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ABSTRACT

The traditional radiation testing of space electronics has been used for more than fifty
years to support the radiation hardness assurance. Its typical goal is to ensure reliable
operation of the spacecraft in the harsh environment of space. This PhD research looks
into the radiation testing from a different perspective; the goal is to develop radiation
testing methods that are focused not only on the reliability of the components but also
on a continuous radiation-induced degradation of their performance. Such data are
crucial for the understanding of the impact of radiation on the measurement uncertainty
of data acquisition systems onboard research space missions.

The thesis is divided into three parts: the first theoretical part contains a discussion
of the challenges with designing data acquisition systems for space missions and an
overview of the process of estimating measurement uncertainty. It also summarises the
theoretical background of the space radiation environment, effects of radiation and
temperature on electronic components. The first part concludes with an overview of the
traditional radiation hardness assurance and testing.

The second part gives an overview of the new era of a commercial approach to the
space technology (NewSpace) and its impact on the radiation hardness assurance and
testing processes. A set of advanced in-situ radiation test methods is proposed to
address the requirements of the NewSpace and also to provide data with total dose
resolution adequate for the development of the models that will be used for live
estimation of the measurement uncertainties of data acquisition systems during their
missions.

The development of the radiation testing methods and tools is described in the third
part of the thesis together with results of various terrestrial total ionising dose tests. A
range of commercial electronic components has been tested during the radiation
experiments. The experimental campaign started with different types of PMOS devices
and continued with precision voltage references and high-resolution A/D converters.
The PMOS devices and voltage references were also tested for radiation-induced
changes of their temperature coefficients using a novel in-situ measurement method.
The third part of the thesis concludes with a description of an in-orbit experiment,
which has been designed with a goal to become one of the world’s first attempts to
measure the impact of the space radiation on a state-of-the-art data acquisition system
during spaceflight. The in-orbit experiment has been successfully ground tested for its
capability of monitoring total ionising dose, temperature and measuring degradation of
various data acquisition components. The in-orbit experiments are expected to be
launched on-board two CubeSat missions in the 2020’s.

The thesis ends in a conclusion chapter. This chapter summarises both the
theoretical and experimental parts of the work. It also provides suggestions for future
work and an overview of papers and other presentations published during this PhD
programme.
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1 INTRODUCTION

This presented PhD research was focused on the development of test methods
enabling the radiation testing for NewSpace low-cost projects including advanced
ground and in-orbit experiments. The goal was not only to perform affordable radiation
testing but also to possibly change the approach of NewSpace radiation hardness
assurance from the classical reliability analysis to continuous, real-time, mission
degradation assessments. The proposed test methods were used for components of high-
precision space data acquisition systems. The modern components allow the engineers
to design commercial data acquisition systems with performance that was previously
only achievable by high-tech scientific experiments. Therefore, the ambition of this PhD
was to help to bring the powerful commercial data acquisition technologies into space.

1.1  Objectives and motivation

1.1.1 The need for high-resolution COTS data acquisition in space

Space technology has been one of the key contributors to the rapid development of
modern astronomy [1]. Despite the great achievements, space-based astronomy
missions suffer both a financial and a schedule crisis [2]. The solution to this problem
seems to lie in the massive application of commercial technologies (COTS) including
commercial parts and rapid design/manufacturing processes. The COTS solutions also
offer the remarkable technological level of the commercial components. Although there
have been projects aiming to develop space qualified, radiation hardened parts with
performance comparable to the COTS, the capabilities of COTS parts are more
advanced the employment of rapid commercial development processes.

In conclusion, there is a strong demand for COTS DAQ technologies to be used in
the future NewSpace-style scientific missions. Hence, the primary vision of this work is
to address the issues related to the applications of the DAQ COTS electronic
components and their radiation hardening assurance.

1.1.2 Radiation testing in the era of NewSpace and COTS

The traditional radiation hardening assurance (RHA) is a complex process based on the
expected space environment and results from various radiation tests [3]. These datasets
are typically obtained from manual component-level testing [4]. Hence, the traditional
RHA process is practically impossible to be applied to the NewSpace-style
nanosatellites due to budget and time limits. Therefore, the first PhD objective is to
design an advanced total ionising dose (TID) radiation testing methods affordable for
NewSpace projects. The methods shall be demonstrated on COTS components for DAQ
systems.

1.1.3 Real-time mission radiation-induced degradation
The primary goal of traditional RHA is to ensure the reliability of the spacecraft



electronics during the planned lifetime of the mission. However, reliability is only one
of the attributes characterising the success of the mission. For scientific missions, the
quality of the scientific data is equally important. Hence, there is also a need for
modelling of the real-time mission degradation of the performance of space DAQ
systems, based on measurements of the radiation environment. Proposal for such a
model is the second objective of this PhD work.

1.1.4 Research of synergy between radiation and temperature

Temperature effects have to be carefully considered for the successful design of high-
precision DAQ systems [5], [6]. The common term, defining the temperature sensitivity
in linear/mixed-signal electronics, is the temperature coefficient TC [7].

The traditional RHA literature only discusses the impact of temperature during the
irradiation on the magnitude of the radiation-induced changes in the components [3],
[8]. Hence, the third PhD objective is to develop and demonstrate a method allowing
measurement of radiation-induced changes in TC parameters of COTS components for
DAQ systems. The resulting data should also be applicable for real-time mission
modelling.

1.1.5 In-orbit experiment

A long-term goal of this work is to obtain real in-orbit data to validate the proposed
radiation testing methods and models. A broad spectrum of in-orbit experiments has
been performed, including various CubeSat projects. A typical goal of these projects
was to measure single event effects (SEES) in various digital components [9]. So far
there were missions, observing in-orbit TID effects, however not in DAQ technologies
[10]. Therefore the final objective of this PhD work is the development of an in-orbit
experiment that can be flown on a nanosatellite (CubeSat).

1.2  Novelty

There are three areas of novelty in this work. Firstly, advanced TID tests methods were
developed with the following unique features:

e Fully automated advanced in-situ measurements

e High-resolution test system allowing evaluation of high-precision DAQ
components

e High-resolution dose data

e Combined TID and TC in-situ testing with unprecedented stability and
dynamic response using thermoelectrical technology

Secondly, real-time “live” mission models were developed to estimate the
measurement uncertainty of the space DAQ systems during a random moment of the
mission.

Thirdly, an in-orbit CubeSat experiment was designed. This project has a potential
of introducing a high-tech commercial DAQ technology into the NewSpace scientific
missions.
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2 SPACE DATA ACQUISITION SYSTEMS

2.1 Influence of space environment on the DAQ system

A typical design of a modern high precision DAQ system is shown in Fig. 2.1. The
input signal is firstly processed throughout an analogue signal conditioning stage that
commonly consists of a filter, a PGA (Programmable Gain Amplifier) and a MUX
(multiplexer). The second stage of the DAQ signal chain is a high-resolution ADC (A/D
converter) that uses a reference circuit as a measurement standard. The resulting digital
data is communicated to the CPU (Central Processing Unit) which also digitally
controls all the programmable parts of the DAQ chain.

