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Abstract

This thesis reviews the magnetics integrator for the ITER magnetic diagnostics,to be delivered by
Fusion For Energy (F4E) and being delivered by Instituto de Plasmas e Fusão Nuclear (IPFN) and
the Culham Centre for Fusion Energy (CCFE). Based on the work conducted at the Control, Data
Access and Communication (CODAC) group at F4E in the scope of a traineeship, this thesis focuses
on two key aspects of the diagnostic: the integrator board architecture; and the real-time distribution
of the acquired data using the ITER Synchronous Databus Network (SDN). The main technical and
design challenges and development phases are presented, as well as the data analysis that validates
the design choices for the integrator board.

1 Introduction

Since the first tokamaks, the magnetic diagnos-
tics have proven to be a reliable and important
part of the data acquisition and control systems
in fusion research and engineering. For once, it
is completely passive, adding no energy to the
plasma (i.e., electro-magnetic wave or particle in-
sertion) in order to operate. This makes the diag-
nostic more robust, as it has a small interaction
with the plasma.

Requiring little processing to compute the sen-
sor physical value and having no explicit de-
pendency on other diagnostics, the majority of
the magnetics diagnostic measurements have real-
time application in control, namely plasma shape
and position, encompassing a large amount of coils
of different geometries and locations (∼1600 in 23
different groups for ITER [1]) and measuring dif-
ferent quantities. Furthermore the magnetics is
also a complementary and/or auxiliary diagnostic
to others.

Imposing a single network protocol to manage
the interchange of real-time data between plant
systems on a large scale project can be beneficial
for the design, integration and commissioning of
such systems. The ITER Synchronous Databus
Network (SDN) will distribute the diagnostic mea-
surements and handle data transmission for all the
systems that contribute to the real-time control of
the ITER. It is then paramount to guarantee that
the SDN interface is indeed adequate to be also

used inside the diagnostic, i.e. that it meets the
low-latency (< 100 µs) and robustness require-
ments (no loss of packets during the experiment).

1.1 ITER

ITER, originally standing for International
Thermonuclear Experimental Reactor, is a toka-
mak currently under construction, which will
be the world’s largest tokamak. Located in
Cadarache, France, this magnetic confinement fu-
sion device aims at proving the feasibility of fusion
power as a viable energy solution.

Being the largest tokamak ever devised, ITER is
the result of a collaboration between 35 nations.
The project is managed by the ITER Organiza-
tion (IO), however IO is not responsible for the
development of the components themselves. For
that purpose, Domestic Agencies (DA) were cre-
ated for each of the participant parties (China,
the European Union, India, Japan, Korea, Russia
and the United States). The DAs are responsible
for the development and delivery of the compo-
nents on-site. Fusion for Energy (F4E) is the Eu-
ropean DA, responsible for the preparation and
coordination of the design, research and develop-
ment (R&D) and fabrication of most of the high-
technology components on ITER.

Fusion as a source of energy needs no proof:
the Sun’s irradiated energy comes from fusion
reactions. On earth though, the pressures re-
sulting from the Sun’s massiveness can not be
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achieved, hence gravitational confinement is out
of our reach.

Fusion is dependent on three physical quanti-
ties: density ni, confinement time τE and tem-
perature Ti. The product of this quantities, the
so called “triple product”, or Lawson’s criterion,
gives a theoretical threshold for fusion. Figure
1 shows a mapping of milestone results of sev-
eral facilities regarding the fusion triple prod-
uct. In the figure is also displayed the predictable
ITER placement, right in the threshold for igni-
tion, at nτETi ≥ 5.10 · 1021 m−3 s keV . Reach-
ing this value, the fusion reaction is self-sustained,
the “burning plasma”, where the heating of the
plasma by the nuclei is greater than the heat
loss. Note that this condition is different from
the “breakeven”, the point where the fusion en-
ergy equals the external heating. In a deuterium-
tritium (D-T) plasma, the most efficient and the
one used in ITER, most of the energy is carried
in the neutrons, not contributing directly to the
ignition condition. Denoting Q as the ratio of the
fusion energy to that used to heat the plasma,
breakeven sits at Q = 1 while in a fully ignited
burning plasma Q→∞, meaning there is no need
for external heating. While a breakeven was never
achieved, JET stands as the record holder, with a
ratio of 0.62 in 1997 [2]. ITER aims at Q ≥ 10
with an inductive burn duration not shorter than
300s [3].

