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Designing Printed Circuit Boards for Microwave Engineering
Applications: a Teaching Tool for Engineering Technology
Students

Abstract

This paper will present the results stemming from an undergraduate course in Microwave
Engineering Technology at the University of Massachusetts, Lowell. An opportunity to
experience the complete process of designing a microwave circuit with printed circuit board
(PCB) technology was made possible by a grant provided by the Electrical and Computer
Engineering Technology Department Heads Association (ECETDHA). The financial support has
allowed the students to apply the theory that is part of the class syllabus to a practical design
challenge designed to mimic real-world applications such as wireless phones or GPS devices.
Each student was challenged to meet similar, yet unique design specifications. A collaborative
environment was fostered. Each student submitted a technical report along with a short
presentation to the class as part of their final evaluation. Students were also asked to respond to an
on-line questionnaire aimed at evaluating their experience. Responses were tabulated to measure
students’ feedback in 3 major areas: their understanding of microwave theory of distributed
components; their understanding of the PCB technology applied to microwave design; and their
challenges related to the execution of their project.

This paper is organized as follows: the main features of the course are outlined first to provide a
context within which this project was developed. An outline of the educational approach taken by
the author will follow. Then, a description of the projects and challenges faced by the students
will be sketched out. A review of the students’ feedback on their experience will be described and
discussed. Some suggestions on how to improve this experience will be made before concluding
the paper.

The Microwave Engineering Technology Course at the University of Massachusetts, Lowell

The University of Massachusetts, Lowell, is located in an area where high technology companies
are often competing in securing new graduates. At the same time, a need for continuing education
of their workforce has often brought back to the University their professionals interested in
advancing their technical education. Within this local context, microwave engineering is of
particular importance and a course on microwave engineering has been established by the author
in spring 2008.

The course is entitled Foundations of Microwave Design (course # 17.403) and it is an elective
course that the students may take either as part of their undergraduate program; or as individual
class. Engineering Technology courses last 14 weeks and consist of a single 3 hour long class per
week; all activities, such as a laboratory section, must fit within the allotted weekly time. The
prerequisite to Foundations of Microwave Design is Circuits Il and Laboratory (course # 17.214)
which deals with circuits under sinusoidal excitation. However, the University does not require
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students to have successfully completed a prerequisite course in order to attend a class. For this
reason, the student population may possibly be of any level: for instance, at the time of this
project, the class was attended by both freshman and senior students.

Its syllabus has originally been conceived to cover two major aspects of microwave engineering:

1. linear distributed components; and
2. basic circuits for wireless communication

Item 1 is considered a core constituent of the course! and addresses a major pedagogical objective
— the introduction of typical microwave engineering concepts such as wave propagation,
wavelength and discontinuities in the signal path to name a few. The analysis of transmission
lines is the subject elected to introduce the students to these fundamental ideas. To facilitate the
students’ understanding, great emphasis is made on the application of transmission lines: Smith
chart, scattering parameters, matching circuits, substrates are some of the keystones? of this
course.

Item 2 is introduced to the students in the context of typical microwave systems such as General
Positioning Systems (GPS) and wireless phones. Because of the ubiquity of cell phones, it is easy
to focus the students’ attention to the concepts of down and up-conversions, electrical noise,
radio-frequency power and the basic metrics used to characterize a radio transmission®: power
gain, noise figure, 1dB compression point, etc.

This balanced approach between theory and applications has received good feedback from past
students as it meets both the curiosity of the young students and the needs of the professionals.

In January 2009, the Electrical and Computer Engineering Technology Department Heads
Association (ECETDHA) funded a proposal by the author to allow the students of the spring 2009
Foundations of Microwave Design class, to design, layout, manufacture and characterize a printed
circuit board for microwave applications. This project has been executed by the students with
tools that are industry standards — Agilent’s Advanced Design System (ADS) software for design,
simulation, layout; and a vector network analyzer (VNA) for testing. Only manufacturing has
been outsourced to a commercial vendor located in Canada, in line with common practices of this
industrial sector.

The pedagogical approach

The opportunity provided by ECETDHA demanded a review of the current syllabus in order to
maximize the students’ understanding of the class topics through the execution of a real-world
project within the standard 14 weeks.

The experiential learning approach? is considered with great favor by the author as a guideline’
a) for teachers to facilitate the student’s understanding of a subject; and b) for students to learn
through experience how to handle unforseen challenges that cannot be taught through

textbooks.The author’s teaching experience aligns with scholarly research that a broad range of
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ways of taking and processing information exists among individuals®. In order to meet the
students’ diverse — and certainly unknown at the start of the class — approach to learning, the
syllabus was modified to accommodate the PCB project in terms of both content and schedule.
Indeed, the project requirement of focusing on the design, layout and characterization of a
microwave circuit imposes reconsidering the syllabus structure and content in order to answer the
question What topics should be taught to the students for them to fully appreciate the PCB
project? Further, a successful execution of the project can be achieved only if the sequence of the
subjects to be taught is also reviewed — the question to address is: When should a particular topic
be scheduled for presentation in relation to the other subjects and to the project?

