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ABSTRACT

We first discussthe aurricular revisions required to implement
“DSP Firdt” in bah the Eledricd and Computer Engineaing
B.S. degrees at the University of Oklahoma. We follow this by
describing our experiences over the past two yeas using this
approach to educaion. We have noticed that students tend to
scdled DSP projeds in two dgita systems courses,
“Microprocesor System Design” and “Digita  Design
Laboratory.” We want to further encourage this interadion d the
digital circuit courses with the digital signals and systems
courses. To this end, we have recently propacsed the foll owing:
the traditional approach to engineeing educationisto first teath
implementation theory and then tead system theory—so we
taught circuit theory and then system theory. We propose to
change our current course sequences to follow this model, but
with a focus on dgital implementation techniques. At the
University of Oklahoma, we begin with an introductory digital
design course and a murse on dgita systems and filtering. We
then move into system theory and microprocessor system theory.
At the senior-level, we propcse an integrated sequence that
considers algorithms and implementations as inseparabl e.

1. INTRODUCTION

The Eledricd and Computer Engineaing program at The
University of Oklahoma has recently (Fall 1998 adopted an
introductory course, ECE 2713 Digital Signals and Filtering, as
one of two “gateway” courses into bah programs. The other
gateway course is ECE 2213Introduction to Digital Design. The
curriculum for ead of the programsis given in Figure 1.

Students in bah curricula take ECE 2713 Digital Signals and
Filtering, before taking a murse in analog circuits (ENGR 2613
Introduction to Eledricd Science). The EE students take an
additionad course in circuits, ECE 3723 as a follow on to
Eledricd Science All students (CpE and EE) take the ECE 3793
Signals and Systems course, and then they may choose dedives
that follow these @urses, such as ECE 4213 Digital Signa
Procesdng.

To examine the airricular issues at hand, we first describe our
implementation o the “DSP First” content in ECE 2713 We
follow this with some discusson d the student and faaullty
perceptions. Next, we describe the impad this course has had on

the analog circuits development and dfer our proposa for
integrating the digita circuits and the systems courses. We close
by summarizing our ideas and groviding a dhallenge.

2. ELEMENTSOF ECE 2713

2.1 ECE 2713Course Content

The following sequence of topics is typicdly presented in the
ECE 2713course:

»  Definesignasand systems

e Use omplex numbers

. Use MATLAB®

»  Definered sinusoids

»  Define mmplex sinusoids

»  Define anplitude moduation

»  Useperiodic waveforms

»  Define Fourier series

»  Understand time/frequency representations

»  Define frequency moduation

*  Understand sampling and A/D conversion

e Understand D/A conversion
REVIEW
Midterm Exam |

* DefineFIRfilters

« UseFIRfilters

e Implement FIR filters

*  Perform FIR convolution

* DevelopFIR filters

»  Determine FIR sinusoidal resporse

»  Determine FIR responses

* UseFIR frequency resporse
REVIEW
Midterm Exam II

*  UseFIR examplefilters

»  Define the Z-transform

*  UseZ-transform properties

* Usesmplefilters

»  DeterminellR filter output

e Implement IR filters

e Understand I R system properties

»  Determineinverse Z-transforms

* Determine IR filter resporse viatransforms



* Use2ndorder lIR filters

* UsellIR examples
REVIEW
Midterm Exam IlI

»  Define spedral estimation

»  Definethe DFT/IDFT

»  Definethe FFT/IFFT

*  Usethe periodogram and spedrogram
Comprehensive Final Exam

The first set of topics prepares the students to examine time
functions and introduces the notion d frequency. The second set
of topics introduces formal descriptions of FIR filtersin time and
in frequency (convolution and frequency resporse). The third set
of topics introduwces the notion o complex frequency (and
transfer function) with the added complexity of having IIR filters.
Finally, spedral analysis from a deterministic standpdnt is
introduced.

For one not famili ar with the textbodk DSP First: A Multimedia
Approach [1], the presentation sequence above follows the
chapters in that text very closely. This sequence of topics has
evolved slowly over the past several yeasto refled our changing
perception o student badkgrounds and interests. These isaues
will be discussed below.

