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Data acquisition is the process by which physical phenomena from the real world are transformed into electrical
signals that are measured and converted into a digital format for processing, analysis, and storage by a computer.
In a large majority of applications, the data acquisition (DAQ) system is designed not only to acquire data but to act
on it as well. In defining DAQ systems, it is, therefore, useful to extend this definition to include the control aspects
of the total system. A DAQ system is comprised of a computer running specialized software and several data
acquisition cards and/or instruments (from now on jointly referred to as DAQ devices). Data acquisition (DAQ)
systems are intensively used in laboratory research, industrial facilities, aviation, automotive, etc. The applications

include test and measurement, automation, etc.

data acquisition system network embedded software

| 1. Introduction

A data acquisition (DAQ) system can have either a relatively slow or a relatively fast data transmission speed; it
can store and display collected data locally on the main DAQ board, or it can send data to be stored and observed
remotely; it can have its own ADC or just collect sampled data from an external ADC; etc. The flexible definition of
a DAQ system allows many different types of systems to be classified as DAQ systems. This can make

researching and comparing different systems a challenging task, and it can make research results hard to interpret.

| 2. FPGA-Based Fast DAQ Systems

The main reasons FPGAs are used for designing DAQ solutions is their ability to operate at very high clock
frequencies with the possibility of parallel processing, in turn, enabling fast processing of acquired data. Power can
be conserved on FPGAs by instantiating only hardware components that are necessary for a specific application.
The potential for an increase in performance comes at the cost of a higher price, lower portability, and more
complicated reprogramming when compared to microcontroller-based solutions. It is for these reasons that some

FPGA-based DAQ systems are used for very specialized applications.

A DAQ system with fast processing and transfer speeds in mind has been designed in . The design of a high-
speed FPGA-based DAQ system consists of an ADC with a 16-bit resolution for data conversion, two smaller-sized
buffers used to store the temporary data samples, and a DMA that was programmed to achieve data transfers
without loss of a single data sample when transferring sampled data from the temporary buffers assigned to the

ADC to the DD3 SDRAM which is used as permanent storage. On the FPGA, a soft processor core was
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instantiated and tasked with initiating new DMA transfers. By overcoming the problems caused by the mismatch of
operating frequencies between DMA, ADC, and SDRAM, the authors achieved a maximum acquisition rate of 10
MSps. The downside of such a design is the use of on-board memory as permanent storage, which makes it
harder to utilize a PC to visualize and further analyze the acquired data, thus without the possibility to analyze the

data in real-time.

Designing a highly specialized FPGA-based DAQ system was the approach taken in [&. This design presents a
multichannel, high-speed DAQ system that supports acquisition for long periods of time, all of which are
requirements of the Experimental Advanced Superconducting Tokamak (EAST) device Bl. In the design, four ADCs
are connected to an FPGA, which is then connected to a data server through a Peripheral Component Interconnect
(PCI) Express interface. This allows acquisition from multiple channels synchronously with the acquisition rate of
80 MSps (20 MSps per channel) and the precision of 12 bits, with the acquisition lasting more than 1250 s of
continuous sampling. Synchronous sampling of the four ADCs was achieved by instantiating a clock configuration
circuit on the FPGA, which provides four phase-shifted clock signals. To extend the maximum continuous
acquisition time, the authors have implemented the Lempel-Ziv-Oberhumer (LZO) algorithm 4 on the FPGA, which
allows for fast compression and decompression. By employing FPGA parallel processing mechanisms, data
acquisition efficiency was not affected by compression. Even though this DAQ system was developed for a specific
use case, data visualization could be improved because the paper features only a digital waveform view of the

captured data in an unmentioned software tool.

