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Adegbite, Olawale The field of reconfigurable computing is gaining a lot of following, and several use cases have
Babatunde Akinwale(><) been developed for it. At the centre of reconfigurable computing is the field programmable

gate array (FPGA) due to its computational speed and versatility. The goal of the work reported
here was to show that a single FPGA board paired with a computer monitor can be used as
the sole laboratory equipment in a cash-strapped educational institution or by an individual.
olawale.akinwale@oauife. A Terasic DE1-SoC board was programmed as an oscilloscope, and digital multimeter. In keep-
edu.ng ing with the low-cost theme of this work, no external signal conditioning circuit was used and
the on-board LTC2308 ADC was used for signal acquisition. At frequencies below 15 kHz, the
voltage measurements of the developed FPGA lab instrument had a mean error of 58 mV. The
voltage measurement errors, however, increased with an increase in frequency and the errors
were significant when the signal frequencies exceeded 100 kHz. In terms of the use of the FPGA
to replace multiple lab instruments, 13% of the DSPs on the FPGA were used for the implemen-
tation and 80% of the Adaptive logic modules. We therefore demonstrate that with $300 dollars,
multiple pieces of laboratory equipment can be replaced by a single FPGA board and a monitor.
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1  INTRODUCTION

Laboratory education is an essential requirement for an engineering
education [1], [2]. A laboratory is itself a tool where theoretical concepts and princi-
ples can be experimented on to validate them, demonstrate them, extend them, and
query them. The phrase “learn by doing” is the foundation of laboratory education.
Thus, it is very essential for every engineering student to have time to perform
experiments. This raises the question of how to make it feasible to provide laboratory
education to each engineering student in each institution.

In the home country of the authors, most of the public universities are unable to
provide or accommodate individual experiment set-ups for their electronic/electrical
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engineering (EEE) students during laboratory sessions. The main reason cited is the cost.
There are two costs involved here: the cost of laboratory space and the cost of equip-
ment. The former refers to the fact that there often are no sufficiently large laboratory
spaces that can accommodate individual experimental set-ups for each student. This
paper does not address this challenge, but it does address the latter problem: the cost of
equipment. Several EEE laboratories (the authors visited four universities in their coun-
try and had informal interactions with staff of several others) site the lack of sufficient
equipment due to poor/insufficient funding. This study was fuelled by this need.

Some of the most basic instruments used in most EEE laboratories include oscil-
loscopes, function generators, spectrum analysers, logic analysers, and multimeters.
This list of five instruments, if one is purchasing the conventional traditional instru-
ments, conservatively cost about $2,000 on the market at present. This cost is unfortu-
nately high for poorly funded institutions. It is for this reason that recent years have
seen the introduction of low-cost laboratory instruments [3] such as the National
Instruments myDAQ [4] (which also needs a computer as the virtual instrument), the
ADALM 2000 [5], Analog Discovery 2 [6], and Red Pitaya [7]. All these relatively low-
cost systems combine a function generator, oscilloscope, logic analyser and other
instruments into a single package that costs less than $1000 (and as low as $300).

A typical system on chip (SoC) field-programmable gate array (FPGA) develop-
ment board goes for less than $300. Pairing this with a $100 monitor or TV presents
an affordable option for institutions. This, combined with the reconfigurability of
FPGAs, served as the premise for this work. It is possible to use an FPGA board as
lab equipment for one laboratory session, and a few minutes later, use it as a digital
signal processor for processing multimedia or communications signals, and a few
minutes after that, use it as a machine-learning classifier. We made use of a Terasic
DE1-SoC Board running an Intel Cyclone V FPGA (cost: $220) and a 14-inch monitor
(repurposed from a defunct computer, i.e., free) for this work.

2  EXISTING WORK

FPGAs have been ubiquitous in education and have been used in several use
cases. The discussion below presents use cases that are related to this work.