Figure 1: Progress of the fusion “triple product”
of plasma ion density, ion temperature and en-
ergy confinement time. Copyright c© EUROfusion
2014 - 2018.

1.2 Magnetic Diagnostics

The magnetics diagnostic provides passive, real-
time, integral measurements on different plasma
parameters, depending on the type and position-

ing of the magnetic coils.

1.2.1 Physical Principle

This diagnostic uses a signal generated by a sim-
ple and well known physical phenomenon: electro-
magnetic induction – The magnetic field crossing
the coil’s section generates a signal proportional
to the flux rate of change:

V = −dφ
dt

. (1)

This means, however, that in order to get the nom-
inal value of the field/flux from the induced elec-
tromotive force (ε(t)) an integration has to take
place:

φ(t1)− φ(t0) = −
∫ t1

t0

ε(t) · dt. (2)

Considering an uniform field normal to an equiva-
lent coil surface S of n turns × area, the inducing
field can be recovered as

B(t) =
φ(t)

S
. (3)

1.2.2 Measured quantities and applica-
tions

The described principle can be employed to a
vast range of coils, with different designs and
placements, allowing the measurement of differ-
ent plasma parameters. Three of the most com-
mon and widespread pick-up coils used in toka-
maks are illustrated in Figure 2. In addition, the
voltage loop (toroidal loop, parallel to the plasma)
is also present in most tokamaks, as it can provide
useful diagnostics of the plasma resistance and the
Ohmic heating. By looping around itself and re-
turning along its axis, the Rogowsky coils encircle
the plasma without enclosing any net flux paral-
lel to the current, allowing a measurement of the
plasma current. The coils can be placed externally
(to measure the toroidal field outside the plasma,
for instance), along a surface, such as the vacuum
vessel, or at very localized regions of interest, such
as the divertor.

Besides the data for physics analysis, this diag-
nostics provide real time data with minimal pro-
cessing. Therefore, it is crucial for the plant con-
trol as well as interlock/safety control. Plasma
shape and position, MHD and other plasma
modes, current and magnetic fields are derived
from either the raw or integrated flux data and
fed to the relevant plant systems.
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Figure 2: Illustration of the most com-
mon magnetic coils used in tokamak magnetic
diagnostics[4].

The fact that the diagnostic data is used for con-
trol brings a whole set of requirements and engi-
neering challenges for the data acquisition system
– low and constant latency, minimal uncertainty
and performance reliability.

1.2.3 Integrator

The integration can be performed by three dif-
ferent strategies: analog, hybrid or digital. The
analog integration is, by far, the most widely used.

Analog integration relies on robust electronics,
with little to no processing needed as it outputs
has a continuous signal, proportional to the flux,
without latency in the low-frequency range.

The vast majority of magnetic confinement fu-
sion devices are tokamaks, with pulse durations
ranging from milliseconds to a few seconds in the
larger machines. Therefore, high frequency acqui-
sitions are prioritized, and for that, the no latency
analog integrator is a good solution. For ITER,
though, not only the amplitude of the fields mea-
sured is higher, the acquisitions can last up to one
hour on the first phase [3]. Because of that, the
most important aspect to consider developing the
integrator is the minimization of the drift. With
analog integrators, while there are some designs
that try to mitigate this effect, the problem al-
ways comes down to the electronic components’
sensibility. In particular, the thermo-electric volt-
ages in the input stage of the operational ampli-
fiers are a source of time-variant drift that cannot
be compensated.

On the other hand, a digital integration, even
though not so accurate for high frequency tran-
sients has two key benefits when dealing with long
integrations and slow varying signals: (i) it has

a higher dynamic range, determined by the input
saturation level (and not the output as in the ana-
log case), signal characteristic times and sampling
rate; (ii) since it relies on a processing element, a
number of strategies can be employed, relying on
digital feedback to the electronics (clock signal,
conditional signaling, synchronous events, predic-
tive control, etc.). This, of course, comes with
the drawback of increasing latency and decreasing
reliability with the complexity of the processing.

