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Abstract—This paper is an overview of how microwave and marily for military systems, but is playing a very significant role
RF education has changed over the years and where it is heading. in the current upsurge in wireless communications systems.
The history of microwave and RF education, and the key events  hg philosophy of engineering education practiced today is
that influenced its development, are summarized. These events tlv based on th —called . . . N del 1.
include the need for short-wavelength radar during World War mostly based on _e so-called “engineering science” model [1],
II, the invention of printed transmission lines in the 1950s, the [2] that was established soon after World War Il and has stood
emergence of microwave integrated circuits and solid-state devices by successfully for several generations of engineers over the last
during the 1960s, the growing availability of computers and the 50 years. That was the last major shift in engineering education
development of numerical methods during the 1970s, and the that changed the emphasis from teaching “engineering practice”
availability of microwave circuit simulators and field simulators «ongineering sciences.” That shift changed both the contents of
in the 1980s and 1990s, respectively. The likely impact of recent . ; .
advances in Internet technology for the distribution of multimedia th_e curriculum gnd th_e manner '_n which the courses were taught.
information is then described. The paper concludes by pointing Microwave engineering education has seen several other para-

out the outstanding challenges for the education and continuing digm shifts. The first one occurred approximately 2—3 decades

education of microwave and RF engineers. back when planar transmission structures (strip lines, microstrip
Index Terms—History of education, microwave education, RF iN€s, €tc.), and planar antennas (microstrip patches and printed
education, Web-based education. slots) started replacingwaveguides, parabolicreflectors,andhorn

antennas, which have been the landmarks of microwaves since
World War Il. Associated withthose new elementswastheirusein
microwave integrated circuits. Ataboutthe sametime, computers
DUCATION in microwave and RF technology and scibecame available, and numerical methods were developed. The
ences, based on the underlying fundamental disciplinefoft of these two changes influenced the content of microwave
electromagnetics, has been recognized as an essential coreoofses, while the primary impact of the second change was to
electrical, electronics, and computer engineering education oedfiect the way in which graduate research was conducted. The
the last 50 years. Although some aspects of microwave and RExt major shift in microwave engineering practice and educa-
technologies differ, the basic educational features for each disn is more recent, only about a decade old, when microwave
cipline are very similar, and both microwave and RF engineetemputer-aided design (CAD) techniques matured and both de-
need to be exposed to the same fundamentals. In the remairgigners and educators recognized the need and advantages of em-
of this paper, therefore, except for Section VI and the figuregloying network and electromagnetic (EM) simulators for engi-
we shall drop the term “RF” for simplicity, but with the under-neering design, as well as for education and training [3].
standing that when the term “microwave” is used it is meant to As we now experience the rapid technological changes un-
imply “microwave and RF.” leashed by the upsurge in wireless communications and Internet
As microwave techniques developed rapidly during and inbtechnology, microwave education (in fact, all of engineering
mediately after World War 1, microwave courses were introeducation) is facing new challenges and is up for another major
duced into electrical and electronics engineering curricula giradigm shift [4]. These challenges include: 1) the need for
over the world. Today, we are on the threshold of another maformalized lifelong learning; 2) the need to broaden “engineering
paradigm shift in microwave discipline and practice. The erfdndamentals” beyond mathematics and physics; 3) inadequacy
of the Cold War era, the globalization of industry, and the rapif the first professional degree for engineering careers; 4) , need
emergence of wireless communications in all facets of today@r engineering practice experience for faculty; 5) diversification
society have provided microwave technology a renewed promi- engineering work force and faculty; and 6) the need for
nent role. Microwaves is no longer a technology crucial prenhancement of technological literacy in the general population.
Manuscript received October 12, 2001. In order to train the engineers who will still be practicing 40
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paradigm shift [4]. These challenges include: 1) the need forThat new element, the use of hollow pipes as waveguides,
formalized lifelong learning; 2) the need to broaden “engineeringas reinvented independently by Southworth [6] and Barrow
fundamentals” beyond mathematics and physics; 3) inadequ@itlyduring the middle 1930s. Neither one knew of Rayleigh’s
of the first professional degree for engineering careers; 4) , naadch earlier work. Detailed discussions of their contributions,
for engineering practice experience for faculty; 5) diversificatioand the interesting history related to them, appear in two papers
of engineering work force and faculty; and 6) the need for efB], [9] in the special September 1984 volume published in this
hancement of technological literacy in the general population. TRANSACTIONS celebrating the IEEE Centennial that year. By
order to train the engineers who will still be practicing 40 yeatte end of the 1930s, many papers had been published on the
from now, microwave educators have to address these challeng®d.field properties of these waveguides. There were also early
This paper is an overview of how microwave education hadtempts at combining the field properties with impedance con-
changed over years, where it is heading, and what needs tccbpts.
done to address the outstanding challenges for education anBuring that period, the principles of radar became well under-
continuing education of microwave engineers. The four saliesibod in various countries. The need was expressed for smaller
messages this article intends to emphasize are: 1) electromagvelengths to improve the resolution of radar systems, but
netics, RF, and microwave education is an important componéat sources of microwaves could then produce sufficiently high
of any educational curriculum for electrical, electronics, an@ower. The discovery of the high-power magnetron in the U.K.
computer engineers; 2) technology has been changing rapighprtly before World War 1l suddenly made radar an exciting
in recent years, and a microwave education curriculum ned¥ssibility. Cooperation with the USA was established, and was
to emphasize that; 3) simulation (and CAD) needs to be usié@nSiﬁEd during World War 1l when the Massachusetts Insti-
as a critical and efficient tool for microwave education; antite of Technology (MIT) Radiation Laboratory and some as-
4) Web-based and Web-assisted education is a new paradgftfiated laboratories at universities and in industry were estab-

