 
source can be either a dc or an 
ac supply. For a dc source, the 
amplified output waveform is 

an exact replica of the input waveform with the ampli-
fier’s energy source providing the useful gain. However, 
for an ac source, the output is not an exact replica of the 
input. In fact, the frequency of the output waveform is 
transformed owing to the generation of new frequen-
cies due to the interaction of two waves of different fre-
quencies. The spectral content of the output waveform 
contains an infinite number of transformed frequencies. 
These frequencies, denoted as ,f ,y z  where y and z are posi-
tive, negative, or zero integers, are harmonically related 
to the input wave frequency (f0) and the frequency of the 
modulator’s energy source (fm), also termed the local oscil-
lator .f yf zf,y z m0= +^ h  This energy conversion from one 
frequency component to another is governed by general 
power relations first described by Manley and Rowe [26], 
which are popularly known as the Manley–Rowe relations. 
These relations consist of two independent equations that 
govern nonlinear reactance modulators provided the non-
linear characteristic of the element (capacitor or inductor) 
is single-valued. These equations relate the power at dif-
ferent frequencies obtained after harmonic mixing of the 
input signal frequency and the local oscillator or modula-
tion frequency. By expanding the charge q and flux link-
age } for the capacitor and inductor respectively in terms 
of a Fourier series, the Manley–Rowe equations relating 
the average power flowing into the nonlinear element, 

,W ,y z  at the harmonic frequencies f ,y z  with the individual 
components f0 and fm can be expressed as shown in (1):
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For a linear capacitor or inductor, without mixing 
terms, only two frequency components will be pres-
ent, that is, either f0 or fm and W 0,y z =  for all y and z, 
proving that (1) is satisfied. Any circuit analysis that 
includes nonlinear reactance should be checked with 
(1) to ensure good gain and stability.
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Figure 2. A block diagram of a third-order NR-BPF using varactor diodes [22]. LPF: lowpass filter.
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Remarkable results can be obtained from (1). If the 
circuit is designed to allow only the current of harmonic 
frequency ,f fm0+  denoted as sum frequency fs with asso-
ciated power, then Ws is allowed to be present in addition 
to the individual frequencies f0 and fm, and (1) gives
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where W0 is the power of the signal source and Wm is 
that of the power entering the nonlinear element from 
the local oscillator. Since power is supplied by the cur-
rents of frequencies f0 and fm, therefore W0 and Wm are 
positive whereas Ws is negative, since power is being 
delivered at the frequency .f fm0+  Therefore, (2) can be 
rearranged as

.W
W

f
f

1s m

0 0
- = + (3)

Thus, a gain at the sum frequency f yf zfs m0= +^ h with 
respect to the signal frequency is obtained, and this type 
of amplifier is known as a parametric up-converter. The 
order of the modulation product is the sum of the inte-
ger values y and z [27]. An even more interesting result 
is obtained if, instead of the sum frequency, a difference 
frequency f f fd m 0= -  is allowed to flow. If the power 
delivered to the frequency component is Wd, then the 
Manley–Rowe equations for such a circuit turn out to be
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From (4a), it can be seen that the local oscillator sup-
plies energy to the nonlinear reactance; therefore, the 
power at the difference frequency is negative. This is 
because power is being delivered by the nonlinear reac-
tance at the difference frequency. Consequently, from 
(4b), the power at the RF frequency W0 should be nega-
tive. Thus, for this case, the nonlinear reactance offers a 
negative resistance to the RF signal source. This results 
in the abstraction of power from the local oscillator and 
this power is delivered to both the signal source and 
the signal generated with the difference frequency. This 
negative resistance creates an instability. The magnitude 
of the gain in this case is equivalent to that obtained in 
(3). If the external resistance to the difference frequency 
is now reduced from a large value, the total signal circuit 
resistance could approach zero. Under this condition, the 
external signal source can be removed and the three com-
ponents, comprising the signal, the modulation, and the 
difference frequency (fd), will continue to flow, resulting 
in free oscillations. This has been experimentally demon-
strated in [28], where, the reduction in external resistance 
facilitated the production of sustained oscillations. The 

circuit operating under this condition is called a negative 
resistance parametric amplifier.

A magnetic modulator has been demonstrated in 
[29]. It is shown that for the simplest modulation con-
taining only a single magnetic modulator, the sum 
frequency introduces a positive resistance while the 
difference frequency introduces a negative resistance 
in the signal path. In the carrier or the local oscillator 
path, both of the frequencies introduce positive resis-
tance. The same phenomenon occurs in case of a vari-
able capacitor circuit [30], [31]. Thus, for any nonlinear 
reactance, the flow of current comprising the differ-
ence frequency causes abstraction of energy from the 
carrier ( fm) that is delivered to the signal ( f0) while that 
of the sum frequency results in abstraction of energy 
from both the carrier and the signal.

A parametric amplifier using semiconductor diodes 
has been illustrated in [32]. The application of para-
metric amplification has also been investigated in time-
varying distributed reactance in propagating structures 
[33]. Depending on the phase and group velocity of the 
propagating wave, which in turn depends on the series 
reactance and the shunt susceptance of the transmis-
sion line, four cases have been studied; each case com-
plies with the Manley–Rowe equations. If the phase and 
the group velocity are in the same direction, it leads to 
frequency conversion; that is, the power from one fre-
quency is transferred to the other frequency with the 
additional power being supplied by the time-variant 
reactance (capacitor or inductor). If two waves of differ-
ent group velocities but with the same phase velocities 
flow, it can be utilized as a filter or a frequency channel 
selector, which has been further studied in [16].

STM Transmission Line
From parametric amplifier theory, it is clear that non-
linear or time-varying reactance leads to mixing of 
harmonic frequencies, resulting in generation of IM 
products. The IM products strictly follow the Manley–
Rowe equations, provided the reactance is single-val-
ued. One of the application-specific domains of this 
frequency-mixing behavior is the separation of spatio-
temporally overlapping signals traveling in opposite 
directions without using bulky ferrite components as has 
been demonstrated in [34] and [35]. The concept of dis-
tributed modulated capacitors (DMC) that can serve as a 
time-varying transmission line in which varactor diodes 
are loaded along the length of the transmission line has 
been proposed in [16] and is shown in Figure 3(a).

The modified telegrapher’s equation [37] for TVTL 
using time-varying capacitance is given by

( , ) ( , )

( , ) [ ( , ) ( , )]
,

z
v z t

L t
i z t

z
i z t

t
C z t v z t

2
2

2
2

2
2

2
2

=-

=- (5)
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where L is the inductance per unit length and C(z, t) 
denotes the time-varying capacitance per unit length. 
The time-varying capacitance C(z, t) is usually imple-
mented using a varactor diode, which is nothing but 
a voltage controlled capacitor where the reverse bias 
applied across the varactor changes the capacitance. In 
fact, the capacitance decreases with the applied reverse 
bias. So, an ac voltage applied across the varactor 
results in a corresponding variation in the capacitance, 
which can be expressed by

( , ) ( ),cosC z t C C t zm m0 ~ b zD= + - + (6)

where C0 denotes the mean capacitance per unit length 
and the second part of (6) corresponds to the capaci-
tance due to the applied reverse bias ac voltage across 
the varactor where CD  is the amplitude variation per 
unit length of the capacitance due to the reverse bias, 
~m is the angular frequency, and bm is the phase con-
stant. In a similar manner, a transmission line embed-
ded in a ferromagnetic medium is demonstrated in 
[36] as shown in Figure 3(b). Here, the ferromagnetic 
medium is driven by a local oscillator that actually 
leads to the time variation in the transmission line. This 
time-varying ferromagnetic medium, in fact, provides 
a mutual coupling between the two transmission lines.

Just as in the case of transmission lines loaded with 
time-varying capacitance per unit length, the modified 
telegrapher’s equation for Figure 3(b) is given in [36]. 
The characteristic impedance and phase constant of 
the lines are given as Z L Ci i i0 =  and ,L Ci i i ib ~=

where i = 1, 2. The ferromagnetic medium is energized 
by a traveling wave with a phase constant b and angu-
lar frequency ~. Similar to the time-varying capaci-
tance, the time-varying inductance L(z, t) takes the form 
given in [36]. If the frequency of the waves traveling 
in lines 1 and 2 are such that ,1 2~ ~ ~+ =  then, as in 
the case of parametric amplifiers, the energy of the 
local oscillator is coupled to the traveling waves in lines 1 
and 2 and this leads to exponentially growing waves along 
the length of the transmission line, leading to exponential 
amplification. But the drawback 
of this circuit is that two separate 
transmission lines are needed 
for the coupling to occur and for 
the transfer of energy. So, a time-
varying transmission line utiliz-
ing a spatiotemporal variation of 
the capacitance is a better choice.

A time-varying transmis-
sion line finds wide applica-
tion not only in the generation 
of nonreciprocal components 
like isolators and circulators 
but also its unique feature of 

allowing propagation only in the direction of the car-
rier signal can be well utilized in the design of nonre-
ciprocal filters, as was demonstrated for the first time 
in [22]. Let us suppose the angular frequency of the 
signal and the carrier wave traveling in the transmis-
sion line shown in Figure 4 are ~0 and ~c, respectively.

The signal arriving from the antenna is modulated by 
the varactors, and currents at the intermodulation prod-
ucts are generated. These currents travel both right and 
left along the upper transmission line. If the parametric 
conversion is considered at only the upper sideband 

c0~ ~+^ h, the received signals at the left b+^ h and right 
b-^ h are given in [38]. Analysis of the received signal at 

either end reveals that, moving toward the receiver end 
in Figure 4, the signal amplitude gradually increases, 
whereas, moving toward the transmitter end, the signal 
amplitude gradually decreases and reaches zero after 
some wavelengths. As the number of varactors increases, 
the faster the decay. This analysis proves to be the basis 
for further application-specific STM transmission lines 
with distributedly modulated capacitors.