The author’s answers to the what and when questions have been based on a pedagogical approach
that attempts to balance theory with practice; and aims at demonstrating to the students that
theoretical models are key to guide the design of practical applications to a successful outcome. A
strong theoretical component becomes an integral part of the student’s practical experience as it
helps the students evaluate the outcome of a decision against the expected result. These
considerations provide an indication on which subjects ought to be taught in order to support the
execution of the PCB project (the answer to the what question); and to sort the subjects correctly
(the answer to the when question). Therefore, the lectures have been reshaped to time the
following topics within the allotted 14 weeks:
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Topic

Sample of subjects discussed in class

1. Initial review

- Sinusoidal sources
- Complex numbers
- Impedances

2. Transmission lines

- Lumped vs. distributed electrical components
- Wave equation in the frequency domain
- Propagation constant k

3. The boundary conditions

- Incident and reflected waves
- Changing reference system (x = [ — d)
- Reflection coefficient I'

4. The scattering matrix S

- Scattering matrix S of a transmission line
- Obtaining S;; (general case)
- The Smith chart

5. Practical transmission lines

- Ideal vs. real transmission line
- Microstrip line
- Introduction to microstrip models

6. Matching circuits with dis-
tributed elements

- Single stub match
- Displaying the effect of a stub on the Smith chart
- Quarter wavelength transformer

7. Designing the PCBs

- The substrate
- The board (via-holes, corners, etc.)
- Other components

8. Circuits and their character-
ization

- Defining linearity — compression point
- Noise basics and measurement
- Mixers — image frequency

9. A microwave approach to
measurement

- The Vector Network Analyzer (VNA)
- De—embedding
- Calibration procedure

10. Board characterization
with VNA

- Executing the measurement with a VNA
- Exporting data (Touchstone format)
- Evaluating the results

The 10 topics outlined above require about 1 class each for their presentation. The remaining
weeks were used to carry out the design and for the student evaluation as discussed later. Not
mentioned in the list above are the discussions on Agilent’s ADS software, which has been
integrated seamlessly with the lectures. Indeed, ADS has been introduced and described to the
students as a modern evolution of the Smith chart: a tool to simplify the complexity of microwave
circuit analysis and design! It should be noted that many microwave programs may be available
nowadays to support design and analysis of microwave circuits, some even for free. Agilent offers
its ADS software at very competitive prices to Universities through its University program — a
license for commercial activities may be worth many tens of thousands of US dollars, depending
on which features of the software are made accessible. A free program may certainly appear
attractive at first, since it alleviates some of the instructor’s constraints in organizing a hands—on
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project. However, from the students’ standpoint, it is certainly more valuable to acquire highly
marketable skills that are sought out by employers: this was the author’s purpose when selecting
the software tool for this project.

The projects were presented, explained to and selected by the students around topic #6, Matching
circuits with distributed elements. The execution of the project lasted 4 weeks and a hard deadline
was clearly set in order to allow @) the manufacturing of the boards by a third party vendor; and
b) the shipment of the boards from the vendor’s location to the University . During these 4 weeks,
the students were exposed to those ADS features useful to the execution of the design and layout
of the boards. In this period, students were able to gain an appreciation of a) the sophistication of
specialized software supporting the design and the layout of complex microwave designs; b) the
attention to details demanded by a manufacturable layout; and ¢) the constraints that a real-world
implementation imposes . For instance, the specifications of the projects included the board size.
Its dimensions were constrained by the vendor’s fabrication capabilities vs. pricing options.
While the students were not made aware of actual costs, the constraint was very real and they
were reminded of it many times!

[ Foundations/Microwave De...

€' v fie:///C:/eenlb/my.lectures/2009/1.spring/17.403/aptop.copy/website/17.403.html

Foundations/Microwave Design 17.403

Attendance is open to enrolled students only.
The University allows only enrolled students to be in the class room.

News — ||Click & here

Class information| — | Click 2 here

Lectures= —s ||Click_2 here

Homewerk s ||Click & here

News

Measured scattering parameter file now available for you to download and move to <your ADS
project name>/data directory:

AJ — sipfile & Board picture for AJ's report (right-click to save)
RE  — slp file Board picture for RB's report (right-click to save)

mn -

™
[
o

Board picture for CM's report (right-click to save)
oW —
W — s2p file

9,
I~
~

&

&
i & Board picture for DW's report (right-click to save)
&

Board picture for CW's report (right-click to save)

Your s%p file is what you need to make the simulated vs. measured plots that we created and
discussed on May 6™, In order to retrieve the file, you should either:

® right click on the link and then save:
* click on the link and then save it; or
* click on the link, select all, copy and paste to notepad

Figure 1: Class website: students were able to access the website from any computer, on or off-campus.
The News, Lectures and Homework sections were updated on a regular basis.

