
lable at ScienceDirect

Nuclear Engineering and Technology 54 (2022) 3587e3594
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Development of a distributed high-speed data acquisition and
monitoring system based on a special data packet format for HUST RF
negative ion source

Dong Li, Ling Yin*, Sai Wang, Chen Zuo, Dezhi Chen
State Key Laboratory of Advanced Electromagnetic Engineering and Technology, School of Electrical and Electronic Engineering, Huazhong University of
Science and Technology, Wuhan, 430074, Hubei, China
a r t i c l e i n f o

Article history:
Received 20 January 2022
Received in revised form
29 April 2022
Accepted 6 May 2022
Available online 11 May 2022

Keywords:
Distributed data acquisition
ZeroMQ
Data storage
RF negative ion source
* Corresponding author.
E-mail address: m202071707@hust.edu.cn (L. Yin)

https://doi.org/10.1016/j.net.2022.05.008
1738-5733/© 2022 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

A distributed high-speed data acquisition and monitoring system for the RF negative ion source at
Huazhong University of Science and Technology (HUST) is developed, which consists of data acquisition,
data forwarding and data processing. Firstly, the data acquisition modules sample physical signals at high
speed and upload the sampling data with corresponding absolute-time labels over UDP, which builds the
time correlation among different signals. And a special data packet format is proposed for the data
upload, which is convenient for packing or parsing a fixed-length packet, especially when the span of the
time labels in a packet crosses an absolute second. The data forwarding modules then receive the UDP
messages and distribute their data packets to the real-time display module and the data storage modules
by PUB/SUB-pattern message queue of ZeroMQ. As for the data storage, a scheme combining the file
server and MySQL database is adopted to increase the storage rate and facilitate the data query. The test
results show that the loss rate of the data packets is within the range of 0e5% and the storage rate is
higher than 20 Mbps, both acceptable for the HUST RF negative ion source.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Neutral beam injection (NBI) is one of the most important
mechanisms for plasma heating and current driving of the
controlled fusion experimental reactor, and the ion source is a key
module of the NBI system to provide charged particle beam [1].
Supported by the project “CFETR N-NBI beam optics optimization of
research and experimental evaluation” of the Ministry of Science
and Technology in China, Huazhong University of Science and
Technology (HUST) has built a small RF negative ion source plat-
form (HUST-RNIS) [2,3]. HUST-RNIS is designed for pulse operation
and adopts the three-grid extraction system� the plasma grid (PG),
extraction grid (EG) and grounded grid (GG), with a maximum
extraction voltage of 10 kV and the acceleration voltage up to 20 kV.

During the operation of HUST-RNIS, monitoring the potentials of
PG and EG could obtain their rates of rise and synchronization
performance, and monitoring the currents of PG, EG, GG as well as
the calorimeter could analyze the extracted beams and their
.

by Elsevier Korea LLC. This is an
transient characteristics. These physical signals change fast in the
transient process, for example, it only takes about 6 ms for PG or EG
potential to rise. In addition, the RF power and gas pressure also
change fast during the plasma excitation while it is necessary to
sample the outputs of the directional coupler and gas gauge to
analyze the relationship between plasma parameters and the RF
power or gas pressure. Therefore, a high-speed data acquisition and
monitoring system needs to be developed specifically.

Many large scientific devices realize centralized high-speed data
acquisition based on the NI acquisition board, which is easy to build
the time correlation among different acquisition channels, and use
LabVIEW software to build the data processing platform [4,5]. In
Ref. [6], a three-channel data acquisition and transmission system
is designed based on the FPGA, DDR3 and PCIe bus, with a sampling
rate of 5 Msps per channel, and the Qt framework is adopted to
develop the interface application for thewaveform display and data
storage. In Ref. [7], a high-speed data acquisition card based on the
Zynq processor and PCIe bus is designed, and the data transmission
rate is more than 20 Gbps. Ref. [8,9] adopt the Gigabit Ethernet for
long-distance data transmission.