L3

Offset & gain errors
INL. DNL errors Ref
Noise

Temperature
Power noise

DAQ system

Sensor » Filter —» PGA +—{ MUX ~—» ADC K—— > CPU
2
) §
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Fig. 2.1: Block diagram of a typical data acquisition system. The DAQ signal chain is shown
with its inherent sources of measurement error. When in space, the DAQ system is
exposed to harsh environmental conditions as illustrated by coloured arrows.

Every part of the DAQ signal chain is responsible for the overall measurement
uncertainty of the entire DAQ system. Therefore, the parasitic properties of these parts
are the sources of measurement errors that increase the measurement uncertainty. The
typical errors for high precision DC measurements are:

1. offset and gain errors
2. integral (INL) and differential (DNL) non-linearity errors
3. noise error (measurement repeatability error)

These errors can be identified and ideally suppressed either by calibration or by
data processing or by a combination of both. However, these errors are not constant;
they drift with the time (ageing) and exhibit a complex dependency on environmental
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conditions [5]. Therefore there is a broad spectrum of the environmental conditions that
may have a strong influence on the measurement uncertainty of a DAQ system as
illustrated by the coloured arrows in Fig. 2.1.

The yellow arrows in Fig. 2.1 represent environmental conditions typical for
terrestrial applications, and the orange arrows show the additional influence of the harsh
space environment, which not only increases the magnitude of some conditions
(temperature, mechanical stress) but also brings new conditions including vacuum and
space radiation effects. For practical terrestrial DAQ instruments, the dependency of the
measurement error sources on the environmental conditions is typically a key factor for
the estimation of measurement uncertainty budgets [6], [11]. Hence, this problem is
even more important for space DAQ system as the space environment is even harsher.

2.2  Calibration in space

Traditional calibration of terrestrial DAQ systems is a robust, standardised process
consisting of two subsequent stages [12]:

1. initial calibration at the vendor
2. regular calibrations during the lifetime of the DAQ system

Typically, the DAQ system is adjusted during the vendor calibration stage, and the
following regular calibrations only check that its measurement errors are within a
specification. Should there be a need for an adjustment, it is commonly performed by a
change of calibration data stored in the DAQ system. Such a standard calibration
process, based on the usage of external traceable calibration instruments, is recognised
as a system calibration. This term is often used in the ADC literature [13].

As far as the space DAQ systems on unmanned spacecraft are concerned, the
traditional system calibration is limited only to the pre-launch phase of the mission.
During the post-launch period, the DAQ system would have to be equipped with
additional space-environment-hardened calibration standard should the self-calibration
be used to provide similar coverage as of the traditional pre-launch system calibration.
In fact, this would make the DAQ hardware significantly more complex. Even the
accuracy of the basic offset error self-calibration is not guaranteed in space as the
analogue switches, used for shortening the inputs, can suffer radiation-induced
enhancement of their parasitic properties including ON-resistance and the leakage
currents [14]. The resistor-ladder linearity self-calibration can suffer a similar problem.

3 RADIATION AND TEMPERATURE
EFFECTS IN SPACE ELECTRONICS

3.1  Space radiation environment

The radiation in the space environment is composed of a variety of energetic particles
with energies of a wide range from keV to hundreds of GeV and beyond [3]. These
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particles are either passing through the space environment or are trapped by the
magnetic fields of planets. There are three main sources of the radiation in space [15]:

1. Galactic cosmic rays. These are high-energy charged particles including
heavy ions extending to energies beyond TeV. Their fluxes are low, and all
ions in the periodic table could be present.

2. Particles generated during solar events (solar flares). Solar eruptions
produce a particle cocktail consisting mainly of energetic protons, but there
are also alpha particles, heavy ions and electrons in it. The energies could
reach hundreds of MeV.

3. Particles trapped inside planets’ magnetospheres. These particles form
radiation belts around the planets (e.g. Earth, Jupiter). This radiation
typically consists of a broad spectrum of energetic particles.

Single Event Effect Total lonizing Dose

induce bit-flips X and gamma rays produce
(Single Event Upset , Soft Error) ... parametric shifts that can

lead to failures

...and permanent damages
(Single Event Latchup, Gate

Rupture, Burnout)

(Error Code Coding)

at sea level, only ser (neutron, alpha)

in space, both see and tid with higher levels of radiations (ion, proton, gamma rays)

Fig. 3.1:  An overview of the family of radiation effects on space electronics and the links
between the effects. As the graphics suggest, there is a link between SEEs and TID
effects. Figure adapted from [16].

3.2  Radiation effects in space electronics
In general, the space radiation causes two major types of radiation-induced effects in
space electronics:

1. Cumulative effects: total ionising dose effects (TID) and displacement damage
effects (DD)

2. A wide range of single events effects (SEE).

As can be seen in Fig. 3.1, these effects are partially linked as there have been
synergistic effects observed during combined radiation experiments. The TID-induced
enhancement of SEE sensitivity is an important synergistic effect for the space
electronics industry [17].
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3.3  Total ionising dose effects

The TID is cumulative damage induced to the device by exposure to ionising radiation.
It typically leads to a degradation (“shift”) of device parameters and may end up in its
functional failure (in some literature defined as a ‘“catastrophic” failure [18]). The
device would typically fail to operate either when its internal compensating circuits are
not capable of keeping the device bias points within the designed operational range, or
when the increase of the supply current causes a thermal overload of the device. Total
dose level is an essential parameter of space rated electronic devices and is defined as
TID level, for which the device is still within the specified parameters.

3.4  Total ionising dose effects in bipolar devices

In space electronics, the bipolar junction transistor (BJT) technology is used in both
discrete and integrated form. In general, the TID produces degradation of gain and an
increase in the leakage currents in BJTs [3].

The traditional vertical structure of an NPN transistor is shown in Fig. 3.2 a). The
red dashed line in this figure defines the area where the transistor is the most sensitive
to TID: the surface of the base region, where it intersects the overlying oxide [19].
Defects in the silicon/oxide interface over the base have the strongest influence on the
sensitivity to the TID. Charge trapped in the base oxide partially inverts the base, which
leads to increased collector current, even when the base is biased off [20]. When the
base current is increased, the collector current increases less than in a non-exposed
device. This effect reduces the current gain.

Emitter Base Collector Emitter Collector Base

7 n_.--i;l [ | B 7\ U U U
\ - G / " : Lateral i L
b Substrate L
a) Vertical NPN b) Lateral & substrate PNP

Fig. 3.2:  Cross-sections of typical BJT structures: a) shows a conventional vertical NPN
transistor; the dashed lines indicate its most radiation-sensitive section. Picture b)
represents the lateral and substrate types of PNP. The green arrows indicate the
current flow of each type of PNP devices. Illustrations adapted from [21].

3.5 Total ionising dose effects in MOS devices

The metal oxide semiconductor (MOS) technology is the key process of
manufacturing modern electronic devices [22], especially in the form of CMOS
(Complementary MOS). The key TID-induced problems in a MOS include threshold
voltage shift, increased leakage current, and degraded timing parameters [23].