1.3 Magnetic Diagnostic in the ITER
Network Architecture

Due to its usage for plasma/interlock control,
the magnetics integration with the networks ar-
chitecture needs to be fully optimized. ITER’s
data must be streamed through the Control, Data
Access and Communication (CODAC) networks
(see Figure 3). Four separate networks are put
in place, segregated and with different protocols,
according to their function:

• TCN The Time Communication Network en-
sures clock synchronization among all ITER
systems.

• DAN The Data Archiving Network is the
channel by which all the raw data is streamed
with the objective of being stored for offline
analysis. This network has to cope with the
fast sampling rates of the acquisition systems.

• PON The Plant Operation Network is used
for the slow monitoring and configuration of
the plant systems.

• SDN The Synchronous Databus Network in-
terconnects real time systems and provides
the data for control algorithms, both plasma
control and interlock. The SDN also connects
complementary diagnostics, that are depen-
dent on real time data acquired elsewhere.

As mentioned before, the plant control relies
on the magnetics real-time data, distributed by
the SDN. This makes the interfacing between the
magnetics and the CODAC architecture crucial,
on ITER [1] as it was on other tokamaks before
[5]. This interface is highlighted in yellow in Fig-
ure 3, showing the full scope of this thesis.

The magnetic diagnostic will use the SDN tech-
nology to interconnect in real-time all the mag-
netic sensors which are widely distributed in many
sectors of the machine. This will allow the cen-
tralization of the computation of the magnetics
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Figure 3: Magnetic diagnostic in the ITER network architecture. Highlighted in yellow, the scope of
this thesis. Adapted from [1].

parameters (e.g. plasma shape), before distribut-
ing them to the ITER SDN, so that they can be
used by the plasma control system.

1.4 Distributed Networks on Tokamaks

In any large scientific installation the intercon-
nection between all the plant systems is crucial
to a successful operation of the device. In many
fusion experiments, digital real-time networks are
used to connect the diagnostic data with real-time
controllers and subsequently with plasma actua-
tors (e.g. the poloidal field coils control system).

Being the largest fusion device in activity, and
being operated by a large international research
community, the JET distributed network infras-
tructure [6; 7; 5] is, in some aspects a model for
ITER. This real-time network architecture have
proven itself to be robust (meeting sudden demand
peeks), scalable, and modular enough to sustain
development and improvement of new online real-
time applications, without compromising plasma
control and safety systems [2].

2 Magnetc Diagnostic Integra-
tor Design Description

From the whole system of the magnetic diag-
nostic, this thesis provides a description of the be-
spoke electronics. This subsystem interfaces with
the magnetic diagnostic coils upstream and with
the Plant System Controller (PSC) downstream.
In between, the scope of this thesis encompasses
the port cell electronics (which are basically pas-

sive resistors), the transmission line from the port
cell to the diagnostic hall and the digital integra-
tion board. While not including directly the inter-
face with the PSC, since the understanding of the
software algorithm is fundamental to the architec-
ture of the digital integrator board, a dedicated
section is devoted to this subject.

2.1 A Bespoke Integrator for ITER

The analogue part of the integration board can
be divided in 5 main stages: (i) Input stage – re-
sistor divider and first order filter; (ii) Chopper
– square modulation, for the low frequency inte-
gration; (iii) Post-chopper Electronics – differs
between designs and shall be detailed later on; (iv)
Anti-aliasing Filter – operational amplifier with
a second order low-pass filter; (v) ADC – Analog
to digital converter.

The main goal of the analogue path is to keep
the offset as low as possible and its subsequent
drift after integration in order to meet the 500 µV ·
s drift requirement.

In order to have an exhaustive study of digital
integration performance, eight different board de-
signs were developed, in two consecutive phases.
All the designs are based on a square-wave modu-
lation technique, modifying selected components.
For each design, four modules were manufactured.
From these four modules, two of them had small
modifications with respect to the original design,
while the other two were keep unchanged. The
idea behind this strategy was to increase the vari-
ety of concepts being tested, while demonstrating
repeatability of the results (by using two identical
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boards).

