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Abstract—This paper aims to provide a detailed description of the problems concerning the
radiation environment faced while designing a microsatellite at the University of Rome. Although
main features of the microsatellite, as well as the environment characteristics expected in candidate
orbits are detailed, emphasis is given to expose a generally appropriate procedure for this class
of spacecraft. The sector analysis is carried on, and a simple qualitative way to point out critical
areas of shielding is shown. The risk concerning the specific devices is assessed, both for total
ionization dose and single event upset. The effect of the spot shielding on the most sensitive devices
is considered, in order to mitigate SEE occurrence. © 2002 International Astronautical Federation.
Published by Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

Radiation effects have become a problem for satel-
lites since late seventies. The concern for the prob-
lem increased with the lowest critical charge of the
new, largely integrated, electronic devices. Quite a
large interest has been devoted to this topic, and
a general comprehension is now available, ranging
from the occurrence of single event effects (SEE)
to the long-term maximum amount of radiation re-
ceived and the related Total Ionization Dose (TID)
[1]. Loss of component functionality, data process-
ing anomalies or, possibly, the failure of the mis-
sion, due to badly modified code execution, are the
undesired consequences of these phenomena.

Current technologies are actually able to pro-
vide a solution, as an example by taking advan-
tage from especially designed radiation hardened
devices (mitigating both SEE and TID constraints),
or by using error detection and correction (EDAC)
units.

Unfortunately, these countermeasures do not
match anytime with the mission requirements.
Especially low-cost missions, now strongly popu-
lar with the present trend towards microsatellites,
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face serious obstacles. Budget constraints and dif-
ficult availability [2] limit the expensive rad-hard
devices, while several factors, and above all the
search for simplest solutions, play against EDAC
units. Their introduction, if not quite expensive
as the fault tolerant devices, usually requires a
time-expensive, careful examination of the mem-
ories and processing units, and quite an accurate
design of their interfaces: therefore, using EDAC
devices (that imply some kind of redundancy)
might have to be limited.

Shielding sensitive components can be a classi-
cal but valuable solution. Design will be strongly
dependent on the chosen orbit. Protection will be
devoted as much as possible to the “pre-existing”
items capable to work as shields, as the structure
or the batteries, prior to the inclusion of additional
lids. Careful evaluation of these “free” shields as
well as a cost-effective design of the new ones are
then mandatory [3], both in terms of the material
and of correct placing. The penalty function to be
minimized will be of course the mass at launch.

This paper aims to introduce the experience ob-
tained in designing the microsatellite now under
development at the University of Rome [4]. As a
low-cost educational project, the protection from
radiation effects is a major issue for our program,
outlined from the desire to fly devices as much as
possible off-the-shelf or recently developed, and is
not yet qualified for space. The steps followed in
the design, with the software tools developed and
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used, are presented; identification of critical com-
ponents is carried on; the environmental risk of the
low orbit chosen for the microsatellite is assessed.
The final goal is to outline how the material se-
lection, the structure shaping and the components
placing will contribute to reduce the undesired ra-
diation effects.

2. THE UNISAT MICROSATELLITE

The UNISAT program is a project developed at
the Scuola di Ingegneria Aerospaziale of the Uni-
versity of Rome “la Sapienza”, in a joint effort
with other Italian universities. This activity has a
strong educational commitment, enjoying a coop-
eration to similar programs worldwide: preliminary
design of the satellite resulted from the experience
of the team-members at the Stanford University,
Space Systems Design Lab, where the SQUIRT
microsatellites is being designed and built.

The UNISAT microsatellite (Fig. 1) is intended
to be a multi-purpose bus, able to carry on a wide set
of experiments with none or minimal changes. In-
deed, the configuration is modular, with a sequence
of trays superimposed. Modular shape allows for
a quick separation of different subsystems, making
manufacturing and testing easier.

Current configuration of the microsatellite
presents a prismatic shape with an octagonal base.
The side of the octagon is 15 cm, while the height
is 25cm in the basic model. The structure is
made by aluminum skin/aluminum honeycomb
sandwich panels. Four steel bars join the different
planes, blocked out of the bottom and top trays by

Fig. 1. A sketch of the UNISAT microsatellite.
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Fig. 2. UNISAT internal architecture.

eight bolts, “packing” the microsatellite. Sixteen
aluminum spacers, four in each floor, inserted
around the steel bars, provide the distance between
the trays.