The most crucial TID-induced degradation of MOS devices is the gate threshold
voltage shift, as illustrated in Fig. 3.3. During the normal operation (A), the application
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of an appropriate gate voltage causes a conducting channel to form between the source
and drain so that current flows when the device is turned on. The effect of TID is
illustrated in figure (B): TID-induced trapped charge has built up in the gate oxide,
causing a shift in the threshold voltage. If this shift is large enough, the device cannot be
controlled. This extreme case leads to functional failure of the device [24]. Regarding
the construction of commercial devices, the TID-induced charging of the oxide involves
several different physical mechanisms.

{A) MOS TRANSISTOR — NORMAL OPERATION (B) MOS TRANSISTOR — POST IRRADIATION
GATE FIELD
oxine oxine oo oxine

SOURCE GATE DRAIN

SOURCE GATE DRAIN
Vg=0

ot 3 o o B e SIS
PR C nw PR v J
\CONDUETING INVERSION POSITIVE OXIDE / CHANNEL TURNED

CHANNEL (POSITIVE V) TRAPPED CHARGE ON WITH Vg=0
P-TYPE SILICON P-TYPE SILICON
SUBSTRATE SUBSTRATE

Fig. 3.3:  Schematic of the structure of n-channel MOSFET showing the radiation-induced

charging of the gate oxide in two modes: (A) normal operation and (B) post-
irradiation. Figures adapted from [24].

Two dominant components cause the gate threshold voltage shift [3]:

e oxide trapped charge (also known as charge trapping)
e interface trapped charge (or interface traps)

Typical Ip-Vgs curves of irradiated MOSFETs are plotted in Fig. 3.4 to
demonstrate the contribution of these two components. While the oxide-trapped charge

causes a simple translation of the Ip-Vgs characteristics, the interface trapped charge is
responsible for both shift and distortion of the curve [3].

1072
5 10“4' ‘‘‘‘‘‘‘‘ g
g . =
E10°r & W Fresh g
A | / — — Charge o
s i /4 trapping only £
A 10-10} / ---------- Charge trapping A
Va + interface traps
10712 : : : : - 1012 : . : : >
0 1 2 3 4 5 o -1 -2 -3 -4 -5
(a) Gate voltage (V) (b) Gate voltage (V)

Fig. 3.4:  Effect of oxide trapped charge and interface trapped charge on Ip-Vgs curves of (a)
n-channel MOSFET and (b) of a p-channel type. Charts adapted from [18].
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There is a notable difference in the TID response (green arrows in Fig. 3.4) of the
n-channel and p-channel MOSFETS. Positive oxide trapping and interface traps cause
additive effects in p-channel MOSFETSs (orange arrows) because they both tend to shift
the 1p-Vgs characteristic towards higher Vgs. In contrast, these effects tend to cancel
in n-channel MOSFET. In CMOS circuits, the different TID response of both the p-
channel and n-channel types may cause a degradation of the complementarity of the
CMOS.

3.6  Temperature dependence of MOS threshold voltage

The temperature dependence of the threshold voltage TCyt is a complex effect and can
be estimated using the following equation [25]:

_WT_@GS+25@F y 0P

TC,; = = + ,
VITST T ST T 2@, o 31)

where ¢gs is the gate-substrate contact potential, ¢ is the Fermi energy and v is a
body effect parameter. Filanovski at al. [25] suggested a TCyr of -0.83 mV/K.
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Fig. 3.5: Transconductance characteristics and ZTC point of a simulated CMOS n-channel
device at various temperatures. The W/L = 50/2.5. Chart adapted from [25].

3.7  Temperature dependence of MOS transistors
The temperature dependence of carrier mobility and threshold voltage are the key

contributors to the overall temperature sensitivity of MOS transistors [26], [25]. Their
impact on a drain current Ip of an n-channel MOS transistor can be obtained from the
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following formula [27]:

C.(W 2
I :%(TJ(\/GS _VT) ' (3.2)

where u, is the electron mobility, Co is the oxide capacitance per area, W is
channel width, L is channel length, and Vgs is gate voltage. An example of a simulated
transconductance of an n-channel 0.35 um CMOS device is plotted in Fig. 3.5 as a
function of temperature [25]. The curves are plotted for temperature steps of 50 °C and
are crossing in a point of zero TC (ZTC), sometimes called MTC (minimum TC).

3.8  Synergy between TID and temperature

The ambient temperature has a key impact on the TID-induced changes in electronic
components [3]. Furthermore, the temperature of the payload aboard a spacecraft can
vary significantly [28]. Therefore the synergy between TID and temperature could have
a significant impact on the performance of space electronics.

There is a strong connection (synergy) between radiation effects and temperature,
including the following effects:

1. irradiation temperature controls the TID-induced changes
2. temperature dependence of the post-irradiation annealing
3. TID-induced change of temperature effects in semiconductors and devices

These effects can be in fact combined; therefore the TID-induced change of
temperature effects in semiconductors is also a function of the irradiation temperature.
A similar situation is assumed for the annealing of this phenomenon.
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4  ADVANCED IN-SITU TID TEST
METHODS

The standard bench test is a rather obsolete method for the TID testing. The goal of this
section is to give an overview of the in-situ test methods (ISTMs) and discuss the
proposed advanced ISTMs that were demonstrated during this PhD research.

1-Wire RS-232
driver :'\I/
1-Wire
MUX

DUT

matrix

Pt 1000 | relay & LPT
l:' . bias driver PC

[T

N

Pt 1000 RS-232 Il:
converter

- DUT container in the irradiation chamber

Fig. 4.1: Block diagram of an ISTM ATE. The equipment is divided between the DUT
container located in the irradiation chamber and the set of test instruments placed in
the laboratory.

4.1  In-situ TID test methodology

The ISTM is frequently based on fully automated test equipment (ATE). This typically
consists of a DUT container which is irradiated and a set of test instruments located in a
non-radiation area nearby. The two are connected via cables (see Fig. 4.1 for an
example of an ISTM ATE). Such a test method brings numerous advantages, including:

e Fully automated testing, i.e. no manual operations are required (“run and
forget™)

No limit of measurements duration

No annealing occurs during measurements

A higher limit on the number of parameters measured

A significantly higher amount of data, allowing a detailed data analysis to
be made

e The investigation of unknown effects/phenomena

e Temperature monitoring and control

e Precision DUT bias control using switched bias

The major technical challenge of the ISTM ATE is the design of the radiation
tolerant electronics which have to be located in the DUT container, due to a limited
connectivity between the container and the external set of test instruments. The limiting
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factor is the cables. A typical TID irradiation facility requires 15 m length of cables to
be placed in the labyrinth inside the concrete shielding. The cables could be a limiting
factor for both high speed digital and precision analogue testing.

To conclude, the ISTM ATE system is a rather more complicated concept than the
standard test method. However, it is believed that the effort invested in designing and
building the ATE is worth it, as the results of such a test are much more objective, and
many advanced analyses can be carried out using the resulting data. It is also possible to
combine the ISTM method with a standard bench test. Such a hybrid solution can be
quite effective, especially for high-speed DUTs for which a pure ISTM test would be
either impossible to design or too expensive to build.