that is going to play an increasingly significant role in educatiofshed with the goal of making radar practical.
These efforts, which involved both physicists and engineers,

proceeded in a great spirit of cooperation. Circuit theory was
applied to EM waves, resulting in a new discipline called mi-
crowave network theory. However, the development of the nec-

The periods shortly before and during World War 11, and théssary components and, therefore, systems, was hindered by the
period following until the 1960s, saw enormous progress in tfi@Ct that, although there was some physical understanding of
development of the microwave field, resulting in the establiskhich junctions and discontinuities were capacitive or induc-
ment of a thriving microwave industry and fundamental chang#¥ge, there was little or no quantitative information that could be
in the way electrical engineering was taught. During and inysed for accurate design purposes. Schwinger and others, both
mediately after World War Il, electromagnetics saw a great rat the MIT Radiation Laboratory and elsewhere, devised inte-
vival, and network theory, for the first time, was combined wit@ral-equation and other methods for obtaining accurate equiv-
EM theory to produce a new discipline, which was called m@lent networks for many discontinuities in waveguides. Inter-
crowave network theory. As a result, many new courses, wigsting historical details in this connection are presented in [9].
different names, but based to varying degrees on microwaveRemarkable progress was made by the end of World War II
network theory, were introduced into electrical engineering cup placing microwave network theory on a sound quantitative
ricula at many universities. In order to understand how this end@oting. Several volumes in the 28-volume Radiation Labora-
mous shift in course content came about, it is helpful to presdaty Series of books [10] published shortly after the end of
a brief history of this period. World War Il, particularly volumes 8-10 and parts of 11 and

