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Incorporating Large-Scale FPAAs Into Analog
Design and Test Courses
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Abstract—The development of large-scale field-programmable
analog arrays (FPAAs) provides an excellent opportunity for ex-
panding the capabilities of analog design courses and their labora-
tories. These devices allow the complete design and test cycle of an
analog IC to be explored within the span of a single-term course
without being limited to prefabricated integrated circuits. A brief
discussion of the authors’ experience in incorporating the reconfig-
urable analog signal processor (RASP) into courses and workshops
is presented.

Index Terms—Analog design, analog test, field-programmable
analog array (FPAA), laboratory, reconfigurable analog.

I. RECONFIGURABLE ANALOG DEVICES IN EDUCATION

HE real world is analog and thus requires engineers with
T the knowledge and experience to design and test analog
integrated circuits (ICs) and systems. Although most systems
revolve around digital design practices, their interfaces with real
world signals will always require analog expertise. As more
electronics are designed for portable applications, the power
saving benefits of analog circuits have been tightly integrated
with the flexibility of programmable digital devices to form
complex system-on-a-chip (SoC) designs to save both power
and area. All of this has increased the demand for students who
are better educated in analog or mixed-signal design and test.
The course load of an electrical engineering student is usu-
ally very full, so there is little room for expanding the cur-
riculum to include additional analog design and test courses.
Most undergraduates interested in analog design are only able to
take a single elective course in the subject. As such, this course
should cover the entire analog integrated circuit development
cycle from designing an IC to testing that IC [1]. As depicted in
Fig. 1, the first stage of the analog IC development cycle entails
an iterative loop around design and simulation, a process which
is typically covered in most analog design courses. However,
the next two stages in the cycle are IC fabrication and testing,
which are handled in many different ways depending upon the
particular school and course.
In some instances, ICs are designed in one course and tested
in another to allow for the fabrication time of the ICs, which can
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Fig. 1. The typical custom analog IC development cycle.

be several months long. However, this schedule is problematic
in that it requires a two-term course sequence, which is diffi-
cult given the already tight curriculum. The fabrication/testing
iteration is also limited to a single attempt. If a student makes a
mistake in the design or layout in the first term, they are unable
to make corrections in the second term with enough time to test
the revised IC.

In single-term courses, IC testing is commonly performed
on prefabricated ICs [1]-[3]. This approach introduces the var-
ious components of the complete development cycle and pro-
vides hands-on experience, which can also reinforce the mate-
rial being taught concurrently in the classroom. However, the
measurements that can be made during these laboratory exer-
cises are limited to those devices and circuits that were pre-
designed and fabricated on the class IC.

Reconfigurable analog devices present an excellent oppor-
tunity for analog and mixed-signal electronics education. Like
their digital counterparts, these devices can be used to synthe-
size hardware that can be tested immediately. By incorporating
these devices into analog and mixed-signal course laboratories,
anew level of flexibility in analog testing can be realized. In ad-
dition to the fixed circuit exercises performed using custom ICs,
these reconfigurable devices allow the students to design, syn-
thesize, and test their own circuits for more advanced laboratory
projects. The devices can even be used to introduce the students
to reconfigurable and programmable analog and mixed signal
technologies, such as those being developed and produced by
Anadigm [4] and Cypress Semiconductor [5].

II. A RECONFIGURABLE LABORATORY STATION

To enable this level of reconfigurable analog hardware inter-
action in analog design and test courses at the Georgia Institute
of Technology (Georgia Tech), Atlanta, the platform depicted in
Fig. 2 was developed around the large-scale field-programmable
analog array (FPAA) research efforts at Georgia Tech [6]. This
FPAA setup was inspired by the educational boards and kits
commonly used by field-programmable gate array (FPGA)
manufacturers, such as Altera [7] and Xilinx [8], to promote the
use of their devices within an educational setting. In addition to
the hardware platform, a computer-aided design (CAD) tools
flow for these FPAAs was also developed to facilitate quicker
design synthesis, similar to that commonly expected of modern
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Fig. 2. Self-contained FPAA development platform within a portable box.

FPGA software. A discussion of both aspects of this laboratory
environment is presented in the following subsections.

