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Use of a CPLD in an Introductory Logic Circuits Course
with Software and Hardware Upgrade

Abstract

This paper documents our continued efforts to integrate the use of complex programmable logic
devices (CPLD) into our introductory logic circuits course at the University of Hartford.
Although programmable logic devices (PLDs) have been long introduced in our advanced
courses, the widespread acceptance demands that PLDs be introduced earlier in the electrical and
computer engineering curriculum. In the fall semester of 2011, we selected a CPLD as the choice
of PLDs for the introductory logic circuits course, because CPLDs allows for an experience that
includes modern design tools and devices, as well as hands-on activities. Our CPLD module
allows such a device to be used with a classic breadboard. In prior research we found that in
using this module, students can easily identify the CPLD and with modest wiring they can
construct circuits that they feel are both satisfying and engaging.

In this paper, the most recent developments, which include both software and hardware
upgrades, along with student feedback, are documented. With the Xilinx XC9536 CPLDs now
obsolete we adopted a newer CPLD, and designed a new logic circuits trainer. The newer
XC9536XL CPLDs require 3.3V signals and power, which is not compatible with any
commercially available trainer that we are aware of. Facing this inevitable trend to lower Voltage
logic, we decided to adopt the 3.3V CPLD devices and design our own trainer that provides 3.3V
power and 1/O signal. The artwork for the module and trainer are available at our webpage under
free software license for your use.

On the software front, we revised our tutorial and started having our students working with test
bench files. The CAD software used in our labs was upgraded from Xilinx ISE Version 10.1 to
Version 13.2. In the past, we specifically chose Xilinx ISE 10.1 32-bit version for its graphical
test bench generator which is very convenient for students to use when performing simulation.
Unfortunately, this feature is absent in the ISE 10.1 64-bit version as well as the subsequent
versions of Xilinx ISE, including 13.2. On the other hand, version 13.2 is much more stable in
comparison to version 10.1. In adopting version 13.2, we had concerns regarding how students
would generate the simulation test bench, which involves modifying VHDL codes, since students
do not learn to write hardware description language (HDL) in our introductory logic circuits
course. Xilinx ISE provides an aid in generating a skeleton which our students are able to modify
for their own use following the instructions in our revised tutorial.

New lecture material was developed to help students understand these upgrades. Based on
student feedback, we also provided some historical context with regard to the current state of the
art in logic circuits. New lab content was developed to address some concerns from our previous
experience, which include: a) start-up activities to help students master the CAD software better
and earlier in the course; b) incorporating the use of hierarchical design earlier and in more
experiments. The students’ experience and feedback, as well as the instructors’ observations are
presented concerning both the hardware and software upgrades along with other changes made.
In closing, we present our future plans.
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Introduction and Literature Review

This paper documents our most recent efforts to integrate the Complex Programmable Logic
Device (CPLD) into our introductory logic circuits course during the Fall 2013 semester. These
efforts involve: a complete hardware upgrade and a major software upgrade; integrating the
concept of hierarchical design in progressive steps and deeper into the course; developing
entirely new lab content for that purpose.

Our university offers Bachelor of Science degrees in both Electrical Engineering (B.S.E.E.) and
Computer Engineering (B.S.Comp.E). The introductory logic circuits course (lecture and lab) is
the first course in the digital systems sequence and is required in both Electrical Engineering and
Computer Engineering curricula. It is usually taken during the students’ first semester of their
sophomore year. Although the majority of the students in this course comes from Electrical and
Computer Engineering majors, there are frequently students from Computer Science, Math,
Mechanical Engineering majors, etc. The courses that follow in the digital systems sequence are
listed below:

ECE 234 Digital design using CPLD*

ECE 332 Microprocessor Applications**

ECE 335 Computer Architecture *

ECE 336 Computer Systems Laboratory*

ECE 534 VHDL and Applications***

ECE 532 Embedded Microprocessor***

* required only by B.S.Comp.E,

** required by both B.S.Comp.E. and B.S.E.E
*** electives for both B.S.Comp.E. and B.S.E.E

Our research started in the Fall 2011 semester, when we successfully adopted a CPLD in the lab
component of our introductory logic circuits course, see [1] for details. Our main focus was that
the laboratory work must retain a hands-on experience. This was made possible with the CPLD
adapter module that we designed, which allows for the use of a breadboard. Our second focus
was that our students quickly learn to use the Computer-Aided Design (CAD) tools, which was
made possible with the tutorial [2] that we authored.