During the decade of the 1890s, shortly after Hertz demoh4, contain excellent material in this connection. Volume 10,
strated experimentally that he could actually produce the EM., theWaveguide Handbodk 1], was widely used at univer-
waves predicted by Maxwell’s theory, many people in variougities for its introductory chapters, and in industry for compo-
countries generated EM waves at microwave frequencies dint design. EM theory in its classical form also encountered
exp|0red their properties_ Lord Ray|e|gh in 1897 even pub"shé@bstantia' new interest. Several new books were written during
a theoretical paper [5] on hollow pipes as waveguides, and ke early 1940s, the most comprehensive of them being the one
plained the concept of cutoff frequencies. However, all this wofk/ Stratton [12] in 1941. Other books written about that time
came to an abrupt stop in 1901 after Marconi showed that |oﬁﬂ$0 included the information known then about gwded waves
frequency waves could be transmitted over very long distandgdollow waveguides. The most influential and widely used of
with equipment that produced higher power at lower cost. Corttose books was written by Ramo and Whinnery [13], with their
munications after that were based on these lower frequendiést edition published in 1944.
and, during the 1920s, the ship-to-shore and transoceanic sydll this new information, combined with a new understanding
tems became a practical reality. Although operating frequenciighe many potential applications for microwave systems, pro-
slowly crept higher during those years, the desire to exploféced a huge explosion in microwave industry just after World
still higher frequencies became very strong by 1930. It was ré@/ar Il, and also resulted in a profound change in the nature of
ognized, however, that for these higher frequencies, radiation
would be pmduced at every bend and junCtion in the circuit SOiReference [10] is a 28-volume series. A CD-ROM version is available from
that something new was required. Artech House, Norwood, MA.

Il. BIRTH AND FLOWERING OFMICROWAVE NETWORK THEORY
AND MICROWAVE EDUCATION (19305-196()
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university courses involving electromagnetics and microwaage large and bulky. Coaxial lines can provide a dominant mode
networks. with very large bandwidth and they can be miniaturized, but it
Prior to World War I, circuit theory and EM field theory is difficult and expensive to build components based on them.

tended to be separate worlds in university education, usuaTI‘Q"Ol'Wi“_e (ortwo-stri.p)llir'\e can aIsp provide the l:.)andwidt.h and
taught separately in electrical engineering and physics depmnla}turl_zatl_on, but it is inconvenient to work vy|th._ The |deal_
ments, respectively. Following World War 11, they became con$olution is either to cut and then flatten the coaxial line, or to bi-
bined, at least in electrical engineering. This important chan§&Ct the two-wire line with a ground plane and support the other
has often been characterized as a major part of a general SHife (Or strip) with a dielectric layer. One then obtains strip and
from an engineering-practice curriculum to an engineering-s&ucrostrip lines, respectively. The strip-line version came a bit
ences one. EM theory was then usually taught in both physRarlier, and it was actually conceived by its inventor Barrett as
and electrical engineering departments, with a different stresgprinted line. Its dominant mode is TEM and, therefore, dis-
each, but in most electrical engineering departments, new (,ﬁgrsmnless, whereas microstrip, because of the dielectric sup-

crowave) courses were introduced that combined circuit thed?§rt layer, possessed dispersion. Also, because it is open and
with electromagnetics. unsymmetrical, every discontinuity on the line would radiate.

The general approach in these new courses was (and is 82 result of these def|C|en_C|e_s, microstrip was shelved 1_‘or the
ext 15 years or so, and strip line became the line of choice.

view microwave networks as composed of lengths of waveg- 5 symmetry, strip line is easy to analyze, and many

uides connected together by various types of junctions. Thggers appeared on the properties of the dominant mode [15],

lengths of waveguides were treated as transmission lines, & d even some on equivalent circuits for various discontinuities
the junctions as lumped discontinuities represented in equiva- q

lent network or scattering matrix form. The formulation wa h the line [16], [17]. Those results were widely used by in-

systematic and rigorous. Many special network techniques w uté;:;gr:ov; gg Tﬁr? Qf rgxclis? |nn 2uftetxeu'2?f§gt?el mvilck:g\rgai\':ewzi-
also developed around this approach. ’ P ’

] . o ~ shown that microwave network techniques could be applied to

At many universities, however, the combination of circuifyiging structures other than rectangular waveguide. Microstrip
and field theories was initially only partial. As microwave nety a5 ignored until the late 1960s, after integrated circuits were
work theory developed further, and became more widely undgfiroduced and the circuits were miniaturized, so that the ef-
stood, microwave courses across the country slowly absorlgghs of dispersion and discontinuity radiation became essen-

more and more of these techniques. The principal contributorifgyy negligible for low operating frequencies. Further com-
such developments was Marcuvitz of the Polytechnic Institutgants on these two lines are given in Section IIl.

