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Beyond Gravity INn Numbers beyondgrav;ty

100 «

mission success
1800 . ‘ Products on 1000
employees” across :
payloads delivered to space

12 sites in 6 countries

* includes employees for support functions.

‘ More than 50

120 years of experience 1270
successful launches
with strategic partner

ULA
R&D spending 127 m ‘ CHF 359 m
CHF in 2024 net sales in 2024
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Beyond Gravity beyond gravity
General

ope’s Next-
auncher

A Owned wholly by Swiss Confederation . )
A Main markets: Europe and United Rt o, ———
States

A Focus: satellite, spacecraft and launch
vehicle development and operations

A Competence domains:
A Electronics
A Mechanical and thermal
A Structures and Separation systems

A Sites in Switzerland, Finland, Austria,
Sweden, USA and Portugal
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Our Global Footprint in beyond gravity
Europe & the US.

Sweden

Gothenburg Finland
Linkoping Tampere
Austria
o Vienna
*-‘ Berndorf
Switzerland
Portugal Zurich-Circle (HQ)
Lisbon Zurich-Seebach
Emmen
Nyon

Titusville
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Satellites.

Spaceborne GNSS Receiver Solar Panels & Arrays

- ] ]
E n ab I I n M I SS I O n S il Ariteing Solar Array Mechanism
Power Control and Distribution Unit

Satellite Bus Thermal Control

That Shape Our World.

Computing

On Board Computer
Remote Terminal Unit
Encryption

On Board Processing Communications

Low Noise Amplifier
TMTC and Link Antenna
Pointing Mechanism
Frequency Converter

Multipurpose Components

Drive Electronics
Slip Ring

Chemical / Electric Propulsion

/ & Attitude Control
Thruster Pointing

Payloads

Radio Occultation
Positioning, Navigation & Timing
Pointing Mechanism

Ground Solutions
Spacecraft Container
Clampband (Ground Support Equipment)

Pl el e ol Beyond Gravity Finland Oy
Other Ground Support Equipment




Bey()nd G ravrty F|n | and beyond gravity

30 employees located in Tampere.

A Aleading space company in Finland with globally
recognized engineering capabilities on interface and
power electronics for institutional and commercial
customers alike.

A State-of-the-art manufacturing and testing facility with
220m2 clean room area (certified 1SO 8).

A Provider of Radiation testing services for electronics
components and hardware in close cooperation with
national testing facilities

A Products deliveries to over 40 ESA missions since
activities started in 1985.
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History

Hollming , Electronics

A Space projects started
Finnyards , Electronics

A First flight to Orbit 1992
Finavitec

Patria

Beyond Gravity

beyond grav;ty

(1985 1991)
(19917 1997)

(1997 i 1998)
(1997 i 2015)
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Beyond Gravity Finland
Focus areas

SUBSYSTEMS

PLATFORM AVIONICS ELECTRONIC POWER

SERVICES

MANUFACTURING TESTING ENG MGMT
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The hard |ife of a s cheyondgrayty

Different Orbits: Different mission durations
A LEO A Short-term (weeks)

A MEO A Medium-term (1i 5 years)
A GEO A Long-term (10+ years)
A HEO

A Deep Space

https://airbus-h.assetsadobe2.gom/isfimage/content/d arﬁ/pro ducts-and-so Iulién s/space/space-
exploration/solaromiter/solar0miter-landscape-image-astrium. jpg?wid=1920&fit=fit, 1 &qt=85,0

Extreme environment

Different applications
A Communication
A Earth Observation
A Navigation

A Scientific

A Military

Long Journey

Thrilling Launch
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| Satelllte Sub -Systems

Platform Communication System

Mpchéhi
Suppor

GNSS Navigation System

Integrated Avionics System
Modular Electronics System-
- On-board Data NEIWI S

Thruster Pointing System |

Solar Array Drivg” : \%,

- Assembly Sysfem
- Satellite t—em N

¢

nal Management System
Icture System




Traditional vs New Space beyondgravity

High cost , government-funded Low cost , commercial-driven
Custom , highly engineered designs Standardized , modular designs
Long mission duration (years), Shorter missions (months to few years),
various orbits ( L E O é D space), mostly LEO orbits,
few large spacecraft (can be) many small spacecraft
Low risk tolerance, extensive testing and analysis Higher risk tolerance, rapid iteration
Slow technology refresh Fast adoption of new tech
Inherently radiation -hardened technologies and COTS technologies and designs, up-screening for
designs space use
Strict qualification requirements for components Formal qualification not mandatory (but often
and assembly methods required or requested by customer)
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New S pace beyond grav;ty