Since the individual pace of the students to process the information was different as expected,
each student would interact with the author either in person or by email with a number of very
different questions. While reminders to discuss tips and design challenges during and after class
were regularly made, it became clear that questions generated by individual students could be of
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interest to everyone. The sharing of information was addressed by improving the class website,
Fig. 1, that the author would update after each lecture with a) a description of the topics discussed
in class; b) material (such as slides or ADS examples) used during that class; and ¢) homework
supporting the lectures and tailored to clarify the projects . The improvement, Fig. 2, consisted of
listing in the News section, suggestions and tips aiming at facilitating their design task and their
use of ADS. Hypertext links within the page were used to direct students to homework, lecture
material, ADS examples that relate to a particular issue. The goal was to make the website the
knowledge center for the students to consult before bringing the issue up in class or directly with
the author.

) Foundatons/Mcronave De...

C ¥ fie:///C:/eenlb/my Jectures/2009/1.5pring/17.403/aptap.copy/website/17.403.html C' % fie:///C:/eenlb/my.lectures/2009/1.5pring/17.403/laptop. 17.403.htm!

© Thave put together a couple of slides for you to laok at on how fo create a 2 port schematic in
Lectures ADS. Qbviously, if you want fo create a one port schematic, the procedure is the. same

Layout Update

Week 1 Applies
01.28.09 Canceled due to snowstorm

Item to pnj Note
#
© Review of complex numbers: SMD pads
o Rectangular and polar representations
Week 2 © Basic operations (sum, product, division, conjugation) With reference +o the figure on the
02.04.09  Representation of sinusoidal sources with complex numbers: phasors left bl the Followi
® Solution of a simple RC circuit in the frequency domain ‘et please use the Tollowing
® Definition of impedance and admittance in the frequency domain information for the pads under the
© Power in the frequency domain 0805 components (L1 = 80mil):
© Networks and components SMD W 2 & W= 70mil
o Linear vs. non-linear 12 o 5= 25mil
© Lumped vs. distributed pads ’
© Transmission lines —
s iy These dimcnsions guerantees the gop
02.11.09 o Discussion of the model [ [ between pads to be 30mil under the
© Definition of the solution under sinusoidal excitation b compenent. Remember to add copper

o Wave equation in the frequency domain

on either side of the component fo
o Periodicity in time and space, velocity of propagation

allow for easy soldering

® The boundary conditions
© Imposing a load Z, afx =L

o Incident and reflected waves ° With reference to the figure on the
o The electrical length 8 N B
o Reflection coefficient (voltage and current) i left, please use the following

H

© Moving from the source to the load information for the vias:
© Moving from the load 1o the source ——
© Impedance. alang the line. (vs. x and vs, d)
o Matched load condition

o Imposing Vs at x = 0 l"’/;\‘J ¥

* b= 20mil
* T=3mil

Figure 2: Screen—shots of the Lecture section (left); and of the News section (right). The website has 4
sections, hyperlinked at the top of the webpage, Fig. 1. Students were reminded to check out the
website regularly before contacting the author with their questions as new hints and suggestions
related to the execution of the project were being posted on a regular basis.

Student evaluation was also tailored to the unique environment offered by the PCB project.
Typically, a total of 4 evaluations are offered during the semester. These evaluations consist of
two multiple choice quizzes; one midterm exam; and one final exam. The quizzes are 30 minute
long, multiple choice questionnaires and they aim at providing an estimate of the student’s
understanding of the topics covered up to that point in time; they are scheduled halfway through
the two periods defined by the midterm exam. Both midterm and final exam consists of a design
problem (e.g. design a matching circuit with ideal transmission lines) followed by technical
questions.

The opportunity presented by the PCB design called for an overhaul of the final exam: the
students were asked to submit a written report and give an oral presentation of their results to the
class. Indeed, the author believes that it is important for undergraduate students to have the
opportunity — often the first one — to address an audience of their peers as part of the experiential
pedagogical approach. In light of the fact that this was indeed the very first presentation for most
students, the final grade was solely based on the written report.
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It may be worth stress out at this point that many Universities offer this type of hands—on
microwave projects to students. However, as the reader may be aware, the tools involved in
executing this type of projects are primarily found in Universities with an established tradition of
graduate and post—graduate research activities in the microwave area. These activities provide the
necessary know—how and funding to support a microwave laboratory, whose instruments alone
cost in the tens of thousands of US dollars. Indeed, this paper describes the author’s attempt to
bring his Institution closer to the high standards set out by other US Campuses.