We are convinced that the lab component of such an introductory course must be tangible,
demonstrating the connection between digital and analog concepts. We believe that students must
be aware that logic signals are represented with physically measurable quantities. Our main
concerns with the use of a development board in such an introductory logic circuits course were
that it may prevent students from clearly grasping the notion of what digital logic signals are, or
having a clear concept of what a Programmable Logic Device (PLD) is, apart from the
development board.

The key difference in using the CPLD module described in this paper is that it is an identifiable
component and that students are using real wires to convey signals. During the Fall 2012
semester, new lecture material involving hierarchy, propagation delay, and the presentation of a
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CPLD structure was developed. New laboratory material was developed to make use of these
principles. The tutorial was expanded regarding the new topics as well. See [3] for details.

Radu [4] emphasized the use of development boards and Coowar [5] elaborated on PLD
themselves as well as the CAD tools; however students did not actually construct logic circuits.
In teaching digital logic circuits, Nickels [6] provided a choice between two options, either to
construct logic circuits using Transistor-Transistor Logic (TTL) family devices on a breadboard,
or use a PLD on a development board. Nickels rightly pointed out that the use of programmable
logic eases the development of logic circuits, while the use of a development board is not
necessary with CPLDs. There can be no doubt that using pre-wired development boards makes it
extremely convenient to use PLDs. However, with such convenience, Nickels [6] suggested that
electrical and computer engineering students may not have a suitable hands-on laboratory
experience. As such, our use of a PLD with a classic breadboard is a very different choice.

In using CPLDs in our course, we use an integrated approach, which includes the use of
schematic capture, CPLDs, breadboards, and the concept of hierarchy. With regard to CAD tools
Radu [4] reported that with the inclusion of CAD tools and Field-Programmable Gate Array
(FPGA) development boards, they observed a statistically significant increase in student
learning. Radu et al emphasized schematics, but also introduced students to a Hardware
Description Language (HDL) in the context of code fragments and writing test benches. Wang
[7] reported positive student feedback and outlined the controversy regarding the use of
schematics versus an HDL, expressing a concern that emphasis on an HDL may distract students
from the fundamentals of digital logic systems. Wang suggested an integrated approach
incorporating breadboard debugging techniques, design and simulation with CAD tools, and
verification on a development board, and that an HDL be taught later at the junior level.

For the Fall 2013 semester, we started with several clearly defined, achievable goals in furthering
the integration of CPLDs in our introductory logic circuits course:

1. Upgrade the CAD software from Xilinx ISE Version 10.1 to Version 13.2, and revise our
tutorial accordingly. In the past, we specifically chose Xilinx ISE 10.1 32-bit version for its
graphical test bench generator which is very convenient for students to use when performing
simulation. Unfortunately, this feature is absent in the ISE 10.1 64-bit version as well as the
subsequent versions of Xilinx ISE, including 13.2. On the other hand, version 13.2 is much
more stable. In adopting version 13.2, we had concerns regarding how students would
generate the simulation test bench, since students do not learn to write HDL code in our
introductory logic circuits course. Xilinx ISE provides an aid in generating a skeleton, which
our students then modify. We revised the tutorial so that students can learn to modify the
skeleton for their own use.

2. Upgrade the CPLD from the obsolete 5V compatible XC9536 to the 3.3V compatible
XC9636XL, and adopt our new trainer that provides 3.3V power and 1/O signals. The newer
device requires 3.3V signals and power, which is not compatible with any commercially
available trainer that we are aware of. Facing this inevitable trend to lower Voltage logic, we
decided to adopt the 3.3V CPLD devices and design our own trainer that provides 3.3V
power and I/O signals. The transition was implemented during the latter half of the semester,
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which allowed students to have experience with both old and new trainers, and thus be able
to make comparisons. The artwork for the module and trainer are available at our webpage
[8] under free software license for your use.