A similar approach was taken in &, a design of a DAQ system developed for Superheated Emulsion Detectors
(SEDs) 8. The paper presents a 10-channel, 12-bit resolution high-speed DAQ system with acquisition rates of
500 kSps per channel. The design features triggered acquisition and a user-programmable threshold with pre- and
post-trigger adjustments. This allows the user to choose how many samples before and how many samples after
the automatic or manual trigger are desired to be captured. Because of the specific application of this DAQ system,
all 10 channels need to be sampled at once. Each of the 10 analog signals is connected to a signal conditioning
board, followed by an ADC board, which is then connected to the main FPGA board, which features the main
processor. All the 10 ADCs use the same sampling clock, and all the conversion results are read at the same time,
stored in a circular buffer, and the converted values are compared with a threshold value. If the threshold value is
exceeded, a configured number of samples before and after the threshold sample are collected and sent to a PC
using a Universal Asynchronous Receiver/Transmitter (UART) interface [J. The DAQ system uses a graphical user
interface (GUI) designed in LabVIEW & to provide visualization of the collected data. Although the maximum
possible acquisition rate simultaneously over all the channels is 5 MSps, UART communication technology does
not allow for a higher baud rate than 921,600 bps, limiting the total system throughput when acquiring signals over
longer periods of time. As soon as the internal FPGA buffers get filled, acquisition stops until all the samples are

transmitted.

| 3. Microcontroller-Based Fast DAQ Systems
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When a DAQ system is developed for a general-purpose application, microcontroller-based DAQ systems are
generally a better choice. If needed, microcontroller-based DAQ systems are more easily adapted to a specific
application thanks to easier reprogramming and changes in existing software. If a system is designed with
portability in mind, it can be relatively easy to adapt the design from one microcontroller platform to another. The
availability of different microcontrollers and the fact that more developers are better acquainted with microcontroller
programming than FPGA programming also greatly increases the popularity of microcontroller-based DAQ systems
over FPGA-based systems. Microcontrollers have grown into powerful yet complicated systems, but the utilization
of an RTOS facilitates programming without wasting too much theoretical efficiency. This way, microcontrollers can
even emulate the parallelism of FPGA.

A DAQ system used for high-speed current sensing is described in €. The main purpose of this system is to detect
faults during welding and mark damaged joints by comparing the recorded data to a learned pattern. The system
consists of a sensor board that measures welding voltage and current waveforms with additional sensors and
evaluation software running on a remote PC. The sensor board consists of a measurement part and a processing
part that includes ADCs, a microcontroller, external memory and an Ethernet PHY module. A whole welding
sequence can be buffered locally on the board. The board uses two 16-bit ADCs connected via SPI bus to the
microcontroller. The sampling rate is 82 kSps, with averaging done in firmware, so the effective acquisition rate is 1
kSps. In order to run an open-source TCP server on the board, a Cortex-M7-based 32-bit microcontroller 22 yses
the Keil RTX RTOS [l On the PC side, a MATLAB 22 environment (version 9.5 R2018a) is set up to evaluate
faults during welding. From the paper it is not clear, but it seems that the firmware is not divided into smaller tasks

but uses just a main loop with interrupts.

To detect early failures in machinery equipment, a DAQ system for acquiring vibration signals in the X, Y, and Z
axes in rotating machinery has been developed 31, The goal of the paper was to create a real-time, multi-
parameter, high-precision, miniaturized, and portable DAQ system. The central part of the system’s hardware is a
Cortex-M3-based 32-bit microcontroller 4 with the pC/OS-ll RTOS 2 ysed to meet the multitasking
requirements. To increase the portability of the system, an on-chip SRAM module is used for data storage, and an
LCD touchscreen is used to display the acquisition results in real-time. A 12-bit ADC is used for sampling. The
system can sample vibration signals from a selected axis at a time by sampling one of the three vibration
acceleration transducers with a sampling frequency of 5 kSps. The firmware is divided into six tasks used for data
acquisition, data transmission, data display, touch screen driver, key-press management, and pC/GUI interface 18
for the touchscreen LCD. Data acquisition starts when an acquisition request is received and sent by the user.
Acquired data are moved using a DMA and stored in the SRAM until it is full, at which point an interrupt signal is
sent to the CPU, which stops acquisition, reads the SRAM, and displays the result on the LCD display. It is
debatable whether this system, which collects data only on the user’s request and only until the storage is full, is
really a real-time system. A software architecture diagram in the paper mentions a data transmission block that can
communicate through USB, USART, and Ethernet, but it does not mention if, how, and when this block is used.
Although increasing portability, storing data only locally and observation only using the LCD display greatly limits