In the configuration (as in July 1997) examined
in the following, four compartments are provided
(Fig. 2). The lowest houses the transmitter, the
receiver and the terminal node controller (TNC).
The second compartment holds the batteries and
the power conditioning devices, the board with the
electronics to drive the magnetic coils for the atti-
tude control, and a telemetry board for power and
attitude monitoring. Third floor is for the on-board
data handling, with the microcontroller, the op-
erational software and data memories, the inter-
faces to all the systems, and two telemetry boards
for panel-related current and temperature measures.
Top compartment, which height can be varied ac-
cording to the instruments characteristics, is re-
served for the payload.

The shielding is mainly provided by the side pan-
els, the solar panels mounted on them, the trays,
the batteries and the boxes. Their diameter is not
negligible, and the spacers will also be taken into
account in the following analysis of the shielding
offered by the structure.

3. EVALUATION OF THE EXPOSURE TO RADIATIONS
3.1. Sector analysis

The method pursued for the shielding evaluation
[1,3] deals with the estimate of the various obsta-
cles interposed between the sensitive device and
the space external to the satellite. This shield has
to be considered as the sum of all the materials in
different layers (hypothesis is assumed that the dif-
ferent layer thicknesses can be added).

A code, whose flow-chart is reported in Fig. 3,
has been generated in order to execute this task.
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Fig. 3. The procedure implemented to perform the sector analysis.

All the obstacles with a relevant mass interposed
between a device and the outside have been con-
sidered as panel shields whose thickness is referred
to a common standard (mm Al). Their shape is
divided into triangular parts. Vertices of each
triangle are projected on a sphere, whose radius
is normalized with respect to the distance of the
point farthest from the device. In such a way, a
spherical triangle is obtained, and its surface is eas-
ily computed from the coordinates of the vertices.
This area is matched, paying attention to the respec-
tive thickness, with the shield provided by all the
other panels. In such a way, a double column output
(Tables 1-3) can be obtained, where the shielding
expressed in mm Al is associated with the percent-
ages of 4n-solid angle encompassing the device.

Table 1. Shielding distribution around CPU devices

CPU/MC 68332 CPU/RAM
mm Al % mm Al %
2.1 5.7 2.1 8.0
3.2 19.8 3.2 19.6
4.0 4.0 4.0 53
43 8.5 43 0.1
5.1 34.9 5.1 35.0
6.2 11.7 6.2 17.6
6.3 4.0 6.3 10.4
16.0 1.5 6.0 2.0
22.2 7.7 22.2 2.0
26.2 2.2

The result is input to the code giving, for a chosen
orbit, the amount of radiation actually impinging
the device. Proper storage of structure data en-
ables to consider all the device positioning in a
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Table 2. Shielding distribution around the multiplexer and the

ROM in TNC
MUX ROM TNC

mm Al % mm Al %
2.1 5.1 2.1 19.3
3.2 23.6 32 3.8
4.0 6.0 4.0 39.7
5.1 43 43 32
6.2 17.6 5.1 0.3
6.3 10.1 6.0 1.3
7.1 24.1 6.2 4.9
17.1 7.8 7.4 6.6
32.7 1.4 9.3 11.1
16.0 1.4

21.1 8.4

Table 3. Shielding distribution around two points on the
payload tray

Payload 1 Payload 2

mm Al % mm Al %
1.1 22.5 1.1 20.2
22 4.7 22 5.1
3.0 16.3 3.0 30.1
5.0 9.9 33 3.8
53 43 4.1 8.0
6.1 9.1 52 1.4
6.4 8.8 6.1 8.0
7.2 7.1 6.3 33
8.3 9.1 6.4 6.8
15.0 1.4 72 42
22.3 22 83 1.6
243 3.6 15.0 1.9
22.3 5.6

short time. This procedure is basically a method
to assess the shielding more than being an actual
design tool. However, a graphical output can be
obtained as a chart indicating the most dangerous,
less shielded directions. This kind of sketch, that
will be shown in the following for the UNISAT
case, presents the contour-lines of equally shielded
sectors on a sphere centered in the device under
study. This process should be repeated for all the
devices on board; however, passive components
do not require any caution, so the attention can be
focussed on some particular active components,
such as the MOS technology devices.