of Brooklyn, Brooklyn, NY. Several valuable books devoted to

this approach appeared during this period, the most influential of

them, in addition to th&Vaveguide Handbogkl], beingField ll. I MPACT OF COMPUTERS ANDNUMERICAL METHODS
Theory of Guided Wavésy Collin [14], first published in 1960. (LATE 196C5—-EARLY 198(5)

Since there were no electronic computers at that timeThe period roughly from the late 1960s to the early 1980s
(although there were mechanical computers that resembigdly be characterized by the emergence of computer power
typewriters that provided numerical results for simple probnto microwave research and graduate education, particularly
lems), it became necessary to develop physical understandii¢he area of EM aspects of microwave engineering. The
and also various approximation methods. Today, with thenerging technology of microwave integrated circuits based
universal availability of computers, there is widespread use @h microstrip line is one of the most significant beneficiaries
numerical techniques, CAD procedures, and even commerglthis trend. Prior to this period, many microwave problems
EM solvers, which are a tremendous boon to industry and haygre attacked based on analytical or semianalytical approaches
allowed the solution of many problems deemed impossibigically found in the Radiation Laboratory series [10]. Such
during the period before computers. The absorption of theggproaches are still used today, but primarily in the analytic
calculation tools into microwave education is discussed belgyirasing of the problem, with the remainder of the problem
in Sections Il and V1. Unfortunately, along with these calculasolved using a numerical method.
tional tools and their great benefits, physical understanding hasy, the early stages of microstrip-line research, the analysis
suffered greatly because it is believed by the newer generatigRsthods were based on the quasi-TEM approximation for its
of students to be of only minor importance since numericgbminant mode, in which the axial components of the modal
results can often be obtained with only limited understandingy fields are neglected. This approximation is found to be ac-
Also, many of the microwave network techniques, and pageptable at lower microwave frequencies. On the other hand,
ticularly the approximate methods, are largely lost. This sagip line has a cross section homogeneously filled with a dielec-
consequence is unnecessary, and future microwave educagipimaterial so that the dominant mode of this configuration is
must address this highly important issue. TEM. A large body of literature based on TEM analysis, such

In the remainder of this section, we discuss the invention aé conformal mapping, was available at that time for strip-line
printed-circuit transmission lines in the early 1950s, althouginalysis [15]. Other comments on the distinctions between strip
their fullimpact on the microwave field did not occur until aboutind microstrip lines are presented at the end of Section Il. Typ-
two decades later. The dominant mode of rectangular waveguida of the early work on microstrip line is a modified conformal
has a limited bandwidth, and circuits based on those waveguidesapping by Wheeler [18].
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Since computer power was still quite primitive at that timeplicated the deck of programming cards or a box of them and sub-
substantial effort was expended by a number of research grougited them simultaneously (earlier form of parallel processing)
involving graduate studies. For instance, Miyoshi and Okosbi sequentially so that, within a given time, one can obtain mul-
introduced the planar circuit approach to simplify the analysifple sets of answers. Of course, there were many opportunities to
of microstrip discontinuities [21] while Wolff’s group worked make punching errors on the card. One night is then completely
on the waveguide model based on a similar concept [22]. Thegasted if you submit a program containing such a card. This situ-
approaches were introduced primarily to avoid complicatedion has, of course, been alleviated gradually, first by remote ac-
full-wave three-dimensional field analyses for discontinuitiesess using dumb terminals, then by the use of minicomputers and
in microwave integrated circuits. It is interesting to note thdinally workstations with a computation power much exceeding
one of the most popular three-dimensional full-wave analydisat of the previous main frames.
methods, i.e., the finite difference time domain (FDTD), was Unlike today, the computer language taught at school has
considered to be impractical at that time, as it required tdenFORTRAN and later onBASIC in some instances. Also,
much computer memory, even though the leap-frog method go@ctically no commercial software for EM simulation for mi-
Yee's mesh were invented in the 1960s [23]. The use of FDTdowave programs existed then, but circuit design programs had
for microstrip discontinuities did not enter the mainstream difeen developed, although rather primitive by today’s standards,
numerical electromagnetics until the late 1980s [24]. by such companies as COMPACT and EESéfowever, these