visualization and disables automated data analysis.
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Xnode, a wireless high-fidelity DAQ system for structural health monitoring, has been presented in [1ZI18]
developed with technical standards in China and lessons learned from previously developed similar systems in
mind. The hardware of Xnode consists of three printed circuit boards—a processor board, a radio/power board,
and a sensor board. The hardware is designed around a Cortex-M4-based 32-bit microcontroller 12, The system
uses an external NAND flash memory for temporary and an SD card for permanent local storage but also features
a wireless transceiver on the radio/power board for communication with a remote station, compatible with the
ZigBee protocol 2%, The sensor board features accelerometers and temperature sensors and an 8-channel 24-bit
ADC with a sampling rate of up to 16 kSps and programmable antialiasing filters. The software is developed using
FreeRTOS and a middleware service-oriented framework that supports network and application scalability. The
application, which utilizes the middleware services, is organized into three tasks—application task, sensing task,
and a radio task. The papers do not specify any visualization software that is used with Xnode, the lack of which

can complicate the usage for users that are not experienced in that field.

OpenDAQ, a data acquisition and control system, was designed to be a cost-effective, multifunction computer-
based DAQ system open to users [, OpenDAQ has up to 8 analog input channels, a 16-bit resolution with a
maximum sampling rate of 20 kSps for a single channel at a time, as well as one analog output. The system also
has the option for digital sampling and control using the provided digital ports. The OpenDAQ hardware principally
consists of an analog input signal conditioning block, analog output conditioning block, ADC, and an 8-bit AVR
ATmega microcontroller 22, Microcontroller software does not utilize an operating system, and it is written using
libraries, such as Arduino libraries 23], The system uses a USB connector for communication with a PC, which runs
visualization and control software. The authors of OpenDAQ have created two options for the final user to choose
from. The user can use either Python 24! or LabVIEW & for visualization and control. The wide range of capabilities
and options the system offers makes it suitable for both industrial and educational applications. While OpenDAQ
features an open design, it is possible that performances can be increased by the use of an RTOS. That way, the
maximum acquisition rate could be increased to utilize the maximum 100 kSps sampling rate of the

microcontroller’'s ADC.

An example of a DAQ system used in the automotive industry can be found in 22, Like OpenDAQ, this system has
been developed with cost-effectiveness in mind and utilizes low-cost components. The system is Arduino-based
(23] and the hardware has been developed as an Arduino shield. One of the reasons for this design choice is that
the system is designed to be easily programmable and customizable for different uses in-vehicle data acquisition
and control. Arduino Due 28! js used as the development board because of the higher processing capabilities, the
larger number of available inputs and outputs, and a higher resolution (12-bit) ADC when compared to other
Arduino development boards. The result is a system that can acquire data from up to 12 analog inputs, an 12C
sensor, an SPI sensor, and a GPS module along with multiple digital 1/O pins. For applications where analog
control is needed, there are two analog outputs. The maximum sampling frequency is 2 kSps if only one channel is
used. Data can be stored locally using an SD card, or they can be stored remotely using Arduino’s serial
communication. The shield uses a Bluetooth module to enable acquisition from a mobile device and an LCD for
displaying the DAQ status. No visualization software has been developed for the DAQ system. Although the

system offers a user the possibility to connect and sample multiple analog and digital sensors at once, the
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sampling rate drops significantly with every additional sensor connected, and it might be too low for some

applications.

Papers [27[28] offer insight into another field where microcontroller-based DAQ systems find their use. In these
papers, DAQ systems are used to acquire electrophysiological signals from live laboratory test animal subjects and
send those results remotely. By using the UDP internet protocol, these systems achieve high data transfer speeds.
In (27, 16 analog channels with a 16-bit resolution are sampled using an external ADC connected to an ESP32-
based development board 22, which has a dual-core LX6 microcontroller B9 and WiFi communication capabilities.
Utilizing FreeRTOS 21l the system divides tasks between the two processor cores to boost the performance of the
system. This way, a total system throughput of 6.4 Mbps is achieved when acquiring 16 analog input channels
simultaneously, with 25 kSps acquisition rate. The samples are wirelessly sent to the host using WiFi and, as
mentioned previously, UDP transfer protocol. In 28 the authors explore the advantages of using UDP protocol over
TCP protocol to reach high data transfer speeds when using Ethernet communication technology. In the
experiment performed in this paper, the maximum system throughput achieved using TCP protocol was 17.8 Mbps.
When the protocol was changed to UDP, the maximum system throughput reached 47 Mbps when acquiring data
simultaneously from 64 channels, with an acquisition rate of 24 kSps. Even though both systems are tailored for a
specific, in-house application, visualization of the data acquired could be improved, which would increase the

applicability of both solutions.