3. Integrate the concept of hierarchical design in progressive steps deeper into the course and
develop entirely new lab content for that purpose. According to our past research, students
didn’t grasp the concept of hierarchy very well as it was introduced late in the course and
used only in the last lab. We developed two new labs so that students learn about hierarchical
design earlier and use it in different contexts before applying it in the last culminating design.

Both an exit-survey and a focus group were conducted at the closing of the semester. The exit-
survey was anonymous and had a total of 17 responders. The focus group involved four
volunteering students, two lab instructors, and the authors. Combining the analysis results of the
exit-survey, the focus group feedback, as well as lab instructors’ observations, we conclude that
the software and hardware upgrades are both successful and that our attempt to further integrate
the concept of hierarchy was effective. We also made several recommendations for future course
offerings. First, the tutorial will be expanded to include a trouble-shooting section to improve
students’ learning experience and help them better master the CAD software. Second, we will
expand the tutorial discussion on test benches, and possibly provide a script file that produces
better test-bench files than the skeleton files that are generated by the ISE tools. Third, revise lab
contents to include more demonstrative designs that are related to real-life problems. One option
is to have two-stage design problems where students can choose to complete additional circuits
when lab time allows. This makes it possible to increase the level of design complexity without
risking overwhelming some other students. The final recommendation is to use the newly
designed 3.3V compatible trainers throughout the course of the labs, which means replacing the
traditional TTL 74LS family with the newer 3.3V compatible 74HC family in the first two labs.

The complete exit-survey questionnaire and the corresponding average Likert scores are listed in
Appendix A. The Likert scores range from -3 to 3, with -3 indicating strong disagreement, -2
moderate disagreement, -1 slight disagreement, 0 indicating neutral, 1 slight agreement, 2
moderate agreement, and 3 indicating strong agreement. We considered four questions (No. 1, 2,
3, and 4a) in the exit-survey questionnaire in summarizing the students’ overall learning
experience. The feedback from these questions (averaged Likert scores being 2.11, 2.17, 2.00,
2.23 respectively) indicate that the students generally felt that: using CPLDs was an overall
improvement to the course; the CPLD projects were interesting and educationally valuable; and
experience with CPLDs and CAD tools made them feel more confident that in the future they
would be more competent as engineers.

In considering our student's overall laboratory experience we considered two questions (No. 6
and 7, averaged Likert scores being 2.17 and 1.82 respectively). The feedback from these
questions indicates that the students generally felt that a laboratory involving actual construction
of circuits and investigating the behavior of components helped them to better learn and retain
the material. For the hardware upgrade, we considered question No. 5b, which indicates that
students generally felt that the new trainer was more convenient and easy to use. For the software
upgrade, we considered question No. 10, which was also an identical question asked in last
year’s survey. The average Likert score improved significantly from 1.28 of last year to 2.29 of
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this year. This validated our initial belief and intention that upgrading the software to Xilinx
13.2, a much more stable version, improved students’ overall experience with the CAD tool.

In the rest of the paper we present topics related to: 1) CAD software upgrade to Xilinx ISE 13.2
and tutorial expansion; 2) hardware upgrade with the new 3.3V-compatible CPLD module and
our new trainer; 3) new lab contents that integrated the concept of hierarchy in progressive steps.
We close with an outline of our future plans. Appendix A provides a summary of the student
questionnaire results and Appendix B outlines all the labs performed.

Xilinx ISE CAD Software Upgrade

In the past, the CAD software we used in the introductory logic circuits lab was Xilinx ISE 10.1
32-bit version. We specifically chose that version for its graphical test bench generator which is
very convenient for students to use when performing simulation. Unfortunately, this feature is
absent in the 64-bit version as well as the subsequent versions of Xilinx ISE, including 13.2.
During the Fall 2012 semester, we observed some issues with Xilinx ISE 10.1, which
significantly affected students’ overall experience with the CAD tool. One of the Fall 2012 exit-
survey questions, “The CAD software used to draw schematics and configure the CPLDs was
useful and effective”, received an average Likert score of 1.28, indicating just a bit more than a
slight agreement overall. However, the standard deviation was 2.14, which is large and indicated
significant disagreement between students. Combining the students’ interview feedback and the
lab instructor’s observations, we determined that Xilinx ISE 10.1 was unstable and in the Fall
2013 semester we would upgrade to a newer and more stable version, 13.2.