3.2. Analysis of UNISAT microsatellite

In the case of UNISAT, several critical compo-
nents are present. On the communication tray (in
the TNC), on the power tray, on telemetry board 3
(with the multiplexer, the current sensors and ADC
board), in the OBDH tray (on telemetry boards 1
and 2 and on the SBC board with the MC68332,
RAMs and ROMs). The payload tray is considered
empty, with respect to the multipurpose concept of
UNISAT: an important goal of this research is to
evaluate the kind of radiation environment that is
to be expected in this section of the satellite, in or-
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Fig. 4. Position of the devices considered for sector
analysis.

der to offer some useful information to the payload
provider.

The sector analysis presented has to be per-
formed on a selection of devices, which is carried
out referring to the two main criteria:

e positioning of test point in order to cover all
the volumes of the satellite assessing the relative
risk;

e criticality of the device in order to actually deter-
mine possible limits of the operational lifetime.

With respect to these criteria, analysis has been
limited to the following devices (Fig. 4) [1]: the
processor Motorola MC68332, the RAM of the
SBC board, the multiplexer Maxim 406 in the
telemetry board 3, the ROM TIX TMS27C512 in
the TNC, the geometrical center of the payload
tray labeled as test point 1, and a position on the
same tray about 10 cm from the center, labeled as
test point 2.

Shielding thicknesses and their percentages are
resumed in the following Tables 1-3.

These thickness distributions can be represented
in a graphical form [5]. The curve in Fig. 5 indicates
the percentage of 47 characterized by a shielding
thickness less than the value in abscissa (expressed
in mm Al).

Critical directions are easily detected by means
of a chart obtained as a graphical output of the
code devoted to perform sector analysis. Sectors
with the same value of equivalent shielding thick-
ness are identified by appropriate contour-lines
on the spherical surface encompassing the device.
This surface is displayed in a classical 2-D pro-
jection with latitude and longitude as coordinates;
equatorial plane coincides with the horizontal
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Fig. 5. Graphical representation of the shielding thick-
ness distribution around a device.
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Fig. 6. Graphical representation of the shielding thick-
ness distribution around the multiplexer.

plane containing the device. The projection causes
some graphical inaccuracies near the poles of the
sphere, but the identification of the “weak” sectors
is easily allowed.

Different thickness values for the contour lines
can be selected in a case-sensitive way; in the fol-
lowing, we give two examples about the multi-
plexer on the second shelf and the dose-point “2”
in the payload tray. Gray gradation for the contour
lines of Figs. 6 and 7. Shielding effect of battery
boxes and spacers is apparent for the multiplexer,
while the asymmetry of the spacer shielding to dose
point “2” marks the distance from the z-axis.

4. ENVIRONMENT

The orbit chosen dictates the radiation danger met
and the amount of radiation the satellite will have
to be protected from.

Unfortunately, the choice of the orbit is not
a basic requirement for most of the universitary
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Fig. 7. Graphical representation of the shielding
thickness distribution around the point labeled as
“payload 2”.

microsatellites, as it is strictly dependent on the
possibility to have a low or free cost launch
as an auxiliary payload, the orbit choice being
ruled by the main payload. Indeed, the candi-
date orbits to be investigated here will be those
most commonly used by the launchers: a sunsyn-
chronous, a 51.6° MIR inclination and an equa-
torial one for the two altitude values of 500 and
800 km.

Dealing with satellites devoted to such a kind of
low Earth orbits, a rough description of the radia-
tion environment can be given:

e Trapped particles in the inner (protons from
500 keV to 100 MeV) and outer (electrons up
to 7-8 MeV) Van Allen Belt with a spatial dis-
tribution encompassing the latitudes between
60°S and 60°N, and with a peak in the corre-
spondence of the South Atlantic Anomaly.

e Solar particles, whose emission is related to the
11-year cycle.

e Cosmic Rays coming from the outer space: very
high energy particles (> 0.1 GeV) with different
Z whose flux is the maximum corresponding to
the solar minimum.

The epoch of the launch is quite important in
order to define the field strength condition from the
set of the extremal values, corresponding to solar
minimum, maximum and flare, which will be used
for the analysis.