The classsedions average goproximately 50 students. The aurse
is formaly a “laptop” course — The University of Oklahoma
College of Engineeing has alaptop computer requirement for all
incoming students. Thus, students have the aility to examine
notesonline, andto run MATLABUO in class

2.2 Student Perceptions

Student perceptions follow two typicd paths — either the student
percaves the mathematics as being very difficult, and thus that
the topics are tedious; or the student perceives little difficulty in
understanding the mathematics, and thus can describe rationally
and with a high degree of perception the utility of the topicsin
many relevant products and systems. Only one student has not
followed this pattern — an athlete on (track) schdarship who
foundthe mathematics difficult but was norethelessable to pcse
deg questions, and respond verbaly with some significant
insight.

Some students have taken the ENGR 2613 course previously
(nothing in the prerequisite structure prevented this until the Fall
2000 semester). This has not appeaed to have significant
influence on performance, either positively or negatively. The
students from the first yea have indicaed in significant numbers
that having ECE 2713 improved their performance in the latter
courses in the drcuits and systems squence

2.3 Student Preparedness

First and foremost, the importance of mathematics, and the
sequencing of the mathematicd topics in the arricula ae of

crucial importance in student performancein ECE 2713 Several
of these key isaues are:

Complex numbers

Sums and series

Limits

Differentia (difference) equations

AW PE

Each o these isales has different symptoms and consequences
which we examinein turn next.

A dignificant portion (~15%) of the students has not seen
complex numbers prior to entry into the course. We aeinitiating
an examination d this phenomenon— preliminary resultsindicate
a generd “dumbing down” of the primary cdculus texts to push
complex numbers to the bad chapters, and thus many students
may either get only a superficia treament of them, or no
exposure to them at al. This is a significant problem with
implications for many courses in Eledricd and Computer
Engineaing, not just ECE 2713

Almost nore of the students entering ECE 2713 have seen series
and summations. This influences how we tead the Euler
identity, as well as how we present the geometric series for finite
and infinite length summations. This is apparently atiming issue
for the majority of our students — the requisite material is
incorporated into the Caculus course that they take
simultaneously with ECE 2713 — and so is not a significant
problem. We have mnsidered, but not implemented, requiring
this cdculus course & a -requisite ourse to aleviate the
problem for all students.

The ladk of series and summations knowledge dso detrads from
the students' abiliti es to handle sequence limits. In particular,
students are unfamiliar with L’'Hospitals rule, and the
growth/deca rates of time series and functions. This impads
their ability to understand stability and their ability to appredate
convergencein the Z- and Fourier Transforms. Even simple ideas
cause problems, e.g., the sequence e/“" is often na viewed as a
bounded, oscill atory sequence of humbers (red and imaginary).
Even the concept that the magnitude of e“" is constant remains
unclea to many students.

Finally, the solution to linea, constant coefficient difference
equations is not very well understood by the students at this time
becaise they have not been exposed to dfferentia equations in
their mathematics courses. Thus, many students do nd view the
exporential function to be of any particular importance dove
other functions.

MATLABO causes problems only to students who canna seem
to view data as a vedor or matrix. These same students, when
allowed to use “for loops’ to ded with the variables as sdars,
often can complete assgned projeds. Their programs run slower,
but the results are till valid. We ae considering thisisuue from a
deeper perspedive — but time to tead vedors and matrices in
this courseis limited.



3. IMPACT

3.1 Curricula

Now that we have observed the cmurse ECE 2713 and its
particular content and isaues, we turn to the impaa of this course
on the later courses in the two curricula. We cdegorize the
impad under two main concerns:

1. Anaog circuits and systems
2. Integration d digital circuits and the drcuits and
systems squence

We study eath of thesein turn.