4.2  In-situ TID-TC testing

The key technical challenge of the ISTM of the temperature coefficients is to perform
the temperature sweep of the DUTSs during the irradiation. The standard bench TID tests
are typically performed to simulate the full temperature range of the devices using
temperature chambers such as Weiss [29]. This method is relatively simple, but has a lot
of serious constraints:

e The irradiated devices can be thermally annealed during the TC
measurement so the radiation-induced changes may be lost due to the long-
duration exposure to elevated temperature

e The temperature profile of large chambers might be too slow. Therefore the
two hours test window might not be followed [30].

e The repeatability of the TC measurements is limited by the accuracy of
placing the samples in the chamber and the timing accuracy of the
temperature profile.

e Temperature chambers are typically large and expensive (not affordable for
low-cost COTS testing)

Modern localised temperature test systems (LTTS) were designed to address the
constraints of the traditional testing in temperature chambers. These advanced
instruments typically consist of a thermal head, which controls the temperature of the
DUTSs, and a base unit, that generates the air of stable temperature [31]. During the
temperature test, the head is attached to the PCB, and the forced air stream provides the
heating or cooling of a single DUT. The LTTS is ideal for bench testing as it allows for
fast temperatures changes and good test accuracy/repeatability.

As far as the ISTM testing is concerned, none of the methods described above is
suitable. The temperature chambers are too spacious to be placed in the irradiation
chamber, and the LTTS contains electronics that would have to be radiation hardened.
In both cases, the prices of these instruments are not affordable by low-cost projects.

To address these issues, a novel system for fine DUT temperature control was
designed to be used for ISTM testing during this PhD. The system is called DTC (DUT
Temperature Controller). As can be seen in Fig. 4.2 the DTC is based on a
thermoelectric cooler technology (TEC). The DUTSs are attached to a cold side of a
multistage TEC using thermally conductive compounds or glues. The cooling of the
TEC hot side is provided by a powerful heat sink with attached fans. The temperatures
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of the DUTSs, as well as the TEC hot side, are monitored using radiation tolerant Pt1000
sensors. The TEC can be operated both in cooling and heating mode by changing the
polarity of the DC current [32]. The TEC assembly must be placed in a hermetic
container to minimise the humidity of the air around the TEC cold side, and thus
suppress frost build-up.

’—:‘.'Leadme ) /— Al 3 mm -
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( DE’ N
NatudlVANY
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f‘jo'l'iﬂg’j \\_
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-
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: ATE

(" Heatsink

Goollng fane m

Fig. 4.2: Mechanical structure of the TEC assembly for the ISTM TID-TC testing.

5 PMOS TID-TC EXPERIMENT

5.1 Objectives of PMOS TID-TC experiments

The PMOS TID-TC experiments were performed to meet the following objectives:

1. Measurement of TID-induced threshold voltage shift (responsivity) of
commercial PMOS transistors to be used as DUTs and backup TID
detectors in the in-orbit experiments

2. Measurement of TID-induced changes of TC of PMOS transistors to both
demonstrate the ISTM test system (including the DTC system) and obtain
TID-TC data for the in-orbit experiments

There were two TID experiments performed during which COTS PMOS transistors
were irradiated:

e PMOSL: this was a pilot TID-TC experiment focused on validation of the whole
ISTM test system and acquisition of initial PMOS TID-TC data. The PMOS1
experiment was prematurely interrupted due to problems with the test system.

e PMOS2: a full TID-TC experiment using an upgraded test system and an
alternative DUT characterisation method.
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5.2  The PMOS devices under test

For both PMOS experiments, sets of twenty commercial PMOS transistors of type
ZVP1320FPA were used. This type was chosen due to its very low drain current, which
made it the lowest power discrete PMOS transistor available on the market. Therefore it
was the most similar commercial PMOS transistor to the RADFETS used in previous
works [33], [34], [35]. No further DUT production details were available apart from the
specification in the datasheet [36]. The DUTs were delivered in the original reel.
Therefore it was assumed that the parts were from the same lot. To measure the bias
sensitivity of the threshold voltage shift and the TCs, the DUTs were divided into five
bias groups as defined in Tab. 5.1.

Tab. 5.1:  Definition of the bias conditions of the PMOS experiments.

Bias group DUT numbers Bias voltage [V]
1 DUTO01 to DUT04 0 (GND)
2 DUTO5 to DUTO08 3
3 DUTO09 to DUT12 5
4 DUT13to DUT16 12
5 DUT17 to DUT20 18

5.3  The test system for the PMOS experiments

The ISTM test system was based on the 2611B SMU (Source Measurement Unit),
which performed all measurements. The SMU was combined with a custom-made test
controller ISTC1. The ISTC1 provided relay drivers, programmable DUT bias voltage
sources and monitoring of the MIF sources. Both the SMU and the ISTC1 were
commanded by the test PC. The DUT temperature controller DTC ran independently
but was synchronised with the PC every second.

For most of the irradiation time, the DUTs were in the “exposure” mode, i.e. drain
(D) and source (S) were grounded, and gate (G) was connected to the relevant bias
voltage source via a 100 kQ resistor. Each bias voltage was generated by an
independent circuit consisting of a 16-bit D/A converter followed by an amplifier with
low offset voltage and capability of driving high-capacitance loads (cables to the MIF
cell). The bias voltages were measured by the SMU and were kept within =1 mV by
programming the D/A converters. These measurements were performed at the
beginning of each DUT measurement cycle. The STS software was able to correct bias
voltage if it was outside the £1 mV window. However, this situation was not recorded.

Regular I-V curve measurements were made either at the idle temperature of 20 °C
or during the temperature sweep, as defined in Fig. 5.1. The DUTs were subsequently
switched from “exposure” mode to “reader” mode, during which G and D were
grounded, S was driven with a constant current from the SMU, and the S-D voltage
(equivalent to DUT Vgs voltage) was measured. Sixty current steps were measured from
10 pA to 35 mA. The DUT multiplexing was done via mechanical relays placed in the
DUT container near the DUTs. A measurement of one I-V curve took 7.5 seconds and,
in contrast to [34] and [35], there were no additional delays between setting the drain
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current and measuring Vgs. The main reason for such a fast measurement was to reduce
the time during which the DUTSs were exposed to elevated temperatures.

The main sources of measurement error were related to the SMU accuracy. The
vendor specified the SMU current source accuracy as 0.03 % of reading + 30 uA and
the voltage measurement accuracy as 0.02 % of reading + 5 mV [37]. The SMU was
connected using a four-wire circuit, and thus the influence of the cables was minimised.
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Fig.5.1:  The timing of the DUT measurement cycle, including the temperature profile. DUT
I-V curves were measured at 20 °C every 30 minutes during the idle time (green
squares) and at various temperatures during the temperature sweep (red dots).