In parallel with the slowly improving computational capaprograms were not used extensively in the academic environ-
bility, novel numerical methods were introduced. Yamashitaent. A substantial portion of the graduate study, therefore,
[19] introduced a new method based on the Fourier transfomas expended for developing computer programs, debugging,
technique and the variational principle. For this method, the uaed waiting for responses from the computer. Nevertheless,
of computers was essential, even though the computer is mtire mode of graduate research has not essentially changed, at
or less used as a powerful calculator. In the case of Yamashiti&ast for microwave problems involving electromagnetics. One
approach, the variational integral needs to be computed numfest analyses the EM-wave phenomena and extracts necessary
ically. All of these quasi-TEM approaches required calculatiorsystem parameters. They are compared with published results
of the capacitance per unit length of the transmission line. by other methods or by other authors. More comprehensive
the meantime, it was gradually recognized that a full-wavesearch programs carried out experiments to validate the nu-
analysis is needed to characterize the dispersion characterigtiesically simulated results. The major difference is that today
of the microstrip lines. Several methods including the widely is often not necessary for the students to be equipped with
used spectral-domain method [20] then emerged. In thesamputer programming capability, thanks to the availability of
methods, extensive use of the computer became a necessitftware packages for EM field simulation.

For instance, in the spectral-domain method, several ratheOne of the dangers associated with the use of computers in
slowly converging integrals need to be computed, as well as tE# education has been a tendency to increase the number of
numerical solution of the linear simultaneous equations. students who believe that whatever the data punched by the com-

In the late 1960s to at least the mid-1970s, EM educatiguter tells us are accurate or even rigorous. Another is the ap-
leaned heavily toward antennas and propagation. Relativelgrent decrease in the capability to carry out “back-of-the-en-
few educational institutions had been engaged in the Elélope” calculations to estimate the EM phenomena or data. Of
aspects of microwave guided-wave problems. Therefogurse, these problems are not caused by the computer itself, but
much of the educational effort did not distinguish betweeoften by the educational environment. Since the computational
those problems involving microwaves (guided waves), whighower was minimal at that time (and still is in some cases), it
includes microwave network theory, which is a combinatiowas almost impossible to visualize the distribution of the EM
of electromagnetics and networks, and free-space radiatifialds and currents. As pointed out in Section IV, as well as in
which includes only electromagnetics. With the improvemenf34], the visualization capability of the computer for these quan-
in computing power, and with the availability of numericatities is one of the major assets in modern EM education assisted
methods, an increasing number of guided-wave problems wégecomputer. Only then has the computer-assisted education be-
solved, and the university courses contained an increasit@nme effective for undergraduate teaching.
proportion of topics of interest to the microwave field.

The need for computers in solving electromagnetics problems IV. IMPACT OF CAD (SIMULATORS) ON
has grown steadily. Many of these problems have been attacked MICROWAVE EDUCATION
by research teams involving graduate students who quickly be-

came adapted to the computer environment. Nevertheless, theThe introductions of microwave circuit simulators in the

were faced with the everlasting problem of insufficient comput _a}lly 1980s [25]-[27] a_”d of EM field S|mulator§ in the early
tional power, bothinterms of memoryand speed. Mostofthe co 290s [28] havg drastlcall_y changed th? deS|gn procedures
putations for research and education were carried outonam Rowed for microwave cireuits .an_d mlcrostrlp antennas.
frame, such as an IBM 370 typically located at the computatio or_nputer—alded ar!a'ys'? and oppmlzatlon ha_v_e r(_eplaced the
center of the university. The input mechanism used was initia >SIgN Process of |t_e_rat|ve expe_rlmental mod|f|cat|ons .Of the
tapes and then a deck of IBM programming cards. Typical tur litial design. In addition to their impact on design practice in
aroundtime fora computer program for the propagation ConSta-rﬁCOMPACT has since become a part of Ansoft, and EESof is now a part of
of microstrip linewas overnight. Therefore, the students often dagilent.
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lllustration of basic
concepts by iterative
computations

Visualization of currents
and fields in microwave
components

Role of Simulators in

Design verification Educition Virtual experiments
"What if " studies Realistic design
examples
Effect of real life
parameters on design