L

L1

C1 C1 C1 C1

C2 C2 C2 C2

L1 L1 L1

L2 L2 L2 L2

L L v (0, t )

C (z, t )

L(z, t ) L(z, t ) L(z, t ) L(z, t )

C (z, t ) C (z, t ) C (z, t )

z

Line 1

Line 2

(a)

(b)

Figure 3. A time-varying transmission line integrated 
with spatiotemporally modulated transmission line (a) 
capacitance per unit length [16] and (b) inductance per 
unit length [36].
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Nonreciprocal Filters
In the previous sections, parametric amplification, fre-
quency mixing, and nonreciprocal behavior in TVTL 
using STM were explained. Based on these properties 
of a TVTL, a filter in the forward direction with isola-
tion in the backward direction has been demonstrated 
in [22]. Prior to digging deeper into the underlying 
cause of nonreciprocity in filter characteristics, we first 
discuss the foundations of the insertion loss method in 
the design of conventional filters.

Analysis of the Insertion Loss Method
The basis for the analysis of any filter function using 
the insertion loss method is the construction of a char-
acteristic polynomial for the desired insertion loss (IL) 
and the return loss (RL) level in the lowpass prototype 
(LPP) domain [37]. Once the characteristic polynomial 
has been defined in the Laplace (s) domain, the next 
step is the extraction of the elemental values so as to 
design a circuit comprising the corresponding reac-
tive elements. The LPP domain can be converted to 
the bandpass prototype (BPP) domain based on clas-
sical lowpass-bandpass transformations. Based on the 
synthesized parameters, the circuit can then be repre-
sented in a coupling matrix form.

The concept of a coupling matrix was first intro-
duced in 1970 by Atia and Williams for the BPP model 
[39], [40]. Once the g values, frequency independent 
(FIR) elements, and coupling inverter values are 
extracted, the total coupled network can be represented 
in the form of a two-port network. This two-port net-
work, using Kirchhoff’s nodal laws, can be represented 
in a matrix form also known as a coupling matrix. It is 
an integration of the source and load impedances (RS

and RL), the frequency dependent elements (capacitors 

and inductors), and the FIR elements, which leads to 
the mainline and cross-couplings represented by the 
matrix M. Further details on the synthesis and scaling 
of the coupling matrix can be found in [41]–[43]. Model-
ing the elements in matrix form simplifies operations 
such as scaling, transformation, and inversion. The 
extracted network from the synthesized polynomials 
is pictorially shown in [44].

Analysis of Spatiotemporal 
Transmission Lines
A linear time-varying (LTV) transmission line is shown in 
Figure 5(a). The time-varying shunt capacitor C(t), which 
can be implemented using the varactor diode, happens 
to be the primary underlying cause of nonreciprocity 
(which will be explored in due course). If, in place of a 
single time-varying element, multiple time-varying ele-
ments are added along the transmission line, as shown 
in Figure 5(b), with each modulated by sinusoidal sig-
nals with progressive phase shifts, then the phenom-
enon is termed STM since the time-varying elements 
are separated in space as well as being time modulated 
with different phase angles. Since the STM transmission 
line deals with the harmonics of the signal frequency ~
and the modulation frequency ~m, the analysis should 
be transformed from the time domain to the frequency 
domain using Fourier analysis [45]. The time harmonic 
capacitance variation is given in (6). For our analysis, the 
spatial part zmb^ h is ignored and a new term g is intro-
duced, which is given by .C C0g D=  Kirchhoff’s law 
applied to the network in Figure 5(a) gives

( ) ( ),v t v t1 2= (7a)

( ) ( ) ( ) ( ) .i t j C t v t i t1 2 2~= + (7b)

Substituting only the time-varying portion of C(t) 
from (6) and applying a Fourier transform to the equa-
tion set (7), it can be shown that

( ) ( ),V V1 2~ ~= (8a)

( ) ( )

[ ( ) ( ) ] ( ) .

I j C V j C

V e V e I
2

m
j

m
j

1 0 2

2 2 2#

~ ~ ~ ~

~ ~ ~ ~ ~

D= +

- + + +z z- (8b)

Similar expressions can be obtained at the gener-
ated intermodulation frequencies m!~ ~^ h from (8) 
and can be integrated into a spectral admittance matrix 
[46] as given in [22]. When an LC resonator with an FIR 
element is used in place of the time-variant capacitor 
alone, extra /j L1 ~  and jB terms are added to the admit-
tance matrix. For the BPP, the admittance of a resonator 
comprising the unmodulated capacitance of the varac-
tor C0, the inductor L, and a FIR element B at the nth IM 
product is denoted in (9):

( ) ( ) .Y jC n jL n jB1( )
q
n

m
m

0 ~ ~
~ ~

= + +
+

+ (9)
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Figure 5. (a) A simple LTV circuit with a single shunt 
capacitor modulated by a sinusoidal signal. (b) A generalized 
circuit topology of a second-order spatiotemporally modulated 
filter [22].
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If, additionally, two terms P( )p  and Q( )p  correspond-
ing to the pth resonator are defined as

,P e2
( )p j pg
= z- (10a)

,Q e2
( )p j pg
= z (10b)

the spectral admittance matrix of the pth resonator is 
given by (11). In terms of Fourier series representation, 
the modulation of the varactor generates an infinite 
number of IM products ( ),n m!~ ~  but only a limited 
range of IM products will suffice.

In the matrix shown in (11) at the bottom of the page, 
IM products only up to n 2!=  are considered for analy-
sis. Apart from the center element of the matrix, the other 
diagonal elements depict the new resonators formed due 
to the generated IM products while the off-diagonal ele-
ments represent the couplings between the different har-
monic components of the same resonator [44]. A closer 
look into the matrix in (11) shows that the matrix is not 
symmetric. This implies that apart from the mainline 
couplings (the J inverters), the couplings between the har-
monic resonators are related by a nonreciprocal admit-
tance inverter that, for a coupling between two different 
harmonics ( )n 1-  and n for a resonator p, is given by

[ ],J Q n( , ) ( )
p
n n p

m
1 ~ ~= +- (12a)

[ ( ) ] .J P n 1( , ) ( )
p
n n p

m
1 ~ ~= + -- (12b)

The first equation of (12) represents an up-conver-
sion from the ( ) thn 1-  to the 
nth harmonic while the second 
one represents the down-con-
version. The equivalent circuit 
of the spectral admittance 
matrix is shown in Figure 6.

On the basis of (11) and (12), 
a coupling topology has been 
framed in [44], which delves 
de eper  i nto  t he  u nderly-
ing cause of nonreciprocity. 
In the coupling topology, the 
mainline J ,i i 1+  inverters cou-
ple the different resonators 
within the same harmonics (~
or ,k m!~ ~ h  but the inverters 
of (12) show the coupling be-
tween contiguous harmonic 

components of the same resonator. Since these cou-
plings between the adjacent nonlinear harmonics 
are nonreciprocal, the response of the system is also 
nonreciprocal [47]. It is clear that the phase terms as-
sociated with these couplings between adjacent non-
linear harmonics [(12)] are the underlying cause of 
nonreciprocity.

Figure 7(a) and (c) represent the traveling of 
electromagnetic (EM) waves to and from port 1 and 
port 2 only through the resonators and the mainline 
couplings. This traveling wave does not encounter 
any phase differences as is evident from the fact that 
there are no phase terms linked with the diagonal 
elements in the admittance matrix shown in (11). This 
indicates that, without modulation, there is no non-
reciprocity. Now, if Figure 7(b) and (d) are observed, 
they show the traveling of EM waves through the 
nonlinear harmonic resonators generated due to the 
modulation of the capacitor. If the phase difference 
between the resonators is considered as zD  and the 
phase of the first resonator as ,01z = c  then the total 
phase difference encountered by the wave in the 
forward direction is 2 1351 2 3z z z+ + - =- c  and that 
in the backward direction is .2 1351 2 3z z z- - + = c

The phase difference between the forward and 
backward traveling wave is ,90c  thus explaining 
the concept of nonreciprocity. Alternately, if the 
ABCD parameters of the 2-pole filter shown in [22] 
are found to be
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where .LC11 0~ ~ ~= -  When there is no modula-
tion, g = 0 and at the center frequency, LC10 0~ =

and thus ~1 turns out to be 0. Then the AD – BC of 
(13) becomes

.AD BC 1- = (14)

Thus, mathematical analysis proves that the mod-
ulation frequency ~m and modulation index g, along 
with the phase difference between the resonators ,zD
generate the nonreciprocity in these spatiotemporal 
circuits. Although this analysis relies on the manifesta-
tion of nonreciprocity by the time-varying circuits, the 
underlying cause of the phenomenon remains some-
what unclear.

Figure 8(a) shows the underlying phenomena 
encountered by the EM wave when it traverses from 
port 1 to port 2 (forward direction). The direction of 
the orange arrows indicate the probable paths taken by 
the EM wave in the forward journey through the main-
line resonators as well as the resonators generated at 
the first harmonic frequency. Although the resonators 
at only the first harmonics are shown, the same holds 
for the higher order harmonics. The thickness of the 
arrows indicates the approximate energy content in the 
EM wave at the particular position. The blue arrows 
indicate the reflected wave at port 1, their direction 
and thickness conveying the same information as the 
orange ones. The energy of the EM wave is distributed 
among the fundamental and the harmonics, thereby 
incurring a loss just after encountering the first resona-
tor. The remainder of the energy is further distributed 
in the corresponding mainline resonators as well as 
being redistributed among other higher order harmon-
ics as it advances. By proper choice of circuit param-
eters, the energy of all of the harmonics can be made to 
converge again at the fundamental frequency, thereby 
nullifying the IL. If the energy from the various 
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coupling topology in [44].
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harmonics does not up-convert and then down-convert 
back to the fundamental frequency, a considerable IL 
is encountered at the fundamental frequency, even if 
the circuit is lossless. Another important parameter 
that needs to be considered in the forward direction is 
the energy at port 1 that is reflected from the various 
harmonics back to the fundamental frequency. As the 
energy is up and down-converted to the higher order 
harmonics, reflected waves from various harmonics 
are in turn up-converted and down-converted back 
to the fundamental frequency, as indicated by vertical 
blue arrows in the vicinity of port 1. This phenomenon 
is responsible for additional energy being reflected 
back to port 1, thereby incurring an additional RL apart 
from the RL due to the fundamental frequency alone. 
As the RL increases, the energy of the wave at the fun-
damental frequency reduces, thereby degrading the IL 
in the passband of the filter. So, in the forward direc-
tion, proper engineering of the circuit as well as the 
parameters is essential to reject higher order harmon-
ics at both port 1 and port 2.