The projects

The projects consists of the design, simulation, layout and characterization of a matching circuit
with microstrip lines at the design frequency f, = 1.5GHz on a given substrate, Fig. 3. The
projects aim at letting the students appreciate the physical effects that take place when the
electrical wavelength of the signal the circuit is processing, is comparable with the physical
dimensions of the circuit itself. Proper selection of design frequency and PCB substrate material
enable the successful execution of the projects. The following considerations have guided the
author towards the definition of the projects:

e have the students place their projects within a familiar context: commercial GPS systems
are ubiquitous nowadays. Their operation is centered at 1.57542GHz;

e find a correct balance between board size and its cost: the larger the board, the easier the
layout, the higher the fabrication costs. However, small dimensions are generally associated
with microwave and wireless applications and the projects must match this expectation;

o mix distributed and lumped components on the same board: students should verify first
hand that a number of technologies may coexist to deliver the expected performance.

The flame retardant 4 (FR4) substrate is widely used for electronic applications, including
microwave circuits such as GPS and wireless phones, and provides a cost effective solution in the
low GHz range. Depending on the substrate in use, a A/4 transformer in microstrip is in the order
of 1lin in length. Therefore, the board size was selected to be 2in x 2in to meet the vendor’s
requirements and the project’s needs. The board layer structure is 10z copper—substrate—10z
copper to support microstrip lines — a widely used implementation of transmission lines. In order
to support the discussion of lumped vs. distributed components, surface mount devices (SMD) of
manageable dimensions (0805 size, 80mils x 50mils) were used’.

The fundamental effect! of an ideal, lossless transmission line when applied to a load Z;, is to
change the phase of its reflection coefficient proportionally to the line’s physical length [:

Fin = FL : 6_]2kl (1)

where £ is the propagation constant; I';, is the reflection coefficient associated with Z at v = [;
and I';, is the reflection coefficients associated with the input impedance Z;,, at z = 0. The
relationship between impedance and reflection coefficient is:

Z-2Z,

- Z+Z, @
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< C i fie:///C:/eenlb/my.lectures/2009/1.spring/17.403/laptop.copy/website/17.403.html

# Owner Project Deseription
L AT Matching Z with TX line + stub

This is a 1 port network with 1 edge mounted connector

5 RB Matching Z| with stub + A/4 transformer

This is a 1 port network with 1 edge mounted connector

3 M Using a TX line to generate Z; and match with TX line + stub

This is a 2 port network with 2 edge mounted connectors

4 DW Using a TX line to generate Z; and match with stub + A/4 transformer

This is a 2 port network with 2 edge mounted connectors
;";ﬁ;'g 5 CW Using a TX line to generate Z| , and match with stub + A/4 transformer

This is a 2 port netwark with 2 edge mounted connectors

Common specs for all projects:

® Projects #1-2 will make use of 0805 SMD components and vias

® Projects #3-5 will make use of transmission lines only

® The design frequency is fg = 1.BGHz for all projects

e Layouts must fit on a 2in by 2in, 62mil thick, loz Cu FR4

® \Vias must be 17mils in diameter (drawn)

® Minimum line width is 7mils

® 5SMD and connector pads will be provided in class befare taping out

e ID information will be required on the fop layer (to be provided in class before taping out)

#1, #2: 7, implemented by fwo 0805 components, R = 10002 in series with € = 1pF

#3, #4:Z, is generated by an ideal fransmission line with Z, ~ 127.5112 and © ~ 122.76° terminated by 5002
#85: 7, is generated by an ideal fransmission line with Z; ~ 88.4012 and & » 120.97° terminated by 500

Z, equivalent fo 10012 in series with 2pFaf f

.00.§

All layouts should be finalized and handed over by Wed. March 25™ 2009
»>» My hard deadline with the vendor is March 31°F, 2009 <<«

Figure 3: Final assignments of the projects to the students as described on the class website. The topology
of the matching circuit was selected by the students.

where Z, is the characteristic impedance (typically 50€2). Both k and Z, depend on the substrate
material; in particular, the line’s physical width directly affects Z,. The product § = 2kl is called
electrical length and it is measured in either degrees or radians. The propagation constant is
inversely proportional to the guided wavelength A:

_27r

k " 3)