A (Mega)constellations, cubesats: hundreds up to thousands of satellites

A Only possible with cheaper developments i expectation: 1/10 of traditional costs
A Cheaper parts: automotive, commercial

A Failure handling: more digital functions, more S/W, autonomous corrections

A Failures may be accepted if they can be handled autonomously

A Reduced reliability may be accepted

A Use of COTS parts not possible or reasonable in all areas

A Problems

- Radiation hardness
- Traceability (different characteristics of same parts depending on supplier and date code)
- Reliability, how to verify with no statistical data in space conditions

The challenge: highly reliable units bui

15
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Space Environment Overview beyond gravity

A Vibration and shock during launch
A Vacuum Conditions: No atmosphere
- Outgassing and material evaporation risks
- Corona risk during depressurization, venting
A Temperature
A Radiation
- Solar particles, cosmic rays, trapped radiation belts
A Microgravity
- Minimal mechanical stress but impacts fluid
behavior and heat transfer " .
- Loose particles inside units or component cavities it v ofCoprion 65 b e o1t by Pk ket CREOIT. £, D
can cause problems
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Vibration & Shock beyond gravity

A Vibration during launch, shock at separation, A Effects
deployment of solar panels, etc.

Parts and solder joints can be destroyed, through-hole
leads can rupture

https://cdn.vox- https://iwww. esa.int/var/esa/storage/images/esa_multimedia/images/2019/04/microscopic_view_of_cra
cdn.com/thumbor/NTA7 ByV 9Pma YtL 2WWIiXX Gs2puw=/0x0:4 26 7 cked_solder_joint/19332783-1-eng-GB/Microscopic_view_of_cracked_solder_joint_pilars.jpg
X2400/920x0/filters:focal(0x0: 4267 x2400):.format(webp):no_upscal

e()/cdn.vox- . . .
Concampoadschors cseiHlB80SS . npace . pg_om - Special packages (lead construction) and mounting
yKJpg

required
https://cdn.mos.cms.futurecdn.net/
53t9bgqsmnsgV LqoyB YnPwa-650-
80.jpg.webp

9000 NOALIA

.;ﬁg SR

g & S Sa e

special packages +
leads

https://spaceflight101.comVsoyuz-vs15/wp-

https: //spaceflight101.comV/soyuz-vs15/wp- content/uploads/sites/86/2016/05/Galilkeo_s_Fregat_sep
content/uploads/sites/86/2016/05/Artist_s_impress arating_node_full_image_2-512x384.jpg
ion_of_the_Soyuz_Fregat_fairing_separation-

18 512x384pg Beyond Gravity Finland Oy
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Temperature beyond gravity

A Temperature Extremes: -180°C to +120°C A Effects

depending on sunlight exposure - Electronics is exposed to ~ -30°C to +85°C temperature
A Satellite is protected via thermal insulation foils on the PCB (more on/in the parts; limit is typ. 125°C)
A and is cooled via radiators or heated via heaters - Low headroom in particular for power electronics (safe
A Cooling in space only works via thermal radiation operating area, SOA)

- Parameters vary in wide range (e.g. leakage currents
double every ~10°) -
- Extensive analysis

I 115.75
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- 1005279 _I TT 1 [ 1
S 05 w AREEENEEEEEEN
o 106.4125 T 1 1 N
£ S~ f L] Sl
S o4 103.2971 T |
,5 \ \ Ium 1817 e i
§ 0.3 ™ 97.0664 ‘ ] A
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{ I Iy
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g im il
301 \ \ Iwzzvd u| il!"r A
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radiator-panel on satellite

https: //sci.esa.int/documents/34795/35668/ 1567216780512 https: //artes. . .
19 -BepiColombo_MPO_LSS__PAVO-5818_625.jpg Beyond Gravity Finland Oy
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What Is Space Radiation ? beyond gravity