Figure 8(b) shows the traversal of the EM wave from 
port 2 to port 1 (backward direction). Nonreciprocity 
demands isolation in the backward direction; the back-
ward traveling EM wave must incur an IL in this path. 
As has already been discussed in the case of a forward 
traveling wave, nullification of harmonics at both the 
ports would promote low IL. Under this constraint, 
significant isolation can be achieved only if port 2 can 
be engineered in such a way that much of the energy 
is reflected by the higher order harmonics back to the 
fundamental frequency, in addition to the reflected 
wave at the fundamental frequency. Since the first con-
straint precludes the coupling of energy to the higher 
order harmonics in port 1, the only port that can be 
manipulated is port 2.

Additionally, the progressive phase difference zD^ h
between the resonators should be chosen so that the 
total phase encountered by the EM wave while travers-
ing the fundamental and IM products does not result in 
a destructive interference of the signal power at the load 
end in the forward direction. On the other hand, for the 
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EM wave traveling in the backward direction, the total 
phase encountered must destructively interfere with the 
signal power, thereby increasing the backward IL consid-
erably. Furthermore, it should be noted that the increase 
in the number of time-varying resonators results in an 
increase in the degrees of freedom for the EM energy 
traveling in the forward direction to converge back to 
the fundamental frequency from the harmonics, thereby 
enhancing the IL. A similar phenomenon occurs in the 
backward direction. The increase in the number of reso-
nators results in an enhancement of the conversion of 
EM energy from the fundamental to the harmonics in 
addition to the reflection incurred at port 2.

Implemented Filters and Discussion
It has been observed that with only one time-varying 
resonator, the circuit does not exhibit nonreciprocity 
at the center frequency, because the available power 
from the carrier frequency is distributed among both 
the carrier and the IM frequencies, and the latter 

exhibits loss only at the center frequency. Conversely, 
with more than one time-varying resonator, the power 
from the transmitted and reflected harmonic prod-
ucts is up-converted and down-converted back to the 
carrier frequency. Since the frequency translation is 
nonreciprocal as has been shown in (10)–(12), S21 at the 
center frequency becomes nonreciprocal as well.

From Figure 9, one can see that the performance is 
enhanced when the number of resonators is increased. 
Comparison of the results of a three-pole filter with 
different numbers of harmonics has been elaborated 
in [22]. The results of that study show that conver-
gence issues arise in the numerical results when the 
dimension of the spectral matrix increases from three 
to seven. This leads to variation in the transmission 
and the reflection curves. Good convergence as well 
as stable results are obtained when the dimension of 
the spectral matrix is 7, which indicates that the signal 
power is mostly contained within the range 3 m~ ~-  to 

3 m~ ~+  for a three-pole filter.
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Furthermore, a 0.043 dB equiripple filter exhibiting 
nonreciprocity with the circuit configuration shown 
in Figure 2 has been built using lumped components 
with a center frequency ( f0) at 200 MHz and a band-
width (BW) of 30 MHz [22]. First, the LPP (g) values 
were obtained corresponding to an IL of 0.043 dB 
using the procedures listed in the “Analysis of the 
Insertion Loss Method” section. The mean value of 
the capacitor (Cr) in the resonator was set to a fea-
sible value of 13.2 pF. Correspondingly, . ,L C1r r

2~=

where .f20 0~ r=  Based on the extracted values of the 
admittance inverters and replacing them with physi-
cal inverters with capacitors arranged in a r configu-
ration, a filter using lumped components was built. 
The dc signal applied to the varactor (SMV1236) fixes 
the nominal capacitance value, whereas the super-
imposition of the ac signal results in a swing of the 
capacitance value from its nominal position, as has 
been theoretically shown in (6). The magnitude of the 
ac voltage swing depends on the magnitude of the 
chosen modulation index (g). The modulation signal 
is applied to the varactor through an LPF with a cut-
off frequency much less than f0 to prevent its interfer-
ence with the modulation signal ( fm). The dc blocking 
capacitors (Cds) isolate the shunt inductor from the 

dc path. The response of the circuit is shown in 
Figure 10 and clearly reveals a directivity D of more 
than 20 dB in the passband. As has already been elab-
orated, the energy of the EM wave in the backward 
direction is distributed among the IM frequencies 
and, hence, the value of ~m was set at 30 MHz, which 
ensures that the reflected energy at port 2 falls within 
the stopband of the filter.

Another implementation of a NR-BPF using lumped 
components was carried out in [48]. The varactor con-
figuration for the resonator is shown in Figure 11. The 
first step in the design of the desired unmodulated BPF 
is to choose the appropriate capacitor for the resonator. 
Once the capacitor value is fixed, the required dc bias-
ing of the varactor is chosen to achieve the required 
capacitance value. This is followed by the optimization 
of the ac parameter values such as frequency, voltage, 
and the progressive phase shifts of the modulating sig-
nals so as to achieve a minimum IL in the passband 
in the forward direction and high reverse isolation. 
The analysis and the parameter extraction procedures 
followed here are based on the analysis in [22]. Fur-
thermore, a parametric study was used to obtain the 
optimized values of the circuit parameters g, ~m, and z
corresponding to the best response of the filter.
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Figure 12(a) shows that the best response is obtained 
when the modulation frequency fm is less than the band-
width of the filter. This result is consistent with the fact 
that the reflected energy from port 2 does not fall in the 
passband. Too low of a modulation frequency results in 
a higher RL from the harmonics at port 2 within the pass-
band, while too high of a modulation frequency results 
in more energy coupling to the higher order harmonics, 
resulting in an increase in the IL in the passband. Fig-
ure 12(b) shows that enhanced performance in terms of 
IL as well as directivity is obtained when .60zD = c  It also 
shows that the variation in the modulation signal ampli-
tude, which in turn is related to the parameter g, has an 
effect on the bandwidth and directivity of the filter. Lower 
g values result in wider bandwidth at the cost of degraded 
directivity while higher g values degrade the bandwidth, 
but the RL as well as the directivity are enhanced.

The optimized filter characteristics corresponding 
to the circuit in Figure 11 are shown in Figure 13. The 
measured bandwidth is 27.5 MHz (19.2%) with the center 

frequency at 143 MHz. The measured minimum IL in the 
passband of the forward transmission response S21^ h
and the maximum isolation in the reverse direction 

S12^ h were found to be 3.7 dB and 52.8 dB, respectively. 
This circuit also possesses the potential to have a tunable 
center frequency from 136 MHz to 163 MHz, simultane-
ously achieving nonreciprocity as shown in Figure 14. 
This is done by uniformly altering the dc bias voltage on 
the three resonators. Although the IL is degraded in this 
case compared to [22], this is still the first ever reported 
NR-BPF with tunable center frequency.

The filters in [22] and [48] used lumped components, 
which can be difficult to work with in the high frequency 
domain. So, the foundations laid in [22] were extended 
into a coupling matrix for the first time in [44], in which 
a three-pole filter and a four-pole filter were analyti-
cally formulated, simulated, and implemented using 
microstrip line showing nonreciprocity at the center 
frequency. The modulation signal parameters are opti-
mized to maximize the energy that is coupled to the non-
linear harmonics, thus ensuring that most of the energy 
is transferred to the operating frequency. A coupling 
matrix is used to obtain the values of the circuit elements 
and obtain the desired response, followed by the optimi-
zation of the ac parameters, as explained earlier, in the 
analysis of the IL method for filter design.

DV
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LDC

+

CM LM

+

VM cos (2π fMt + φ )

Figure 11. The capacitor network configuration to harness 
the resonant frequency modulation [48].
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A pictorial representation of the energy flow in the 
forward and reverse direction is shown in Figure 7. 
Numerical analysis shows that decreasing the modulat-
ing signal frequency enhances directivity at the cost of 
narrower bandwidth. For the built filter, quarter-wave 
microstrip lines terminated with a via hole on one side 
and connected to varactors on the other side were used. 
Both third- and fourth-order filters were fabricated and 
compared with the simulation results. The geometry of 
the third-order filter is shown in Figure 15 and the cor-
responding S-parameters are shown in Figure 16.

As in the case of lumped circuits, the RF and the 
modulating signals are isolated using choked inductors. 
Moreover, to increase the isolation further, the two signals 
are supported on two different planes of the substrate. 
Measured results exhibit slightly more IL in the passband 
owing to parasitic cross-coupling between nonadjacent 
resonators. After a resistor was connected in parallel to the 
resonators to model the losses incurred in the measured 
results good correspondance was achieved between the 
simulated and measured results. The directivity for the 
fourth-order filter is 13.8 dB as compared to the 13.6 dB 
for the third-order filter. Although the simulation and the 
measured results show good correlation, the complicated 
biasing design somewhat degrades the response.

Another distributed realization of a nonreciprocal 
filter using microstrip lines is shown in [49]. Initially, 
a parametric study was carried out to optimize the 
modulation frequency, followed by implementation of 

a two-pole filter using microstrip lines. The parametric 
study provides neat and useful results, which can be 
utilized to choose the values of the parameters.