If the electrical length § = 2kl = 4xl/)\, can be neglected in (1) because [ << A, (for instance,
6 < 10° is verified), then I[';,, = I';, and the line is effectively an ideal wire; if # cannot be
neglected because [ is comparable to \,, then the line behaves like a transmission line. In general,

the ratio [ /), is key to set the boundary between the concepts of distributed and lumped
components.
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The purpose of a matching circuit is to allow the transfer of the available power from a source to a
load (for instance, from an antenna to an amplifier). The use of a compass and a ruler on a Smith
chart®? allow an easy visualization of the effects of (1) in the design of matching circuits; and a
great simplification of the math involved to match the known load Y7, = 1/Z, to a given
reflection coefficient — ideally Z;,, = Z, = 509 <+ I';,, = 0. A standard solution'* with lossless
transmission lines consists of:

1. adding a transmission line of electrical length 6, to the load Y7, such that the real part GG; of
the new admittance Y; = G + )B; is equal to 1/502 = 20mS; and
2. adding an open or short circuited stub to resonate out the susceptance B; = Sm{Y1}.

Other circuit solutions can be devised: for instance, a stub can resonate out B;, = Sm{Y } first;
and then, a \/4 transformer can make the real part R, = Re{Y,} equal to 502. Although
solutions are equivalent at the design frequency f,, their frequency response is often key for the
selection of the matching circuit topology.

In order to differentiate the projects, the board would have either one or two ports. In the case of a
one—port network, the load Z;, consisted of a lumped SMD resistor R = 100f2 in series with a
SMD capacitor C' = 1pF’ connected to the ground plain by via holes. The impedance value
associated with the load is Z;, = R+ 1/jw,C =~ (100 — 3106.1) €2, where w, = 27 f,. In the case
of a two—port network, the same impedance value Z; was generated by an ideal line of given
width and length to be placed between a plane P — P’ and an external 502 load connected to port
2 of the two—port network (Fig. 4). The external 502 load is provided by the VNA at the time of
measurement; edge mounted SMA connectors were used for easy testing’. Length and width of
the ideal transmission line were provided to the students by the author in order not to burden them
with unnecessary complications; however, the students were to take this information, determine
the corresponding dimension of the microstrip line and lay it out on the FR4 board as seen fit.

The students were to design the matching circuit and its layout with ADS. The layout was then
exported as a Gerber file and passed on to the vendor for manufacturing after a final check made
by the author. The delivery of all the information required to manufacture a circuit in a given
technology is known as tape—out: in this case, the tape—out consisted of the delivery of the Gerber
file. The author provided the students with a simple ADS template in order to facilitate their task
of meeting the tape—out deadline. The template guided the student through the following basic
steps:

1. use standard theory to design the required matching circuit to achieve I';,, = 0 with lossless
transmission lines and a Smith chart and verify it with ADS;

2. use ADS to calculate widths and lengths of the real transmission lines (microstrip lines on
the FR4 substrate);

3. enter the data into the ADS microstrip models and re—simulate I';,,;

4. layout of the circuit within a 2in X 2in board.

When these steps are completed, the Gerber file is generated. It is important to recognize that the
projects’ starting point is an ideal matching circuit designed on a standard Smith chart, Fig. 4.
From an educational stand—point, the students can experience the link between theory and
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Figure 4: The basic problem of matching a given load Z;, = 1/Y7, to a known input impedance Z;,, as
correctly executed by CM. From the top: (#1) Z;, = (100 — 3106.1) € is matched to Z;,, = 5092
with the standard solution transmission line—stub. Z, located at the internal plane P — P, is
generated by an ideal line with characteristic impedance # 50€2. (#2) CM used the Smith chart
to design the matching circuit after normalizing the load to Z, = 5092 (y;, = Y7, - Z, =~ 0.235 +
70.250). (#3) The circuit is simulated in ADS with microstrip models on a FR4 substrate. (#4)
The board layout generated by CM. The dependance of Z, on the line’s width is clearly visible.

practice provided by a real-world circuit simulator; and the importance of a theoretical
framework (transmission line theory; Smith chart; etc.) within which the students can manage
design challenges and deliver a manufacturable circuit. In this context, students understand that
step 3 and 4 are taken iteratively: as new microstrip models (e.g. corner, stub end—effects, width
steps, etc.) are added to the circuit, both layout and electrical performance may be affected. For
instance, connecting two lines orthogonal to each other, requires a metal square (a corner or a T
connection) to provide electrical continuity. Then, the circuit must be resimulated and its
performance verified. This is valuable experience for the students to acquire.

