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Abstract— No cost software tools and low cost measureme
equipment enables improved teaching of circuit degh. This
paper presents results incorporating models, simutoon and
measurement together in teaching and laboratory. Qoparison
of circuit equations with measurement and simulation date
addresses different learning styles and promotes adnce in
reflective judgment stages. It is closer to industal work style
and gives the student a feel for variations and aacacy in circuit
design and measurement. A low & electrical laboratory board
(Electronic Explorer), a circuit simulator (LTSPICE) and a
spreadsheet program can be used during lecture, lalbatory and
at home to align results and motivate students foa deep learning
approach. This paper presents neceasy modification for lecture
and laboratory and looks at the results using theswols.
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. INTRODUCTION

Successful teaching of students involves a deemiteg
approach [1]. Students have to be motivated toystusubjec
in depth and be able to explore relevant tc¢. Bridging theory
and real circuit design using equations, measureraed
simulation can stimulate deep learning. It is int@ot to give
students real world experience with real circuid ashow
relationship between model and measurement. Thibles
faster learning and understanding of concepts. To
knowledge there is no textbook or lecture availdbtecircuit
design teaching, which compares directly theoretjoations
simulations and laboratory measurements side bye.
Therefore this paper prests this approach for a semicondut
components and circuits class in a mechatronicshdbax
course.

Design of circuits in industry is done having sc
equations for electronic circuits and adjustingiheameters i
the equation to real devices. Witke basic equations a trans
function can be calculated. After a simulation don$ the
operation, a circuit is built and measured. Thefed#hce
between measurement, simulation and equation is
evaluated and used to improve the models and t
performance (Figure 1).

In former time measurement hardware and circuiigte
software was very expensive and complicated toatpeDat:
acquisition and visualization was cumbersome. Néforts
make a real laboratory available through the irgef#] or use
low cost, portable measurement equipment (MyD

Electronic Explorer) affordable for each student ¢ This
paper concentrates on low cost, portable measute
equipment to give the student a real experien@nddlectrica
component and circui Free simulation software (LTSPIC
complements the learning set up. A spreadsheetrarogar
be used for data evaluation. This setup makes ssipte tc
compare and align theory, model and measuremeqtstiéns
can be implemented in the spreadsl simulation and
measurement data can be imported and graphed. |&aigt
mean square differences between equation, model
measurement data leads students to critical thinkibout
precision of theory and mode

To use the full potential of this coiination needs
adjustment of lectures and laboratory experimemtiotivate
students to a deep learning approach. Due to thahplity and
low cost of the equipment the same set up can kd it
different locations and contexts: demonstrationsringt
lectures, guided experiments in the laboratory, uwthen
experiments in open computer laboratories and @iehior seli
motivated studies.
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Figure 1: Circuit design proce

A sequence of teaching theory, doing real experisnand
assessing the differentbetween theory and measurement
documenting these results can be mapped to ani@adagft
Kolb’s learning model based on Fitzgibbon and Sfigg
Diverger (Why) Reflective Observation, Assimilatfi/hat)
Abstract Thinking, Converger (How) Active docuntation,
Accomodator (What if), Concrete Experiet



These learning styles can also be mapped to cidesign
activities as shown in figure 1. A model is an gdust
description of a circuit block. Simulation givesns® real
experience by building a circuit. Measurement neaedsuild a
working circuit giving a more real experience and
documentation and reflection on the data. Compadatp
leads to reflective observation and changing thedeho
parameters or the circuit.
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Comparing theory in the lecture with measurememid a
simulations steers students to higher stages ofe®eke
Judgment according to Kings and Kitchener [2]: Eflective
Thinking (Stage 1,2,3) true and false, Quasi réflecThinking
(Stage 4,5) uncertain, Reflective Thinking (Stager) 6
evidence.