3.2 Changesin analog circuits and systems

During the first yea that ECE 2713 was implemented in bah
curricula, a mnsensus emerged among those faaulty who self-
identified as eledricd as oppcsed to computer enginees that a
seoondfollow-on course in analog circuits was needed for the EE
curriculum. This was added, and is siown in Figure 1b. as ECE
3723Eledricd Circuits. Only EE students take this course, and it
is taken following the ENGR 2613 course that is taken by both
EE and CpE students. This change is gill rippling up through
both curricula, not least because there is now aladk of consensus
regarding the content of the ENGR 2613course. This problemis
emerging as one of the most criticd problems in the CpE
curriculum.

One gproac that might solve this problem is a more targeted
textbodk for ENGR 2613 Traditional circuit texts, such as that
currently used at The University of Oklahoma[2], are most often
constructed for a full yea (2 semester or 3 quarter sequence)
course. However, this text can be used to construct a one-
semester course that introduces the basics (circuit elements and
analysis), followed by Laplacetransforms, operational amplifiers,
two-port networks, and AC circuits. An aternative gproad is
emboded in the newer text [3] that is designed for leaning
digita circuits concurrently with analog circuits. Circuit theory is
taught to “get acossthe ‘analog stuff’ in such a way that our
students will see exadly what it is good for, and maybe even
lean something from it [3].” The text develops fundamental
eledricd concepts (e.g. units, elements, and besic drcuit laws)
first, and then moves onto RC circuits and interconred, fanou
and cgoadtive ouging, RLC circuit analysis, networks and
transmisgon line theory, before ending with time- and frequency-
domain signal representations (e.g. transforms).

3.3 Integrating the digital circuits

Recetly, a nationa neel has emerged for Digital Signa
Procesdng (DSP) enginea's who can design and implement DSP
algorithms. Traditionally, the design and implementation parts of
the system would be spread between two or more people, e.g.,
one enginea to design the dgorithm and ancther to implement
the dgorithm. Universities have traditionally produced graduates
with ore expertise or the other. As DSP has been introduced
ealier in the airriculum, however, more undergraduate students

are familiar with DSP agorithms. Although most eledricd and
computer engineaing majors have some knowledge aou digital
design and microprocesor implementation techniques, they have
littl e understanding of how the design and the implementation o
an algorithm affead one ancther. In fag, it is only recently that
implementation considerations have beame apart of algorithm
design. Even so, they are often treded at a naive level, such as
counting FLOPS (which can be mnveniently determined by
Matlab®). Viewing this stuation, we have recently proposed a
primary goal of educaing Digita Signal Procesing (DSP)
enginee@s who can develop algorithm designs and
implementations.

To acomplish this broad goal, we have identified severa
spedfic objedives that we wish to acaomplish as we modify the
courses in ou existing eledricd and computer engineeing
curricula:

1. Integrate design and implementation throughou the
systems and dgital sequences by teading how the
aress affed one another.

2. Increse retention o nontraditional students by
increasing the percaved relevance of our courses and,
thus, student interest in those @urses.

3. Remove atificia barriers in curricula that lead to
distinct separation o closely related courses.

These objedives direaly suppat our goal of producing DSP
engineaswho nd only can implement DSP designs, but also can
design DSP algorithms with an understanding of how the
implementation aff eds the design.

The traditional approach to engineeging educaionisto first teah
implementation theory and then tead system theory—so we
taught circuit theory and then system theory. We propose to
change aurrent course sequences to foll ow this traditional model;
we will tead implementation theory first, but today with a focus
on dgita tedniques. Circuit theory is retained to suppat the
understanding of how digital approaches work. We begin with an
introductory digital design course and a murse on dgital systems
and filtering and then move into system theory and
microprocesor system theory. At the senior-level, we propcse an
integrated  sequence that considers  agorithms  and
implementations as inseparable.

Industry representatives have indicated that there is a significant
neal for students with the &ility to design and implement DSP
algorithms. In 199§ integrated circuits for DSP were a $10B
industry [4]. Often they hire mmputer engineaing undergraduate
students and then have them take graduate murses in dgita
signal processng. Even dfter taking gaduate murses, the
working engineas 4ill require spedal seminars or industry
experience to integrate the skills they have leaned in the
clasgoom. Similar problems exist in graduate schod—it is
difficult to find students with good implementation abiliti es and
an uncderstanding of algorithm design. However, the biggest
problem with the education of DSP engineea's for both industry
and graduate schod is the ladk of knowledge integration.
Eledricd and computer engineaing graduates rarely have the



ability to implement DSP agorithms. Consequently, we have
come to believe that without the aility to implement algorithms,
the aility to design algorithmsis sriously degraded.