Fig. 1. Application of simulators in microwave and RF instruction and independent learning.

industry, microwave circuit and field simulators have foundis life) by starting from the5-parameters of an available tran-
extensive applications in undergraduate, graduate, and csistor, finding what impedances the transistor should see at the
tinuing education in electromagnetics, RF, microwave, ardo ports, and designing appropriate input and output matching
millimeter-wave areas [29], [30]. Many of the software toohetworks. A quick simulation of the designed circuit on a mi-
vendors have educational/student versions of their softwam®wave network simulator confirms to the student that the de-
and provide substantial discounts to educational institutiorssgn process has been learned and applied correctly. This veri-
The major impact of simulators in education is in makinfjcation provides an immediate confidence buildup needed for
realistic design examples and case studies available to studefotsher learning. Any such similar feedback was not possible
Thus, the introduction of these simulators has contributed earlier before the availability of microwave simulators. The only
bridging the gap between classroom instruction of microwavpsocedure at that time was to turn in the assignment to the in-
and the practice of microwaves in industry. For the first timstructor who could provide the needed confirmation (hopefully
in the history of microwave education, it has become possibléthin a few days) or go to the laboratory to collect the com-
to provide classroom instruction that is 100% relevant to thmonents, build the amplifier, and make actual microwave mea-
practice in industry. Some of the applications of simulators surements. Thus, the circuit simulators have opened up a new
education are depicted in Fig. 1, and are discussed brieflyl@arning paradigm intermediate between the design and experi-
this section as well as in [3]. mental verification thereof.

A. lllustration of Basic Concepts by Iterative Computations C. “What if” Explorations

The students can learn some of the very basic concepts by reSimulators allow the students to explore how the design per-
peated computations making use of microwave circuit and fiidrmance will be affected if the value of a design parameter were
simulators. For example, the reflection of waves by a compléx be altered either intentionally or because of the unavoidable
impedance load terminating a uniform transmission line is tradelerances in the values of the components or in the fabrication
tionally studied by deriving the relevant results using transmiprocess. For any design, several questions may be asked. “What
sion-line equations. However, the same concept can beiillustratéti happen to my amplifier bandwidth if the transconductance
inamore student-friendly way by simulating a simple circuit coref the MESFET were to go down by 10%7?” “How will the per-
sisting of a transmission line with a variable load at one end afatmance be altered if during the photoetching process all the
a dual directional coupler at the other end. The student varies thierostrip lines in the circuit are over-etched by a0?” “How
load impedance and observes the reflected power as seen byitiehe output power be changed if the load impedance i§60
voltage probe sampling the reflected voltage at the appropri@teplace of the 502 value used in the design calculations?” An-
port of the directional coupler in the circuit. Observations in thiswers to such questions were not easily obtainable before the
interactive simulation experiment constitute a powerfully effe@vailability of network simulators. These additional pieces of
tive way to learn that there is no reflected wave when the loamformation can now be conveniently obtained through circuit
impedance is equal to the characteristic impedance of the trasisaulations.
mission line. This simulation experiment can also be used for il-
lustrating the properties of a directional coupler (by monitorinG. Effect of Real-Life Parameters on Design
the incident and reflected waves), and the concept of a matchegtyery design process involves a number of engineering

source (byvaryingthe sourceimpedance and monitoringthe waygsroximations. For example, in arriving at the initial design of

reflected fromthe source). Thislearning processis similarto whgfcrowave circuits, we normally assume the transmission-line
a studentwill pick up in a corresponding laboratory experimen{ections to be lossless. This makes the design process tractable.

, o However, we know that, in real life, these transmission lines

B. Design Verification (particularly when we are dealing with planar transmission
Microwave network simulators provide a powerful tool fosstructures on ceramic and semiconductor substrates) have

the verification of designs carried out by students. For exampfaite losses that can alter the circuit performance appreciably.

a student designs a microwave amplifier (for the first time igffects of such real-life parameters on circuit characteristics
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can now be evaluated before investing in the actual fabrication
of the circuits. Students come to learn facts like: the line loss
can add to the insertion loss of a bandpass filter significantly,
but the effect of line loss on the gain of an amplifier may be

ignored. Investigations of the effect of temperature variations,
of package enclosures, of close proximity between two circuits
in a system layout, etc., can now be studied economically
before sending the circuit for manufacture.