2.2 Square Modulation Technique

2.2.1 Modulation Method Shortcomings

Even though modulation is a good way of
eliminating the electronics noise from the signal,
the modulation and demodulation process has its
shortcomings. The usage of the chopper (an ana-
logue switch) provides a very sharp, and there-
fore precise, modulation. However, some problems
arise in the demodulation process. The square
wave generated by the chopper (x(t)) with a fre-
quency f can be seen as a sum of sine waves given
its Fourier series:

x(t) =
4

π

∞∑
k=1

sin (2π(2k − 1)ft)

2k − 1
. (4)

In the frequency domain, the square wave is com-
posed of an infinite number of odd-integer har-
monic frequencies, however the pass band of the
acquisition is limited from DC to the Nyquist fre-
quency. This means it is impossible to perfectly
recover the original signal, and that an error is
always introduced in this process.

2.2.2 Design Challenges

While similar systems are already extensively
used in fusion reactors, ITER brings a new set
of challenges. The main difficulties arise from two
factors in which ITER’s operation will be different
from the previous experiments: hour-long contin-
uous pulses with stringent drift variation require-
ments; and burning plasmas, where neutron expo-
sure has to be taken in account.

The magnetic coils signal is degraded by various
noise sources, thermal and radiation induced volt-
ages. While this is true for all data acquisition
systems, the fact that the coil’s signal is being
integrated over time propagates even the small-
est offset, less than an ADC least significant bit
(LSB), to a considerable drift. Since the integra-
tor has to operate continuously for at least one
hour in the first phase of ITER, a maximum mea-
sured drift of 500 µV · s was set as a requirement.
To tackle this problem, the input low frequency
noise was grouped in two main categories accord-
ingly to its source and the stage it enters into the
system: the Wiring Offset (WO) and Electronics
Offset (EO). The Wiring Offset is the general term
for all the noise components that are added to the
analogue input before the chopper. This means

that the WO is also driven by sources that are ex-
ternal to the module (e.g. cable junctions). The
WO shows some variation over time. The EO, on
the other hand, has a high absolute value (reach-
ing hundreds LSB) and shows some variations over
the course of hours. Considered downstream from
the chopped signal, the EO is generated in the ac-
tive components, where, in addition to the thermal
voltages, there are power supply imbalances, and
op-amp and ADC circuit asymmetries.

Figure 4 shows at what stage the offsets are
added to the signal. While the EO is much larger
than the WO, the modulation and demodulation
technique has proven itself to be efficient in the
mitigation of the EO. Figure 5 shows the effect
that this technique has on the offsets.

2.3 Prototype Integrator Modules

The integrator boards were developed in two
consecutive development phases. In each develop-
ment phase, four designs were devised, each design
with four modules in a grand total of 16 prototype
boards assembled. The integrator board is based
on the W7X design. That was the basis for the D1
Lisbon design and the modifications the other de-
signs exhibit will be presented as relative to this
design.

Design D2 Barcelona has a different operation
than D1 Lisbon, as ceramic filters are added af-
ter the chopper to select only the third harmonic.
This has three implications: (i) the chopping fre-
quency is chosen as 151672 Hz, so that the third
harmonic (455016 Hz) falls in the pass-band of
the filter (455± 6 kHz); (ii) as the high chopping
frequency would conflict with the anti-aliasing fil-
ter, the cut-off frequency of this filter is changed
to 1 MHz; (iii) in the selection of the resistors
and capacitors, the output impedance of the anti-
aliasing filter has to be taken into account, in or-
der to match the output impedance of the ceramic
filters.

Design D3 Oxford goes back to the original
square modulation-demodulation process, intro-
ducing a new ADC. Furthermore, this design is
focused at the possible impact of the charge injec-
tion of the chopper to the final drift. For that rea-
son snubbers are introduced before and after the
chopper. These snubbers aim at suppressing the
voltage spikes caused by the circuit’s inductance
when the fast switchings (of the chopper) occur.
As previously mentioned, this design introduces a
∆Σ ADC that provides a higher resolution with-
out compromising the sampling rate.
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Figure 4: Simplified scheme of the magnetic diagnostic integrator board with the two noise types and
their insertion points on the system.

(a) Signal after modulation.

(b) Signal after demodulation.

(c) Signal after integration.

Figure 5: Illustration of the expected EO and WO
effects on a short-circuit integration.