The high-speed data acquisition and monitoring system for
HUST-RNIS should not only sample the fast-changing signals, but
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also send the sampling data to the upper computer for real-time
display and storage, so that users can observe the change of sig-
nals in real time and analyze the historical data later. Because the
object signals are of different reference potentials, it is necessary to
set up multiple data-acquisition modules for distributed acquisi-
tion. Besides, the subsystems work in accordance with a set time
sequence, so it is necessary to build the time correlation of different
signals for the subsequent analysis. In addition, to decentralize the
load of data processing, the upper computer should also adopt the
distributed structure. Finally, the speed of data storage may not
matchwith the speed of data upload, hence the data buffer needs to
be considered.

Thus, a distributed high-speed data acquisition and monitoring
system is used to sample the multiple physical signals, and to up-
load and store the sampling information for HUST-RNIS. Its data
acquisition modules provide an absolute-time label of the micro-
second resolution for each sampling data to build the time corre-
lation of different signals, and upload the data and time
information together in the UDP message. A special data packet
format is proposed for the data upload, which is convenient for
packing or parsing a fixed-length packet, especially when the span
of sampling time in a message crosses an absolute second. The
upper-layer programs of data processing are developed based on
the ZeroMQ messaging library, with which the data packets
extracted from UDP messages are distributed to the real-time
display module and data storage modules [10]. A storage scheme
combining the file server and MySQL database is adopted to in-
crease the storage rate and facilitate the data query.

2. System design and implementation

2.1. Overall structure

The overall structure of the high-speed data acquisition and
monitoring system is shown in Fig. 1 [11].

The data acquisition module is responsible for high-speed
acquisition of physical signals, the requirements of which are
shown in Table 1. Based on its internal clocks, an absolute-time
label of the microsecond resolution is provided for each sampling
data, which will be packed with the sampling data in a prescribed
packet format and uploaded to the corresponding data forwarding
module through the Gigabit Ethernet over UDP. In order to syn-
chronize the time information of multiple acquisition modules, a
time synchronization system is used to correct the time of acqui-
sition modules once per second.

All of the data forwarding modules, data storage modules and
the real-time display module are running on virtual machines
(VM). After receiving a UDP message, the data forwarding module
directly forwards its data packet through ZeroMQ message queue.
Then the corresponding real-time display module and data storage
module will receive and parse the forwarded data packet, and the
former displays the data in real time, while the latter stores the data
in the storage server for subsequent review and analysis. The core
idea of the software is to use the input/output pipe of ZeroMQ as
the data buffer to resolve the mismatch between the speed of data
upload and storage during the pulse operation of HUST-RNIS. Be-
sides, the multi-connection feature of ZeroMQ is used to distribute
the data packets to the real-time display module and correspond-
ing data storage module in parallel. In addition, the management
module is set up to monitor the running status of the data for-
warding modules and the data storage modules, and to obtain the
configuration information of HUST-RNIS set by the EPICS master
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control system, so as to analyze the running data in combination
with the experimental configuration later.
2.2. Data acquisition module

The functional structure of a data acquisition module is shown
in Fig. 2, which mainly includes the FPGA controller, photoelectric
conversion module, A/D module, dual RAM cache module and
Ethernet transmission module. The FPGA controller drives the A/D
module to sample dual-channel signals at high speed. Then each
sampling data is marked with a microsecond-resolution time label
and stored in RAM temporarily. Finally, the data in RAMwill be read
out and uploaded by the Ethernet transmission module. Compared
with the TCP protocol, in the UDP protocol, there is no mechanism
of the confirmation packet which will reduce the utilization effi-
ciency of the network. Although a small amount of UDP messages
would be lost, the interpolation method can be used to estimate
those lost data. Therefore, UDP protocol is adopted to upload the
data.

The time synchronization system is a distribution center of the
absolute time, which generates the serial IRIG-B code stream based
on an FPGA, a clock module T302-3 and constant-temperature
crystal oscillator.