2.1 Versatility

Several remote laboratories have been developed based on FPGAs. A remote
laboratory is a physical laboratory that is accessed over a network or the internet
to perform experiments. Remote labs are different from virtual labs in that they
have actual physical equipment at the remote end, on which the experiments are
run. In these FPGA remote laboratories, a laboratory server was connected to one
or more FPGA boards. Students programmed these FPGAs remotely via computer or
mobile device terminals. The results were also received via the same platform. One
of the foremost online laboratories is the LabsLand system, developed initially at
the University of Deusto [8]. In the LabsLand community, one of the major successes
that has been recorded is the FPGA-based remote laboratory [9], [10]. In their model,
an FPGA development board is used for the system under test. This model has also
been used by other researchers [11]-[19].

FPGAs have also been used in power converter systems [20], [21], and for reconfig-
urable computing [22]-[25] because of their high speed and low power consumption.
In reconfigurable computing, the FPGA is paired with a CPU. The CPU controls the
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reprogramming of the FPGA, determining its functions at different times, according
to what is needed.

2.2 Speed

Ref. [26] used an FPGA to increase the average speed of a measurement system
in order to reduce noise. Ref. [27] used the FPGA for direct torque control due to the
inherent speed of FPGAs. The execution time of their developed system was 2.93 ps,
more than ten times faster than dSPACE 1104. Ref. [28] implemented an IIR filter on
an FPGA for high-speed filtration of EEG signals. Ref. [29] implemented an advanced
triggering scheme for oscilloscopes on an FPGA. This was set up external to the oscillo-
scope. Ref. [30] used the speed of FPGAs to create a system that simulates the transients
of electromagnetic signals. Ref. [31] used FPGASs to simulate an orthogonal frequency
division multiplexing (OFDM) system in order to measure channel parameters.

2.3 Labequipment

Refs. [21], [22], [32]-[35] implemented digital oscilloscopes on FPGAs. Ref. [32]
developed a low-cost oscilloscope on a Terasic (Altera) DEO Board. The output was
displayed on a VGA monitor (640x480). Ref. [22] developed a digital storage oscillo-
scope (DSO) capable of 400 kS/s with an analogue bandwidth of 100 MHz and 64 MB
memory. Refs. [3] and [4] implemented 3D graphic visualizations for their FPGA-
based oscilloscopes. Ref. [35] included a PS/2 mouse user input to the oscilloscope.
Their oscilloscope had an analogue bandwidth of 80 MHz.

Refs. [36] and [37] created digital oscilloscopes on FPGAs capable of sampling sig-
nals with frequencies above those that typical oscilloscopes can handle. They did this
by using different sample rates to sample the signal in question at different points
in time during a period. The entire signal was then reconstructed from memory and
plotted on a display.

Ref. [38] developed a spectrum analyser on a Virtex5 FPGA. They achieved a spec-
tral resolution of 16 kHz with a sampling frequency of 33 MHz. They were able to
achieve 50,000 FFT/s. Ref. [39] designed an FPGA-based signal generator capable of
generating signals between 1 and 10 kHz and between 0.1 and 7.5 V. Ref. [40] cre-
ated a waveform generator capable of 1 MHz and 10 MHz. Ref. [41] created a module
for teaching telecommunications courses. The FPGA was programmed to do binary
amplitude-shift keying, frequency-shift keying, and phase-shift keying. This was
done on an Altera DE2 FPGA Board. Refs. [42] and [43] created quadrature phase-
shift-keying (QPSK) modulators on FPGAs. Ref. [44] used FPGAs to implement pulse-
width modulators and phase-angle-control systems while teaching them to students.

24 Summary

FPGAs are low-cost, low-power-consumption, versatile, reprogrammable devices.
Educational and development boards have been created for some low-end FPGAs.
These boards provide multiple I/O interfacing for the FPGAs, making them useful for
several applications [45], as recent research has shown.

Our work focused on combining lab equipment so that the FPGA would serve
different purposes, depending on the configuration chosen. We also focused on the
limitations of the FPGA regarding its use as lab equipment, particularly in terms of
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its signal measurement and characterization abilities, compared against standard
lab equipment.

3  METHODOLOGY

A Terasic DE1-SoC board was used for this work. While the DE1-SoC board has an
ARM microprocessor on board, the design implemented did not make use of it at all.
Hence, the design used can be used on any FPGA board, with or without an embed-
ded microprocessor on it. Programming of the board was done using VHDL. Figure 1
shows the block diagram of the FPGA lab instrument developed.