Table 1 represents the variation in filter characteristics 
with changes in parameters g, fm, and .zD  Here, an - beside 
the parameter name represents that the parameter value is 
increasing. For example, fm - means the effect of increasing 
fm on the filter characteristics. Similarly, for the filter char-
acteristics, an - indicates an enhanced result is obtained, a 
. indicates degradation of that particular characteristic, a ! 
mark before the - or . indicates a slight increase or decrease 
respectively and -. indicates that the characteristic first 
enhances and then degrades. It can be concluded that 
among the other parameters, zD  plays a dominant role 
in determining the bandwidth of the response. It is also 
evident that increasing zD  beyond 90c results in degrada-
tion of the response. This can be explained using the cou-
pling topology given in [44]. If the EM wave traverses a 
path J J J J J J( , ) ( , )

P P1 1
1 0

12 23 3
0 1

31 2" " " " "
- -  in the forward 

direction, then the total phase encountered by the wave 
is .21 3z z zD- =-  Conversely, in the backward direc-
tion, the total phase encountered is .2 zD  Thus, the total 
phase difference incurred by the wave in the forward and 
backward direction is .4 zD  So, as zD  increases from 0c
to ,90c  the phase difference increases until it reaches its 
maximum, that is ,360 0=c c  hence a phase cancellation 
occurs at this point. Further increase in the zD  results in 
the repetition of the same cycle starting from the mini-
mum, thereby degrading the performance. If fm increases 
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Figure 15. A distributed implementation of the third-order nonreciprocal filter using microstrip technology. The layout 
design of the (a) top and (b) bottom metalization layer, respectively. The fabricated (c) top and (d) bottom metalization layers, 
respectively [44].
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to a large value, the IM products fall outside the band-
width of the filter. As a result, the conversion of energy 
to the harmonics reduces, thereby increasing the band-
width at the cost of reducing the nonreciprocity at the 
center frequency. On the other hand, reduction of fm to a 
very small value results in the reduction of the number of 
reflection zeroes within the passband with a simultaneous 
generation of transmission zeroes outside the band. This 
phenomenon not only increases the selectivity of the filter, 
but also degrades the bandwidth. This compels the proper 
choice of the fm value to obtain optimum results in terms of 
bandwidth and isolation. Works addressing the enhance-
ment of bandwidth in nonreciprocal filters are still, to the 

authors’ knowledge, unavailable and demand further 
research in this domain. With higher numbers of harmon-
ics and more paths available for traversal, the phase can-
cellation of all of the waves happens at no particular point, 
thus preserving the nonreciprocity at every instance.

The fabricated filter is fed with the modulating 
sources at the center of the half-wavelength resonators. 
This configuration nullifies the first odd-resonance 
voltage at the center, thus precluding any biasing 
components to separate the RF frequency fRF from the 
modulation frequency fm as was the case for [44] where 
a choke lumped inductor was used to separate the RF 
and the modulation path. This novel design reduces 
circuit complexity. The layout design of the distributed 
implementation is shown in Figure 17.

The fabricated filter along with its response is 
shown in Figure 18. While the lumped component rep-
resentation shown earlier had better directivity, the 
distributed response is worse, showing a directivity D 
= 6.2 dB for the fabricated circuit compared to D = 12 dB 
for the simulated response. The presence of lengthy 
cables at the modulating signal ports excites even order 
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TABLE 1. The variation of filter characteristics 
corresponding to parametric variations.

S21 S11 D BW 

fm - - - . ! .

.g - - . ! -

-zD -. . -. -
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resonant modes and introduces loading effect on the 
resonator, which is likely the cause of this discrepancy.

Similarly, a second-order NR-BPF using a microstrip 
structure has also been simulated in [50]. Parametric 
studies have been carried out that show an increase in 
the nonreciprocity with an increase in the modulation 
voltage, but the increased nonreciprocity degrades the 
IL in the forward path. The circuit model is similar to 
the other works and the microstrip layout is shown in 
Figure 19 and the corresponding S-parameters in Fig-
ure 20. Simulation results show a clear nonreciprocity 
at the center frequency with a directivity of 4.7 dB.

The nonreciprocity in both the lumped and the 
distributed circuits discussed thus far depends solely 
on the incremental phase difference of the applied 
modulation signal to the varactors. Hence the power 
handling capabilities of the designed circuits depend 
largely on the varactor used and its breakdown voltage.

In sum, the recent literature, simulated comparisons, 
and mathematical analysis all corroborate the genesis 
of nonreciprocity in time-varying resonators owing to 
the incremental phase difference of the applied modu-
lation signal. In addition to the incremental phase dif-
ference zD^ h and the effects of its variation, the other 
parameters that are equally important are the modula-
tion index (g) and the modulation frequency (~m). With 
an increase in g from a nominal value, more energy 
is coupled to the higher order harmonics. As a result, 
the RL from the harmonics back to the fundamental 
frequency increases in both the ports, which in turn 
results in the degradation of IL in the forward direction 
while the isolation enhances in the reverse direction. 
Thus, a proper choice of zD  is required to optimize 
the bandwidth and isolation of the filter, whereas that 
for the g results in optimization between the isolation 
and IL within the passband. The modulation frequency 
~m translates the reflected and transmitted wave to 
frequencies away from the fundamental frequency. A 
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good response is obtained when the value of fm is cho-
sen such that / .BW f BW2 m1 1  This indicates that the 
reflected energy from the first harmonics back to the 
fundamental frequency falls within the stopband of the 
filter. It is worthwhile to mention that the generated fre-
quencies and their associated powers strictly adhere to 
the Manley–Rowe equations [1]. This implies that the 
power associated with the up-converted and down-
converted signals depends on the frequency ~m. Thus, 
the ~m value needs to be properly optimized, not only 
to keep the reflected energy in the stopband, but also to 
maintain the power at the sum and difference frequen-
cies, so as to obtain the IL within a reasonable limit.

Conclusions
Spatiotemporal nonreciprocal filters were reviewed 
and discussed in this article. An extensive study was 
carried out starting from the parametric amplifier, 
which serves as the key to understanding the STM fol-
lowed by an analysis of time-varying transmission. 
These concepts serve as the prerequisites for the study 

of nonreciprocity in microwave 
filters. The role of synthesis 
and extraction of lumped com-
ponents in the fabrication of 
filters was also discussed. The 
primary concept and the under-
lying cause of nonreciprocity 
was deciphered, followed by the 
responses of the filter networks 
and the recent technological 
advances in this field. Most of the 
notable work accomplished thus 
far in this field is on narrowband 
filters, leaving scope for broad-
band implementation in the near 
future. This domain, still rela-
tively unexplored, leaves plenty 
of room for further research and 

development in the realization of cost-effective solu-
tions with higher directivity and lower IL, which meet 
state-of-the-art technological demands.
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Keynotes & At A Glance

Dr. Curtis Ling
MaxLinear

Prof. Sorin Voinigescu
 University of Toronto

Prof. Dana Z. Anderson
University of Colorado and

ColdQuanta, Inc.

Gregory E. Edlund
Lockheed Martin Space

Systems Company

Prof. W. Bernard Carlson
University of Virginia and

National University of Ireland Galway

Sunday
19-Jun-22

Monday
20-Jun-22

Tuesday
 21-Jun-22

Wednesday
22-Jun-22

Thursday
23-Jun-22

Friday
24-Jun-22

Workshops

Technical Lectures

RFIC Plenary Session, Reception,
Industry Showcase

Quantum Bootcamp

RF Bootcamp

RFIC Technical Sessions and Interactive Forum

Three Minute Thesis

IMS Plenary Session and Welcome Reception

IMS Technical Sessions and Interactive Forum

Panel Sessions

Connected Future Summit

Exhibition

MicroApps and Industry Workshops

Amateur Radio Talk and Reception

Young Professionals Talk and Reception

Industry Hosted Reception

Women In Microwaves Talk and Reception

IMS Closing Ceremony and Awards

99th ARFTG

 Workshops
 Technical Lectures
 RFIC
 Bootcamp

 Three Minute Thesis
 IMS
 Panel Sessions
 Connected Future Summit

 Exhibitor Activities 
 Focus Groups
 ARFTG

The Future of 
RFIC is
Digital

RFICs into the
Roaring 20’s:
Hot and Cold

A
Quantum 

Technology
Landscape

Space,
Changing 

the Way
We Live, 

Enabled by
Microwave 
Innovations

Learning from
the Lightning: How 

Nikola Tesla 
Formulated a

Scheme for
Wireless Power

 in Colorado Springs



Panel Sessions,  
Technical Lectures & Workshops

PANEL SESSIONS
• Industry vs. Academia: Who is Leading Whom?
• This is the Right Way to Architect the Microwave Control for Quantum Computers!
• Race to the Next G – Ride the mmWave or Wave Goodbye!
• The Trend of Tiny AI: Will Ultra-Low-Power Fully-Integrated Cognitive Radios Become a Reality?
• Small Satellites and Constellations: Who Will Be the Winners of the New Race to Space?
• Wearables – Our Life Depends on Them!
• Modern Phased Arrays and OTA Testing: A Design or a Measurement Challenge?