Continuing the efforts to reduce the asymmetric
charge injected by the chopper, design D4 Rome
uses a different chopper with low charge injection.
These four designs constitute Phase I and were all
produced and tested simultaneously. The follow-

ing designs were developed after the testing and
analysis of the first phase. The focus of the new
design changes are the reduction of the noise lev-
els and the thermo-electrical voltages of the in-
put stage. For this reason, a box is added around
the input stage of the boards in order to imple-
ment temperature control. The chopper for the
new designs is the low charge injection chopper
used in D4 Rome. With the objective of reduc-
ing the noise on the high impedance buffer stage,
the OpAmps used ion the second phase are Bipolar
Junction Transistors (BJT) instead of Field Effect
Transistors (FET) as in the first phase.

D5 Menorca and D6 Lagos are very similar,
however, in D6 Lagos, a common mode voltage
is applied at the input stage in order to accommo-
date the voltage to the middle point of the input
stage of the ADC from the very beginning.

With the D7 Mestre design, the general idea
was to reduce the number of active components
(OpAmps) with the goal of reducing the noise lev-
els. Instead of buffers with OpAmps, capacitors
are placed in series, right after the chopper pro-
viding voltage separation between the input stage
and the ADC while allowing to reference the volt-
age to the middle point of the ADC.

D8 Edinburgh is similar to D5 Menorca, in-
troducing a new approach to control the noise at
the input stage (WO). The four resistors in the
input stage are now part of a single chip. The
idea is that the temperature on the chip is more
homogeneous than having the independent resis-
tors separated. The more homogeneous setup is
expected to prevent asymmetries that can lead to
WO and therefore drift.
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2.4 Chopping Frequency Dependence
Tests

The tests performed at IPFN and CCFE were
performed twice for each board and with a chop-
per frequency of around 1 kHz 1. This procedure
was chosen as: (i) the chopping frequency has
no clear requirements and therefore a reasonable
value of 1 kHz was chosen (comfortably bellow the
anti-aliasing filters cut-off frequencies); (ii) the ex-
periments are run only four boards at each time
(16 total boards for each phase) and the experi-
ments last more than 45 minutes, therefore it is
time costly to run more than two tests on each
board during development phase. Nevertheless,
when phase II of the development initiated, the
some of the boards of the first phase were shipped
to F4E for further testing.

The testing conducted has the following objec-
tives: (i) Study the chopping frequency influence
on the final drift. Some electrical components
on the integrators have regions of lower noise for
higher frequencies. Would the performance be im-
proved using a higher chopping frequency? (ii) In-
crease the statistical relevance of the short circuit
tests. Comparisons were made between modules
with very little results, performing these tests with
more pulses will bring a higher degree of confi-
dence to the result interpretations.
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Figure 6: Mean values for the second round of
the testing, with 100 short circuit pulses with half
hour duration. Absolute drift versus chopping fre-
quency.

The main conclusion to take from this testing is
that it is safe to increase the chopping frequency
up to around 10 kHz (see Figure 6), purely on the
drift point of view. Also, if further testing were to
be conducted at a different frequency, say 8 kHz,

1Except for D2 Barcelona, whose chopping frequency
is given by the ceramic filters.

theses results show that the drift measurements
could be compared with previous tests at 1 kHz.
Also, the importance of taking a large statistical
sample in testing was shown. The results of the
second round versus the first show different trends
and therefore conclusions. For future testing, it
should be noticed that averaging the final drift re-
sult of up to 10 experiments might not be sufficient
to take development relevant conclusions.

3 Real-Time Network Perfor-
mance

Developed by ITER CODAC, the SDN en-
sures high-availability, deterministic transport for
real-time feedback control data and asynchronous
events. This network will mediate the communi-
cation between the Plant System Instrumentation
and Control (PS I&C), for both sensing and ac-
tuation and the Plasma Control System (PCS),
running the plasma control algorithms.

Technically, it is based on UDP multicast over
a 10 Gigabit Ethernet (10 GbE) protocol. Given
the shear size of the plant system – both physical
size and in number of subsystems – the network
infrastructure is composed of between 50 and 100
PCS nodes in different locations. Additionally, the
plant system requires different control cycles rang-
ing from fractions of Hz to a few kHz [8].

A control cycle is considered to have the fol-
lowing steps: (i) acquisition and pre-processing of
a signal by a sensor node; (ii) communication to
the PCS; (iii) computation of the required action,
according to the control algorithm; (iv) commu-
nication to the actuator node; and finally, (v) ac-
tuation. This five-step procedure has to be per-
formed in the control cycle period the communica-
tion times (latency) have to be low having for this
network a maximum value of 100 µs. Going one
layer deeper, this means that is these 100 µs have
to account for: (i) software Application Program-
ming Interface (API); (ii) UDP protocol stack;
(iii) Operating System (OS) and driver overheads;
(iv) delays in switches; and (v) signal propagation
in cables.