Unfortunately, there ae very few faalty with broad knowledge
of both DSP algorithm design and implementation techniques.
Some dgorithm designers use digital signal procesor chips to
implement their designs. However, with applicaions requiring
high throughpu rates and the prevalence of field programmable
gate arays, al the rules change. Simply courting FLOPs is
naive. Even with DSPs, the intricades of pipelining and memory
access patterns shodd be mnsidered. Only recently have we
started produwcing graduate students with the necessary skill set.
In addtion, while digital design experts can efficiently
implement agorithms, they cen rarely identify different
algorithm approaches that would be better suited for a particular
implementation technique, becaise they ladk an understanding of
the choices and effeds of the dgorithm design dedsions (e.g.
stability, convergence, quantization effeds).

We want our undergraduate students to integrate the knowledge
of our systems equence with the knowledge of the digital design
sequenceto better understand bah aress. In addition, by relating
clasesto ore another, we hope that students will gain experience
in the integration d knowledge acoss the arricula. We think
that this integration o knowledge will produce DSP enginees
who can design algorithms and implementations with an
understanding of how the implementation affeds the design and
how the design affeds the implementation. To produce
undergraduate students with these caabilities, we neal
educdional materials that will suppat the delivery of relevant
course @mntent. However, faalty also neal the oppatunity to
updete their abilities to incorporate these recently emerging
areas, as well as educaional materias that can be used in the
existing curricular structure.

Overview: To adiieve our goa of providing educaion to
eledricd and computer engineaing students © that they can
become DSP enginees with knowledge of both algorithm design
and implementation, we have identified aress where we can
integrate the ideas into ou existing curricula. Both ou CpE and
EE students take two sequences of courses that are the target of
our efforts: the “digital” sequence and the “systems’ sequence, as
shown in Figure 2. Our plan is to integrate these two sequences
by creding a “companion” relationship between the sophamore
and junior level clases. Then, at the senior-level an integrated
course sequencewill be aeaed.

Spedficdly, we will use examples and assgnments in ou
introductory digital design classand dgital signals and filtering
(“DSP First”) classto help students to seerelationships between
system design and implementation at an ealy level. Our
eledricd science ®urse is a service ourse that will not be
diredly affeded by our proposed changes. At the junior-level, we
will creae asimilar companion relationship between the Signals
& Systems class and the Microprocesor System Design class
The Signals & Systems classfocuses on the design of linea and
nonlinea systems, while the Microprocessor Systems Design
class focuses on hardware and software design, as well as
interfadng. Both pairs of companion classes al ow flexibility so

students cen easly transfer from other universities and
community coll eges.

At the senior-level, we propcse amuch more radicd, integrated
approadh. Insteal of separate curses for teading digital signal
procesing and for providing students with hands-on dgita
design experience, we plan to integrate digital design and DSP
into a single 2-course sequence This fquence ca be dther an
eledive sequence or arequired sequence depending on the neels
of a particular university. This squence will provide not only
digital signa processng theory, but aso oppatunities for
students to implement DSP agorithms with dgita signa
procesrs (DSPs), field programmable gate arays (FPGAS), and
combinations of DSPs with FPGAs.

Expected Outcomes. In addition to the alvantages to ou
students, we dso plan to develop the following:

1. Innovative materials siitable for dissmination that
incorporate dfedive teading and leaning strategies
for combining DSP theory and implementation ideas.

2. Evauation methods to determine the dfediveness of
the materids and padices at different types of
institutions rving students with dverse badkgrounds
and carea goals.