As HUST-RNIS is designed for the pulse operation, the timing
control system is adopted to enable every subsystem's operation
with a logic link, including the data acquisition modules. The data
acquisition modules work only when the corresponding sub-
systems operate, and this avoids the waste of the data buffer and
storage space in the off-duty period. Therefore, every data acqui-
sition module needs to provide a fiber optic interface with HFBR-
2512 to receive the enable signal from the timing control system.

Because the speed of data acquisition is much higher than the
speed of data processing, the scheme of uploading a UDP message
per sampling data may not only keep the upper computers from
reading UDPmessages in time, but also result in awaste of network
resources due to the low proportion of effective data in a UDP
message. Therefore, a certain amount of sampling data and
absolute-time labels will be temporarily stored in RAM and
uploaded together later, based on the prescribed packet format
shown in Fig. 3. The channel ID serves as the identity of the physical
signal. The data number represents the total number of sampling
data in the packet, which is used as the reference length for the data
parsing in the upper computer. The break number indicates how
many data (starting from the header) belong to the current second,
the rest then being the next-second data. The current second,
which represents how many seconds have passed from the
beginning of the day, is the time when the first data of the packet is
sampled. The data is encoded by IEEE 745 standard. The micro-
second indicates the microsecond-resolution time of the corre-
sponding data within an absolute second.

According to the UDP protocol, an Ethernet frame consists of the
Ethernet header (L1 ¼ 14 bytes), IP header (L2 ¼ 20 bytes), UDP
header (L3 ¼ 8 bytes), application data (referring to the prescribed
data packet, Ld is the length of the packet), and the Ethernet footer
(L4 ¼ 4 bytes). Ld is calculated as (1):

Ld ¼
�
18
8þ 8Nd

;
Nd ¼ 1
Nd � 2 (1)

where Nd represents the data number of the prescribed packet.
When Nd ¼ 1, the packet will be automatically supplemented to 18
bytes with zero according to the UDP protocol. The ratio Re of



Fig. 1. Overall structure of the high-speed data acquisition and monitoring system.

Table 1
Requirements of the high-speed data acquisition.

System Name Signal Name Desired Sampling Rate Data Type

High-voltage DC power supply Potential of PG 1 Msps Float
Potential of EG 1 Msps Float
Current of PG 1 Msps Float
Current of EG 1 Msps Float
Current of GG 1 Msps Float

RF power system Incident power 1 ksps Float
Reflected power 1 ksps

Gas pressure gauge Gas pressure 1 ksps Float
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effective bytes in a UDP message is then calculated as (2):

Re ¼ Ld
L1 þ L2 þ L3 þ Ld þ L4

� 100% (2)

And the occupied bandwidth BW is calculated as (3):

BW ¼8ðL1 þ L2 þ L3 þ Ld þ L4Þ$
fs
Nd

$Nc (3)

where the unit of BW is bps, fs represents the sampling rate of an A/
D channel, Nc represents the number of channels in the A/D
module.

The effects of Nd on Re and BW are shown in Fig. 4. Given that Ld
is within 1472 bytes to prevent the fragmentation at the IP layer, the
maximum of Nd is 183. As Nd increases, the efficiency of data
transmission is improved and tends to saturate after Nd > 40.
However, larger Nd is conducive to the data forwarding, Nd ¼ 180 is
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thus chosen in our packet. In this case, Re is calculated to be 97% and
BW is 127 Mbps. Noting that Re ¼ 28% and BW ¼ 977 Mbps when
each packet only contains one data, the efficiency of data trans-
mission is therefore greatly improved with our packet format.
2.3. Data forwarding and processing modules

The functional structure of data forwarding and processing
modules is shown in Fig. 5 [11]. Each data acquisition module has a
corresponding data forwardingmodule to receive its UDPmessages
and forward the data packets in the messages one by one through
ZeroMQ, and a data storage module to parse the data packets into
sampling data and time labels, which will be stored in the storage
server. In addition, the real-time display module can select the
signals to be monitored and shown.

ZeroMQ is a message-based network communication library
with the characteristics of high reliability, high efficiency and



Fig. 2. Functional structure of the data acquisition module.