. . . ) @ Space Environments and Related
A Primary radiation consists of charged particles: Effects

- EleCtronS Plasma Particle Neutral Ultraviolet Micro-

- Protons (hydrogen ions)
- Heavy-ions .omzﬁ& \s:” /
. . . . Chargin on-lonizin vent :Iosai‘g: Impacts
A Particles have mass and speed i.e. (kinetic) f - " o'ise i EEﬁias | : ,,
energy. E = 1omv2 ‘Biasingof | ‘Degradation _ Data [‘Torques  -Degradation -Structural

instrument of micro-  corruption | .orbital e

. readings selectronics  ,\oica on | decay electrical, ,pacompression
- - . tical
Energy usually expressed in electron-volts Pulsing | -Degradation  Images e arties

- 1eV=1.602E-19J Y practical units: keV, MeV, GeV, TeV FEl corponents giraien “Degradation

drains P of structural
-Physical 9 «Circuit integrity

A Secondary (or scattered) radiation is caused by damage | 1S damage | e
p ri m ary rad i ati O n i nte raCti O n W i th S h i e I d i n g / NEPP Webex Presentation —Radiation Effects 101 presentex d by Kenneth A_ LaBel- Apr 21,2004
. @ Trapped Particles in the Earth’s Magnetic
Spacecraft matenal Field: Proton & Electron Intensities gt

AP-8 Model AE-8 Model Belts

- Detaching new particles (incl. neutrons) E, > 10 Mev
- Emitting photons (bremsstrahlung)

Rotation axis

Inclination

Magnetic
Dipole

Geographical
equatorial

Magnetic

|
#/lcm?/sec !

A dip in the earth’s dipole moment causes an asymmetry in the picture above: $RAD’ SpiZeOEaZC(‘)Iit?,Dn Environment, Athina
The South Atlantic Anomaly (SAA) arotsou, 14.05.

L-Shell

IEPF Viebex Presentation ~Radaticn Effects 101 presented by Kennelh A LaBel- Apr 212004
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Y
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. Where Main Particles Come from

Trapped particles at radiation belts (van Allen belts)

(Jupiter and Saturnus also have radiation belts)
Y electrons (outer belts), protons (inner belts)

Solar wind

( More relevant in interplanetary mission
against solar wind)

Y electrons, protons

Solar flares, coronal mass ejections
(Solar Particle Events; SPES)
Y protons, heavy-ions

Galactic Cosmic Rays (GCR)

Y protons, heavy-ions

Radiation environment depends on mission i.e. orbit /
trajectory, duration and launch date (w.r.t. solar cycle) !

7 beyond grav;ty

The Space Radiation Environment

SOLAR PARTICLE EVEN
(Protons to Iror ei)

INNER RADIATION BELT
(Protons)

SOUTH ATLANTIC ANOMALY

G CTIC COSMIC )
GALACTIC COSMI (Protons)

ces ofionizing radiation of importance
ed missions in low-Earth orbit. Note the spatial distribution of
the trapped radiation belts.

www.Ipi.usra.edu/education/explore/space_health/presentatons/wu. ppt

Orbits :
O LEO
A MEO

e . GEO

oY

< VanAllen.
-\_+. Radiation Belts

http: /ivww. uio. no/studier/emner/matnat/fys/FYS4220/h1 Jundervisningsmateriale/ forelesninger-vhdl/
Radiation effects on space electronics. pdf
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and What They Cause ~ ? beyond gravity

[ &) [P

In Electronics (Semiconductors): Trapped
A Total ionizing dose (TID)
A Accumulation of ionizing dose deposition (i.e. charge trapping) e

U Trapped particles, Solar particles, secondary radiation

A Displacement damage (DD), or Total non-ionizing dose (TNID) pr) J [ /&)

Oxide

A Accumulation of crystal lattice defeats Interstitials
U Trapped particles, Solar particles, secondary radiation

A Single event effects (SEE), or phenomena (SEP) Vacancies
A Observable effect resulting from high ionizing dose deposition in sensitive region
of device, and caused directly / indirectly by single (high energy) particle lon / /b Proton

~ (mdlrect ionization)
U GCRs, Solar Flares, Trapped protons, (Jovian electrons) (2
- . lonisation -
in Materials: |
A Aging, degradation of physical properties N