The following section first presents the tools andcept of
lecture, laboratory and home work. Then one lalboyats
presented as an example for the chosen approach. A
guestionnaire is presented evaluating student taoeg

Finally a conclusion and outlook is presented. Figure 2: Electronic Explorer board
Il.  ToOLS ANDAPPLICATIONS
Due to more transistors in integrated ciitiis possible The board comes with a parts kit providing wirad hasic

to build very inexpensive, small and portable l@bory electronic components. Web software was writtebet@ble to
measurement equipment, which is easy to operateamde draw a circuit diagram before circuit built (Figu8e
used by students to gain hands on experience. For —
measurements an experimental board “Electronic aggpl is
presented first. LTSPICE is widely known, used for
simulation and will not be presented here. A spsbadt T
application to analyze and compare data is predertse m ATTAT
e
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cases in lecture and laboratory are shown.

A. Electronic Explorer

"Electronic Explorer” (Figure 2) made by Digilent
combines a breadboard with a 4 channel oscilloscbpe
arbitrary waveform generators, power supplies,agdtmeters
and digital 10 channels in a size smaller than #oek at a [
price similar to a netbook [7]. A small power sup needed
and the board is connected via USB to a PC or fiapioning
the control software “Waveforms”. “Waveforms” issgao use
and for free, which can be used in a simulator madkout

the board to get accustomed to the menus and éunsctirhe Figure 3: Web application Electronic Breadboard
software is very responsive and has a good usarface.
The breadboard allows building circuits on the doand Documentation is made easy using screen shots and

fixing connections to the power supply and measergm
equipment. This small fixed setup can then be easitried
around and is ready to go in minutes. Professomsezsily B. Circuit Smulator and Spreadsheet
bring circuits on the board to the lecture to destate It is common practice to use circuit simulatore IRSPICE
operation. This is a unique feature compared kerooffers  or L TSPICE in classes. The approach in this pajffarsl from
like MyDAQ from National Instruments and Visascdpgand  traditional approaches by incorporating the congoari
other electronic equipment [3]. It is also possiblestudents to  petween theory, simulation and measurement in ctass
carry their circuit ideas around for demonstrations  during laboratories. Students also learn how toSRIEE to be
debugging. able to verify results of textbook problems and reises.
Therefore it is much easier to find training prabeand verify
the correct solution.

exporting and saving measurement data.

For laboratory exercises students use equationsizi®
circuit elements, simulation to confirm calculasorand
measurement to verify operation. Students have akema



report and a final presentation of their findingshe end of the
laboratory. This covers all 4 aspects of Kolb'shéag model.

Excel was chosen as a tool to compare differendtsedt is
more common and less expensive than Matlab andvallo
implementing equations, graphs, optimization anidutating
errors (Figure4).
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Figure 4: A diode curve comparing measurement aoaked
equation

Figure 4 shows measurement data for diode voltdgand
current ID1. Data is entered in a table and digaay-or these
currents the voltage is calculated for a diode wsdries
resistance:

IDl
VEquation =Ipy-R—n-Ur-In (1_)
S

By changing the values R, n;ldnd L the theoretical curve
can be matched to the measurement curve. Excellatds the
error between the measurements and the equatitimea and
exponential trend line in Excel allows to directlytract R, n,

Ut and | from the measurement. Student can study the eﬁe@\t]

of change of parameters on the displayed curveiamdade
aware of measurement limitations. This gives thalestts a
feel for the ability and limits how to be able taith theoretic
curves with measurements. The limit of matchingwieen
theory, simulation and measurement motivates stadém
reflect about certainties. This stipulates develeptrof higher
thinking stages according to Kitchener. Having ¢h&mls in
Excel allows further study at home. For each latooya
theoretical equations for IV curves were implemdnte
repeating the concept of comparing model, simulatimd
measurement.