The DUTSs were attached to the TEC using thermally conductive glue (silver-epoxy
compound). To minimise thermal bridges, the DUTs were connected to the multiplexing
boards via 100 pm wires.

54  Theirradiation plan of the PMOS experiments

The MIF (MRC Irradiation Facility) cell 2 was used for the irradiation phase of the
PMOS experiments. Cobham RAD Europe operates this cobalt-60 irradiation facility in
Harwell, UK.

A dose rate of 360 rad(Si)/hr was used. The dosimetry was performed only prior to
the irradiation. There was no dosimetry during the experiment as the mechanical
structure of the DUT container did not allow the ion chamber to be placed permanently
in the container. PMOS1 experiment idle temperature results

As expected, a TID-induced threshold voltage shift AVT was observed for all
DUTSs. Results for the most sensitive DUTS, using only those data points taken at the
idle temperature of 20 °C, are shown in Fig. 5.2.
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Fig. 5.2:  Experiment PMOSI threshold voltage shift AV at a drain current of 1 mA plotted as
a function of the total dose for selected DUTSs at the idle temperature of 20 °C.

The plotted AVt curves were not smooth - a small but consistent ripple can be
observed on all DUTSs. This effect was one of the problems expected as the DUT
temperature was cycled regularly during the irradiation.
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Fig.5.3: Detail for PMOS1 DUT17 recorded over two DUT measurement cycles, showing
that the temperature sweeps significantly alter the AVt values. The AV curve was
fitted with a polynomial function, which was subtracted from the AVt curve to
obtain the ripple on it. DUT measurement numbers were added to show the timing.

To analyse this problem, the ripple was “demodulated” from the AVy curves and
analysed concerning the timing and DUT temperature profile of the measurement cycle
(Fig. 5.3 versus Fig. 5.1). The resulting plot shows that the ripple has an obvious
positive temperature dependency. The ripple was not caused by the test method as it
was not observed during the pre-irradiation measurements.
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The chart in Fig. 5.4 shows the bias voltage dependency of the TID responsivity of
the DUTSs. A linear regression algorithm was used to calculate the responsivity of each
DUT and a coefficient of determination (R?) was used to compare the linearity of DUT
responsivities. A significant difference in R? between unbiased and biased devices can
be seen.
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Fig.5.4: Gate bias voltage dependency of the DUT total dose responsivity as measured
during the experiment PMOS1. The individual responsivity of each DUT is plotted
as a blue square marker; the blue line represents the average sensitivity of each DUT
bias group. The red triangles show the R? value for individual DUT responsivities.

55 PMOSI1 experiment temperature sweep results

As shown in Fig. 5.1, temperature sweep I-V curves were measured every three hours
(I-V 2 to 9), which represents an accumulated dose of 1.08 krad(Si) per measurement
cycle. In total, seven temperature steps were used to measure:

e The temperature coefficient of the DUT threshold voltage TCyt [mV/°C]

e The MTC point, which represents the value of the drain current at which the
magnitude of the TCyr is minimised [mA].

Statistical analysis of the data from the DTC system showed that excellent stability
of the DUT temperature control was achieved during the steady moments of the
measurements. The accuracy of the TC measurements was also improved by the fast
response of the DUT temperature controller, allowing compensation of the DUT self-
heating. During the I-V curve measurements, the stability of the TEC temperature was
measured to be within a window of £0.05 °C. Fig. 5.5 shows a typical record of a DUT
temperature sweep measurement.
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Fig.5.5: Temperature sweep |-V measurements for DUTOL prior to the irradiation of
experiment PMOSL. The gate voltage TC is plotted as a function of I (red line); the
red markers show the size of Iy steps. The MTC point was at the zero value of the
TC curve, which was equivalent to Ip at which the 1-V curves were crossing other.

TID-induced changes in the TCyt were determined at a drain current of 1 mA using
53 measured 1-V curve data sets. The resulting traces of selected (most sensitive) DUTs
shown in Fig. 5.6 exhibit a significant gate bias voltage dependency as well as an
initially reversed polarity of the TCyr. The TID-induced changes of the MTC points
were obtained from the same data using interpolation of two lowest points of the TC(lIp)
curves. MTC measurements exhibited similar effects to TCyr (Fig. 5.7).
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Fig.5.6: TID-induced changes of TCyt at 1 mA drain current during experiment PMOS1.
The markers on the DUT17 curve show the TID resolution of the measurements.
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Fig. 5.7:  Experiment PMOS1 TID-induced changes of selected DUTs MTC points. The
markers on the DUT17 curve show the total dose resolution of the measurements.
The results were limited by the DUT drain current range of 35 mA.

5.6  Upgrades to the tests system for the PMOS2
experiment

During experiment PMOS1, a fault developed after a total dose of 53 krad(Si) rendering
the 1-V data at higher doses invalid (the voltage readings at Ip > ~10 mA were unstable).
To investigate this problem, the DUT container was taken out of the irradiation facility,
and the DUTs were bench characterised using the Agilent B1500A semiconductor
analyser working in the gate-voltage sweep mode. I-V curves measured by the B1500A
were normal. The B1500A was later connected instead of the SMU and programmed to
mimic the I-V curve measurement used in the PMOS1 experiment, and the results were
also faulty. It is believed that the cause of this problem was the limited ability of the
SMU to drive high capacitive loads (the 15 m cables and the hardware in the irradiation
container). A decision was made to upgrade the measurement system for a classical,
gate voltage sweep I-V curve measurement system and repeat the experiment using a
second set of new DUTs that were delivered on the same reel as those used for the
PMOSL1.

The original test system was extended by adding another SMU (Keithley 2420) to
provide a programmable gate voltage source. The SMUs were linked together using
synchronisation signals, and a sophisticated embedded test script was developed to
allow fast, high resolution, I-V curve measurements. Due to this fast embedded control
method, the duration of a single 1-V curve measurement remained the same at 7.5 s. The
step size of the gate voltage sweep was 50 mV, and the drain voltage was 15 V during
the 1-V curve measurements. The second measurement method was validated using the
irradiated DUTs from PMOSL1 and the I-V curve data obtained using the B1500A.
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The constant drain current method used in experiment PMOSL1 allowed the exact
programming of the I-V curve drain current range. The second method, using the gate
voltage sweep, had to be programmed to follow the TID-induced changes in the I-V
curves continuously. A tracking algorithm was developed to cover this issue: the gate
voltage sweep range was calculated prior each 1-V curve measurement using a trend of a
fixed 1-V curve current point of 30 mA obtained during three previous measurements.
The resulting gate voltage sweep range was then extended by 10 % to include a safety
margin. This margin helped the algorithm to start smoothly and also compensated for
the moderate flattening of the I-V curve caused by the TID-induced lowering of the I-V
curve slope (see Fig. 3.4). This feature was implemented to the STS; the embedded I-V
curve test script was updated, prior to each I-V curve measurement, individually for
each DUT. In the case of any problem, a manual adjustment of the algorithm was
possible during the experiment. The STS continuously checked the measured I-V curves
to warn in case of any failure of the algorithm. The timing of the measurements, as well
as the temperature profile, remained the same, so the results from experiment PMOS2
could be directly compared to those from experiment PMOS1. The main sources of
measurement error were related to the SMU accuracy as for during the experiment
PMOSL1. The vendor specifies the SMU 2611B current measurement accuracy as
0.02 % of reading + 20 pA and the SMU 2420 voltage source accuracy as 0.03 % of
reading + 3.2 mV.