A Charging in insulators Y ESD, break-down

https:/findico.cem.ch/event/635099/contri but ns/257067 4/attachments/1456398/224896 1/
Radiation_Effects_and_RHA_ESA_Course_9-10_May_2017_TID_MP_FNAL.pdf & ECSS-E-HB-10-12A
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SWaP Design Considerations beyond gravity

A SWaP = Size, Weight and Power
A Thermal performance

- Thermal dissipation of components directly impacts reliability

- Heat from the die is only conducted through the component case to PCB, low thermal resistance

necessary

- Thermal path from case to PCB can be improved with special assembly, but adds cost and complexity
A Size and weight

- Launch cost increases per kilogram

- Heavy components need special assembly due to vibration and shock

- Radiation shielding requirements lead to mass increase

24 Beyond Gravity Finland Oy



Low -Power Design Considerations

A Low power consumption is extremely important
- Available power capacity is limited by solar array area
- Peak power is limited by battery capacity
A Low-power modes
- Reduced clock frequencies
- Partial shut-down (clock and/or power)
- Can be even long hibernation periods 1 reliable wake-up!
A Performance per Watt to be considered
- The most high-end component may not be best fit
- Parallelism and pipelining to operate at lower frequencies
- Optimized algorithms for fewer operations and memory accesses

25
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Reliabl |Ity beyond grav;ty

Decreasing Constant Increasing
Failure
Rate

1 Failure

Rate

Failure
Rate

A 15+ years of operation without repair

A Bath-tube curve

A Single failure must not propagate

A Failure mode effects and criticality analysis FME(C)A

|
{
A Countermeasures P |
- Burn-in tests :
- Redundancy (EDAC, H/W, etc.), e.g. multiple elements, additional bits in data, etc. o o stsicshonto conbatu haped dtibuton
- De-rating: parts are not allowed to be used up to their maximum rating (e.g. 60% voltage for capacitors)

Observed Failure
Rate

Failure Rate
“‘
-
=
=

Constant (Random)
Failures

Time

A Failure rate analysis based on statistical failures, via databases (e.g. MIL-HDBK-217F, FIDES)
A Often high autonomy required

- Signal transfer time can take several minutes, e.g. 3min..20min to Mars
- For interplanetary missions no permanent communication with spacecratft (e.g. communication with Mars-Rover 1x per
day for a few minutes)

26 Beyond Gravity Finland Oy



Radiation -Tolerant Chip Design beyond gravity

Techniques 1/2 297

A Silicon-on-Insulator (SOI)
- Adds an insulating layer between the silicon substrate and active devices

- Reduces charge collection during particle strikes
A Enclosed Layout Transistors (ELT)

- Special transistor geometry that prevents parasitic leakage paths

- Common in CMOS designs for latch-up prevention
A Guard Rings & Isolation Structures

- Surround sensitive nodes to drain excess charge

- Improves immunity to latch-up and transient effects
A Use of Wide Bandgap Materials

- SiC and GaN devices for high radiation tolerance and thermal stability
A Low-Power CMOS Designs

- Reduce power and heat for improved reliability in harsh conditions

27 Beyond Gravity Finland Oy



Radiation -Tolerant Chip Design beyond gravity
Techniques 2/2

(m)

A Hermetic Sealing

- Protects chips from contamination and outgassing in vacuum environments
A Shielded Packages

- Protects die from radiation with additional material
A Triple Modular Redundancy (TMR)

- Replicates logic three times with majority voting for fault tolerance

- Ensures correct output even if one module experiences an upset
A Error Detection & Correction (EDAC)

- ECC algorithms detect and correct bit flips in memory

- Often combined with scrubbing (periodic memory refresh)
A Hardened Libraries & Processes

- Radiation-hardened standard cell libraries for ASICs and FPGAS

- Specialized fabrication processes (e.g., RHBD T Radiation Hardened By Design)
A Latch-up protection (fast reaction to overcurrent)

- Either within the component or with an external protection circuit

28 Beyond Gravity Finland Oy



Summary beyond gravity

Important aspects to consider when designing for space:

A Radiation tolerant technologies and designs
A Size and weight

A Power efficiency

A Reliability

A Material selection for vacuum

A Traceability of materials and processes



Thank Yo
Questions?