Following a lecture devoted to the measurement of the scattering parameters? and the calibration
procedure!!, a standard VNA was used to characterize the manufactured boards. Standard VNAs
have the ability of transferring the measured data back to the simulation software and allow an
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uMLOS
ECETDHA
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(New 1) revision)

S1

freq=1.500GHz
Gin_sim=0.074 /-47.830
impedance = 54.877 -j6.051

M1

freq=1.500GHz
Gin_meas=0.249 / 5.759
impedance = 82.865 + j4.424

S

Gin_meas
Gin_sim

freq (1.000GHz o 2.000GHz)

Figure 5: The logical steps required to complete the projects, consisting of a loop linking design, fabrication,
test and verification. From the top left, clockwise: layout of the designed board provided by
the student at tape—out; the manufactured board delivered by the vendor; characterization of the
board with a vector network analyzer; and comparison between measured (blue line, M1 marker)
vs. simulated results (red line, S1 marker) executed in the ADS environment. The shift of the
measured (blue) trace can be demonstrated to be caused by the SMA connectors, which were not
accounted for in the simulation for sake of simplicity.

easy comparison of measurement vs. simulation. Fig. 5 visualizes the logical steps required for
the successful execution of the projects — from design to measurement. This is the typical loop
that may be reiterated with a new revision of the circuit for further tuning of the design if the
performance of the fabricated circuit does not meet the simulated response.

Students’ feedback

Students were asked to provide feedback on their class experience at the end of the semester in
order to evaluate the contributions of projects and lectures separately. The feedback was
voluntary and it had no bearing on the students’ final grade. The feedback consisted of an on—line
form, Fig. 6, for the students to complete at their convenience.
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1) 17.403 FINAL REPORT TO @A [0} 17.403 FINAL REPORT TO L)
C ¢ fie:///C:/users/eenib/AppData/Local/ Temp/Temp1_17.403.online.archived.zip/ecetdh: rer » O~ F- C 1% fie:///C:It Temp/Temp1_17.403.onii hived.zip/ecetdha.report/student.rer B [~ /&
] 2
) ) ) Feedback form
Foundations/Microwave Design 17.403
ZInstruetions: Please answer all questions. Your answers will be saved with a time-stamp. Should you decide to change
o your feedback once the form has been submitted, you are required to reload the form and start from scratch. Only
your last set of responses will be considered and your previous feedback will be discharged.
I January 2009, the Electrical and Computer Engineering Technology Department Heads Association (ECETDHA)
formally accepted my proposal to of fer my students the opportunity of designing, manufacturing and measuring the L
electrical pzr‘fur‘muncz of amicrowave circuit working at 1.56Hz, \'mpfzmzn?‘zd on pr‘\'n?‘zd circuit board (PCB) —
technology. The title of the project was A Mic jneerir jcation of Printed Circuit Boards.
Indeed, you have made possible the successful execution of this project and the form you are about to complete . . . .
below, will give me the opportunity fo collect your feedback and assess your understanding of the microwave (1.1) Bid you know what the microwave theory of distributed elements was before attending this class?
technology. CYES

“NO REQUIRED ANSWER

This form will focus on 3 key components of the project: (1.2) Would you have been able to explain to your peers what a distributed element is before attending this class>

1. the microwave theory of distributed elements CYES 1 o mowee
2. +he PCB technolagy applied o microwave design “No
3. your feedback on the execution of this project (1:3) Were you aware of the existence of distributed components as electrical component
The feedback you provide with this form will have no influence whatsoever to the determination of your final grade. :VES s s
Your final grade is solely determined by the exams offered throughout the semester: it will be posted on ISIS as No
<oon as this Form has been completed, no later: than May 2151, 2009. (14) Have you been able to follow the math behind the theory of distributed fransmission lines>
CYES Requimen Answes
©NO

(15) How much cffort were you required to put in o understand the theary of distributed transmission lines>
0 = no effort

Figure 6: On-line feedback form: scrolling the on—line form from the top, it consisted of an introductory
explanation (left) preceding the actual questions (right) for the students to answer.

The feedback form was organized in three groups of questions, each group focusing on a different
subject. The three subjects are:

1. the microwave theory of distributed elements (9 questions);
2. the PCB technology applied to microwave design (10 questions); and
3. the student’s feedback on his/her execution of the PCB project (7 questions).

It should be noted that the nature of the questions was not technical. Indeed, the questions were
devised to probe the student’s understanding of microwave theory before and after the class; and
the student’s personal experience of this class. All but the last question in each group required the
selection of an answer among multiple choices — e.g. either Yes or No; or a rating ranging from 0
to 10. The last question, Further comments/inputs you may have on this topic, allowed the student
to enter a response in their own words. The decision of constraining the answers available to the
students was made in order to tabulate and evaluate quantitatively the students’ responses. The
last question was intended to give the students an opportunity to expand their responses. The
appendix shows the questions and the responses of the feedback form.