FPGA

ADC/ Signal + RAM Read / Write VGA

conditioning + Triggering Display

+ Computations

Fig. 1. Block diagram of the FPGA-based reconfigurable lab instrument

3.1 Data acquisition

The on-board analogue-to-digital converter (ADC) employed on the FPGA board
is the LTC2308 chip. The LTC2308 ADC is an 8-channel, 12-bit ADC that produces
500 kilo-samples per second, though it is able to work with a 40-MHz clock. The
on-board ADC is only able to reliably convert positive voltage signals between 0 V
and 4 V (actually, about 4.2 V). While a signal-conditioning circuit could be built
externally to clamp and scale larger voltage swings to this range, we opted against
this, as the aim was to focus on the FPGA as a multi-instrument device in and of itself.

3.2 Data manipulation and storage

Displaying all the data being received directly from the ADC resulted in the data
being displayed on the screen changing too rapidly to be useful. A trigger controller
was implemented to mitigate this. With the trigger controller, the outputs from the
ADC were stored only in the RAM when the ADC’s output value matched the set
trigger level. This led to a much less rapid change of the data in the RAM, hence
leading to a steady display when plotted. The trigger function was also used for the
computation of the signal’s frequency. The period of the wave was measured by a
counter, based on the time between intersections of the waveform and the trigger.
The algorithms for triggering the oscilloscope and the frequency calculation were
based on the work by Ref. [46]. These are presented in Figures 2 and 3.

The raw results from the ADC were sent to the RAM. In this work, two RAM buf-
fers were created. The use of two separate buffers was to avoid the read-and-write
collision that might occur when trying to read from and write to the same buffer
simultaneously. The buffers were written to alternate, and data was read from the
buffer not being written to. Thus, the two buffers allowed for glitch-free access to the
ADC values. A RAM controller was implemented on the FPGA to determine the RAM
buffer to read from and write to.
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3.3 Instrument logic

A VHDL module was created to hold the required background graphics for display
on the instrument display, and another was created for displaying text on the display.
The background graphics and the text displays were defined in VHDL because they
were both basic enough not to require the use of a memory-initialization file. It is
worth noting that with an FPGA with fewer logic blocks, it might be better to read
the text from memory, as this would minimize the logic blocks required to imple-
ment text on the screen. Drawing the grid on the screen, however, should always be
defined in VHDL, as there is no gain in reading this from memory.

Two lab instruments were implemented on the FPGA: an oscilloscope and a dig-
ital multimeter. Switch SWO0 was used to reset the board. Push button 3 was used to
set the trigger value. There were nine preset trigger values: 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5,
and 4 V. Push button 3 cycled through these nine values when pressed.

Switch SW3 on the DE1-SoC board was used to select between the instruments. In
the oscilloscope mode, the graduated chart onto which the data read from the RAM
was plotted is displayed. Switches SW6 to SW9 were used to set the time base. In the
multimeter mode, just text was displayed on the screen.

MODE:

AC value or
DC Value.

AC Value
storing data
into RAMO
or RAM1

ADC data
value =
Trigger

Value?

ADC data
value =
Trigger

Value?

Reset
counter if
counter >
525

Reset
counter if
counter >
525

Clear register
values and
flags

Clear register
values and
flags

Fig. 2. The trigger function of the FPGA oscilloscope [46]
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AC value
or DC
value . DC
AC
Trigger
Value
update

ADCdata >
trigger

value max

Yes No

Wait until
ADCdata <
trigger value
min

No

Start counter
for calculation
frequency

Wait until
ADCdata >
trigger value
min

No

Start counter
for calculation
frequency

Yes Yes *

Wait until
ADCdata >

trigger value
max
No

Yes

Wait until ADCdata <
trigger value min

Wait until ADCdata
< trigger value min
again stop countng

Wait until ADCdata
< trigger value max
again stop countng

No

Yes Yes

Wait until
frequency
calculation
finished

Fig. 3. Frequency calculation in the FPGA oscilloscopes [46]

The multimeter comes in handy when the user needs just the quantity (i.e., value)
of the signal being measured, rather than the quality. The FPGA-based multimeter
we developed is suited to measuring voltages. To measure other electrical quantities,
such as resistance and current, external circuits would be built to convert the spe-
cific parameters to be measured into voltages. The developed multimeter measures
the highest value and the lowest value of the time-varying signal at its input and
computes the root mean square (RMS). These values are shown in the display.