Fig. 3. Format of the prescribed data packet.

Fig. 4. Efficiency of data transmission with different Ld when fs ¼ 1 Msps.

D. Li, L. Yin, S. Wang et al. Nuclear Engineering and Technology 54 (2022) 3587e3594
asynchronous communication. ZeroMQ node establishes the input/
output pipe as a buffer to realize asynchronous message transfer
between the I/O thread and the main thread, which can resolve the
mismatch between the speed of data upload and speed of data
storage during the pulse operation of HUST-RNIS.

The forwarding thread of the data forwarding module receives
the UDP message and directly forwards its data packet through
ZeroMQ of PUB pattern, without time-consuming operations such
as the data parsing, which ensures the data forwarding as soon as
possible and reduces the packet loss.

Both the real-time display module and the data storage module
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establish the SUB-pattern ZeroMQ to subscribe to the corre-
sponding data. They firstly parse packets according to the pre-
scribed packet format into one-to-one data and microsecond-
resolution absolute-time labels, and then the former extracts a
certain proportion of the data and time labels with equal interval
for dynamic curve display, and the latter stores all the data and time
labels into the storage server.

In order to monitor the status of the data forwarding threads
and the data storage threads, the daemon thread is set up for each
data forwarding and storage thread to check whether they are alive
by the attribute ‘is alive’. At the same time, a management module
is created to obtain the status of the data forwarding threads and
the data storage threads from corresponding daemon threads. In
addition, the management module also obtains the operation
configuration set by EPICS master control system for HUST-RNIS
through the CA bus, so as to analyze the operation data in combi-
nation with the configuration later.

The real-time display is implemented based on the graphical
user interface library PyQt5 and the high-performance data
graphical display library PyQtGraph of Python [12]. Theworkflowof
the real-time display is shown in Fig. 6. Firstly, according to the data
transmission rate of each signal, a corresponding extraction ratio of
the data in a packet is set to match the capability of real-time



Fig. 5. Functional structure of the data forwarding and processing modules.
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display. Once the ‘Start receiving’ button is pressed, the threads of
data packet receiving and parsing start, and the set ratio of the data
and time labels in each packet will be appended to the array and
flushed to the curve. The function of exporting graphs is provided,
as well as stopping the reception of data packets and clearing the
display interface.

As for the data storage and query, Fig. 7 shows one simple
scheme. Firstly, the packets are parsed and the data and time labels
will be stored in the MySQL database. Then through the Web
platform, the desired experimental data or curves can be retrieved
from the MySQL database according to the experiment date, the
sequence number and the signal name. However, the writing speed
of MySQL is very slow compared with the speed of the data upload.
The running period of HUST-RNIS is about tens of seconds each
time, and it is impossible for MySQL to complete the multi-channel
data storage within the off-duty period of several minutes. There-
fore, it is necessary to improve the storage scheme with the goal of
high-speed storage.

Given that many enterprises set up file servers for central stor-
age and the file management [13,14], a data storage and query
scheme for the high-speed data acquisition and monitoring system
is proposed based on the file server (shown in Fig. 8). The data
storage module will parse the data packets and save the data and
time to the file server as CSV files. And the MySQL database only
stores the basic file information such as the file ID, file path and
description for Web retrieval for its advantage of convenient query.
Then the data storage rate can be significantly increased.
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3. Experimental verification of the system performance

3.1. Test platform introduction

The structure of the test platform for the distributed high-speed
data acquisition and monitoring system is shown in Fig. 9. The data
acquisitionmodules are separate entities based on the FPGA, and all
of the upper-layer data forwarding and processing modules run in
the different virtual machines on the same VLAN, which commu-
nicate with each other through a Gigabit switch.
3.2. Transmission performance

The data transmission has two phases: uploading data from the
data acquisition modules to the data forwarding modules based on
the UDP protocol, and forwarding data from the data forwarding
modules to the data processing modules based on the ZeroMQ
message queue.