TECHNICAL LECTURES
• Fundamentals of Noise, and Understanding its Effects on RFICs
• Electromagnetic Fundamentals Underlying Health Impact of Millimeter-Wave Radiations
• Semiconductor Electronics for High Power/High Speed Recon�gurable RF and Microwave Electronics

WORKSHOPS
• Advanced Manufacturing and Design Techniques for Emerging 3D Microwave and mm-Wave RF Filters
• Advances in SATCOM Phased-Arrays and Constellations for LEO, MEO and GEO Systems
• Emerging MIT/PCM Based Recon�gurable Microwave Devices
• Front-End Module Integration and Packaging for 6G and Beyond 100GHz Communication and Radar Systems
• In-Band Full-Duplex Integrated Devices and Systems
• Superposition and Entanglement: When Microwaves meet Quantum
• Supply Modulation Techniques: From Device to System
• RF Large-Signal Transistor Performance Limits Related to Reliability and Ruggedness in Mobile Circuit Applications
• GaN/GaAs Technology Development and Heterogeneous Integration for Emerging mm-Wave Applications
• Microwave Techniques for Coexistence between 5G and Passive Scienti�c Systems
• On-Wafer mm-Wave Measurements
• Measurement and Modeling of Trapping, Thermal Effects and Reliability of GaN HEMT Microwave PA Technology
• Hands-On Phased Array Beamforming Using Open Source Hardware and Software
• AI/ML-Based Signal Processing for Wireless Channels
• Commercial Applications of Medical RF, Microwave and mm-Wave Technology
• Quantum RF Receivers: Using Rydberg Atoms for Highly Sensitive and Ultra Wideband Electric Field Sensing
• Large-Scale Antenna Arrays: Circuits, Architectures, and Algorithms
• SWIPT — Simultaneous Wireless Information and Power Transmission for Future IoT Solutions
• Health Aspects of mm-Wave Radiation in 5G and Beyond
• Micro and Nano Technology Challenges to Address 6G Key Performance Indicators
• Wideband and High Ef�ciency mm-Wave CMOS PA Design for 5G and Beyond
•  Emerging Low-Temperature/Cryogenic Microwave Techniques and Technologies for Quantum Information Processing
• mm-Wave Design Challenges and Solutions for 6G Wireless Communications
• mm-Wave and THz Systems for Near-Field Imaging, Spectroscopy and Radar Sensing Applications
• Advanced Interference Mitigation in Integrated Wireless Transceivers
• System Design Considerations for Advanced Radios
• Toward Tbps Optical and Wireline Transceivers: a Tutorial for RFIC Designers
• Wireless Proximity Communication
• Recent Developments in Sub-6GHz PAs and Front-End Modules
• Digitally Intensive PAs and Transmitters for RF Communication
• Human Body Communications

For the latest on IMS and Microwave Week visit ims-ieee.org
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Passive Components & 
Packaging

Technical Track Key:

Field, Device and Circuit Tech. Active Devices

Systems & Applications

Emerging Technologies Focus or Special Sessions RFIC Sessions

IMS Technical Sessions
Tuesday, 21 June

Tu1A: Advances in Synthesis and Design Techniques for Non-Planar Filters

Tu1B: Advances in Numerical and Computational Techniques for Simulation and 
Design Optimization

Tu1C: Advances in RFID Technologies

Tu1D: Advanced Frequency Synthesis

Tu1E: Microwave Technologies for Quantum-System Integration

Tu2A: Advances in Non-Planar Filter Technologies

Tu2B: A Retrospective and a Vision of Future Trends in RF and Microwave Design 
Optimization

Tu2C: Advances in RF Sensors

Tu2D: Advanced mm-wave-sub-mm-wave Mixers, Switches and Phase Shifters

Tu2E: Cryogenic Microwave Circuits for Control of Quantum Systems

Tu3A: Recon�gurable Multi-Mode Resonators and Filters

Tu3C: Rectenna and Signal Design for RF Power Transmission and Energy 
Harvesting

Tu3D: HF-VHF-UHF Power Ampli�ers and Systems

Tu3E: Cryogenic Measurement and Characterization for Quantum Systems

Tu4A: Integrated Filters in the GHz and sub-THz Range

Tu4B: Components for Advanced Systems and Applications

Tu4C: Low-Frequency Wireless Power Transfer and Harvesting Systems

Tu4D: Advanced High-Speed Mixed-Signal Circuits For Optical and mm-Wave 
Systems

Tu4E: Next-Generation mm-wave GaN Technologies and MMICs for 5G-6G and 
DoD Applications

Wednesday, 22 June

We1A: High-Density Integration of Transmission Line Structures

We1B: Advances in High Frequency Device Modeling

We1C: Advanced 5G Wireless System Architectures and Underlying Over-the-Air 
Characterization Techniques

We1D: Nonlinear Analysis and Design of Microwave Signal Generation and 
Processing Circuits

We1E: High Power GaN RF and Microwave Power Ampli�ers

We1F: Radar from Space to Ground (and Below) - The Synergy Between Commer-
cial, Government, and Metrology Applications

We1G: Millimeter-Wave and Terahertz Power Ampli�ers and Frontend Modules

We2A: Advancements in Planar and Substrate Integrated Filters and Multiplexers

We2B: Advances in the Characterization of Microwave and Millimeter-Wave 
Materials and Components

We2C: AI-ML for RF and mmWave Applications

We2E: Advanced Linearization Techniques for PAs and MIMO Transmitters

We2F: Advanced Concepts for 77 GHz Radar

We2G: Millimeter-wave and Terahertz System Demonstrations and Concepts

We3A: Advances in Passive Devices

We3B: Advances in Interconnects

We3C: Towards Physically Secure Communication and Computation

We3D: LNAs and Receivers at W-band and Beyond

We3E: New Advances in RF Circuits and Systems

We3F: Cognitive Radar

We3G: Millimeter-Wave and Terahertz Signal Generation

We4A: Advances in mmWave Passive Components & Systems

We4B: Advanced Manufacturing and Novel Substrates

We4C: Advanced System Architectures and Concepts

We4D: Advances in Low Power CMOS Low Noise Ampli�ers (LNAs)

We4E: Special Session in Memory of Professor Tatsuo Itoh

We4F: Advanced Radar Imaging and Signal Processing

We4G: Millimeter and Terahertz Integrated Circuits and Components

Thursday, 23 June

Th1A: Microwave Interaction and Characterization of Biological and Semiconduc-
tor Materials

TH1B: Advances in SAW and Acoustic Components Technology

Th1C: Microwave and Terahertz Photonics

Th1E: Compound Semiconductor Power Ampli�ers

Th1F: Ef�cient Characterization and Test of Phased Array Antenna Systems: Is it 
Really a Nightmare?

Th2A: Measurement and Instrumentation Techniques for Evolving Standards in 
Future Technologies

Th2B: Recent Advances on Acoustic Resonators and Filters 

Th2C: Nano-Devices and Their High Frequency Applications

Th2E: Recent Advances in Microwave Semiconductor Technology

Th2F: Antenna Systems for 5G and SATCOM Applications

Th3A: MHz-to-THz Instrumentation for Biological Measurements and Healthcare 
Applications

Th3B: Emerging Phase-Change and SIW Technologies for mmWave to sub-THz 
Applications

Th3C: Silicon Based Digital Power Ampli�er Architectures

Th3E: Recon�gurable RF Systems for 5G mmWave Communications 

Th3F: Advances in Integrated Transceivers for Beamforming and RADAR Applica-
tions
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RFIC Technical Sessions 
Monday, 20 June

RMo1A: mm-Wave Transmitters & Receivers for Communication & 5G Applica-
tions

RMo1B: Cryogenic and Advanced Front-End Circuits

RMo1C: RFIC Systems and Applications: Custom RFICs for Emerging Systems 

RMo2A: Multi-Gigabit Transceivers & Modules for Point-to-Point & Emerging 
Applications

RMo2B: Power Switches, Ampli�ers and Power Dividers for mm-wave and sub-
THz Applications

RMo2C: RF & mm-Wave Transmitters

RMo3A: Millimeter-Wave & Sub-THz Circuits & Systems for Radar Sensing and 
Metrology

RMo3B: Mixed-Signal Building Blocks for Next-Generation Systems

RMo3C: Frequency Generation Techniques for 5G and IoT

RMo4A: Power Ampli�ers for 100+GHz Applications

RMo4B: Switch Technology, CMOS Reliability, and ESD

RMo4C: RF, mmWave and Sub-THz VCOs

Tuesday, 21 June

RTu1A: mm-wave and Wide Band Low-Noise CMOS Ampli�ers

RTu1B: Ef�ciency Enhancement Techniques for Power Ampli�ers

RTu3A: Circuits and Techniques for Full Duplex Transceivers

RTu3B: Millimeter-Wave-THz Devices and BIST-Calibration, and Circuits for 
Emerging Applications

RTu4A: Emerging Wireless Communications

RTu4B: Building Blocks for Next Generation Frequency Synthesis

Connected
Future Summit 
and Quantum 

Systems

TUESDAY

Radar and 
Aerospace 

WEDNESDAY

Phased
Arrays and

Over-the-Air

THURSDAY

The Systems Forum, Connected Future Summit, and Boot Camps
With a special focus on systems design across three days, The Systems Forum includes technical 

topics showcased in the Connected Future Summit, panel sessions, focused sessions, and an interactive
Systems Pavilion on the show �oor.

Connected Future Summit RF Boot Camp NEW! Quantum Boot Camp
The Connected Future Summit will be held 
on Tuesday, 21 June 2022. The Summit will 

review core technologies for future wireless 
networks along with their human and societal 

impacts. Topics will include future trends 
of 6G and beyond; standardization of both 

cellular (3GPP) and Wi-Fi Alliance; broadband 
wireless with satellite constellations and 

other high-altitude platform; V2X technology 
with beyond 5G; semiconductor technologies; 
recon�gurable front ends and system archi-

tectures; and test and measurement
challenges impacting next-generation con-

nectivity evolution. 
Visit ims-ieee.org/connectedfuturesummit

to view the agenda and speakers.

Join us for an introduction to RF basics on 
Monday, 20 June 2022! This one day course 

is ideal for newcomers to the microwave 
world, such as technicians, new engineers, 
college students, engineers changing their 
career path, as well as marketing and sales 
professionals looking to become more com-

fortable in customer interactions involving RF 
& Microwave circuit and system concepts 
and terminology. The format of the RF Boot 

Camp is similar to that of a workshop or short 
course, with multiple presenters from industry 

and academia presenting on a variety of 
topics. 

Visit ims-ieee.org/RFbootcamp
to view the agenda and speakers.

This course will provide an introduction to 
the basics of quantum engineering, targeting 

microwave engineers who want to understand 
how they can make an impact in this emerging 

�eld. The intended audience includes new 
engineers, engineers who may be changing 

their career path, marketing and sales profes-
sionals, as well as current university students. 
Speakers will cover quantum engineering ba-
sics with a focus on the control and measure-
ment of quantum systems and will conclude 
with a hands-on introduction to the design of 
superconducting qubits using modern micro-

wave CAD tools.  
Visit ims-ieee.org/quantumbootcamp

to view the agenda and speakers.



Exhibition, MicroApps, Industry 
Workshops and Mobile App

EXHIBITION OVERVIEW
The exhibition at IMS2022 includes 380+ exhibitors from around the world, showcasing their products and services. All conference pass 
holders gain free access to the exhibition. “EXPO only” passes are also available. You can sign up for a FREE EXPO only pass for the 
Wednesday exhibition or gain access to three days of exhibition and show-�oor presentations in the MicroApps Theater for $30.