A. FPAA Hardware Platform

The platform in Fig. 2 is composed of an FPAA interface
board, a commercial Altera [7] FPGA development board, and
a power module. The FPAA interface board provides the dig-
ital and analog control signals used to program the FPAA as
well as perform basic measurement functionality. To reduce the
dependence upon bench equipment, several measurement ICs
were added to the board design, such as analog-to-digital con-
verters (ADCs) and current-to-voltage converters. When com-
bined with an onboard digital-to-analog converter (DAC), these
devices allow basic voltage sweeps for measuring and charac-
terizing the various circuits and systems that can be synthesized
on the FPAA.

The FPGA board is used as a flexible digital interface be-
tween the FPAA board and a personal computer (PC), through a
direct ethernet connection. An embedded Nios processor run-
ning on the FPGA board provides the digital control signals
for the FPAA interface board components. Custom digital hard-
ware synthesized on the FPGA provides parallel operation of the
DACs and ADCs on the FPAA interface board, which allows
for synthesized instrumentation on this platform. By synthe-
sizing oscilloscope, ammeter, and other instrumentation func-
tions, this portable hardware platform can be introduced into
environments where these measurements have previously been
infeasible, such as the classroom.

B. FPAA Architecture

At the center of the FPAA board is the reconfigurable analog
signal processor (RASP) [6] developed at Georgia Tech. The
internal architecture of the RASP is depicted in Fig. 3. This
FPAA is composed of a two-dimensional array of computational
analog blocks (CABs). Connected to each CAB is a local switch
matrix (SM) that provides interconnectivity between the various
analog components contained within the CAB. Global vertical
and horizontal routing connects to the local switch matrices and
provides access to the input/output (I/O) pins. The RASP 2.7
used during these courses at Georgia Tech contains 56 CABs
and 26 /O pins.

Each CAB contains a number of analog components, as de-
picted in Fig. 4. Unlike the case for FPGAs, there really is no
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Fig. 3. RASP architecture.

Fig. 4. Example CAB components.

core cell that can efficiently be used to synthesize any arbitrary
function. Fine-grain components such as transistors and capac-
itors provide maximum flexibility in FPAAs. Almost anything
can be constructed using these fine grain primitives. However,
the complexity of synthesized circuits and systems can be lim-
ited by the available routing, and the parasitics resulting from
the reconfigurable interconnectivity can reduce the performance
of the compiled circuits. To mitigate these issues, medium-grain
components, such as operational amplifiers, are included to pro-
vide increased performance while maintaining a high level of
flexibility. The majority of CAB components fall within the
medium-grain complexity, since they provide a good balance
between performance and reconfigurability.

Course-grain components are also included within some
of these CABs. Special-purpose devices, such as vector-ma-
trix multipliers and programmable bandpass filters, provide
complex functionality, high performance, and minimized area
overhead. However, these devices are not as general purpose as
medium-grain or fine-grain components, and therefore are not
as abundant across the IC.

The core programmable element in these devices is the
floating-gate transistor, which is used as both the switching ele-
ment and the biasing element. These devices enable the FPAAs
to be reconfigured many thousands or millions of times. Once
programmed, floating-gate transistors maintain their stored
charge even when powered off, making these configurations
nonvolatile.
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C. CAD Tools Design Flow

Students interface with the FPAA setup using a combination
of custom, commercial, and open source software tools. As part
of the research efforts into FPAAs, low-level programming rou-
tines were developed in MATLAB to control the various analog
voltages required to program the RASP FPAA. Initial efforts to
incorporate these FPAAs into the class laboratory relied upon
these low-level routines. Students were given a list of MATLAB
commands needed to program the various circuit configurations
in the FPAA. However, this approach also required the students
to know the detailed inner workings of the FPAA in order to use
it. To improve the situation for the next course using the FPAA
development platform, a new CAD tool design flow was created,
as depicted in Fig. 5.

A simple graphical user interface (GUI), as depicted in Fig. 6,
was generated in MATLAB to create a centralized location for
accessing the various tools, since the underlying programming
routines were already written in MATLAB. The entire design
and programming flow is encapsulated by the action buttons
along the left side of the GUI. The right bank of buttons provides
access to the documentation for each tool in the design flow, and
the bottom group of buttons display the various files generated
by the tools during the design flow.