Web-Based
Microwaves
Instruction

Supplement Self-study
to Courses Tutorials
University Continuing
Education Education
Before the availability of microwave simulators, examples

of design performed by students in a classroom environmetg: _2. _ Two appr_oac_hes_for the use o_f the Internet in higher education and
had to be kept simple because of the computational complexgfftinuing education in microwave studies.

involved. For example, students could handle a single-stage

amplifier design, but multistage amplifier design could not bgeometry. For a uniform microstrip line, the distribution of
easily carried out. The use of microwave simulators overcomgg current lines along the width of the microstrip provides a
such limitations. Students in the academic environments géar visual demonstration of the current-crowding effect near
universities can now carry out practical system and subsystéfe edges. Thus, displays of current distributions associated
designs. This has brought instruction in universities much closgith microstrip, CPW, and slotline discontinuities yield peda-
to actual professional practice in industry. Thus, the availabiligogically significant information about the behavior of these
of microwave simulators has increased the university—indusfgmponents.

collaborations that are very desirable for the advancement offwo-dimensional field solvers (such as is available with

E. Realistic Design Examples

the state of technology. three—dimensional finite-element analysis-based EM sim-
ulators) provide us with two-dimensional electric field
F. Virtual Experiments distributions in the cross-sectional planes of transmission-line

As mentioned in Sections IV-A—E. the use of simulators caffructures. Comparing the electric field distributions in a
provide design performance evaluation experience that was §8@xial line and a microstrip line, for example, one observes
tainable earlier only through practical experimental measuf@®€ crowding ofE-field lines at the edges of the microstrip
ments in a microwave laboratory. Several universities have udétg- This increasedt-field at the edges accounts for the
this feature to substitute some of the laboratory hours in the ffwer values of voltages for dielectric breakdown in microstrip
crowave curriculum with what are sometimes called simulatidiS Ieao_llng to the Iovyer peak p_OWer-_ha_ndll_ng capability
experiments or virtual experiments [31]. More recently, sofff these lines. Observation of the field distributions for even
ware has been developed [32] to convert simulators into what &% 0dd modes in coupled transmission lines is a very useful
known as “virtual instruments.” Virtual instruments are claime@t€P in appreciating the differences in the characteristics of
to provide us with a unique method for speeding up the aninese modes. Three-dimensional EM simulators also serve the
ysis of microwave circuits within simulation software. ThesSeful purpose of visualizing the fields in three-dimensional
“instruments” look like and can be used like their real countefPmponents. From an educational point-of-view, this visual
parts. They make the step from the real laboratory environméfPresentation is even more important because of the lack of a
to the software solution easy, and provide software substitugnplete analytical understanding of several three-dimensional

for really hard laboratory experiments. microwave components. _
While using EM or circuit simulators for educational pur-

poses, itis necessary to emphasize that the experience with sim-
) ) o ) ulators does not replace the insight or the precise details that are
EM simulators yield not only terminal information about théhtained by a mathematical analysis of the EM structure. Simu-
characteristics of a component at the port locations, but also {gllyrs should be used for supplementing the knowledge attained
us a lot more about what is happening inside the componegy. yathematical analysis and/or getting the feel of the perfor-

Planar EM field simulators (based on method-of-moment§ance of complicated physical structures for which mathemat-
spectral-domain analysis, or variations thereof) base thgig, analysis is not easily tractable.

results on computations of current distributions over the met-
allized portion of the circuit and/or calculations of equivalent
magnetic current distributions (corresponding to the transverse
E-field) in the slots of coplanar waveguide (CPW) or slotline Education is among the various aspects of modern society
components. These current distributions can be used to letrat are experiencing significant impact from recent inventions,
gualitatively about the reasons for the component’s terminahd now from the ubiquitous popularity of the Internet or Web.
behavior. For example, looking at the current distribution ddniversities (and other educational enterprises) are making in-
the surface of a right-angled microstrip bend, one observesraased use of Internet technology to enhance and supplement
crowding of current lines at the bend and can thereby conclutthe classical classroom style of education. Websites are being
that an increased series inductance is contributed by the bengated for a number of courses (particularly those with large