SHOW HOURS
Tuesday, 21 June 2022 Wednesday, 22 June 2022 Thursday, 23 June 2022  
09:30-17:00 09:30-18:00 09:30-15:00

SHOW FLOOR NETWORKING HIGHLIGHTS
• Continental Breakfast each morning Tuesday-Thursday
• Sweet Treat Tuesday (during afternoon)
• Coffee breaks throughout the day Tuesday, Wednesday, and Thursday
• Industry Hosted Reception, Wednesday, 22 June 2022, 17:00-18:00
• Societies Pavilion
• Systems Pavilion
• Three networking lounges with charging stations

MICROAPPS
The Microwave Application seminars (MicroApps) offered Tuesday, 21 June through Thursday, 23 June 2022, provide a unique forum for the 
exchange of ideas and practical knowledge related to the design, development, production, and test of products and services. MicroApps sem-
inars are presented by technical experts from IMS2022 exhibitors with a focus on providing practical information, design, and test techniques 
that practicing engineers and technicians can apply to solve the current issues in their  projects and products. View the complete MicroApps 
schedule at https://ims-ieee.org/exhibition/microapps/microapps-seminars.

INDUSTRY WORKSHOPS
The Industry Workshops are 2-hour industry-led presentations featuring hands-on, practical solutions often including live demonstrations 
and attendee participation. These Workshops are open to all registered Microwave Week attendees for $25 per Workshop. View the com-
plete Industry Workshop schedule at https://ims-ieee.org/exhibition/microapps/industry-workshops.

IMS MICROWAVE WEEK MOBILE APP
The IMS Microwave Week app is now available in the Apple App store and Google Play store. Install the app on your Android or iOS device to 
view the full schedule of Workshops, Technical Lectures, IMS and RFIC Technical Sessions, ARFTG, Panel Sessions, Social Events and Exhibition 
information. On-site during Microwave Week you will be able to download IMS and RFIC papers and presentations, access Workshop materials, 
locate exhibitors and explore all that Denver, CO, has to offer! Download today!

Apple App Store                        Google Play Store

#IMS2022Follow us on: 

For the latest on IMS and Microwave Week visit ims-ieee.org
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Exhibitor List
2pi-Labs GmbH
3D Glass Solutions Inc
3G Shielding Specialties
3RWAVE
A-Alpha Waveguide Inc.
ACE-Accurate Circuit Engineering
ACEWAVETECH
AdTech Ceramics
Advanced Assembly
Advanced Circuitry International
Advanced Test Equipment Corp.
Aerospace & Defense Technology
AFT Microwave Inc.
AGC Multi Material America Inc.
Agile Microwave Technology Inc.
AI Technology Inc.
A-INFO Inc.
AJ Tuck Co.
Akoustis Inc.
ALMT Corp.
Altum RF
AMCAD Engineering
AMD-Xilinx
American Microwave Corp.
American Standard Circuits Inc.
Amotech Co. Ltd.
Ampleon
AmpliTech Inc.
Analog Devices Inc.
AnaPico Inc.
Anoison Electronics LLC
Anokiwave
Anritsu Co.
Ansys
APITech
AR Modular RF
AR RF/Microwave Instrumentation
Artech House
ASI CoaxDepot
Association of Old Crows
Astronics Test Systems
AT Wall Company
Auden Techno
Avalon Test Equipment
B&Z Technologies
Barry Industries Inc.
Benchmark Electronics Inc.
Berkeley Nucleonics Corp.
Boonton
Cadence Design Systems Inc.
Cernex/Cernexwave
Charter Engineering Inc.
ChongQing Ceratronics Technology Ltd.
Ciao Wireless Inc.
Cicor Group
Cinch Connectivity Solutions
CML Microcircuits
Colorado Engineering Inc.
Colorado Microcircuits Inc.
CommAgility
Communications & Power Industries
Component Distributors Inc.
Conduant Corporation
Connectronics Inc.
Copper Mountain Technologies
Corning Inc.
Corry Micronics LLC
Crane Aerospace & Electronics
Criteria Labs Inc
Crystek Corp.
Custom Cable Assemblies Inc.
Custom Microwave Components Inc.
CW Swift & Associates Inc.
CX Thin Films
Dalicap Tech
dB Control
Delta Electronics Mfg. Corp.
Denka Corporation
DeWeyl Tool Company

Diamond Antenna & Microwave Corp.
Diramics
DiTom Microwave Inc.
dSPACE Inc.
Ducommun LaBarge Technologies Inc.
Eclipse MDI
ED2 Corporation
Egide USA
Electro Ceramic Industries
Electro Rent Corp.
Element Six
Elite RF
EM Labs Inc.
EMC Elektronik Ltd.
Empower RF Systems Inc.
EMSS Antennas
ENGIN-IC Inc.
Eravant
ETL Systems Ltd.
ETS-Lindgren
Eureka Aerospace Inc.
European Microwave Week
Evans Capacitor Company
Everything RF/Microwaves 101
evissaP Inc
EZ Form Cable, a Trexon Company
F&K Delvotec Inc.
Filtronetics Inc.
Filtronic Broadband
Fine-Line Circuits Limited
Flann Microwave Ltd.
Flexco Microwave Inc.
Focus Microwaves Inc.
FormFactor Inc.
Fortify
Geib Re�ning Corp.
Gel-Pak
General Microwave Corporation
GGB Industries Inc.
Glenair Inc.
Global Communication Semiconductors
GLOBALFOUNDRIES
Golden Loch Ind. Co. Ltd.
Guerrilla RF
Harbour Industries LLC
HASCO INC
Hermetic Solutions Group
Herotek Inc.
Hesse Mechatronics
High Frequency Electronics
Hirose Electric USA
Holzworth
HRL Laboratories LLC
Hughes Circuits Inc.
HYPERLABS
IEEE Future Directions: LEO Sats Project
IHP GmbH
IMS Connector Systems
IMST GmbH
InCompliance Magazine
Indium Corp.
Innertron Inc.
Innovative Power Products Inc.
InPack
In-Phase Technologies Inc.
iNRCORE
Inspower Co. Ltd.
Integra Technologies Inc.
Intelliconnect LLC
International Manufacturing Services Inc.
inTEST Thermal Solutions
Ironwood Electronics
Isola/Insulectro
ITF Co. Ltd.
IVWorks Co. Ltd.
IW Microwave Products
JFW Industries Inc.
Johanson Technology Inc.
JQL Technologies Corporation

Junkosha Inc.
Keysight Technologies
Knowles Precision Devices
KOSTECSYS Co. Ltd.
KREEMO Inc.
KRYTAR
KVG Quartz Crystal Technology GmbH
Kyocera AVX
Kyocera International Inc.
LadyBug Technologies LLC
Lake Shore Cryotronics Inc.
Laser Processing Technology Inc.
Leader Tech Inc.
Leonardo
Liberty Test Equipment Inc.
Linear Photonics
Linearizer Technology Inc.
Linwave Technology
Logus Microwave
Low Noise Factory AB
LPKF Laser & Electronics
M2 Global
MACOM
Marki Microwave Inc.
Maury Microwave
MaXentric Technologies LLC
MCV Microwave
Measure Tech Inc.
MECA Electronics Inc.
Mega Circuit Inc.
MegaPhase
Menlo Microsystems Inc.
Mercury Systems
Metamagnetics Inc.
Mician GmbH
Micro Harmonics Corporation
Micro Lambda Wireless Inc.
MicroFab Inc.
Micro-Mode Products Inc.
Microsanj LLC
Microsembly
Microwave Applications Group
Microwave Development Labs
Microwave Engineering Corp.
Microwave Journal
Microwave Product Digest
Microwave Products Group
Microwaves & RF
Millimeter Wave Products Inc.
Milliwave Silicon Solutions Inc.
Mini-Circuits
Mini-Systems Inc.
MISOTECH
Mitsubishi Electric US Inc.
Modelithics Inc.
Modular Components National
Morion US LLC
Mouser Electronics Inc.
MPI Corp.
MRSI Systems, Mycronic
MtronPTI
Muegge Gerling
MWS Wire Industries
Nano Dimension
Narda-MITEQ
NDK America
Networks International Corp.
NI
Ningbo Some�y Technologies
Nisshinbo Micro Devices Inc.
Noisecom
Norden Millimeter Inc.
Northrop Grumman
Nxbeam Inc.
Ohmega Technologies
Ophir RF Inc.
Optomec
Orbel Corp.
Orolia USA

Otava Inc.
Pasquali Microwave Systems
Passive Plus Inc.
Pasternack
PCB Power Inc
PCB Technologies
Pickering Interfaces
Piconics Inc.
Planar Monolithics Industries
Plymouth Rock Technologies
PM Industries Inc.
Polyfet RF Devices
PPG Cuming Microwave
PPI Systems Inc.
Presidio Components Inc.
PRFI Ltd.
pSemi Corporation
Purecoat North LLC
Q Microwave Inc.
QIQ Systems Inc.
Qorvo
QP Technologies
Quantic Electronics
Quarterwave Corp.
Queen Screw & Mfg Inc
QuinStar Technology Inc.
QWED Sp. z o.o
R&K Company Limited
Rapidtek Technologies Inc.
Reactel Inc.
RelComm Technologies Inc.
Reldan
Remtec Inc.
Renaissance Electronics/HXI
Renesas Electronics America Inc
Res-Net Microwave
Response Microwave Inc.
RF Globalnet
RF Morecom Corea
RF Superstore
RFHIC Corp.
RF-Lambda USA LLC
RFMTL
RFMW
Richardson Electronics Ltd.
Richardson RFPD
RJR Technologies Inc.
RLC Electronics Inc.
Rogers Corp.
Rohde & Schwarz USA Inc.
Rosenberger North America
SAF North America LLC
Samtec Inc.
San-tron Inc.
Sawnics Inc.
Schlegel Electronic Materials
Schmid & Partner Engineering AG
Scienti�c Microwave Corp.
SemiDice (Micross Components)
SemiGen
Sensorview Co. Ltd.
Sentec E&E Co. Ltd.
SGMC Microwave
Shimifrez Inc.
Siglent Technologies NA
Signal Hound
Signal Integrity Journal
Signal Microwave
SignalCore Inc.
Skyworks Solutions Inc.
Smiths Interconnect
SOMACIS
Sonnet Software Inc.
Southwest Microwave Inc.
Space Machine & Engineering Corp.
SpaceForest sp z.o.o.
SRTechnology Corp.
SSI Cable Corporation
Starwave Sdn Bhd