Instrument display
A VGA (640 x 480 resolution) screen was used as the output of this work to display

data on a screen. Specifically, a CRT computer monitor was used for this work. In
keeping with the low-cost theme, no purchase was made since there was a computer

International Journal of Online and Biomedical Engineering (iJOE) 9


https://online-journals.org/index.php/i-joe

Adegbite and Akinwale

monitor not otherwise being used that was available for the work. This display size
was kept as VGA to minimise the amount of memory needed to hold the data to be
displayed. The waveform display area on the screen is 512 by 386 pixels. This was
done for convenience, to match the display with the buffer size. The word length of
the buffer was 512. Horizontal time scaling was achieved by changing the rate at
which the ADC wrote values to the buffer.

3.5 Testing of the system

In testing our system, signals were supplied to our FPGA lab instrument and the
output of the FPGA was displayed on a VGA monitor. Figure 4 shows the FPGA lab
instrument coupled to a VGA display. The output of the FPGA was shown on the VGA.
A standard function generator was used as the signal generator. A traditional digital
oscilloscope was used as the “control” output to show the “standard measurement” for
comparison. The testing was done in two phases. In the first phase, the FPGA instru-
ment and the standard oscilloscope were connected in parallel, so that the input signal
was supplied to both simultaneously. The goal here was to ensure that the measure-
ments that were taken on the FPGA instrument could be compared directly against
the standard oscilloscope. In the second phase, each instrument was used individually
so that the input signal was supplied to one instrument at a time. In this way, it was
possible to compare the input characteristics of the FPGA instrument with that of the
standard oscilloscope. The goal here was to ensure that the results obtained in the first
phase could be trusted, i.e., that connecting the FPGA instrument in parallel with the
oscilloscope did not adversely affect the measurements of either instrument.

In both phases, in order the test the accuracy of the FPGA lab instrument, sine
waves, square waves and triangle waves with peak-to-peak values between 0 and
4 V were supplied to the FPGA and the oscilloscope at frequencies between 10 Hz
and 2 MHz. The results from the FPGA and from the traditional oscilloscope were
recorded. Multiple readings were taken for each input and recorded.

The performance of the FPGA lab instrument was compared to the traditional
oscilloscope and not to the source, the standard function generator, because the goal
was to see the FPGA work in place of a traditional oscilloscope. By comparing the
FPGA instrument to the oscilloscope, we could better determine the possibility of
replacing the oscilloscope with the FPGA instrument.

AN FPGA BASEN llGl‘N. mcu.m:

173K nsz B0ZRB8
g n B2 958

UZ(U) 18631

Fig. 4. (Continued)
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FPGA BASED DIGITAL UDLTMETER

4. 176MAX
1.868UMIN

2 .952URMS |

© P ey - '

Fig. 4. The FPGA oscilloscope showing (a) a sinusoidal signal and (b) an arbitrary waveform,
and (c) the FPGA digital voltmeter

No specific tests were done for the FPGA multimeter that we developed, because
the FPGA multimeter was based on the code for the FPGA oscilloscope.

The Terasic DE1-SoC board that was used for this work makes use of an LTC2308
ADC. The specifications of this ADC, as provided by Terasic, state that the accepted
input voltage range is 0 to 4 V. The tests performed here were therefore limited to
this range to avoid damaging the board. However, it should be noted that signal pro-
cessing can be used to condition input signals of any desired range to this range. For
example, signals of the range of =10 to 10 V can be measured by first clamping up
the signal and then scaling it down by a factor of 5 so that =10 V could be supplied as
0 V to the ADC and +10 V could be supplied as 4V. When displaying the results, the
results could be displayed on the original scale of =10 to 10 V.