In adopting version 13.2, we have concerns regarding how students would generate the
simulation test bench, which involves modifying VHDL codes, since students do not learn to
write HDL in our introductory logic circuits course. Xilinx ISE provides an aid in generating a
skeleton. We revised the simulation section of the tutorial [9] so that students can learn to modify
the skeleton for their own use.

To judge the effectiveness of the software upgrade, we considered question No. 10 in the exit-
survey questionnaire, which is also an identical question asked in last year’s survey. The average
Likert score improved significantly from 1.28 of last year to 2.29 of this year. This validated our
initial belief and intention that upgrading the software to Xilinx 13.2, a much more stable
version, improved students’ overall experience with the CAD tool. Question 9c received an
average Likert score of 1.53, which indicated that the students generally agreed that the online
tutorial was helpful for them to learn to write the simulation test bench. Question 12 received an
average Likert score of 2.06, which indicated that the students generally agreed that the skeleton
test bench generated by the Xilinx test bench generator provided a convenient means for them to
produce a test bench, without learning the VHDL language. But the standard deviations of the
two questions were 1.84 and 1.43, respectively, which were relatively large. This indicated that
there were significant disagreements among the students.

According to the focus group feedback and observations of the lab instructors, we learned that
there were a small number of students who had difficulties generating their own test bench by
modifying the skeleton produced by the ISE CAD tool. Most other students also found it a very
challenging task, especially at the beginning. During our focus group meeting, our students first
asked that the tutorial discussion on test benches be expanded. They also expressed an interest in
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having a script file that would produce a better test-bench file than the skeleton files currently
provided by the ISE tools. We are proposing a script file that could be menu driven, allowing
students to enter certain input values and select an input to convey a clock signal. Such a script
could better aid in producing test bench files.

Hardware Upgrade: CPLD Module and Logic Trainer

Our newly designed logic trainer enables students to construct logic circuits that use 3.3 Volt
signals and power. Such logic circuits can be constructed with complex programmable logic
devices (CPLDs) and/or discrete logic devices. As shown in Figure 1, the trainer is constructed
with a small PC board that attaches to the top region of a standard breadboard. Power is provided
by the external power cube shown on top of the breadboard. The trainer includes the following
features:

Eight switches providing logic signals used as inputs;

A clock generator providing 1Hz, 10Hz, or 100 Hz clocking signal;

A push-button pulse generator;

Eight LEDs serving as logic-high signal indicators;

A logic probe indicating logic-high, logic-low, clock, and non-driven signals.

We found that mounting toggle switches to a PC board with three wiring tabs was far more
secure than switches having two wiring tabs. We also recommend the use of hot-melt glue under
the switches to make the switch mount most securely.

Figure 1: Completed logic trainer
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The schematic is shown in Figure 2. The logic switches are to the upper left. The pulser and

clock signal generator are to the middle left. Logic indicators are to the upper right. The logic
probe is to the lower right. Power filtering is to the lower left. The regulator shown below the
power supply filtering is not currently used, leaving those PC board locations empty for now.

The pulse generator is essentially a debounced push-button circuit. The phenomenon of switch-
bounce occurs in time on the order of milliseconds. The push-button switch resistance is less
than 0.10 Ohm, so that the discharge time constant T1 is much less than that of switch-bounce,
and any switch closure will discharge C9 and cause the logic to produce a high pulse output.
With the switch open, the pulse output remains high until C9 slowly charges to half the power
supply Voltage, which is approximately 33msec with the selected values.

With sequential logic circuits it is important to have a clock signal generator that produces a
rectangular waveform. A three-way switch allows the clock generator to operate at a selected
clock frequency. Based on our experience we find that 1Hz is appropriate as a slow clock for
circuits like the Gray Code counter (lab 7); 10 Hz is an appropriate middle frequency; and 100
Hz is appropriate as a fast clock for circuits like the “roll the dice” (Lab 9) circuit, which models
the rolling of a six-sided die.

i 1 r 1 3 I L3 I ¥

Logic Switches Logic Indicators

B [}
- - 1_{ >01~.xd‘4\,
TeCon (1

3 o o2

Wi

SPST_CUSTOM
SW2

ok
SPST_CUSTOM
SW3

205 1
SPST_CUSTOM
SWi

2f 1
SPST_CUSTOM
SW5

ToRCD% (3

(o ol
SPST_CUSTOM
SWe
1 2fa— ol
SPST_CUSTOMN
SW7

D
CONN_2x09
CONN_2X09

P2

1
SPST_CUSTOM
we

ol
SPST_CUSTOM

..