State of the Art Inc.
Statek Corp.
Stellant Systems Inc.
Stellar Industries Corp.
StratEdge Corp.
Sumitomo Electric Device Innovations
Sung Won Forming
SuperApex Corporation
Susumu International (USA) Inc.
SV Microwave
Switzer
SynMatrix Technologies Inc.
Tagore Technology Inc.
Tai-Saw Technology Co. Ltd.
Taitien
TDK Corporation of America
TDK-Lambda Americas
Tecdia Inc.
Teledyne Technologies
Telegartner Inc.
Telonic Berkeley Inc.
TESLA Consortium
TEVET
Texas Instruments
The Boeing Company
The Goodsystem Corp.
Thin Film Technology Corp.
TICRA
Times Microwave Systems
TMY Technology Inc.
Tower Semiconductor
TPT Wire Bonder
Transcat Inc.
Transcom Inc.
Transline Technology Inc.
TRF Electronics
TRM Microwave
TRS-RenTelco
Ulbrich Specialty Wire Products
Ultra
United Monolithic Semiconductors
University of Texas at Dallas
UTE Microwave Inc.
Vanteon Corporation
Varioprint AG
Vaunix Technology Corp.
Ventec International Group
Virginia Diodes Inc.
Vishay Intertechnology Inc.
Waka Manufacturing Co. Ltd.
Wave Mechanics Pvt. Ltd
WAVEPIA Co. Ltd.
WavePro
Wavice
WayvGear
Weinschel Associates
Wenzel Associates Inc.
Werlatone Inc.
West Bond Inc.
Wevercomm Co. Ltd.
Wiley
WIN Semiconductors Corp.
Winchester Interconnect
WIPL-D
Wireless Telecom Group
Withwave Co. Ltd
WL Gore & Associates Inc.
Wolfspeed Inc.
XMA Corporation
X-Microwave
Xpeedic Technology Inc.
Z-Communications Inc.

First time exhibitors 
are noted in white.
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It’s been 12 years since I first raised 
my hand and volunteered to coor-
dinate the Women in Microwaves 

(WIM) reception at the 2010 IEEE 
International Microwave Symposium 
(IMS2010) in Los Angeles, despite not 
knowing what it was and never hav-
ing attended. Since then, I’ve been 
deeply committed to the IEEE Micro-
wave Theory and Techniques Society 
(MTT-S) WIM organization, advocat-
ing for the greater involvement of 
women in the MTT-S.

I’m not sure how far back the IMS 
WIM reception goes, but, after signing 
up to host the 2010 event (Figure  1), 
I  remember asking myself, “There 
aren’t that many of us; why had I not 
been previously invited to attend, and 
why had I not heard of it?” Such a 
small percentage of engineers in the 
RF and microwave realm are women 
to begin with, and it appeared even 
more difficult to get the word out 
about this reception.

I quickly got to work making sure 
all MTT-S women were aware of the 
reception. I knew we had to be ag-
gressive with our outreach to increase 
awareness of our group and fully pro-
mote the many benefits and oppor-
tunities that the RF and microwave 
industry offers women. I am happy to 

share that we had women from all fac-
ets of IMS attend that event—overall, 
we had more than 75 people (men and 
women) attend, which was more than 
double the prior year’s participation.

Earlier WIM events typically took 
place in a convention center conference 
room with only a handful of women 

IMS2022 Women in Microwaves Retrospective:  
We’ve Come a Long, Long Way
■ Sherry Hess

Sherry Hess (sherry.hess.us@ieee.org), 
an IEEE MTT-S Women in Microwaves 

committee member, is with Cadence Design 
Systems, San Jose, California, 95134, USA.
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Date of current version: 5 May 2022

C
O

U
R

T
E

S
Y

 O
F

 L
Y

LE
 P

H
O

TO
G

R
A

P
H

Y

Figure 1. Sherry Hess (right) with Jeannette Wilson and Neil Craig at the IMS2010 
WIM reception.
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 attending. Since 2010, however, the re-
ception has grown into a full program 
that embraces keynote addresses, 
guest speakers, and panel discussions 
as well as a vibrant, standing-room-on-
ly networking reception at a fun venue.

For instance, at IMS in 2016 (San 
Francisco), the WIM social event was 
augmented by an all-female techni-
cal track followed by a “Diversity in 
Engineering” panel session. In 2017 
(Hawaii), the reception expanded to 
include a half-day panel discussion, 
“Inspiring the Next Generation of 
Women Engineers,” which, for the first 
time ever, sought to reach out to women 
of all ages and career stages by open-
ing the session to audiences ranging 
from middle school girls to professional 
women. Discussions ranged around 
finding out what it takes to “make it” in 
this male-dominated  occupation, and 
the panel members shared their per-

sonal journeys and advice on becoming 
successful microwave engineers.

WIM receptions and panel discus-
sions were soon added to the agenda 
of microwave conferences around the 
world, and I found myself speaking 
globally at conferences like the Europe-
an Microwave Week (EuMW) (Europe), 
Asia-Pacific Microwave Conference 
(Asia), IEEE International Conference 
on Microwaves, Communications, An-
tennas, Biomedical Engineering, and 
Electronic Systems (Israel), IEEE MTT-S 
International Microwave and RF Con-
ference (India), and more. In addition 
to the “larger” events, we are also mak-
ing inroads at regional ones. As a case 
in point, in 2019, the IEEE Coastal Los 
Angeles Section Technical Symposium 
jumped onboard and hosted a women’s 
networking luncheon.

Fast-forward some 10 years since I 
first learned of WIM to 2020, when I 

became the fourth female voting mem-
ber of the MTT-S Administrative Com-
mittee, working with the first woman 
MTT-S president, Dominique Schreurs 
(2019), and incoming Rashaunda Hen-
derson, the second female and first 
Black president. We all continue to fo-
cus on the important work of encourag-
ing and mentoring women to join and 
stay in our field. As part of the IEEE 
MTT-S Member and Geographic Activ-
ities WIM subcommittee, I have seen 
tremendous growth in women “lean-
ing in” to WIM, with the organization 
expanding to four subcommittee ex-
ecutives and 15 regional coordinators 
covering the Americas; Europe, the 
Middle East, and Africa; and the Asia-
Pacific region. We continue to expand!

This retrospective on the blossom-
ing of the WIM organization leads 
up to yet another unique event that 
recently happened: the IMS 2022 
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 (Denver) WIM reception, held at the 
Denver Center for the Performing Arts 
in the Ellie Caulkins Opera House 
(Figure  2). Unlike past events, the or-
ganizing committee this time was 
more than just one or two—it was a 
true team lead by Prof. Zoya Popovic 

of the  University of  Colorado,  Boulder 
that included not only her daughter 
but also numerous graduate students 
(both men and women).

WIM at IMS2022 is just one of many 
WIM events being held globally this 
year. Last year’s EuMW2021 in London 

and EuMW2022, being held in Milan 
in September, both include WIM pro-
grams (presentations and networking). 
There is also the International Micro-
wave Workshop Series on Advanced 
Materials and Processes for RF and THz 
Applications in November, which is al-
ready in the works. The list goes on ... a 
very good thing! To see where/when a 
WIM program is taking place in 2022, 
visit the MTT-S WIM page at https://
mtt.org/wim for up-to-date news 
and information.

WIM is growing as more women 
realize the value of mutual  support, 
networking, and mentorship. We’re 
finding new and innovative ways to 
attract and maintain more women in 
our field by encouraging them to get 
involved and make their voices heard. 
As for the MTT-S WIM reception, it has 
morphed from a lackluster meeting 
room with a dozen attendees to excit-
ing venues with hundreds of attend-
ees—we’ve come a long, long way!

Figure 2. The reception room and bar at the Ellie Caulkins Opera House. (Photo 
courtesy of Visit DENVER, the Convention and Visitors Bureau.) 

2022 IEEE Fellows Elevation and Recognition  (continued from page 43)
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We would also like to recognize our members 
who have been elevated to Fellow by other 

Societies or Councils. Currently, there are 39 Societ-
ies and seven Technical Councils in IEEE. Members 
elevated to the level of Fellow by other Societies who 
are also members of the MTT-S are listed here in 
alphabetical order according to the evaluating Soci-
ety or Council:

• Hongsheng Chen, by the AP-S, for contribu-
tions to electromagnetic metamaterial and in-
visibility cloaks

• Tommaso Isernia, by the AP-S, for contributions 
on antennas synthesis and inverse scattering 
problems

• Xiuyin Zhang, by the AP-S, for contributions to 
the design of filtering antennas

• Jiang Zhu, by the AP-S, for contributions to an-
tenna design for wireless communications

• Mikko Valkama, by the IEEE Communications 
Society, for contributions to physical layer sig-
nal processing in radio systems.

MTT-S Members Elevated to Fellow 
of the IEEE Evaluated by Other Societies
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We remember the truncated cosine waveform

cosI t I for off~ -
i t

R
R 

1 2

1

2
2

= I for on-
^ h *  (1)

formulated in the previous puzzle. For (1) to satisfy 
current continuity at the turn-on moment ,t~ z=  the 
two right-hand sides must balance as

.cosI I R
R I1 2

1

2
2z- =-  (2)

This equation may look slightly complicated. However, 
at the specified condition ,R R1 2=  the equation reduc-
es to .cos 0 z =  Thus, we conclude that

.90cz =  (3)

Therefore, the correct answer to last month’s quiz is 
“d.” See Figure 1 to review the circuit diagram and cur-
rent waveform with the emphasis of word balloons.