Students begin a new design by entering a file name and
clicking on the first button, which launches the Xcircuit [9] open
source schematic capture tool, as illustrated in Fig. 7. With this
tool and a custom library containing the particular analog com-
ponents included in the RASP 2.7, the students draw a schematic
representation of the circuit to be synthesized and tested. Once
the schematic is complete, Xcircuit is then used to generate a
SPICE netlist for the circuit.

Fig. 7. Xcircuit open source schematic capture tool.

Clicking the second button on the GUI launches the RASPER
place and route tool [10]. The RASPER routing tool uses the
SPICE netlist generated by Xcircuit to map the drawn circuit to
the analog components within the RASP. This process gener-
ates two additional output files, as seen in Fig. 5. The first file
is a postsynthesis SPICE netlist, which includes the parasitics
of the routing used to implement the circuit. A simulation tool
for examining the effects of the routing on the circuit can be ac-
cessed by pressing the third button on the GUI. The second file
is an ASCII configuration file used to program the FPAA. By
pressing the fourth button on the GUI, the low-level MATLAB
routines are invoked and convert the configuration file into the
sequence of programming steps needed to synthesize the circuit
in the FPAA hardware.

Once the FPAA is configured, the students write automated
testing scripts using a handful of data acquisition commands
that are given to them in the laboratory exercise documenta-
tion. These commands access the low-level MATLAB routines,
which interface with the FPAA board through the FPGA board,
to write values to the DACs and read values from the ADCs.
Although these measurements are performed outside the GUI,
the students have very little trouble using these MATLAB rou-
tines, since there are only a few, and they do not require detailed
knowledge of the exact hardware being used to perform the mea-
surements.

III. COURSES AT GEORGIA TECH

The FPAA development platform has currently been incor-
porated into two courses at Georgia Tech. The first is an un-
dergraduate course in analog integrated circuit design and test,
ECE4430 [11]. The second, ECE6435 [12], is a graduate course
entitled “Neuromorphic Analog VLSI.” For both classes, the
FPAA hardware was used to replace numerous prefabricated test
ICs that required careful setup for each week’s laboratory exer-
cise.

A. ECE4430

The first laboratory exercise in ECE4430 involved MOSFET
characterization measurements and EKV model parameter
extraction. For this and the next few laboratory exercises,
the circuits to be tested were preconfigured in the FPAA by
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Fig. 8. Progression of circuits synthesized and tested using the FPAA platform. (a) Source follower . (b) High-gain amplifier. (c) Cascoded high-gain amplifier.
(d) Current mirror. (e) Differential pair. (f) Operational transconductance amplifier.

the teaching assistants. The students were given exercise in-
structions that included pin numbers relating to the compiled
MOSFET configurations, and a diagram illustrating the various
measurement ICs on the FPAA board. Using wire jumpers,
the students were required to connect the various MOSFET
terminals to the DAC and ammeter pins needed to perform
the characterization sweeps. From these sweeps, the students
extracted the parameters necessary for a very basic EKV model,
which they used to simulate the same characterization sweeps.
The simulation results were then compared to the measured
sweeps and adjustments to the models were made as necessary.

The next set of initial laboratory exercises in ECE4430
followed the progression illustrated in Fig. 8, beginning with
simple amplifier structures. Several single transistor amplifier
structures, such as Fig. 8(a) and (b), were presynthesized
and programmed into the FPAA for the students before the
laboratory session. Again, the laboratory handouts included
the FPAA pin numbers corresponding to the various circuit
terminals, which the students had to connect to the appropriate
stimulus or measurement pins on the FPAA board. Using the
onboard DACs and ADC:s, the students biased the circuits based
upon their MOSFET characterization data and performed dc
measurement sweeps. For step response measurements, the stu-
dents again used a DAC on the FPAA board as the stimulus, but
measured the output waveform using an oscilloscope. Although
this platform has the capability to perform such measurements
on the FPAA board, the oscilloscopes were used to reinforce
the students’ experience using standard instrumentation equip-
ment.