" 1 e
100K g Y
ey 0,47, il
SWPUSH 12
i3
14
v "
I
. i DA
AT
Clock Generator
= Swich haadie position Is opposite that shown for the
A2 SWItES selector shown here, The lower lever position

hs connects pin 2 to pln 1, for RS and the wpper lever
position connects pln 2 to pin 3, for R4,

Qh
REREUEREY)

3

CONN_2X09

. SPST_PWR_CUSTOM
v SWi a1

; § i
c2 [} T
s 100uF | 0.30F | cs0 |et |es2 es few
1 (XT3 YT EXT  rX T r X (It
G 108uf 120
) kmhiiighartford edu

Pawer Supply [ : } ey ! 55| kasta vt
UATENXXCKS |T/ +| 1004 _E.m Unlv, Hertford - CETA

Flie: LogicTralnerd.sch
Sheet: /
tie: IC_CIRCUI

Logic Probe

Slze: A I Date; 3 jan 2014 | Rev: 00
KICad E.D.A  eeschems XZ—QJ:-]G-N)—;IM_NO |i& 1/1
T L3

X 1 r |

Figure 2: Schematic for logic trainer
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In our planning, the first significant decision was to ease the construction and maintenance of the
trainer by using only through-hole parts. We wanted the trainer to be inexpensive, so we chose to
simplify the construction by using a generic solderless breadboard. We also decided that the
trainer would include only basic resources. In our electronics lab each station has a multi-meter,
oscilloscope, and a personal computer.

The transition from the old trainers to the new ones happened during the second half of the
semester. The students conducted Lab 7, 8, and 9 using the new trainer. This allowed them to
compare their experience with the old and new trainers. For the effectiveness of the trainer
upgrade, we considered question No. 5b. It received an average Likert score of 1.82, which
indicated that students generally agreed that the new trainer was more convenient and easy to
use. During the focus group, our students expressed their appreciation for the new trainers which
were easier for them to use than the old trainers.

CPLD Module

For our initial introduction of CPLDs to our course, we designed an adapter module for the
XC9536 device that we call the XMOD, shown in Figure 3. The downward pins are arranged in
a 40-pin dual in-line package (DIP) arrangement. The upward pins to the right are used to
configure the CPLD. Changing from the XC9536 to the XC9536XL involved only changing the
markings on the CPLD module, as the devices have the same pin-outs. Another option is the
Digilent, Inc. C-Mod [10] which uses a CoolRunner Il CPLD, but it has a different pin-out. Due
to size constraints, our adapter module uses surface mount parts.

Figure 3: XMOD adapter module

Discrete Logic Devices

With regard to discrete logic, we cannot use 5 Volt 74 and 74LS type TTL devices with the new
trainers, rather we choose to use 74HC type CMOS devices. These devices have very low power
consumption, high input noise immunity and wide operating Voltage range, from 2.0 to 6.0
Volts. The logic trainer itself uses 74HCO04 inverter chips. Given the reduced emphasis on
discrete logic, the list of 74HC parts Table 1 is suggested. The column labeled “Dev.Count”
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refers to the number of devices that a single given chip contains. This list is sufficient for
students to investigate logic device characteristics, simple combinational logic circuits as well as
modest state machines. These 74HC devices are inexpensive and available in dual in-line
packages.