5.7 PMOS2 experiment idle temperature results

Data for total dose up to 150 krad(Si) were analysed from experiment PMOS2. The data
were analysed the same way as the results from experiment PMOSL1. The data analysis
software had to be updated; it employed a high-degree polynomial curve fitting
algorithm to obtain the gate voltage values equivalent to the same drain current steps as
during experiment PMOSL.
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Fig. 5.8:  Experiment PMOS2 threshold voltage shift AV at a drain current 1 mA plotted as a

function of the total dose for selected DUTs. All measurements plotted here were
taken at the idle temperature of 20 °C.
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The TID-induced threshold voltage shift AVt was again observed for all DUTs. A
record of the most sensitive DUTSs in experiment PMOS2, taken at the idle temperature,
can be seen in Fig. 5.8. The initial shifts (up to approximately 50 krad (Si)) in the
plotted AVt curves were linear; for doses above this the sensitivity was reduced, and the
unbiased DUTSs were already saturated at 150 krad(Si). The initial DUT response was
nearly identical to the response measured during the experiment PMOSL. The observed
ripple was very similar to the ripple measured during the experiment PMOS1 (Fig. 5.3).

5.8 PMOS2 experiment temperature sweep results
The temperature coefficient results from experiment PMOS2 were analysed to obtain
plots comparable to those from experiment PMOSL1. The TID-induced changes of TCyr

were very similar for DUTs within each DUT bias group; therefore average values for
each bias group were plotted (Fig. 5.9).
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Fig.5.9: Experiment PMOS2 TID-induced changes of TCy at 1 mA drain current plotted as
an average value for each DUT bias group (four DUTS per group).

The resulting chart shows again that the initial TCyr values were positive and, at a
total dose of approximately 23 krad(Si), changed to a negative trend. While the initial
positive response had a consistent positive bias dependency, the bias dependency of the
negative trend was a more complex function. The initial peak positive TCyr was
measured at a total dose of 5 krad(Si), and a bias dependency function was plotted for
this particular total dose (Fig. 5.10). The resulting quasi-linear curve was very similar to
the bias voltage dependency of the DUT total dose responsivity as measured during the
experiment PMOS1 (Fig. 5.4).
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Fig. 5.10: Experiment PMOS2 TID-induced changes of TCyr at 1 mA drain current as a
function of bias voltage at the total dose of 5 krad(Si). This chart shows a strong bias
sensitivity of the initial (positive) change of the TCyr.

The chart in Fig. 5.11 shows the TID-induced shift in the results of the MTC point
during experiment PMOS2. The initial negative region was strongly bias dependent, and
the peak values were measured at a lower dose of 3 krad(Si).
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Fig. 5.11: Experiment PMOS2 TID-induced changes of selected DUTs MTC points. The
results are limited by the drain current range of the DUTs of 35 mA. The pre-
irradiation MTC points ranged from 29 to 32 mA (initial DUT-to-DUT variation).
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5.9 Discussion of PMOS experiments results

The PMOS experiments demonstrated an in-situ test method developed to perform TID
experiments and to observe TID-induced changes in temperature effects on a sufficient
number of samples. Since there were no radiation test data published for the ZVP
transistor series, it was not possible to validate the obtained results. However, the results
of this experiment were comparable to data obtained from RADFETSs as published in
previous papers, including [38]. I-V data, collected during the two experiments, showed
very good repeatability of this ISTM test system, even if two different I-V curve
measurement methods were used.

As expected, a strong dependence of all measured parameters on the gate-bias
conditions was observed. There was a good agreement of the observed threshold voltage
shift bias dependence with irradiation curves published in Fig. 2 of [35]. A significant
difference in responsivity was observed between the DUTSs (scatter of the blue markers
in Fig. 5.4). It is believed that it was not caused by the test method; the variation of the
dose-rate across the miniature area of each bias group was negligible, as well as the bias
conditions were uniform within each bias group. The DUT-to-DUT variability was
probably caused by the limited reproducibility of the manufacturing process [39].

The initially reversed polarity of both the TCyt and MTC curves was not in
agreement with the published data for RADFETs (Fig. 20 in [33]). This effect was
nearly invisible in the unbiased DUTs. Another interesting result was the positive
temperature dependency of the AV ripple observed on all DUTSs. It cannot be explained
as concurrent thermal annealing, which was expected to have a negative temperature
dependency. Hence the presented data showed temperature accelerated AVr.

The I-V curves measured during the temperature sweeps were not symmetrical
around the MTC point; while the Vgs temperature dependency was linear for drain
current below MTC, it became non-linear above it (Fig. 5.5). This observation was not
in agreement with the RADFET result published in [34], Fig. 1. Also, the simulated n-
channel MOS device shown in Fig. 3.5 exhibited symmetrical behaviour around the
MTC point. A possible explanation was a self-heating of the DUT during the 1-V curve
measurement. The RADFETS tested in [34] had a drain current two orders of magnitude
lower than the COTS transistors used in this work. This problem was investigated
during the B1500A bench tests of the irradiated DUTs from experiment PMOS1. The
DUT was still attached to the thermoelectric cooler, and the DUT temperature controller
was set for 20 °C. A reversed gate voltage sweep measurement was made, and the
resulting 1-V curve was practically identical to the 1-V curve from a normal gate voltage
sweep. It is believed that this bench test proved that the temperature control is very
effective in compensating for the self-heating of the DUT during the I-V curve
measurement. Therefore, the observed non-linear behaviour above the MTC point was
most likely a true behaviour of the tested transistor and not an artefact of the
measurement method.

The early results of the PMOS experiments were presented at the NSREC 2015
conference, and an extended paper was published in the IEEE-TNS journal [40].
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6 CONCLUSIONS

This work was focused on the development of advanced testing methods for evaluation
of the impact of the total ionising dose radiation on space data acquisition systems. The
long-term goal of this research is to develop ground and in-orbit radiation testing
methods that would generate accurate data for various purposes. Firstly, the data can be
used for modelling the impact of the TID radiation on the measurement uncertainty of
space data acquisition systems. Secondly, the data from combined in-orbit and ground
tests can help to improve the understanding of the validity of traditional terrestrial total
ionising dose testing. Thirdly, the advanced test methods can make radiation testing
affordable to the low-cost NewSpace projects by allowing greater automation of the test
process.

6.1  Theoretical background of the work

This thesis contains four chapters dedicated to the theory. Three of them (chapter 2 to 4)
were focused on the current theory in the field, and the fourth (chapter 5) summarised
the modern trends in space technology and proposals for advanced test methods.