Firstly, the loss rate of the data packets between one data
acquisition module and the corresponding data forwarding module
is tested. To test the transmission performance under maximum
network load, the sampling rate of each A/D channel is set as
1 Msps according to the requirements in Table 1, and every 180
sampling data are packed in a prescribed packet for uploading. The
number of data packets Nacq that uploaded by each acquisition
module is set to 200,000. The number of data packets received by
one data forwardingmodule is then counted as Nfwd and the packet



Fig. 6. Workflow of the real-time display.

Fig. 7. Data storage and query scheme with MySQL database.

Fig. 8. Data storage and query scheme with the file server and MySQL database.
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loss rate rloss is calculated as (4):

rloss ¼
Nacq � Nfwd

Nacq
� 100% (4)

As is shown in Fig. 10, the horizontal axis represents the number
of tests, and the loss rate is within the range of 0e5%, which is
acceptable for HUST-RNIS.

Next, the loss rates of the data packets between the data
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forwarding modules and the corresponding data processing mod-
ules are tested. By uploading data packets with the data acquisition
modules for a short duration, and comparing the number of the
data packets received by each data forwarding module with that of
the corresponding data storage module, it is found that the two
numbers are always consistent, indicating there is no packet loss in
this phase. The reason may be that ZeroMQ adopts the TCP trans-
mission protocol which has high transmission reliability, and SUB-



Fig. 9. Test structure of the high-speed data acquisition and monitoring system.

Fig. 10. Test results of average packet loss rate in UDP transmission.
Fig. 11. Test results of packet loss rate per second in the transmission.
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pattern ZeroMQ has the receiving buffer which can temporarily
store the unprocessed packets.

In addition, the data loss rate per second during the data
transmission is tested. One data acquisition module uploads data in
the sameway as above, so the number Nacq_sec of the uploaded data
per second is 1 million. After receiving the data packets, the cor-
responding data storage module parses them and counts the
number Nsto_sec of the received data belonging to each second
(according to the absolute-time labels), and then the loss rate per
second rsec of the data is calculated as (5):

r sec ¼
Nacq_sec � Nsto sec

Nacq_sec
� 100% (5)

Fig. 11 shows the data loss rate per second in a certain test. As is
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shown, the loss rate fluctuates within the range of 2e4%, and there
is no abnormally large value.
3.3. Storage rate

In order to test the storage rate of the whole system, all the data
acquisition modules, data forwarding modules, and data storage
modules are used. The sampling rate of every data acquisition
module is set to 1 Msps according to the requirements in Table 1
and every 180 sampling data are packed in a prescribed packet
for uploading. The two storage schemes in section 2.3 are respec-
tively tested with different spans of the acquisition time, and the
corresponding average durations for the data storage are shown in
Table 2. In comparison, the storage rate of the latter scheme is 40



Table 2
Test results of data storage rate.

Span of Acquisition Time / s Data Save Duration / min

MySQL File Server

4.5 107.9 2.6
9.0 210.6 4.5
13.5 299.7 7.5
18.0 443.0 10.8
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times higher than the former. The storage rate of the latter scheme
is more than 20 Mbps and acceptable for HUST-RNIS.

4. Conclusion

A distributed high-speed data acquisition and monitoring sys-
tem for HUST-RNIS is developed, which consists of data acquisition,
data forwarding and data processing. Based on the FPGA and high-
speed A/D, the data acquisition modules sample physical signals at
high speed and upload the sampling data with the absolute-time
labels, which builds the time correlation among different signals.
In order to improve the ratio of effective bytes in UDP message, a
special packet format is proposed for the data upload. After
receiving the UDP messages, PUB/SUB-pattern message queue of
ZeroMQ is adopted by the data forwarding modules to distribute
the data packets to the real-time display module and the data
storage modules, whose receiving buffer could resolve the
mismatch between the speed of data upload and storage during the
pulse operation of HUST-RNIS. As for the data storage, compared
with storing the data stream directly in MySQL database, storing
the data in CSV files can increase the storage rate significantly and is
more suitable for HUST-RNIS.
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