Table 1: Selected Discrete Logic Devices

Part Num. | Description Dev.Count
74HCO00 Dual-input NAND 4
74HCO04 Inverter

74HCO08 Dual-input AND
74HC10 Triple-input NAND
74HC20 Quad-input NAND
7T4HC32 Dual-input OR

T4HC74 D-Type Flip-flop
74HCB86 Dual-input Exclusive OR

AN AN O

Integrating Hierarchical Design in Three Progressive Steps

During the Fall 2013 semester, we decided to integrate the concept of hierarchical design deeper
into the course in progressive steps and develop entirely new lab content for that purpose.
According to our past research, students didn’t grasp the concept of hierarchy very well as it was
introduced late in the course and used only in the last lab. We developed two new labs so that
students would be able to learn about hierarchical design earlier and use it in different contexts
before applying it in the last culminating design.

The students used hierarchy in three different labs: Lab 6, Lab7, and Lab 9. Lab 6 involved a
combinational circuit, while Lab 7 and 9 involved sequential circuits. Lab 6 and Lab 7 used one-
level hierarchy, while Lab 9 used two-level hierarchy. In Lab 6, the students used a schematic to
create a symbol for a full-adder component; in Lab 7, the students used the VHDL code provided
in the tutorial to create a symbol for a flip-flop component; in Lab 9, students can choose to use
either methods to create a 3-bit parallel-load counter.

In Lab 6, the students first created their own full-adder component using a schematic; then they
built a 4-bit two’s-complement add-subtract circuit using four instances of the full-adder
component. Figure 4 shows an example of student work. By incorporating exclusive-OR gates
and making use of the carry-in provided by the first full-adder, the circuit is able to perform
subtraction or addition.

In Lab 7, the students analyzed, constructed, and tested a state machine that generated a Gray
code sequence. They used hierarchy a second time when they constructed a two-bit Gray code
counter. Our students first produced a schematic symbol to represent the D-type flip-flop
described in a VHDL file from the tutorial. Our students next used the resulting symbol in a
schematic to draw the counter circuit.
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Lab 9 is called “roll the dice”, which models the rolling of a six-sided die and is the highlight of
all the labs. In this lab, students used hierarchy for the third time. First, they built three different
symbols using the VHDL code provided in the tutorial: a 2 by 1 MUX, a D-type flip-flop, and a
half-adder. Second, they built a 3-bit parallel-load counter component with the previous created
symbols using either a schematic or a VHDL file provided in the tutorial. Finally, they used the
3-bit counter component and additional logic gates to create a sequential circuit that provides
outputs to actual resistors and LEDs that modeled a six-sided digital die. By manually asserting a
signal called 'roll’ for a brief moment the counter counts quickly and then stops in a randomly
selected state. Figure 5 shows an example of a student team’s completed circuit. This lab was
also voted as the favorite lab according to the exit-survey. A student wrote in his lab report: “This
lab was a very fun lab and was a great way to end our semester of labs. | really enjoyed how we
were able to see a physical representation of everything that we've done in lecture and prove that
all of the concepts we've learn actually hold truth to them.”
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Figure 4: Lab 6 “Hierarchical 4-bit two’s-complement add-subtract circuit”
example schematic by a student team

In judging the results of our efforts to further integrate the hierarchy concept, we consider exit-
survey question 11: “The CAD software helped me make use of and understand hierarchy
principles.” The identical question was also included in the Fall 2012 exit-survey. The average
Likert score improved from 1.33 of 2012 to 1.76 of 2013, a significant improvement. Combining
the student feedback from the focus group and the observations of the lab instructors, we
conclude that our efforts to integrate the concept of hierarchical design deeper into the course in

TT°€0ST vZ abed



progressive steps were successful. But there is still room for improvement. In the future, we will
split the tutorial section on hierarchy into two parts. The first part, which will be mainly for use
earlier in the course, will expand on contents related to medium scale integrated (MSI) circuits.
The second part, which is for later in the course, will expand on the use of hierarchy with state
machines and counters.
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Figure 5: Lab 9 “Roll the dice”
example of a completed circuit by a student team

Conclusion and Future Work

Both an exit-survey and a focus group were conducted at the closing of the semester. Combining
the analysis results of the exit-survey, the focus group feedback, as well as lab instructors’
observations, we concluded that the software and hardware upgrades were both successful and
that our attempt to further integrate the concept of hierarchy was effective. We also continue to
believe that CPLDs provide a great way for students to learn CAD tools and retain the hands-on
experience at the same time.