Chapter 2 contains a discussion of the challenges encountered while designing data
acquisition systems for space missions and an overview of the process of estimating its
measurement uncertainty. A summary of the theoretical background of the space
radiation environment, the effects of radiation and temperature on electronic
components can be found in chapter 3. The theoretical overview concluded with an
outline of traditional radiation hardness assurance and testing (chapter 4).

The final theoretical section (chapter 5) gave an overview of the new era of a
commercial approach to space technology (NewSpace) and its impact on the radiation
hardness assurance and testing processes. A set of advanced in-situ radiation test
methods was proposed to address the requirements of NewSpace and also to provide
data with total dose resolution adequate for the development of models that will be used
for live estimation of the measurement uncertainties of data acquisition systems during
their missions. A concept of such a novel “life mission measurement uncertainty” model
concluded the theoretical part of this thesis.

6.2  Development of in-situ test methods and tools

One of the key goals of the presented PhD work was to demonstrate the in-situ radiation
testing and evaluate its practical limitations. The in-situ experiments required the
development of a variety of special test/measurement methods and tools.

The test systems for experiments were typically based on a combination of high-
precision commercial measurement instruments with custom-developed test hardware
and software. The aim was to achieve high resolution and accuracy together with
reliability. The requirement for the accuracy was driven by the precision of the devices
under test and the research of the practical limits of the in-situ test method. Reliability
was necessary in order to reduce the risk of an unscheduled interruption of testing,
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which would lead to a repetition of the experiment and thus to a loss of valuable
radiation testing time and samples.

A series of in-situ test controllers (ISTCs) have been developed to provide a test
functionality that was not available within the affordable commercial test solutions. The
ISTCs were responsible for: driving the multiplexors; digital communication with the
DUTs; monitoring the radiation sources and DUT temperature; generating
programmable bias voltages and simulating satellite buses. Five of the ISTC modules
have been built, and their robust design led to excellent reliability (no errors were
detected during more than three years of operation).

A novel method has been developed for in-situ measurement of radiation-induced
changes in temperature coefficients of semiconductors (TID-TC). The need for precise
and fast control of the temperature of tested devices led to the development of a DUT
temperature controller (DTC). The active part of the DTC (heating/cooling module with
the attached samples and temperature sensors) had to be exposed to the radiation during
the experiment. To address the special requirements a completely custom solution has
been developed and validated during a comprehensive test campaign. The resulting
DTC system had excellent parameters (temperature range -40 to 100 °C, with a stability
of 0.02 °C, settling time lower than 100 s and measurement uncertainty of 0.4 °C).

The complexity of the PhD experiments led to the development of software for
various platforms, including software for the Windows-based PCs, proprietary
embedded test controllers (ISTCs, DTCs); COTS test instruments and Linux-based
mini-computers. A modular software package called STS (Systematic Test Software)
was developed using ANSI C and C++ languages. This meant that the code could be
shared between various test platforms.

The developed test system (including the multipurpose STS software package) has
also been used for various commercial applications. The majority of them were
confidential. However, two of these commercial projects were published. The ISTC and
STS technologies were successfully used for heavy ion single event effects testing of
RF attenuators [41]. The STS software was also used for characterisation of REM
RADFETs for a commercial research program focused on the development of alpha
radiation dosimetry [42]. The intended application for this research was monitoring of
process stability in the ion implantation process.

6.3  Results of PhD experiments

In general, the TID experiments were performed with the following goals:

e To demonstrate advanced in-situ test methods and evaluate their limits

e To perform novel radiation-temperature testing (TID-TC)

e To improve knowledge of response to TID of various PMOS devices that
could be used for in-orbit TID measurements (dosimetry)

e To obtain high-resolution TID-induced degradation data for high-precision
commercial data acquisition system components. The TID data would also
be used to identify candidate DUTSs for in-orbit experiments

e To design and demonstrate an advanced experiment for both terrestrial and
in-orbit TID testing of components for precision data acquisition systems.
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The very first TID experiment was an in-situ pilot test of digital thermometers
DS18B20. It was intended to demonstrate the in-situ technology on relatively simple
devices (regarding test instrumentation). The experiment proved that the STS test
software and in-situ method could be used for long-term testing, and precision
temperature measurements can be performed during irradiation. The experiment also
showed the possibility of precise evaluation of the bias sensitivity of the TID-induced
degradation.

6.3.1 PMOS devices

In total three various types of PMOS devices were tested during the PMOS
experiments (chapter 5): a commercial transistor ZVP1320 was tested together with two
types of RADFET sensors (developed by REM and Tyndall). These experiments were
designed to improve understanding of the bias dependency of the devices (especially
under rather special conditions like a constant current bias), to allow comparison of the
responsivity of the devices under identical conditions (both radiation and bias).

The final goal was to measure the TID-induced change of their temperature
coefficients using the novel TID-TC method. The obtained TID-TC data showed a
significant impact of the radiation on the temperature dependency of the TID readings
of the PMOS sensors. The TID-TC results were discussed concerning the current
methods of compensation of the temperature sensitivity of the RADFETs — it was
demonstrated that the traditional compensation methods should be modified in order to
implement the TID-induced change in the temperature coefficients (the current methods
assume it is constant).

The PMOS experiments helped to identify the most suitable dosimetry sensors for
the planned in-orbit experiment. The best candidates (in terms of the device-to-device
variation in responsivity and linearity) were the REM and ZVVP1320 devices. However,
the Tyndall RADFETSs offer significantly lower starting value of threshold voltage and
are provided in an SMD package suitable for the limited size of the in-orbit experiment.
Therefore the final candidates were the Tyndall RADFETSs and ZVP1230s.

6.3.2 Voltage references

A compressive set of experiments has been performed to measure TID-induced
changes of various parameters of precision voltage references. Four types of
commercial VREF device were chosen to test all modern VREF technologies including
bandgap, buried Zener diode and XFET. Low power and small components were used
to fit the requirements of the planned in-orbit experiment.

The experiments proved that the TID could significantly change all measured
parameters of the VREF devices. These included output voltage (reference voltage) and
its temperature coefficient, line regulation, load regulation and supply current. The
biased devices appeared to be significantly more immune to TID than the unbiased
devices. This was a very important finding for the in-orbit experiment, during which the
hardware will be most of the time unbiased. The majority of the devices started to suffer
radiation-induced changes from the beginning of the exposure. However, the LT1236
VREF devices (buried Zener diode technology) remained practically unchanged until
10 krad(Si). Such radiation hardness makes these devices interesting candidates
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for low-dose missions, such as LEO orbiting satellites. Unfortunately, the LT1236s
were not suitable for the planned in-orbit experiment as their supply voltage was too
high.

The TID-TC experiment was also performed with the VREF devices. An upgraded
test system was developed to address the thermal hysteresis issue with static
temperature sweeps - the new test system allowed for the dynamic measurement of the
temperature coefficients. The upgrade included a use of an advanced 7.5 digit
multimeter, fast multiplexing of the DUTs and dynamic profile of the temperature
sweep provided by the DTC controller. The TID-TC results showed that all devices
exhibited an initial TID-induced change of the polarity of the TCy,. In absolute figures,
the low doses of radiation were, in fact, lowering the TCy,, and there was a dose at
which the TCy,, was practically zero. A strong bias sensitivity of the VREF devices was
confirmed during the TID-TC experiment.