The students then progress through various other circuit
topologies, such as cascodes, current mirrors, and differential
pairs, as depicted in Fig. 8(c)—(e). At this point, the students
were introduced to the concept of reconfigurable and pro-
grammable analog devices, such as the FPAA. A laboratory
exercise utilizing the FPAA CAD tools was then completed by
the students to familiarize them with the design flow. Being

the core programmable component in the RASP FPAA, a
laboratory exercise involving floating gate transistors was also
inserted at this point to expose the students to more advanced
semiconductor phenomena, such as hot carrier transport and
Fowler—Nordheim tunneling. Using these two mechanisms,
the students programmed the amount of charge stored on the
floating gate transistors.

The students then start configuring the FPAA themselves
to put the circuits characterized earlier in the term together to
form simple operational amplifiers, such as the five transistor
operational transconductance amplifier (OTA) of Fig. 8(f).
For the remainder of the scheduled laboratory exercises, the
students investigate various amplifier topologies using a com-
bination of the FPAA and simulation. As a final team project,
the students were given a set of amplifier specifications for
which they were to design, simulate, and generate layout for
the amplifier topology of their choice. At the end of the course,
the students gave formal presentations of their results in the
form of a slideshow.

B. ECE6435

The ECE6435 course performed the same initial set of
laboratory measurements as the ECE4430 course, including
the programming of floating gate transistors. However, this
course diverged after the introduction of the OTA to pursue
biologically inspired circuits and systems. Course topics in-
cluded continuous-time low-pass and bandpass G,,, — C filters,
reference circuits, diffusor networks, winner-take-all (WTA)
circuits, and integrate-and-fire neurons, which were all syn-
thesized using the OTAs, transistors, and capacitors within the
FPAA. For example, the integrate-and-fire neuron circuit is
depicted in Fig. 9 and utilizes a combination of medium- and
fine-grain CAB components.

The students of this course were exposed to system-level
design through a final group project. Each group was given a
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Fig. 9. Integrate-and-fire neuron with synapse output stage.

unique signal processing task for which to design and imple-
ment an analog solution using the FPAA development platform.
Projects included basic imaging using CMOS photodetectors
synthesized within the FPAA, dendritic processing and classifi-
cation using diffusors and winner-take-all circuits, and cochlear
modeling using logarithmically-spaced band-pass filters and
peak detectors. At the completion of these projects, the students
presented their designs and experimental results as part of an
oral presentation.

IV. WORKSHOPS

In addition to traditional analog design classes, several accel-
erated short courses have been taught using this FPAA develop-
ment platform. These workshops ranged from just a few days
to nearly three weeks. Two of these short courses were held
at the three week Telluride Neuromorphic Engineering Work-
shop during the summers of 2005 and 2006. The first course
focused on basic analog VLSI, similar to the material covered
in ECE4430 at Georgia Tech, but at a very accelerated pace. The
second course covered programmable analog floating-gate tran-
sistors in much greater detail than was discussed in the courses
at Georgia Tech. Each course included lectures, laboratory exer-
cises, and independent projects. Participants included graduate
students and instructors from various disciplines including en-
gineering and biology. By the end of the workshop, the partici-
pants were actively implementing their own circuits and systems
based upon their own research interests.

A short four-day, 20-hour workshop was also held at Georgia
Tech to investigate teaching higher-level reconfigurable and
programmable circuits concepts. Participants in this workshop
were from various areas of engineering, including industry
marketing people. Given several example circuit topologies
and a basic understanding of how the biases for these circuits
can be adjusted in the CAD tools, the participants were able to
design and synthesize first- and second-order filters without an
in-depth understanding of the underlying programmable analog
technology. Thus, this workshop demonstrated that an FPAA
platform like that described here can be used by individuals
at a higher level, even if only in limited ways. With a CAD
library of signal processing components, users can synthesize
low-power analog circuits and systems for certain applications.

3sf : : - .
I knowledge

[ Japplication

Fig. 10. Postcourse survey data for ECE6435.