We also made several recommendations for future course offerings. First, the tutorial will be
expanded to include a trouble-shooting section to improve students’ learning experience and help
them better master the CAD software. Second, we will expand the tutorial discussion on test
benches, and possibly provide a script file that produces better test-bench files than the skeleton
files that the ISE tools currently produce. Third, revise lab contents to include more
demonstrative designs that are related to real-life problems. As indicated by the exit-surveys and
focus group feedback, the favorite labs chosen by the students always relate to real-life problems
or have very demonstrative results. One possible strategy is to have two-stage design problems
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where students can choose to complete additional circuits when lab time allows. This makes it
possible to increase the level of design complexity without risking overwhelming some other
students. The final recommendation is to use the newly designed 3.3V compatible trainers
throughout the course of the labs, which means replacing the traditional TTL 74LS family with
the newer 3.3V compatible 74HC family.
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Appendix A: Exit-survey Questionnaire and Results Summary

A total of 17 students answered questions 1 through 12 using the following scale: The value +3
indicates strong agreement, +2 moderate agreement, +1 slight agreement, 0 indifference, -1
slight disagreement, -2 moderate disagreement, and -3 indicating strong disagreement. The two
right-most columns in the summary table provide the average as well as the standard deviation
which summarizes the level of disagreement between students. Discussion of the results is
presented in the main part of this paper, along with a summary in the introduction.

Standard
Likert Rating Question Description Average | Deviation
1 | Using CPLDs in the Logic Circuits course is an overall improvement. | 2.11 1.17
2 | The lab projects using CPLDs were interesting and educationally 2.17 1.13
valuable.
3 | My experience with CPLDs makes me more confident and | foresee | 2 1.37
that in the future I will be more competent as an engineer.
4a | My experience with the CAD tools in logic circuits lab makes me 2.23 0.83
more confident so that in the future I will be more competent as an
engineer.
4b | There should be more topics related to CAD software tools presented | 1.47 1.17
in lecture.
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5a | Having some experience also with TTL devices, in the first two labs, | 1.29 1.21
is educationally relevant and is a good use of my time.

5b | In comparing my experience with both trainers, the second trainer 1.82 1.23
was more convenient and easy to use.

5¢ | The documentation provided for the new trainer was clear and 1.94 1.19
helpful to me in starting to use the new trainer.

6 | | feel that a laboratory experience in which | construct circuits and 2.17 0.88
investigate signals helps me to better learn the material.

7 | | found that in our use of CPLD in the laboratory, the hands-on 1.82 0.81
experience was retained, and helped me to better learn the material.

8a | There should be more use of CPLD hardware topics in the lecture 1 1.17
portion of the course.

8b | It would be a benefit to incorporate exercises involving CAD tools 0.41 1.37

and CPLD topics into the homework.

9a | The online tutorial was helpful in getting me started using CPLDs. 2.06 0.83

9b | The online tutorial helped me learn the principle and application of 1.76 0.9
hierarchy.

9c | The online tutorial helped me learn to write the simulation test bench. | 1.53 1.84

9d | The online tutorial served as a useful reference to me, later in the 2 1.22
course.

10 | The CAD software used to draw schematics and configure the CPLD | 2.29 0.85
was useful and effective.

11 | The CAD software helped me make use of and understand hierarchy | 1.76 0.9
principles.

12 | The skeleton test bench generated by the Xilinx test bench generator | 2.06 1.43
provides a convenient means for me to produce a test bench, without
having learned VHDL language.

Questions 13 through 17 are open-ended, which allow each student to answer with their own
words.

13 | What is your largest concern in improving the course? Please elaborate.

14 | Suggest a laboratory activity involving CPLDs that helps retain the hands-on experience.

15 | What was your favorite laboratory and explain why?

16 | What was your least favorite laboratory and explain why?

17 | Do you have any other comments?

For Q13, four students expressed concerns regarding trouble-shooting; one student expressed
desire to learn more about the internal structure of the breadboard; one student expressed concern
regarding the reliability of the CPLD; one student expressed concern about learning the VHDL
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code; one student suggested making the lab twice a week; one student suggested having more
labs like lab 8 and 9; two students expressed their satisfaction with the course instead.