C. Application

The Electronic Explorer was used frequently durimg
circuit design class as demonstrator. It was usettmonstrate
static IV curves and dynamic behavior of diodeansistors
and operational amplifiers. It is very convenieat Have a
portable, small setup. It is possible to build ¢ireuits during

lecture, having a circuit diagram. A document camean be
used to show the assembly and live operation ofcttoeiits.
All measurements can be displayed on the compatees and
a beamer. Student questions can be explored bycbasge of
operating conditions. This gives confidence in reating
circuit behavior.

A practical laboratory complementing the lectureswa
designed for an undergraduate Electronics classthat
University Kempten, Germany. In the laboratory stug
worked alone or in groups of two. Single workingidgnts
were led to discuss problems and results with cghetents or
groups. Each laboratory consisted of 8 identicaeexnental
setups for up to 16 students. Due to the cost eflibard,
additional experimental setups could be placed iRGalab,
where students could use the boards at any tinfmith the
laboratory or to do further experiments.

The topics of the laboratory were:
1. Data analysis with Excel

Diode measurement

Diode equation in SPICE and Excel

MOSFET transistor measurement

MOSFET equations in SPICE and Excel

Bipolar transistor measurement

MOSFET as amplifier

Differential amplifier in SPICE

Operational amplifier

© © N o o~ Db

10. Operational amplifier in SPICE
11. Reporting laboratory results and experience

Each experiment lasted for 90 minutes. Due to ithédd
time a learning cycle (theory, model, simulatiorgasurement)
as shown is distributed over a couple of laborasorStudents
can review results between laboratories and havallem
learning steps in one laboratory. This sequencerepsated a
ouple of times. Since previous measurements andlaiion
ere needed for subsequent laboratories the studet to
review their previous reports and had to rehearseegures
and results. The laboratory was built 2 times, onddh a
traditional setup (Figure 5) with an oscilloscopsower
supplies, multimeters and signal generator and osogy the
Electronic Explorer. Written instructions how toncluct the
experiment were quite the same using the traditiona
experimental setup and the new Electronic Explofédrere
were different documents about the used breadbeardshe
operation of the power supply and how to conduttage and
current measurements.
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Figure 5: Traditional measurement sel

For the later experiments the theory and simulati@s
done in class or at home due to timing constrafatsthe
number of laboratories. The student could repeasitmulatior
at home or in the computer laboratory on their dvafore
conducting the experiment.

Since there was doubt about having enough measat:
accuracy using the low cost Electronic Explorerrtoguality
of results was investigated. After the experimenésresulting
10 model parameters for the components (diode, N@&
bipolar transistor) were collected using a questionn

I1l.  CASESTUDY: LABORATORY AMPLIFIER

One of the experiments was a design of an amplifi¢
source configuration with a current source using3#8Ts of
the transistor array CD4007. This example is useshbw the
steps and experiences for the students, whichypreat for all
laboratory experiments. Figure 6 shows the cirsciitematic
the wiring of the breadboard and the theoreticaladiqn for
the gain of the amplifier.

MOSFET transistors were measured in previous
laboratory and simple SPICE parameters were ertladith
these values theoretical calculations were donengluthe
lecture to prepare the students for the laboratony addres
assimilator type students. Operating point voltaayes current
were calculated. Using small signal circuit inpesistance
output resistance and gain was calculated. Therdainy
included verification of these results using LTSPI@nd
measurement. The same basic equations are usedSiRICE
with a LEVEL=1 MOSFETmodel. LTSPICE can exact
confirm the calculated results. Therefore the sttidgets
confidence in using LTSPICE to verify solutionstektbook
problems. It is also possible to use more advariEatsistor
models to improve matching between simulatioind
measurement. After the measurements results arpasenh tc
simulation. Investigation can show the influenceofponen
variability and limited device models on result ofdhg.

Experiencing differences between theory, simulatiand
measurement studts are steered to critical thinki
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Figure 6: MOSFET mplifier laboratorya) schematic, b)
calculationc) breadboai

Typical results comparing one static voltage ard gathe
amplifier are shown in Table

Table 1: Comparing results for a source ampl

Calculation | Measuremel SPICE
Ve(V) 2.39 2.44 2.43
Ay -18 -22 -20.4

The matching is good and leads to discussions amidef
experiments about matching.