G. Visualization of Currents and Fields

V. WEB-BASED AND WEB-ASSISTEDEDUCATION
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Fig. 3. Current challenges in RF and microwave education.

student enroliment) and these are used to distribute course wrawave education, all over the globe [4], [35T hese include:
terial as enrichment to the normal course materials. Typically the current evolution from an industrial to a knowledge-based
the materials on the Web include the course syllabus, semestaiety; 2) demographic changes; 3) increased globalization of
schedule, assignments, assignment solutions (posted afterpasfessional activities; 4) priorities in the post-cold-war era; and
signments have been turned in), additional course notes and4)ahe development of market forces in the education field. Con-
pers, and in some cases, copies of viewgraphs or handwritserquently, a number of new themes are being recognized to be
notes used by the instructor. The students have access to emdial for higher education in this century. Among these are:
download the needed material at any time and at any placelatiearner-centeredness; 2) affordability; 3) need for lifelong
their convenience. This arrangement assumes the students heamning; 4) need to address diverse populations; and 4) need
access to the Web either on the campus or at their homes. In thisintelligent and adaptive learning environments. As conven-
model, most of the instruction is in synchronous mode (witfional universities have started to respond slowly (compared to
regularly scheduled lectures) with some asynchronous comntioe rapidity of changes in information technology) to these re-
nication via e-mails between the individual student and the inent needs in higher education, a few institutions based on newer
structor and among the students within the course. models (such as the University of Phoenix, Phoenix, AZ, and
For continuing education, including that in microwaves anidhie Open University, Milton Keynes, U.K.) have made a defi-
related areas, another model for Web-based instruction [38ie presence and are challenging the concept of the traditional
(see Fig. 2) is convenient for completely asynchronous distargystem of universities.
education. In this model, the whole course, a set of coursesPue to this changing educational scenario, there are a
or a program is delivered over the Web. In this case, Wetnmber of challenges facing microwave and RF educators
pages incorporate hypertext, video, graphics, sound, picturesjay. These are summarized in Fig. 3. Some of these echo
animations, spreadsheets, and presentation packages. $oetopinion articulated by Prof. Wulf (President, U.S. National
courses can allow the student to access remote library systeéfaademy of Engineering) for engineering education in general
and remote databases anywhere in the world. Asynchrond@g]. The first one is reflected in the growing recognition
communication among the class students and the instrudtoracademia as well as industry that the bachelor's degree
is possible via a discussion-group type of arrangement dnes not adequately prepare the students for the practice of
the Internet. The instructor can post the assignments and BRfe and microwave engineering. Everyone agrees that the
students can submit homework and participate in collaborativedergraduate curriculum should emphasize the fundamentals,
projects with other students around the world. In this modblt the challenge is in deciding what the fundamentals are.
of continuing microwave education, it is convenient to coupleo they include information technology, biological materials
microwave simulators with the Web-based educational materéald processes, engineering systems, global business issues,
made available to learners. A model for this coupling betweetc? The introduction of RF/microwave courses for digital
the traditional educational material and microwave desighesigners is another challenging issue. As clock rates reach the
software tools has been reported recently [3]. gigahertz domain, an understanding of microwave phenomena
A companion paper [34] in this issue presents a detailed disecomes essential for the design and packaging of high-speed
cussion on Web- and multimedia-based microwave and electetgital circuits. This has presented an educational curriculum
magnetics education. development challenge. The introduction of an ever-increasing
number of new topics in microwave and RF engineering is an
item that calls for judgment and wisdom on the part of edu-

VI. CHALLENGES FORMICROWAVE AND RF EDUCATION . . . )
3Reference [35]is a quarterly publication published by the National Academy
. . of Sciences, National Academy of Engineering, and The Cecil and Ida Green
Several factors are likely to change in profound ways th?enter for the Study of Science and Technology at the University of Texas at

current setup of the higher education enterprise, including nmiallas.
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