For Q14, one student suggested the control of a car’s signal lights as a lab topic; one student
listed “more resistors”, which we interpreted as a suggestion for circuits involving more wiring,
One student suggested more labs like lab 8 and 9.

For Q15, ten students listed Lab 9 as their favorite; six students listed Lab 8 as their favorite; one
student listed lab 6 as the favorite. Most listed reasons are “real-life design”, “complicated

29 <¢

circuits”, “most interesting hardware build”.

For Q16, five students listed Lab 7 as their least favorite; two students listed Lab 1; two students
listed Lab 3, the Xilinx tutorial lab; one student listed Lab 2. Most of the students listed the lab
where they, “felt like it wasn’t obvious”, “could not trouble shoot” or “simulation did not work”.
Lab 7 was the first lab where student started to use a clock signal and flip-flops, thus the
simulation test bench also became more complicated than previous labs.

For Q17, four students responded with “more labs”, “more of real life experiment”, “get
newer/better equipment”, and “great course”.

Appendix B: List of Laboratory Projects Performed

There were nine laboratory projects. The first two labs were TTL based and required students to
use three TTL chips (74LS04 hex inverter, 74LS08 quad AND, 74LS32 quad OR) to construct a
simple combinational circuits. Our students analyzed the circuit, generated a truth table, and
tested the circuit using switches and LEDs. A second aspect is that students used an oscilloscope
to measure gate propagation.

The next two labs provided the necessary transition to using CAD software and a CPLD. In lab
three, the students performed every stage of the design and implementation process for a circuit
described in the tutorial. The steps include making a new project, schematic capture, making a
test bench, simulation, pin assignment, synthesizing the circuit, and configuring the CPLD. In the
fourth lab, students used the CAD tool and CPLD to design, implement, and test a combinational
circuit.

Lab five and six made use of the CPLD by introducing Medium-Scale-Integration (MSI) like
combinational logic components. In Lab five, we introduced a 4 by 16 decoder. The students
used the CAD tool and CPLD to design, implement, and test a combinational circuit with don’t-
care conditions. They used both the K-map simplified sum-of-products results realized with
purely NAND gates and the sum-of-minterms results realized through a decoder. In comparing
the results, they learned that the two designs were equivalent. This lab is only possible to be
completed within the time frame of a two-and-a-half-hour lab with the CAD tool. Lab six is the
first lab we introduced the concept of hierarchy design. The students used the CAD tool and
CPLD to design, implement, and test a 4-bit signed 2’s-complement adder/subtractor. They first
created their own full-adder component using a schematic and then used four instances of the
component along with extra logic gates to create the ultimate circuit.

GT'€0ET 72 obed



The last three labs involved state machines and used the CPLD module. These three labs were
also the ones that the students conducted using the new trainers and new CPLD modules. In lab
seven, students analyzed, constructed, and tested a state machine that generated a Gray code
sequence. They also used hierarchy for the second time by making a symbol for D-type flip-flop
component from the VHDL code in the tutorial. In lab eight, students designed, constructed, and
tested a simplistic four-floor elevator controller. Lab nine is called “roll the dice”, which is the
highlight of all the labs. In this lab, students used hierarchy for the third time, building a 3-bit
counter circuit and additional logic to model the rolling of a six-sided die. By manually asserting
a signal called 'roll' for a brief moment the counter counts quickly and then stops in a randomly
selected state.

Lab 1 Digital Gates - TTL
Lab 2 Verifying the DeMorgan's Law and the Distributive law - TTL
Lab 3 Xilinx ISE 13.2 Tutorial Practice
— CAD software and CPLD module
Lab 4 Combinational Circuit Design using Xilinx
— CAD software and CPLD module
Lab 5 Combinational Circuit Design with Don't-Care Conditions and a Decoder
— CAD software and CPLD module
Lab 6 4-bit Signed 2’s-Complement Adder/Subtractor
— CAD software and CPLD module
— using Hierarchical Design
Lab 7 Gray Code Counter
— CAD software and CPLD module
— using Hierarchical Design
— using new trainer
Lab 8 Elevator Controller Design
— CAD software and CPLD module
— using new trainer
Lab 9 Roll the Dice
— CAD software and CPLD module
— using a 3-bit Counter and Multi-level Hierarchical Design
— using new trainer
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