IV. STUDENT EVALUATION AND FEEDBACK

Evaluation of the experimental setup was done witle
class of 46 students. There were 8 laboratory setgrh
operated by two students as a team. There werad&ional
setups with power supplies and oscilloscopes auailand 8
“Electronic  Explorer”
laboratories measuring a diode and a MOSFET warduwied

new setups with

using the different setups as shown in table 2.

Table 2: Experimental setup

boards.

8 groups of| 8 groups of| 8 groups of
2 students| 2 students| 2 students
Diode Traditional| Traditional | Electronic
setup setup Explorer
MOSFET Electronic| Electronic | Traditional
Explorer Explorer setup

The students were randomly assigned to the groups.

A questionnaire was used to evaluate differencésdam

the traditional setup and the Electronic Explorer:

1. Laboratory exercise was
Difficult 5, 4, 3, 2, 1 Easy

2. Building the circuit was

Difficult 5, 4, 3, 2, 1 Easy
3. Operation of measurement equipment was
Difficult 5, 4, 3, 2, 1 Easy

4. How much time did you need for measurements?

Alot5, 4, 3, 2, 1 Little

5. How do you rate the amount of work given theofalory

time?

Alot5, 4, 3, 2, 1 Little

6. Did you have any problems during the laboratdfyPes

please describe the problems.
7. What did you learn during the laboratory exex@is

The results are shown in Figure 6. Given the nundfer
groups and students it can be seen that thered#fecence in
using the traditional setup compared to the cheapdrless
accurate Electronic Explorer. Unfortunately them@svalso no
significant improvement in the conduct of the ladiory seen.

5
M 1st run
4 - - Traditional
Measurement
3 4 —_— L
M 1st run
2 | Electronic
Explorer
1 i 2nd run
0 Traditional
K Measurement
Q& S &L
@0 ,\\b\ ‘\x\ R W 2nd run
& \)OQQ’ > ¥ Electronic
M
N % Explorer

Figure 6: Evaluation of the laboratory

12 of 31 comments (38%) showed a critical thinkafgput
matching of measurement results to theory.

Also the measurement results and extracted paresnete
were evaluated. All extracted values were compacedhe
expected values. Groups using the Electronic Egplboard
showed 80.25% good extracted parameters versud %706
good values using the traditional measurement sgfigure
7).

100%
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Figure 7: Good extracted electrical model pararseter

Besides the laboratory also student problem solidagons
were conducted. It was noted that some of the stadesed
LTSPICE on their own to verify their solution. Legsidance
from a professor was needed.

V. CONCLUSION AND OUTLOOK

In this work it is possible to address differenarkng
styles and steer students to critical thinking gsin approach
comparing theory, model, simulation and measurerasintg
low cost equipment.

It is very difficult to assess the impact of nevibdeatory
equipment for students learning outcomes. Diffeegptipment



requires slightly different laboratory instructiorisipacting
design of experiments. At least this investigatitiowed no
negative impact on accuracy of measurement resunt
laboratory experience. With the current group afients there
was no significant difference between traditionabdratory  [1]
equipment compared to the Electronic Explorer. Sihe class

is still ongoing final report results and examioatresults will  [2]
be evaluated. This investigation will be repeatdith & larger
group of students, better instruction and a mortailed
questionnaire. (3]

Using Electronic Explorer has some benefits. Inezpe
equipment can be used instead of costly solutioaking it  [4]
possible to provide more laboratory set ups to esitsl
Availability to students can be increased. Self aniged
learning of students can be promoted. Collectinga da 51
electronically makes documentation and result dnegckasier.

Evaluation and improvement of self paced learniitp the
Electronic Explorer needs more |nvest|gat|0ns Ewic L)
Explorer boards are now distributed in an open &@1atory, (7]
so that students have access all the time. (8l
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