beyond grav;ty

Pia Koivisto
Lead Electronics Systems Engineer

Beyond Gravity Finland Oy
Naulakatu 3 | 33100 Tampere | Finland

Pia.Koivisto@ beyondgravity.com

beyondgravity.com
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TID - Levels (TIDL) beyond gravity

r

ARdLevel o i s measured as e HPHiose - DEpsliume 1
A Energy absorbed locally per mass unit g s ool

e Sentinel-6 (LEO 1336 km, 66°, 7.5 years)

Galileo (MEO 23222 km, 56°, 12 years)
== == Generic GEO (35784 km, 0°, 15 years)
s Solar Orbiter (0.39 AU, 10 years)

A [TID] = rad(Si) ® = 0.01 Gy (Gray) = 0.01 J/ kg 168

(*) rad = radiation absorbed dose

Sentinel-2 (LEO 786 km, 98°, 7.25 years)
e GAIA (L2, 6 years)

== == Space Weather (L5, 10 years)

e Ae0lus (LEO 320 km), 98°, 3.25 years)

1E+7

A Level is determined by:

A Environment
A Orbit (or trajectory), mission duration, launch date

A Shielding (of die) provided by: + &\\\_ —

[y
m
+

(e)]

Dose [Rad]

A Partodos case (own / others) 1E+4 = 7
i ‘% ____________
A Unit housing, PCBs, connectors etc. \~\\ — SE==aCE=Sassss ==
A Spacecraft and other units 143 S—
A TIDL analysis methods:
B o ] 0 5 1.0 . 15- 20 25 30
A Mlnlmum thlckness Equivalent Aluminum Thickness [mm]

A Sector analysis
A (Reverse) Monte Carlo
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TID - Sensitivities (TIDS)

A Tolerance / sensitivity not definite, can be defined by e.g.:
A Initial (pre-rad) specification
A Post-rad specification
A Ultimately, when system performance is still met
Y Target of interest: being in specification vs. drift, or both ?

A Sensitivity can be dose rate dependent

A Enhanced Low Dose Rate Sensitivity (ELDRS) in Bipolar/Bi-CMOS parts
Y Test set-up / available test data (HDR vs. LDR vs. ELDR)

A Tolerance indicated or evaluated via

A Specification / manufacturer guarantee (RH devices)
A SMD / JANS number (HDR)
A Part variants (ELDRS)
A Each diffusion lot TID-tested (w.r.t. specification)
A Custom radiation tests (RH + COTS devices)
A Behavior in intermediate dose steps
A (Enhanced) selection of test parameters
A (Enhanced) selection of bias conditions

33

INPUT BIAS CURRENT [nA]

102

beyond grav;ty

SUBSTRATE pnp
INPUT TRANSISTOR

Spacecraft
(dose rate varies)

0.01 rﬂdsfsec

/\

Ef’l.':c: -gamma data

10 rads/sec

L
104

TOTAL DOSE [rad (Si)]

RHA TID Level [Examples
Designation

M 3kRad |5962 R 88565 02 VDA: 100 kRad HDR guaranteed OP471

D 10 kRad (note post-rad specification)

P 30 kRad

L 50 kRad |5962 R 88565 04 VDA: 100 kRad HDR /

R 100 kRad 50 kRad ELDRS guaranteed OP471

F 300 kRad (note post-rad specification)

G 500 kRad

H 1 MRad [JANS R 2N7486 U3: 100 kRad guaranteed JANS2N7486
(note post-rad specification)

1.5 Radiation features.

Device types 0

Maximum total dose available (dose rate = 50 — 300 rads(Si)/s)

res

1 and 02:

Device types 03 and 04:

Maximum total dose available (dose rate < 10 mrads(Si)/s)