From the examples above, it becomes clear that to meet the requirements of high-speed, high-resolution
acquisition using a microcontroller-based system, an RTOS is almost always needed. Although OpenDAQ
manages to reach the maximum acquisition rate of 20 kSps for 16-bit resolution without an RTOS, any major
increase in acquisition rate would require it. As seen in many of the papers mentioned in this section, an RTOS
enables the system to divide microcontroller firmware into multiple tasks that can control sensing and
communication with the outside world separately and concurrently. In order to increase the system’s applicability, it
is beneficial to observe the collected data on a host system. For that purpose, it is necessary that the DAQ device
has remote communication capabilities, and if high throughput is required, communication technology that supports
high data transfer speeds is needed. With that in mind, it is advantageous to use high-speed protocols, for
example, UDP, as shown in [27(28],

| 4. Comparison of the Reviewed DAQ Systems

Table 1 gives an overview and comparison of the DAQ systems reviewed here. The systems are compared in

multiple categories that are essential when describing and choosing a DAQ system. The categories are as follows:

Table 1. Overview and comparison of the reviewed DAQ systems.
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System
. L Type of Comm.
Num. of  Resolution Acquisition o
Paper . Visualization Remote
Channels [bit] Throughput  Rate [Sps]
Storage Technology
[bps]
0 Local
[ 1 16 152.6 M 10M No No /
SDRAM
2 4 12 915.6 M1 20 M No Server No PCle
5l 10 12 921.6 k 500 k Yes Server Yes UART
Bl 2 16 31.25k 2 1k Yes Server Yes Ethernet
Yes, on
Local
[13] 1 12 58.6 k 2 5k No /
small SRAM
LCD
Local and IEEE
[L7][18] 8 24 1M 16 k No Yes
server 802.15.4
(21] 8 16 3125k?2 20 k Yes Server Yes USB
Local and
(25] 1 12 23.5k?2 2k No Yes UART
server
(271 16 16 6.4 M 25k Yes Server Yes WiFi
[28] 64 32 47 M 24 k No Server Yes  Ethernet
This 1 16 51.2M 3.2M Yes Server Yes Ethernet

research
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B System 2
. L Type of Comm.
Num. of  Resolution Acquisition o
Paper . | bit Throughput  Rate [S Visualization Remote
annels ate S i
[bit] [bps] [Sps] Storage Technology maximum
ps

» System throughput—as defined in Section 1, without overhead,
» Acquisition rate—as defined in Section 1,

» Visualization—whether the authors of the system have provided their own method of data visualization and/or

processing,
» Type of storage—The type or types of permanent sampled data storage used by the system,
» Remote—whether the system can be used for remote data acquisition,

« Communication technology (for systems where acquisition and final storage are not situated within the same
device).

For a better comparison between the reviewed papers and the results achieved with the prototype presented as

part of this entry, the characteristics of the prototype are added at the end of the table.

It can be observed in Table 1 that the reviewed DAQ systems have very different characteristics across the
compared categories. To sum up, work @ has the greatest system throughput of 915.6 Mbps due to the utilization
of an FPGA and fast PCle communication interface. On the other hand, it is not a remote DAQ system since the
DAQ device is connected to the host communication bus directly. Moreover, the work does not include real-time
visualization or analysis but offers logging only. The work 28] represents the remote DAQ system with the greatest
system throughput of 47 Mbps, but it offers only data logging on the host. Among the works that include
visualization, the one with the greatest system throughput of 6.4 Mbps is [27. The system is a remote one, based
on WiFi technology, but the system throughput is not very high compared to 2281, Obviously, none of the “best”
solutions accomplish the requirements for as high as possible system throughput, remote operation, and at least
host visualization at the same time.

Generally, FPGA-based DAQ systems have a higher system throughput and acquisition rate than microcontroller-
based DAQ systems. As previously mentioned, microcontroller-based DAQ systems are more easily assembled
due to a number of factors. Thus, they show greater flexibility in terms of visualization, storage, and connectivity.

By using the methods described later in this entry, the researchers managed to achieve a respectable system
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throughput within a remote DAQ system with visualization and logging at the host computer, as can be observed in
the last row of Table 1.
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