Another particularly sensitive time in a control
network is the difference in arrival time of suc-
cessive packets (jitter). A control system can be
designed with a given control cycle period to cope
with the latency of the network, as long as that
time value is precise. Therefore, the jitter bud-
get for the SDN is 50 µs and the total bandwidth
comprised between 25 MB/s and 100 MB/s.
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In addition to this regular and predictable net-
work load (control cycles), SDN shall also support
transmission of asynchronous events with guaran-
teed delivery within 1 ms.

3.1 Test Rig

The purpose of this experiment is to test the
performance of the network setup to be imple-
mented in the the ITER SDN. Instead of the whole
magnetic diagnostic, the test rig will be based on
a smaller system, the ITER Electron Cyclotron
Resonance Heating (ECRH). The same network
infrastructure (hardware and software) will be im-
plemented in the ECRH system, connecting all the
gyrotrons to the Electron Cyclotron Plant Con-
trol (ECPC) and in the magnetics diagnostic to
connect and centralize the data acquired by many
distributed data acquisition systems.

The network to be modeled by these tests
connects a master, the ECPC, to an array of
slaves, compromising several gyrotrons (of differ-
ent makes), the associated transmission lines and
launchers. Each of these components requires dif-
ferent instructions and has a different feedback at
a frequencies ranging from 1 to 10 kHz.

In order to measure to what extent the commu-
nication is reliable, this test will simulate the com-
munication between the ECPC and its plant sys-
tems and test it in ITER-like working conditions
and stress loads. Specifically, the network should:
(i) be robust, having no packet loss; (ii) low-
latency (< 100 µs round trip); (iii) have a low
jitter.

The ultimate goal of these tests is to prove the
SDN is a viable as a single network protocol to
manage the interchange of real-time data between
the ITER plant systems. This technology can also
be used inside complex plant system to control
and monitor the behavior of internal plant com-
ponents, where the industrial norm prevails and
which imposes hardware restrictions such as the
use of 1GbE interconnects.

In this setup, Hardkernel ODROID-C2 R© sin-
gle board computers create a fairly large SDN
eco-system that can be deployed without consum-
ing large amounts of power and requiring little
floor space, thus allowing to easily increase the
number of participants in the network (see figure
7). Nevertheless, all the time sensitive measure-
ments are performed in ITER fast-controller ma-
chines and not on these low performance comput-
ers. The ITER fast-controllers, supplied by IO,
are the same models that will be used in the plant

systems of the tokamak, ensuring the relevance of
this test bed.

The performance (specially the real-time perfor-
mance) of the ODROIDs is way inferior to the fast
controllers, but since SDN libraries can run in the
ODROID’s ARM architecture, the generated traf-
fic is indistinguishable from the data generated by
a fast controller or a slave in the ECHR system or
an integrator board in the magnetics diagnostic.
These computers shall therefore not be used for
sensitive time-stamping and might impose differ-
ent latency footprints than the ITER grade hard-
ware, but for stress testing and traffic generation,
this setup allows to scale up the number of par-
ticipants on the network, without compromising
the accuracy of the experiment – different, real
computers, independent of each-other.

The test rig for this experiment consists of a
Gigabit switched network. Plugged to this switch
are the two miniCODACs and the ODROIDs. To
ensure the proper safety and organization, the
ODROIDs are disposed in three stacks of five, as-
sembled in a structure of a PC case. This struc-
ture also includes four independent power sup-
plies, of which, three of them, supply each set of
five ODROIDs. This structure is shown in Figure
7.

Figure 7: Structure with the ODROIDs as part of
the test rig. In this picture one can identify the
PC case, the 4 independent power supplies and
wiring, the 3 stacks of 5 ODROID single board
computers each and the Ethernet cables going out
of the case.