100 krads(Si) 3/

50 krads (Si) 4/

Input offset current

lio

Vem=0V

1

+10

2,3

+20

MDPLR

1

01,02

50

MDPL

1

03,04

50

nA

Beyond Gravity Finland Oy




TID & Impacts and Mitigations (1/3) beyondgravity

4 . . *\ = 0.020 5
A Typical impacts (*): +s ] [TORERE |
A Parameter changes / drifts: | o | = roReases . | Compartor
i 9 ] 0010 | 4 HDR Unbiased
A hFE/ CTR degradation in BJTs / optos s g5 e L
A Bias / leakage current drifts 2 E 3 K./
A Offset- / reference / -threshold voltage drifts % Lin. Regulator 8 2: 7
4 . . o -0.005 —+—High dose rate, unbiased g, -
A In-rush current increase (in FPGAS) 5 @ 15--1:!: — - A
. . . . . . o0.010 } —a-High dose rate, biased o v
A Timing / switching parameter drift - Low dose rate, unblased ’
A (Eventually) functional failures: T 05
A 1 1 1 o 25 50 75 100 125 150 0 T T T T T
A Data retention (|Q memon-es) o aldoen, kradion 0 0 %0 60 % 100 20
A Reduced resolution (e.g. in ADCs) Exposure (krad(Si])
. ) 1.5
A Drifts can be: 12-bit ADC
. ) ) ) ) R1= Ref., R2-4 = ON-biased, R5 -7 = OFF-biased
A Linear, logarithmic, exponential, ... by nature L g
A Bias dependent (ON vs. OFF, supply voltages) o I R A E
A Manufacturer / process / lot dependent 0000 f- === - oo mm oo A1 R 3
. ) . _ T S SRR S /A O 5 W Re |
A ... and may recover in hot (Y annealing) A A R S N 7 TN U WO N IOl -
oo Y AN o | B —=— Channel 1
o y 00 f ——rr | & — - Channel 2
A (Highly scaled CMOS tech. tends to be less sensitive) ovog— 2= & & o M 1] =+ -Ghannel 3
0000 ! ! ! ! ! , = _—®—Channel1|  Quad Op. Amp.
Okrad 10krad  25krad  50krad  75krad ann24h anni6sh 15 . . .
Test Steps 0 20 a0 60 80 100 120
(*) Not all parts or parameters are impacted. Exposure (krad(Si))
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TID o Impacts and Mitigations (2/3)

A One sided tolerance limits (K,):

Only a few samples of population (lot) is TID-tested

A Indicate how the samples represents the population at given
probability (P) and confidence level (C)
A lelt = Mean #* KTL * Std-DeV N_|P=90% | C=90% |P=95% | C=90%
A where Ky =f(n, P, C) 3 3108 Sos7
5 2.742 3.400
6 2.493 3.091
7 2.332 2.894
Source: MILZHDBKZ14
500.0- M* 1 [Ref)
450.0- s,
400.0 -
350.0-
E:-" 300.0-
E.EEELD—
= 200.0-
150.0 -
100.0 -
S0.0- , — ; ‘ i i
a £l "2z 30 50 79 101 24hf25°C 168/ 100°C
35

600

400

300

200

100

beyond grav;ty

Op. Amp. Input bias current

-100

0 kRad

10 kRad 15 kRad 25 kRad 36 kRad 42 kRad 50 kRad PostRTA PostETA

20 000

18 000

16 000

14 000

12 000

10 000

8 000

6 000

4000

2000

0 —_—

-2 000
0 kRad

Comparator input offset voltage

s =

< /
~ 2

10 kRad 15 kRad 25 kRad 36 kRad 42 kRad

50 kRad

PostRTA PostETA

Beyond Gravity Finland Oy



TID & Impacts and Mitigations (3/3) beyondgravity

- L. . Vgs250 [V]
A Mltlgat|ons Oor countermeasures:.
A Reduce (evaluated) TIDL | = e = =
A More detailed modelling / accurate analysis
A Additional shielding / constrained TAyout  (tTo " ABUTYo "$E€ENSI ti-
A Enhance (required) TIDS
A Take drifts into account in design / WCA
< . " . " " COTS N-MOSFET
A Use components in less sensitive mode / bias condition
, Switching at 67%
A Compensate Static ON

A Change to more tolerant component
A (Process doping / hardening by design)

0.5

A Provide compensation (methods) in design (HW and/or SW)
5
—&— Wafer 15 10%
AT —8— Wafer 15 40%
< Control
o]
o st |
g
=z 2 COTS 16-bit ADC ]
£ with special package °
o . / /‘
@ 1t Spec Min / K
i Al
>
0
Spec Max
s 0 5 10 15 20

Dose (krad)
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TNID / DDEF

r

AfiLevel o0 i s measured as
A Energy absorbed locally per mass unit
A [TNID] =MeV /g

A or as Displacement Damage Equivalent Fluence:

A Equivalent fluence for mono-energic particle (e.g. 50 MeV protons)

A DDEF, g = TNID st / NIEL, g mat
A [DDEF] =#/cm?