4  RESULTS AND DISCUSSION

The results from phase 1 of the testing are not presented here because they are
not representative of the system. The measurements were always identical between
the two instruments despite the input frequency. There was, however, marked
disparity between the instruments’ readings and the signal generator’s settings at
higher frequencies.

The mean recordings from phase 2 of the testing are presented in Tables 1 and 2.
Table 1 shows the results for (relatively) low-frequency input signals. For the report-
ing of these results, we classify signals of 10 kHz and below as low-frequency signals
and signals above this as high-frequency signals.
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Table 1 clearly shows good correlation between the results of the FPGA instru-
ment and the traditional oscilloscope. The mean error for the maximum voltage
measurements was 0.0580 V, while the mean error for the minimum voltage mea-
surement was 0.0133 V. The frequency measurement had a mean error of 3.65 Hz.

Athigh frequencies, however, as seen in Table 2, it seems that the input impedance
of the FPGA system began to be an issue. The FPGA instrument’s readings were all
consistently below those of the traditional oscilloscope, with the error increasing
with signal frequency. Figure 5 shows the measurement errors of the FPGA lab
instrument. In Figure 6, the percentage error in the measurement of the maximum
voltage is plotted against the frequency of the signal measured. The percentage error
increased with frequency above about 15 kHz and exceeded 2% at about 100 kHz.
Hence, we report that the FPGA lab instrument is sufficiently accurate for signals of
frequencies below 100 kHz. This is consistent with previous works that reported an
analogue bandwidth of 100 kHz.

As regards the resource utilisation of the Cyclone V FPGA for the implementation
of these two lab instruments, 80% of the adaptive logic modules (ALMs) were used
but just 13% of the digital signal processing blocks and less than 1% of the memory
blocks. The details of the resource utilization are shown in Figure 7. The specifica-
tions of the MAX10 FPGA on a Terasic DE10-Lite board are: 49,760 programmable
logic elements, 1,677,312 memory bits, 4 PLLs and 144 1818 multipliers. This means
that the system is easily deployable on the DE10-Lite board, which retails for $55 at
the date of writing (for Academic use) [47]. Pairing this with a low-cost (or used) VGA
display could mean having at least an oscilloscope and a digital multimeter for less
than $100, though we are confident that at least a logic analyser can also be included
with these two instruments on the DE10-Lite board.

Table 1. Low-frequency test results of FPGA oscilloscope vs. standard oscilloscope

Standard Oscilloscope FPGA Oscilloscope
Signal Type
Freq(Hz) Vv (V) V() FreqHz) V (V) V

Sine Wave 100 412 1.08 100 4,075 1.082
500 412 1.08 500 4.075 1.082

500 2.10 0.04 499 2.085 0.085

955 416 0.80 954 4,052 0.741

956 0.28 0.01 952 0.287 0.016

956 1.08 0.13 956 1.087 0.136

956 2.87 1.91 956 2.868 1.913

9460 2.87 191 9440 2.868 1913

9461 418 0.80 9440 4.056 0.740

15,000 2.10 0.06 14722 2.076 0.093

94,790 414 0.82 100755 4.057 0.741

Triangular Wave 972 3.40 1.54 974 3.283 1.477
974 340 1.54 974 3.290 1.470

2008 4.06 0.84 2008 3.961 0.779

2008 3.38 1.52 2008 3.291 1.470

5000 2.10 0.06 5001 2.080 0.088

5900 2.08 0.10 5884 2.050 0.117

(Continued)
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Table 1. Low-{frequency test results of FPGA oscilloscope vs. standard oscilloscope (Continued)

Signal Type

Square Wave

Standard Oscilloscope FPGA Oscilloscope
FreqHz) Vv (V) V() FreqHz) V (V) V
10 2.12 0.04 10 2.087 0.082
100 2.16 0.04 100 2.087 0.083
972 3.50 142 970 3.388 1.358
5000 2.12 0.06 5001 2.083 0.082
9634 3.50 1.42 9622 3.388 1.360

Table 2. High-frequency test results of FPGA oscilloscope vs. standard oscilloscope