3.2 Test Methodology and Execution

The underlying principle for this set of tests is
that a master (miniCODAC1) creates a SDN topic
that the slaves subscribe to and reply. During the
operation of the real plant system, the ECPC will,
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for instance, send a start/stop command or in-
quire all the subsystems about their state. The
test plan mimics this procedure, being the pay-
load of the transmission (which the composition
is defined in a topic) configurable. Consequently,
each subsystem has to reply to the master accord-
ingly. This time, the communication should not
be one-to-many (i.e. multicast) but rather one-to-
one (i.e. unicast), as each individual slave sends
its own message back to the master. Figure 8 pro-
vides an illustration of the basic idea behind the
tests.

The focus of these tests is to measure the round-
trip time for the communication between the two
PCs, while there is a variable stress on the network
produced by the parallel communication with the
ODROIDs. In an analogy with a ping-pong game,
the master serves (ping) and the slaves return
(pong).

Figure 8: Illustration of the basic principle behind
the experiment. Left: In the simulated scenario,
the master represents the ECPC and the slaves gy-
rothrons or other auxiliaries of the ECRH system.
The master transmits to every slave a message, us-
ing UDP multicast. This message is structured as
a SDN topic, of which the master is the publisher
and all the slaves subscribe to. Right: in the test
rig, the master is miniCODAC1 and the slaves are
miniCODAC2 and the array of ODROIDs. Hav-
ing received the message the slaves process and
reply directly to the master using UDP unicast.

3.3 Test Results and Analysis

It is noticeable in the histograms in Figure 9
that the shape of the miniCODAC traffic peek is
similar to the control (red) when the transmission
happens just before the ODROIDs (green). It suf-
fers widening when simultaneous (blue) and, since
the ODROIDs traffic shape has a “tail” a region
with over 100 counts, there is also a widening (to
a lesser extent) in the magenta peek. All these
results were expected. It is even noticeable on

the miniCODAC distribution simultaneous with
the concentrated ODROID traffic the formation of
two peeks. When competing with the ODROIDs’
traffic, the miniCODAC is just one more slave,
with a behavior identical to the ODROIDs.
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Figure 9: Histogram of the round-trip delay values
of all the slaves for different values of delay on
the miniCODAC slave from the time the master
message is received to emission of the reply. The
packets coming from the miniCODAC slave are
represented at full while from the ODROIDs are
represented by the outline. Red: no delay; green:
350 µs delay; blue: 420 µs delay; and magenta: a
test with 520 µs delay.

4 Conclusions

Regarding the magnetic diagnostic, part of the
documentation work present on this thesis was
contributed for the Design Description Document
(DDD). Regarding the most practical part, the
tests on the chopping frequency dependence, two
major conclusions can be drawn: (i) given the
stochastic nature of the phenomena that causes
the drift, the sample size can have an influence on
the conclusions drawn and should be increased if
comparing performance results of different boards;
(ii) the chopping frequency can be safely increased
in a band up to at least 10 kHz without compro-
mising performance. Given that the is, at the
time of writing, still no agreement on which de-
sign to follow for the industrial production of the
integrators, these conclusions are still relevant as-
suming that further testing (if not development)
is required. Additionally, the tools developed to
automate the result collection for the tests was
used by the CODAC group and its partners for
the Phase II testing of the integrator boards.
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As for the real-time network testing, the ob-
jectives were achieved. While tests with simi-
lar measurements (pinging) are not uncommon,
those are usually performed only between two ma-
chines or, if in the context of a large network, af-
ter the network is fully established. The test bed
put in place allowed simulating a frailly large net-
work, at development phase. This was possible to
achieve by employing low-cost single-board com-
puters that have the additional benefice of saving
floor-space, a scarce resource in the premises of
F4E. While this test rig does not simulate fully
the ITER conditions – 1 Gbit network instead of
10 Gbit, and as the hardware to be used in ITER
in the future is still not decided/available – the
results obtained are promising as, even in these
conditions, the distributions of the traffic are very
sharp (predictable) and meeting the latency and
jitter requirements. It also became evident the im-
portance of the switch used for the performance.
Even if the performance figures are ultimately de-
pendent on the hardware, this study proved the
reliability of the SDN, that might allow other sys-
tems in the ITER to make use of the SDN soft-
ware and protocol for their communications. This
would bring a great deal of homogeneity among
the ITER systems, and ultimately bring savings
in cost and human resources, as one flexible and
safe protocol is used, instead of custom protocols
for each system, which might have reliability or
safety issues.
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