6.3.3 Analogue to digital converters

The final component-level TID experiment in this PhD work was designed to measure
TID-induced degradation of two types of high-resolution A/D converters (ADCs). A
custom-developed in-situ test system was used to perform all measurements. This
solution was also chosen to allow practical demonstration of NewSpace style low-cost
testing. The in-situ test system was capable of measuring static parameters (DC errors),
DUT supply current and temperature. It could also record waveforms of the digital SPI
bus with the DUTSs in order to observe potential TID-induced degradation of both static
and dynamic parameters of the bus.

Two 24-bit single-channel A/D converters were tested: LTC2400 and AD1251.
The noise was the key limiting factor for high-resolution measurements/testing.
Therefore the noise performance of the whole signal chain of the ADC tester and the
ADCs under the test was measured in-situ in the MIF facility at two stages. These tests
concluded that the effective resolution of the designed test system could reach 20 bits, if
the raw ADC data is processed using oversampling and averaging, which was very
close to the typical effective resolution of the LTC2400 itself.

The TID-induced degradation of the measurement errors of the ADCs were
significantly different between the devices; while the LTC2400 started to degrade
immediately after the start of the irradiation, the ADS1251 appeared to be immune to
the radiation up to a dose of 13 krad(Si) after which it started to degrade practically
constantly with the dose.

The ADC TID experiment successfully demonstrated promising capabilities of the
designed in-situ test system and reliably measured TID-induced degradation of two
COTS 24-bit A/D converters. However, there was not enough data to make final
conclusions about the performance of the tested devices as there was only one piece of
each type of ADC tested. Despite this limitation, the LTC2400 could be an interesting
candidate device for in-orbit testing.

34



6.3.4 In-orbit experiment

The final chapter in this thesis was focused on the results of the in-orbit experiments
developed for in-orbit use during the PhD program. These experiments were called
RadEx (short for Radiation Experiments). Two generations of the in-orbit experiments
have been developed: the RadEx1 and RadEx2. While the first experiment RadEx1 is
described only briefly (due to its cancellation), the second experiment RadEx2 was
discussed in detail as it fulfilled objectives of the work planned for the PhD.

The goal of the RadEX2 project was to create a miniature radiation experiment that
could be launched on-board an arbitrary satellite including the modern CubeSats. The
experiment was designed to perform monitoring of the mission TID level, temperature
and precise measurements of degradation of a set of voltage references and the
DAQ/test system itself.

Two CubeSat flight opportunities for the RadEx2 have been successfully
negotiated, and the schematic of the RadEx2 was integrated with the hardware design of
both satellites. An integration package was also created to ease implementation of the
RadEx2 with potential future missions.

A comprehensive test plan for the RadEx2 was defined, and it had three stages. The
first stage was completed as a part of the presented PhD research, and it was focused on
a validation of the design of the experiment and demonstration of its functionality (both
regarding the performance of the DAQ hardware and its response to radiation).
Prototype hardware of the RadEx2 was built and used as a demonstrator and as a
platform for the development of the software library. This software package will be
used for ground testing of the experiment and for integration with the satellites.

The second part of the RadEx2 design validation process was an in-situ radiation
test, called RadEx2 TID DEMO test. It was performed using hardware and software as
similar as possible to the final RadEx2 design and a test controller simulating the
satellite bus. The results of the RadEx2 TID DEMO test proved that the RadEx2
experiment could fulfil all planned in-orbit test and measurement tasks. The space
segments of the experiments are expected to be launched on-board two CubeSat
missions in the 2020’s.

6.3.5 Performance of the in-site test method

The results of the various PhD experiments demonstrated that the in-situ test technique
can be used even for high-precision measurements of components for advanced high-
resolution data acquisition systems.

The reported TID experiments were executed in the MIF facility, which required
fifteen-meter cables to interconnect the test instrumentation with the hardware placed
inside the irradiation cell. Despite this constraint and a limited budget for the hardware
of the test systems, very low noise measurements could be realised.

The initial measurements of the VREF devices showed noise/repeatability better
than £10 uV (=1 ppm at the 10 V measurement range). Also, the data from the ADC
tests showed similar results that could be interpreted as 20-bit effective resolution, and
RadEx2 had even better results. The repeatability of the measurements of the
temperature coefficient was also excellent: it was within +£50 ppb/°C.
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6.4 Publications

The presented results of the PhD research were published in various papers and orally
presented at workshops and conferences. These results were primarily reported
regarding space applications. However, they are also applicable to other fields dealing
with the challenges of the radiation effect in electronics. These included high-energy
physics, nuclear power research, and medical applications.

The in-situ pilot test of the digital thermometers was presented at the RADECS
2011 conference [43]. The in-situ test method was discussed in a paper which was
published at the NSREC 2012 conference [44]. The testing strategy of the early version
of the in-orbit experiment (RadEx1) was accepted for a poster presentation at RADECS
2012 [45]. TID testing of the power system for the RadEx1 experiment was presented in
an NSREC 2013 paper [46]. The second paper of the 2013 season was dedicated to
radiation test of the TEC module for the DUT temperature controller [47]. The TID-TC
method was demonstrated on the PMOS transistors. The early results of this experiment
were presented at the NSREC 2015 conference, and an extended paper was published in
the IEEE-TNS journal [40]. The experimental work continued with testing of the COTS
voltage reference devices, which was published at RADECS 2016 conference [48]. A
second IEEE-TNS journal paper was published in 2017, and it summarised the results
of the TID-TC testing of RADFETs [49]. The final paper, dedicated to the TID-TC
experiment with the COTS voltage references, was presented at RADECS 2017 [50].
The early results of the ADC experiment were orally presented at the RADFAC 2017
conference. The 6th Interplanetary CubeSat Workshop (iCubeSat 2017) accepted a talk
given on the in-orbit testing experiments [51].

6.5 Future work

The presented PhD research program accomplished its goals. It has been demonstrated,
that the TID-induced degradation of commercial DAQ components is a serious problem
and that it can be tested with excellent accuracy of measurement and dose resolution by
the use of the in-situ technology.

The research program is expected to continue with further development of the test
methods and tools, as well as design and execution of advanced experiments. The most
important event will be the final ground radiation testing and launch of the RadEx2
experiment. The long-term goal is to obtain two sets of test data: the results of the
ground tests and the data from the in-orbit testing. The comparison analysis will show
the limitations of the ground TID testing and the true impact of space radiation on the
performance of advanced DAQ electronics based on commercial (COTS) components.
The data will also be used for the development of the live mission measurement
uncertainty (LMMU) models.

The results of this research programme will support the development of future
scientific spacecraft. It is also believed, that NewSpace technology has the potential to
perform research missions with scientific capabilities comparable to large missions such
as the SORCE [52]. The developed of fully-automated test methods can help to provide
affordable radiation hardness assurance for these low-cost missions.
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