) Standard Oscilloscope FPGA Oscilloscope
Signal Type Freq (Hz)
Vmax (V) Vmin (V) Vmax (V) ijn (V)
Sine Wave 15,000 2.1 0.06 2.076 0.093
94,790 414 0.82 4.057 0.741
228,100 4.16 0.84 4.052 0.745
985,200 4.02 0.96 3.88 0.901
2,011,000 3.72 1.28 3477 1.312
Triangular Wave 14,980 2.02 0.14 2.003 0.168
96,620 3.38 1.54 3.296 1.466
Square Wave 15,000 2.12 0.06 2.083 0.083
96,550 3.5 142 3.391 1.356
Error in Freq measurement (Hz) Error in Vmax measurement (V) Error in Vmin measurement (V)
1000 0.25 0.1
T 1000 i S AR
inuscidal = :2000 < 015 =
ignal 5 -3000 5 01 g 0
& -4000 uw 0.05 0 .05
-5000 0
-6000 -0.05 0.1
102 10° 10* 1 2 3 4 0.5 1 1.5
Signal Freq (Hz) Signal Voltage (V) Signal Voltage (V)
Error in Freq measurement (Hz) Error in Vmax measurement (V) Error in Vmin measurement (V)
1000 0.12 0.08
) . 0 0.1 0.06
riangular | & 4000 S 0.8 S o004
ignal 5 2000 5 0.08 5 002
5 -3000 & 0.04 g o
-4000 0.02 -0.02
-5000 0 -0.04
10° 10 25 3 3.5 4 02 04 06 08 1 1.2 14
Signal Freq (Hz) Signal Voltage (V) Signal Voltage (V)
Error in Freq measurement (Hz) Error in Vmax measurement (V) Error in Vmin measurement (V)
1000 0.12 0.08
uare N o < 01 < ggi
: £ -1000 Z o08 =
ignal : oo \ e s 002 /
[ % 004 n :8283
-5000 0.02 -0.06
10" 102 10° 10* 22 24 26 28 3 32 34 02 04 06 08 1 12 14
Signal Freq (Hz) Signal Voltage (V) Signal Voltage (V)
Fig. 5. Measurement errors for low-frequency measurements
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% Error in Vmax

1 10 100 1000 10000 100000 1000000
Frequency (Hz)

Fig. 6. Percent error in FPGA instrument in maximum voltages measured at various frequencies

Quartus Prime Version

Revision Name

20.1.0 Build 711 06/05/2020 SJ Lite Edition

digitaloscilloscope

Top-level Entity Name digitaloscilloscope
Family Cyclone V

Device 5CSEMASF31C6
Timing Models Final

Logic utilization (in ALMs) 25,765 [/ 32,070 (80 %)
Total registers 13089

Total pins 60 /457 (13 %)
Total virtual pins 0]

Total block memory bits 0/ 4,065,280(0%)
Total DSP Blocks 11/87(13%)
Total HSSI RX PCSs 0

Total HSSI PMA RX Deserializers o}

Fig. 7. Resource utilization of the Cyclone V for the lah instruments developed

5 CONCLUSION

This project is a demonstration of the use of an FPGA board as a replacement to
laboratory equipment. Our goal was to determine the accuracy and ability of the
FPGA-based instruments to confirm that the concept was sound. The next step
would be to reduce the cost of the laboratory equipment replacement even fur-
ther by making use of a smaller, less expensive board e.g., the Intel DE10-Lite. Less
than 42% of the configurable logic blocks on the Cyclone V FPGA on the DE1-SoC
board were used for the implementation of the oscilloscope and the digital mul-
timeter. Implementing these on the DE10-Lite board would reduce the cost of the
system by about $120. A further step would be to increase the number of laboratory
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instruments available on the DE1-SoC; for example, include a spectrum analyser and
a logic analyser. However, we have no plan to replace the function generators in the
laboratory with FPGA-based systems. This is because that while the FPGA can easily
be programmed to generate various functions and arbitrary waveforms, it is limited
in the amount of power that it can output. Hence, it would need to be paired with
a power amplification setup (a driver circuit) to be able to drive most loads used in
laboratory sessions. The code developed for this work is openly available on GitHub
at https://github.com/wale20ba/FPGA-Lab-Instrument.
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