V. ASSESSMENT AND OBSERVATIONS

A postcourse survey was administered to assess the students’
perceived effectiveness of the laboratory exercises using the
FPAA platform in ECE6435. The students were asked to eval-
uate how much the laboratory experience has contributed to
their knowledge and their ability to apply that knowledge to the
following items on a scale from O (none) to 4 (high):

1) custom analog IC design;

2) custom analog IC testing;

3) analog design with a reconfigurable IC;

4) testing a reconfigurable analog design.
The averaged results of this survey are shown in Fig. 10 for the
students who returned the survey out of a class of 20 students.
The low number of responses has been attributed to waiting too
long before distributing the survey, since most of the students
were away on break at that time. As seen in Fig. 10, the stu-
dents seem to believe that the laboratory experience has signif-
icantly contributed to their understanding of analog design and
test. The slightly higher value for reconfigurable analog devices
also seems reasonable, since this is likely the first time that these
students had been exposed to the idea of reconfigurable analog.

Midcourse surveys were also administered to the fall 2007
ECE4823 students. This course focuses on nonlinear dynamics
in analog circuits and has used the FPAA platform for both lab-
oratory exercises and in-class live demonstrations. The students
were asked to evaluate what they perceived to be the effective-
ness of the FPAA platform as it pertained to several aspects of
the course. When asked if the in-class demonstrations improved
their understanding of the course content, 67% believed it did,
while 17% were neutral, and 16% believed it did not. The same
distribution was observed when the students were asked if the
in-class demonstrations helped them to perform their labora-
tory exercises. When asked if the laboratory exercises improved
their understanding, 83% of the course responded affirmatively,
while 17% were neutral. The final question attempted to ascer-
tain the potential of the FPAA platform to improve student un-
derstanding by asking the students if they believed the ability to
synthesize and measure any arbitrary circuit example would be
helpful, to which the response was a 100% “yes.”
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The incorporation of the FPAA development platform en-
abled the students to synthesize and test hardware for their final
projects, instead of just performing design and simulation. For
the first time students were able to complete their designs and
simulations while simultaneously testing their results in phys-
ical hardware. The postcourse survey also asked the students if
they believed the ability to synthesize and test hardware for their
final project was beneficial. The nearly unanimous answer was
“maybe.” The instructors expected a higher number of students
to find the hands-on final project more beneficial than just sim-
ulation, but it is believed that some of the technical difficulties
experienced with the development platform may have clouded
their perceptions on this issue. The student response to the more
hands-on final project is expected to improve as these difficul-
ties are resolved, which seems to be indicated by the improved
response on the more recent midcourse survey in ECE4823.

The benefits of incorporating the FPAA platform was much
more noticeable for the instructors. The new laboratory station
consolidated the setup requirements for multiple courses. The
generality of the reconfigurable IC eliminated the need for mul-
tiple ICs for different courses or different aspects of a single
course. Additionally, the time required to set up and test each
week’s laboratory exercise was significantly decreased and will
continue to decrease as the technology is refined.

VI. CONCLUSION AND FUTURE PLANS

The incorporation of the FPAA platform into an educational
setting proved to be relatively successful for both students and
instructors. For most laboratory exercises, the student results
of using the reconfigurable IC were not significantly different
from using custom ICs. However, the platform did provide the
students with an opportunity to synthesize and test their final
projects in the course, which had not been possible previously.
Student perceptions indicate that they do see a benefit in the
hands-on experience gained through the laboratory exercises.
However, the benefit of using the FPAA platform over custom
ICs was not conclusive based upon student feedback. The FPAA
platform was shown to be beneficial to the course instructors
in that it consolidated the laboratory setup for multiple courses
and reduced the amount of time needed to prepare each week’s
exercise.

In the upcoming academic term, the FPAA platform will be
incorporated into another graduate level course at Georgia Tech
and will continue to be used for the courses described in this
paper. In addition, the number of institutions adopting this tech-
nology will also be expanded as two new locations will be using
these devices in course laboratories in spring 2008. As part of
this expansion, the assessment of this technology’s affect on
the course will also be improved by including precourse, mid-
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course, and postcourse surveys to track the students’ perceptions
as these evolve throughout the term.
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