Looking at the circuit diagram again, one may 
think that the condition R R1 2=  implies the usual 
source-to-load impedance matching. Is it true that the 
usual matching theorem applies to the diode rectifier 
even though R1  is RF resistance while R2  is dc resis-
tance? This is a mysterious (but instructive) question 
for nonlinear RF circuit designers. Although currently 
uncertain, the truth will be revealed step by step in this 
journey. Next month’s quiz will consider what happens 
to z  when .R R1 2!

Solution to Last Month’s Quiz
■ Takashi Ohira
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Takashi Ohira (ohira@tut.jp) is with Toyohashi University 
of Technology, Aichi, 441-8580, Japan. He is a Life 

Fellow of IEEE.
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Figure 1. The rectifier operated under the condition of :R R1 2=  the (a) circuit diagram and (b) current waveform.
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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).

JUNE 2022
2022 IEEE/MTT-S International 
Microwave Symposium 
(IMS 2022) (co-located with 
2022 IEEE Radio Frequency 
Integrated Circuits Symposium 
(RFIC), and 2022 99th ARFTG 
Microwave Measurement 
Conference (ARFTG)
19–24 June 2022
Location: Denver, Colorado, 
United States

JULY 2022
2022 Fifth International 
Workshop on Mobile Terahertz 
Systems (IWMTS)
4–6 July 2022
Location: Duisburg, Germany

2022 Wireless Power Week (WPW)
5–8 July 2022
Location: Bordeaux, France

2022 IEEE MTT-S International 
Conference on Numerical Electro-
magnetic and Multiphysics Model-
ing and Optimization (NEMO)
6–8 July 2022
Location: Limoges, France 

2022 IEEE MTT-S International 
Conference on Microwave 
Acoustics and Mechanics 
(IC-MAM)
18–20 July 2022
Location: Munich, Germany

2022 International Telecommunications 
Conference (ITC-Egypt)
26–28 July 2022
Location: Alexandria, Egypt 

AUGUST 2022
2022 IEEE International 
Symposium on Radio-Frequency 
Integration Technology (RFIT)
29–31 August 2022
Location: Busan, South Korea

SEPTEMBER 2022
2022 47th International 
International Conference on Infrared, 
Millimeter, and Terahertz Waves 
(IRMMW-THz)
4–9 September 2022
Location: Rotterdam, The Netherlands

2022 IEEE Global Humanitarian 
Technology Conference (GHTC)
8–11 September 2022
Location: Santa Clara, California, 
United States

2022 24th International Microwave 
and Radar Conference (MIKON) 
and 2022 23rd International Radar 
Symposium (IRS)
12–14 September 2022
Location: Gdansk, Poland

2022 52nd European Microwave 
 Conference (EuMC), 2022 17th  European 
Microwave Integrated Circuits 
 Conference (EuMIC), and 2022 18th 
European Radar Conference (EuRAD)
26–30 September 2022
Location: Milan, Italy

OCTOBER 2022
2022 IEEE International Topical 
Meeting on Microwave Photonics 
(MWP)
4–6 October 2022
(Virtual Conference)

2022 IEEE 31st Conference on 
Electrical Performance of Electronic 
Packaging and Systems (EPEPS)
9–12 October 2022
Location: San Jose, California, 
United States

2022 IEEE International 
Symposium on Phased Array 
Systems & Technology (PAST)
11–14 October 2022
Location: Waltham, Massachusetts, 
United States

2022 IEEE BiCMOS and Compound 
Semiconductor Integrated 
Circuits and Technology 
Symposium (BCICTS)
16–19 October 2022
Location: Fort Lauderdale, Florida, 
United States

Digital Object Identifier 10.1109/MMM.2022.3144801
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IEEE Microwaves, Antennas and Propagation Conference (MAPCON)

Dec 12-16, 2022  Bangalore, India

IEEE MTT-S and IEEE AP-S have come together and signed a MoU for combining two 
flagship conferences of the respective societies in India (IMaRC and InCAP) to a single 
conference: Microwave, Antennas, and Propagation Conference (MAPCON). The first 
edition of MAPCON is planned to be organized in Bangalore, India during Dec 12-16, 2022. 
MAPCON 2022 will create an international platform for Microwave, Antenna and 
Propagation experts and technologist from Industry, Academia and Startup ecosystem to 
collaborate and share their vision, expertise and knowledge. MAPCON 2022 will include 
technical sessions, poster sessions, special sessions, invited talks, workshops, tutorials, 
focused track on Young Professionals, Women in Engineering and SIGHT. Eminent 
professionals from International Space Agencies, Defense Establishments, National 
Research Organizations, Academia, and Industries will deliver expert talks and tutorials and 
organize special sessions related to recent developments. 

Call For Paper : Authors are invited to submit their original research work in the 

form of paper, 4-6 pages, in following areas (but not limited to) :

Chief Patrons:
S. Somanath
Secretary, DoS / Chairman,  ISRO
G. Satheesh Reddy, 
Secretary, DDR&D/ Chairman, DRDO

General Chairs:
Puneet Kumar Mishra
Mrinal Kanti Mandal

TPC Chairs:
Ashutosh Kedar
Meenakshi Rawat

Finance Chair:
Chandrakanta Kumar

MAPCON Executive Committee
Yahia Antar (Co-Chair)
Goutam Chattopadhyay (Co-Chair)
Rajeev Jyoti Shiban Koul
Debatosh Guha K J Vinoy
Puneet K Mishra Jaleel Akhtar
Chinmoy Saha Sherry Hess

· Phased array antennas
· Reflector and reflect-array antennas
· Horn antennas & Feed components
· Planar Antennas
· Frequency selective surfaces
· Radar and remote sensing antennas
· Satellite antennas and payloads
· Aircraft antennas
· Antennas for seekers and defense applications 
· Ultra Wide Band and multi-band antennas
· RFIDs
· Scattering & Diffraction 
· Dielectric resonator antennas
· Metamaterial, metasurface and EBG antennas 
· Reconfigurable antennas
· EM theory and computational EM
· Characterization of Antennas/Payloads/Radomes
· MIMO and 5G antennas
· Millimeter-wave & Terahertz antennas
· Embedded and wearable antennas
· Conformal antennas
· Beamforming techniques
· Propagation studies and experiments 
· Antenna Measurements (Compact Range, Near Field, 

Far Field, Drones etc.)

· RFICs and MMICs
· Evolution of Semi Conductor Technologies in RF, 

Microwaves, mmwave, THz
· Passive components and circuits
· TR Modules
· High power Microwaves
· MIMO techniques 
· Novel waveguides and new phenomena in waveguides 
· Plasmonic devices and their applications 
· Microwave, millimeter-wave and THz systems 
· Radar, SAR and microwave imaging 
· RF sensors and testing techniques 
· Microwave materials and processing 
· Emerging areas including nanotechnology and 

biomedical applications 
· Wireless and cellular architectures, components, and 

circuits 
· Electromagnetic Interference and Compatibility 

(EMI/EMC) 
· Medical and industrial applications of microwaves 
· RF energy harvesting and wireless power transfer 
· RF systems for emerging telecommunication 

infrastructure 
· RF technologies for Space and Defense applications 
· RF Technologies for 5G/6G and beyond
· Additive Manufacturing Techniques
· Doppler, Short Range, Autonomous Vehicle Radars

www.ieeemapcon.org

Important Dates:

Paper Submission Starts : May 15, 2022

Paper Submission Ends :  July 31, 2022

Notification of Acceptance : Sep 30, 2022

Awards:
MAPCON  Best Paper Award (Academia & Industry) : `  50,000
Dr. C J Reddy  Best YP Paper Award (Male & Female) : ` 15,000
Mrs Ranjana Pal Award for Practical Application  
and design (Male & Female) : ` 5,000
MAPCON  Best Student Paper Award (1st ) : ` 10,000
MAPCON  Best Student Paper Award (2nd) : ` 5,000Early Submission Advantage :  Discount on Registration Fees,

if papers are submitted before  May 30, 2022

Digital Object Identifier 10.1109/MMM.2022.3168890
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Announcing a very Special Issue
Celebrating the 70th Anniversary of the MTT Society

The Microwave Theory and Technology Society is celebrating 70 years of service to the
microwave engineering and science communities throughout 2022. This special issue of
the IEEE Journal of Microwaves will document some of the many topic areas and
significant contributions that have been made over the years. 

General interest review articles, historic accounts, and new contributions highlighting
developments that have come out of our rich historic narrative are all welcome. 

If you have a particular idea or topic you would like to contribute please contact our
special issue guest editor: Professor Ke Wu, Ecole Polytechnique, Montréal, Canada
(ke.wu@polymtl.ca) or Peter Siegel, JMW Editor-in-Chief (phs@caltech.edu). 

The deadline for submission of initial manuscripts is Monday, October 3rd, 2022. Final upload of accepted paper
proofs is December 1, 2022. All production ready manuscripts will be posted on IEEE Xplore Early Access and will
appear in final paginated sequence in the Special Issue – scheduled for final release in January 2023.

Manuscripts should be formatted and submitted using the instructions, templates and links that can be found at:
https://mtt.org/publications/journal-of-microwaves/manuscript-submission/. Contributed papers should be targeted 
at ten pages but review and special invited papers can be longer. All submissions will be reviewed in accordance with 
the normal procedures of the Journal. Please tag uploaded papers as “Special Issue” at Manuscript Central.

Additional multidisciplinary topics and regular research articles will also be considered. Prospective authors should 
contact our Guest Editor or Editor-in-Chief if they wish to suggest or discuss specific contributions.

We hope you will consider contributing to this Special Issue of IEEE Journal of Microwaves and continue to support
the journal through your regular research submissions.

Ini�al Manuscript Submission Deadline: Monday, October 3rd, 2022

IEEE Journal of Microwaves
“Expanding Science, Technology & Connectivity Around the Globe”
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