The feedback form is certainly open to criticisms as it could have been structured differently or
composed by different questions — the author gladly concedes that some questions may sound
more obvious than their answers! Indeed, the goal of the feedback form is to a) establish an initial
baseline; b) have a sense of what the students thought of the course; and ¢) have a sense of what
they gained out of it. For instance, question 1_1 was important to ask as some students may
already be working in a microwave lab and have some understanding of matching circuits and
distributed components. Indeed, as mentioned earlier, many microwave companies involved in
activities as diverse as wireless phones or radars for military applications are located within few
miles of the University of Massachusetts at Lowell.

The students’ feedback highlights the fact that the students did not rely on previous knowledge of
distributed components (question 1_1, 1_2) but they knew about their existence (1_3). The theory
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of transmission lines relies on complex numbers for its explanations, with heavy use of
trigonometric functions. Surprisingly, this aspect of the lectures was not an issue (1_4). However,
the complexity of the subject required some effort to be understood (1_5) and a considerable
amount of time (6 hours/week in average) was devoted to this class (1_6). Overall, the lectures
were received well and the project was appreciated as a tool for the comprehension of microwave
engineering (1.7, 1_8).

The students’ background in electrical circuit theory and its application is mixed (2_1, 2_3).
Interestingly, 2 students indicated (2_2) prior involvement with microwave circuits, despite
previous statements (1_1 and 1_2). Experience with circuit simulation software did not include
ADS (2.4, 2_5), which was found relativity complex to master, with some appreciable differences
among students (2_6). The goal of the PCB project — to explain the real-world challenges related
to a microwave design — has been achieved (2_8), and the students have clearly made the
connection (2_7) between PCB technology and microwave engineering. However, (2_9), a slight
majority failed to understand that the PCB technology is just one of many microwave
technologies.

The students have been satisfied with the content (3_1), the pace (3_2) and the balance between
theory and practice (3_3). This is a very rewarding result for the author, which can be linked to the
author’s planning efforts prior to the class. Further, the students appear to agree on the fact that
the PCB project provides added value to the class (3_6) and it is a tool for the understanding of
microwave engineering (3_4) since the majority would suggest to attend this class even if the
project was not part of it (3_5).

Looking back to the experience, some considerations and suggestions can be drawn for the future:

e the student’s understanding of a complex subject such as microwave engineering can be
enhanced with a simple, yet practical project;

o the experiential approach can be enhanced by a theoretical framework that complements it
and guides the student towards a successful completion of the project;

e providing a solid review of the math behind the analysis of transmission lines under
sinusoidal excitation (e.g. trigonometric functions, complex numbers) will facilitate the
task of understanding the physics of guided wave propagation;

e lectures should not be structured around the project, rather the project should be considered
as an opportunity to introduce the students to both standard and modern tools necessary to
the completion of the design — in this context, the microwave software becomes the modern
evolution of the graphical approach based on the Smith chart;

e making the projects simple but as close to a real-world design as possible is key for a
successful fruition of the project by the students: the goal is to expose the students to the
requirements of real-world applications, rather than having them focus on the project itself;

e the lecturer should not limit the class content to the project, rather take advantage of the
opportunity to broaden the students’ horizon to other technical subjects.

One key challenge for the lecturer is to avoid being put off by the details of software operation,
while keeping in mind that its simulation and layout capabilities are just tools in the student’s
hands. Indeed, it is easy to transform the lectures into a course on how to use the software: this
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should not happen as there is no one single industry standard. The lecturer must find the right
balance between what subjects ought to be part of the lectures, and what topics ought to be left to
the students’ curiosity, while aiming at achieving the pedagogical objective of the course.

Conclusions

This paper has presented and discussed a project for the design and fabrication of a PCB board in
a microwave engineering technology class at the University of Massachusetts, Lowell. The
project has been funded by ECETDHA. Information on the changes made to the standard class
syllabus in order to accommodate the execution of the project has been provided. A description of
the projects and how the students have tackled their design has been presented. A review of the
feedback form and a discussion of the results to gauge students’ reaction and understanding of the
project within the broad area of microwave engineering have been made. The students’ feedback
to this project has been positive, as it appears that the right balance between theory and practice
has been struck. Suggestions stemming from this project have been outlined. The experience is
easily reproducible and rewards the students’ commitment with a lot of additional, marketable
value.

Appendix: Feedback form

Feedback forms were completed by N = 5 students. Average = and standard deviation o, are
calculated as follows

]
Il

1 N

| X
_\2
0y = N;(xn—a:)

The feedback form consists of a number of questions collected in 3 groups or components.
Questions are labeled <component>_<#>. Responses are tabulated below and the tallying is
self—explanatory. The component’s last question, always <component>_<0>, allowed the
students to enter additional feedback in their own words: when provided, they are listed out at the
end of each component.