A NIEL (Non-lonizing Energy Loss)

A Displacement kerma (Kinetic Energy Released to MAtter)

A Particle, its energy and target material dependent factor
A Determined via scientific experiments

A Also used to convert among DDEFs
A DDEF,=(NIEL,/NIEL,) A DDEF
A [NIEL] = MeV Acm?/ g

37

- Levels (TNIDL / DDEFL)

beyond grav;ty

_ = = D35-S5S (LEO 4000/400 km, 63.4°, 5 years)
a- b S DDEF Dose Depth curve e Sentinel-6 (LEO 1336 km, 66°, 7.5 years)
1E+14 4 Solar Orbiter (0.39 AU, 10 years)

3 JUICE (Jupiter Moons, 11 years)

i Galileo (MEO 23222 km, 56°, 12 years)
n == == Generic GEO (35784 km, 0°, 15 years)
GAIA (L2, 6 years)

e Sentinel-2 (LEO 786 km, 98°, 7.25 years)
== == Space Weather (L5, 10 years)

e Ae0lus (LEO 320 km, 98°, 3.25 years)

- = = "Threshold" for Bi-CMOS, Bipolars, Zeners

1E+13 £

1E+12 1 —_——

1E+11 -

DDEF [#/cm2 @ 50 MeV protons]

' =
\ -~ T
16410 - == %m;
1 ™ —

P —
-
—

1E+9 T T T T T T T T T T T T
0 5 10 15 20 25

Equivalent Aluminum Thickness [mm]
1000
: : —+—Dale ot al.
Protons : —o— Huhtinen and Arnio
H : Protons ) == Akkerman et al.
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TNID / DDEF 8 Sensit . and Impacts beyond gravity

A Potentially sensitive technologies

A Optical devices (opto-coupler, LED, laser diode) and optical materials
A Electro-optic sensors (CCD, APS, photodiode, phototransistor)
A Bipolar / Bi-CMOS circuits, BJTs and zener / low leakage / reference diodes

when DDEF @ 50 MeV protons > 2E+11 # / cm?

A Sensitivity not specified by SMD as for TID

A Custom tests
A Manufacturer tests / characterizations

A Typical impacts:
A Opto-couplers: CTR degradation
A DD impact is usually more dominant than TID impact
A BJTs: hFE degradation (particularly in low-current condition)
A PNP more sensitive than NPN
A Diodes: increased leakage current / forward voltage

A TNID analysis methods and mitigation methods as in TID
A TNID degradation shall be combined with TID degradation
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SEE 0oL evel

A Heavy-ion (LET) and proton (energy) spectra

A Particle fluxes (incremental or differential)

A Typical environmental / temporal conditions

A fiQui et-of-Flare Ou t
A GCRs (HIs), Trapped protons
AFl aredo / Wor st
A Solar His, Solar protons
A Roughly 1 worst week per 5 years
A South Atlantic Anomaly (SAA)

A Trapped protons

A Shielding
A No much impact for GCRs
A No

Ve

A

shielding or
oflg/lem?(a 3.7 mm) =
A Some impact on Solar Particles §
A AStandar Husually used/ c =
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beyond grav;ty

SAA: > 92 MeV protons at 800 km @ Solar maximum [#/ cm2 / s]
https://indico.cem.ch/event/635099/contributions/ 257065 9/attachments/
1456183/2249867/2_Radiation_Effects_and RHA_ESA_Internal_Course
_9_May_space_environment_HE.pdf
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SEE 09 Destructive Effects

A Latch-up (SEL)
A High current by trigger of parasitic PNPN thyristor structure in device Y thermal effect

A Technologies: bulk CMOS / Bi-CMOS
A Mitigation: d o n 6 t, cumrentlimitation / monitor + power cycling (and 1/O isolation)

A Burn-out (SEB)

A High current by trigger of vertical N-chan transistor accompanied by regenerative feedback