As we will see in the following section, several
models are available today to describe this envi-
ronment [3].
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5. UNISAT RADIATION ENVIRONMENT

Each orbit of the candidate set for UNISAT mis-
sion was evaluated by means of the SPENVIS and
CREMED96 suites of programs. The former has been
used to achieve the dose-depth curves concerning
the values of shielding thickness peculiar to the
UNISAT structure; the latter has given the cosmic
ray fluxes and the attenuation of their effect through
the shielding of the satellite.

For each candidate orbit, three different condi-
tions were considered: solar maximum, minimum
and flare.

We emphasize here the solar maximum condi-
tion, which will characterize next 7 years, taking
into account even the occurrence of solar flares.

Data presented are referred to the most risky
case, the sunsynchronous orbit at 800 km, where
the satellite is directly exposed to the particles com-
ing from sun during solar flares, the protection
granted by the geomagnetic field being low at high
latitudes. For the same reason, the influence of cos-
mic rays is effective most too.

Results for the complete set of conditions and
orbits are reported in [3].

The TID is mainly given by the trapped pro-
tons of the inner Van Allen belt, particularly in the
South Atlantic Anomaly; a significant contribution
is due to the particles from the Sun and, for small
values of shielding thickness, to the trapped elec-
trons. Cosmic rays are negligible for the evaluation
of the TID.

In Fig. 8, the dose-depth curves for every source
of radiation and the total curve are reported. The
dose values refer to the TID collected over the
whole scheduled lifetime of the satellite, i.e. one
year. We did not consider here the possibility of
anomalous large flares which could not be predicted
by statistic models. However, this task should be
taken into account during the period of solar max-
imum; Fig. 9 shows the dose-depth curves in the
case of occurrence of 2 great solar flares: the in-
crease of the solar particles contribution is quite
apparent.

During the solar maximum period, the flux of
cosmic rays is minimum, due to the stronger protec-
tion given by the solar magnetic field which turns
the particles away from the Earth. These particles
can be protons or heavier ions, whose number de-
creases as the atomic number increases.

In the case of solar flares a large amount of such
particles comes from the sun for a short time (i.e.
a few days): these are the most critical periods for
electronic devices aboard the satellite.

Figure 10 shows the spectrum (flux versus en-
ergy) of particles having a different atomic number
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Fig. 8. Dose-depth curves showing the TID collected
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SPENVIS software).
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Fig. 9. Dose-depth curves in the case of anomalous solar
flares (from SPENVIS software).

Z during a quiet minimum solar period for sunsyn-
chronous 800 km orbit.

In Fig. 11 the same spectrum is pictured in the
case of solar flare: the fluxes of particles are much
more intense than the previous ones.
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6. TID RESULTS

Combination of environment data regarding each
candidate orbit with the geometry-dependent
shielding distribution previously evaluated, gives
the following results for the total amount of
radiation dose throughout the 1 year period.
Data are presented with respect to 800 km alti-
tude, circular orbit, with inclinations 51.6° and
98.6° for the solar maximum and in case of
larger solar flare (anomalously strong events like
those that occurred in 1972 and 1989). Results
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concerned with Equatorial 800 km orbit, which
is not directly affected by solar activity, are also
included.

The values are expressed in rad(Si) (Table 4)
and indicate the expected doses collected by each
device throughout the 1 year lifetime of the satel-
lite. Tantalum (Ta) shielding is also considered for
two devices: a strong reduction in the value of an-
nual dose is apparent.

7. SEE

Design of the protection against SEE must be car-
ried out on a different basis.

In fact, most of the SEE are brought about by
high-energy particles (above 30 MeV); protection
given by the surrounding material is effective only
on low-energy particles (up to 10 MeV), which
are responsible for a small percentage of SEE.
Higher-energy protons and ions can not be effec-
tively stopped by interposing shielding material,
so alternative methods such as EDAC units or
redundant devices must be considered.

It is possible, however, to evaluate the effect
of shielding distribution around the devices under
consideration. For example, we can see the atten-
uation of the cosmic ray spectra at the CPU posi-
tion (Figs. 12—13), which is apparent with respect
to the external environment of Figs. 10 and 11.