3. A shot course for faallty who are interested in
incorporating our ideas into their curricula.

4. SUMM ARY

Implementations of digital signa processng agorithms have
recantly undergone significant changes with the alvent of field
programmable gate arays. Until recently custom VLSl and
ASICs have been used when dgita signa processors have not
been able to med speed requirements. However, the wide
avail ahility of powerful FPGAs has given designers the aility to
use flexible FPGA implementations that can be ealy
programmed withou costly fabricaion cycles. With this ability
to creae faster implementations with the ea&e of fied
programmability, a large percentage of DSP algorithms now use
FPGAs. Systems that combine the usage of DSPs and FPGAs are
aso becoming increasingly common. In 1998 digital signal
procesors were gproximately 38% of the DSP integrated circuit
market in ddlars. Many of the remaining applicaions requiring
custom circuits will be &le to be implemented in FPGAs. An
independent study by Forward Concepts in 1997 indicaes that
DSP enginees plan to use FPGAs as often as custom ICs. In
addition, advances in DSP aso are dlowing more drcuits to be
implemented with digital signal processors. It's estimated that, in
2002 2 hillion pogrammable Multiply & Accummulates
(MACs) will be available for $1[4].

Unfortunately, acalemics generaly separate ideas of digita
design from those of digital signal processng. Withou teading
our students how these two important areas impinge and interad,
we caana produce DSP enginee's who have an uncerstanding of
how digital design and DSP algorithms affed one ancther. For
example, when designing a DSP agorithm it is important to
understand hav the choice of using a DSP or an FPGA affeds
the results obtained. Also, engineaswho design FPGA structures



(e.g. who work for Xilinx, Actel, Altera, etc.) must be avare of
the needs of digital signal processing to produce FPGAS that can
better mee algorithm requirements.

We fed that we have established a strong linkage between
traditional sequences in systems and in dgital design. Our first
priority will be the integration d the senior-level courses. This
adivity was our initial avenue into this area However, we soon
redized that this change is, by itself, inadequate. Consequently,
we ae proposing changes throughou the undergraduate
curriculum.

The first of these lower-division changes will be implemented in

embrace these danges, and povide our students with the
necessary tools to bewme highly succesful enginees and
entrepreneurs cgpable of continuing the growth in our high-tech
induwstries. Our students who finish with a ourse in DSP who
understand VHDL and aher digital circuit design todls and
methods are akey comporent of this work force Let’s continue
the progresswe have made!
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2213 Introduction to Digital Design. Prerequisite:
Mathematics 2423. Number systems, Boolean algebra,
minimization procedures, combinational logic functions,
introduction to sequential logic design, finite state machines
and clocked (synchronous) sequential circuits. Analysis,
synthesis and implementation are appropriately emphasized.

(F. Sp)

A 4

3223 Microprocessor System Design. Prerequisite: 2213.
Review of clocked sequential circuits; MSI/LSI devices and
applications, including registers, busing, combinational
functions; use of microprocessors and logic design using
microprocessors. Emphasizes assembly of full functional
units into workable systems. (F, Sp)

2713 Digital Signals and Filtering. Prerequisite: Engineering 1112,
Mathematics 2423. Digital signals and filters, discrete Fourier and Z

transforms—sampling{E-Sp)
g PrgT T o7

A 4

1tG3793 Signals and Systems. Prerequisite: 2713, Engineering 2613,
and Mathematics 3113. Use of transforms in analysis and design, state-
space methods, feedback and communication systems, introduction to
stochastic processes. (F, Sp)

A

4213 Digital Signal Processing (Slashlisted with 5213).
Prerequisite: 3793. Discrete-time linear systems, finite duration impulse
response digital filters, infinite impulse response digital filters, finite
word length effects, spectral analysis, fast Fourier-transforms, two-
dimensional signal processing and applications. No student may earn
credit for both 4213 and 5213. (F) 4213 Digital Signal Processing
(Slashlisted with 5213). Prerequisite: 3793. Discrete-time linear
systems, finite duration impulse response digital filters, infinite impulse
response digital filters, finite word length effects, spectral analysis, fast
Fourier-transforms, two-dimensional signal processing and
applications. No student may earn credit for both 4213 and 5213. (F)

Figure 2. Systems and Digital Circuits Sequence