GT°'69¢'ST abed



Component 1: the microwave theory of distributed elements

11 Did you know what the microwave theory of distributed NO =5
~ | elements was before attending this class? YES =0
12 Would you have been able to explain to your peers what a NO =4
~ | distributed element is before attending this class? YES=1
13 Were you aware of the existence of distributed components | NO =1
| as electrical component? YES =4
14 Have you been able to follow the math behind the theory of | NO =0
" | distributed transmission lines? YES =5

How much effort were you required to put in to understand | 7 =7.20

1.5 | the theory of distributed transmission lines? 0 = no effort; 10= | o, =0.75
a lot of effort.
How many hours per week have you spent in average on the | = 6.00

1.6 | subject of the theory of distributed transmission lines? o, =1.26
Available choices: 2, 4, 6, 8, 10 hours.
Do you think this class has been able to provide a NO=0
1.7 | comprehensive description of what microwave engineering | YES =5
is about?
Would your comprehension of microwave engineering be LESS =4
1.8 | less/same/more if you had not been involved in the PCB SAME =1
design project funded by ECETDHA? MORE =0

Question 1.0: Further comments/inputs you may have on this topic

—

. Itook Emag 1 before this class which helped, it should be encouraged or required

It would be nice to have lecture notes before the lecture

. I'really enjoyed the design project, as well as learning about the theory taught in this class.

I would like to know MORE!!! about microwave engineering - there are a lot of topics that
we didn’t have time for in the class that are interesting to me. In general the course really
provided a good introduction and start to this study.

Although I feel my learning about TX lines did not improve from the Project, I thought the
project was excellent! The REAL PROBLEM here was the amount of time we had to
acquaint ourselves with the simulations and layout using Agilent ADS.
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Component 2: the PCB technology applied to microwave design
51 Had you ever designed an electrical circuit of any type prior | NO =2

~ | to attending this class? YES =3
9 Had you ever dealt with microwave circuits prior to NO=3

~ | attending this class? YES =2
)3 Had you ever been exposed to PCB technology prior to NO =2

| attending this class? YES =3
54 Had you ever used simulation software to design an NO=1

~ | electrical circuit prior to attending this class? YES =4
)5 Had you used Agilent Advanced Design System (ADS) NO =5

~ | prior to attending this class? YES =0
26 How challenging has the use of ADS been? 0 =no challenge; | T =6.40

~ | 10 = extremely challenging. 0, =242
57 How clearly has the theory of distributed components been | 7 = 8.60

~ | linked to PCB technology? 0 = not clear at all; 10 = very clearly. | 0, =0.49

How would you rate the design of the board as a tool to T =9.60
2_8 | explain real world challenges related to the design of o, =0.80
microwave PCB circuits? 0 = useless tool; 10 = indispensable tool.

29 Would you agree with the following sentence: microwave NO =2

~ | applications cannot exist without PCB technology? YES =3

Question 2_0: Further comments/inputs you may have on this topic

1.

I think a little more time on learning ADS would have made the design process less labor
intensive.
[ think some extra time on learning ADS would have made the design process easier.

. 1 did not like the idea of the project at first. Having done this course. I think it is a very

good idea.

I don’t really know about the answer to 2.9! I think many or maybe even most microwave
applications currently might use PCB technology, but I can imagine that some other kind of
microwave circuit fabrication does exist or will exist!? I think there are 3-dimensional
integrated circuits being developed, for instance.
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Component 3: your feedback on the execution of this project

. NO=0
3_1 | Has the class met your expectations? YES = 5
TOO SLOW =0
3_2 | Has the pace of the class been too slow/just right/too fast? JUST RIGHT =4
TOO FAST =1

Has the hands-on time (i.e. access to the lab and ADS) been | TOO LITTLE =1
3_3 | too little/just right/too much compared to the time allocated | JUST RIGHT =4

to theory? TOO MUCH =0
Do you think that your understanding of microwave theory | NO =0
3.4 | and its applications has benefited from the design and YES =5

fabrication of a PCB board?
Would you suggest a fellow student to take this class if you | NO =2

3_5 | knew that the class does not include the fabrication of a YES =3
PCB microwave circuit?
How much value would you say the PCB project adds to T =8.40

3_6 | this this class? 0 = no additional value added; 10 = overwhelming o, =1.50
additional value.

Question 3_0: Further comments/inputs you may have on this topic

1. I had to put more time (beyond class time) to complete the design but I really feel the
project made me more marketable as an engineer. The final report reinforced the project.

2. Doing a project really helps with understanding. It shows you what you understand and
what you do not.

3. I would say the project added a lot of value to the class. However I think the class would be
interesting even without the project. It definitely took some extra time that could also be
used to explore additional topics. In the end, I think the project was the more rare and
valuble experience. Perhaps more topics could be covered in the course, even while doing a
project design; or a second course on the subject could be introduced.
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