These spectra have been obtained by means
of the CREMEY96 code using as an input the
double-column shaped distribution given by
Tables 1-3.

The SEE occurrence is worked out by the same
CREMED96 code on the basis of the internal spec-
tra and the characteristics of the particular devices
under study (sensitive volume, critical charge pa-
rameters [2,5]). Daily SEE occurrences on some
devices for the most critical orbit condition are pre-
sented (Table 5). Experimental data are requested
on the specific device under study for the SEE
occurrence prediction. Unfortunately, these are
not available in every case, but it is often possible

Table 4. Expected doses collected throughout 1 year by different devices. Values are expressed in rad(Si)

Device i=98.6° i=516 i=0
flares max flares Max max
Payload 1 6878 3116 3147 2825 120
Payload 2 7206 3198 3258 2909 123
CPU/MC 4180 1093 1467 1198 122
““(Ta) 1335 292 510 420 95
CPU/ROM 4185 1120 1471 1204 115
MUX 3682 984 1311 1077 110
TNC/ROM 4516 1431 1718 1449 115
““(Ta) 1500 324 572 470 100




166
10° T T T T T
2107
a
P
4 =t
210
:
]
r:ﬂ.l.(]
Big-0 N
pd RNy
B - Z = 10-18, even Z ) 17, even WY
=1077 L Z = 9-1%, odd ZY1% odd
| " |9 L 1
107t 10 10! w0 10® 10t 108

Kinetic Energy (MeV/nucleon)

Fig. 12. Cosmic rays spectrum at the CPU position for
the sunsynchronous orbit in the case of solar minimum.

10* ;f_gfr—A\

210
=1 Z = 10-16, even 2 ) 1Y, even
10-14 Z = 9-1%, odd Z $ 17, odd
1 L vl 1 1
1wl w? el w0 10?10t 108

Kinetic Energy (MeV/nucleon)

Fig. 13. Cosmic rays spectrum at the CPU position for
the sunsynchronous orbit in the case of anomalous flares.

to refer to similar SEE-tested devices (as the
MC68020 for the MC68332).

7.1. Spot shielding

Risk of SEE occurrence resulting from previous
results can be considered too high. A possible, mod-
erate help can be provided from the spot shielding
[1], i.e. the positioning, of a thick layer just over
and under the particular device. Candidate ICs for
this application are the most critical components,
i.e. the ROM of the TNC and of the SBC 332 board.
The layer is made of high density materials, as the
tantalum: in the present example, a 2 mm Ta layer
is supposed to be placed over the device, which in
turn lies on a 1 mm thick Ta layer. In Table 6, the
SEE occurrences are resumed for the same devices
seen before in such a condition.

Even though the effect of this kind of shielding
is not negligible, the method is not completely
satisfactory, not being able to reduce the SEE oc-
currence under values to be considered safe for
all the mission lifetime. For some particular de-
vice, to be flown in specific orbits, designers are

G.B. Palmerini, F. Pizzirani

Table 5. Daily SEE occurrence for the more critical devices

Device SEE Occurrence
MC68332 0.0258 events/day
ROM TNC 0.0135 events/day

Table 6. SEE daily occurrence for tantalum spot-shielded

devices
Device SEE Occurrence
MC68332 0.0209 #/day
ROM TNC 0.0095 #/day

therefore urged to pursue a protection strategy
from both hardware and software points of view.

8. CONCLUDING REMARKS

A method to evaluate the shielding to radiation of-
fered by the structure has been implemented for
the UNISAT microsatellite. The procedure starts
with the selection of representative devices, based
on their criticality and position on board. Sector
analysis is carried out, obtaining by trigonome-
try the shield distribution. Using up-to-date codes
(SPENVIS and CREME96) the dose-depth curves
have been generated. The results obtained for the
devices onboard show that TID is not expected
to cause problems, while the SEE behavior could
bring about some trouble for particular devices. A
graphical representation of the sector analysis data
can be useful in order to qualitatively recognize
most dangerous, too weakly shielded directions.
The effect of spot shielding via Tantalum lids has
been assessed, improving up to % the mean time
between SEE occurrences.

The analysis presented provides a suitable, gen-
eral path to investigate and reduce radiation effects
on microsatellites.
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