(power N-MOSFET is in OFF state) Y thermal effect

A Technologies: power N -MOSFET (disc. or IC), IGBT, power BJT, Schottky diode , (bipolar IC) [/ paragitingT

A Mitigation: d o n Gldrateu(SEE-SOA), (current / power limitation + cycling)

A Gate Rupture (SEGR) / Dielectric Rupture (SEDR)

A Formation of conducting path in gate oxide / ionization of dielectric i.e. field across dielectric

exceeds critical value Y voltage breakdown
A Technologies (SEGR): power MOSFET (discrete or embedded in IC)

A Technologies (SEDR): lin. device (capacitor), flash /EEPROM (charge pump), antifuse

A Mitigation: d o n @drateu(SEE;SOA)

beyond grav;ty

Well

i / Contact

Le] * [+] >
L fsv n-well
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https://indico.cem.ch/event/635099/contributions/ 2570659/

A Snapback (SESB): Avalance current amplified by parasitic transistor in MOSFET Y thermal effect  stmensissoisszaiane o maaon eres and s
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SEE 90 Non -destructive Effects 1/2

A Upset (SEU) / Multiple Bit Upset (MBU)

beyond grav;ty

If not properly taken into account, soft effects

A Bit flip(s) in digital register element (flip-flop, memory cell, ...) can propagate locally or to higher level and

A Technologies: (VLSI) logic, memories
A Mitigation: TMR (voting), EDAC (error detection/correction), ...

cause data corruption, unintended commands,
reset / switch-off, overvoltage conditions ...
Y reduced availability

A Hard Error (SEHE) Y loss of mission in worst case !

A fAStucko (unalterable) bit
A Technologies: DRAM, NAND-flash , resistive-load SRAM

"STANDARD SETSs"

A Transient (SET) / Disturb (SED)

A Impulse response (momentary spike) of certain amplitude and duration
A Technologies: linear device, opto -coupler (SET), digital logic (SED)

A Mitigation: Anal og/ digital -infgd |(teegermrc ololté mi

A Functional Interrupt (SEFI)

A Temporary non-functionality / interruption of normal operation (as result of local
SEU/SET) in complex devices (ADC, processor, memories with controller,
FPGA, comm. protocol IC, POL-converter, PWM-controller, ...)

A Some SEFls may |l ead to such fdeagling ck?o

Device SET nature at device output
Amplitude Duration
OP-amp. @Vmax = |Ncrncax =
Comparator @Vmax = |RKestcncax =
Volt. reg. ®&Vmax = |NMinmax =
Volt. ref. @Vmax = |[Nevceax =
080 EoufedYE¥MIM :Cx € S st anax - =
PWM Double Pulses, two missing pulses,
multiple missing pulses in a row,
device shut off
PLL Transients and permanent changes in
output wltage. In synthetizer circuits
can cause phase, amplitude and
frequency transients with duration
whi c h| rdaigmyer by lgogrespgnge.y |
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SEE 0 Non -destructive Effects 2/2

Output Voltage (V)
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beyond grav;ty

Run 21, RHFL4913, Cout=10uF, lout=300 mA, LET=75MeVem®img
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SEE 8 Sensitivities (in General) beyond gravity

1E-02

« ¢
1E-03 / =

A Sensitivities evaluated via experimental tests
A Tests with heavy ions (and protons if necessary)

+9 O

3
A Event criteria, especially for SET, impact obtained sensitivity ? : . ® +/-15V; OV
é\ Cross section = # of events / fluence, [cross section] = cm? ; . . ,:ﬁi: ;fv
A LET,, = threshold LET value SEEs start to appear ;_f .:j;i"‘o;"f"
A ASensitivityo Grsaturatioh eass-segtion(s)E T 8 S +/-5V; 2.5V
A SET / SED envelope and SEFI behavior also desired / required Foaes |4 s N
information : _ )
A If LET,, for heavy-ions (in silicon): LET (Mev.cme/mg)

A O 60 MamgArcaomnsidered immune (in Europe)
A < 60 Mé&nwglrc(mpact/ rate) analysis for Hls
A < 15 Mé&mwgArc(impact/ rate) analysis also for protons

A If SEE impact propagates
Y SEE (+ outage) rate / end-effect need to analyzed (and submit for
customer approval)
U Test data is needed !
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