
Space	
  Weather	
  Radia.on	
  Effects	
  on	
  
GEO	
  COMSAT	
  Solid	
  State	
  Power	
  

Amplifiers	
  
SPENVIS	
  Workshop	
  

	
  
Whitney	
  Lohmeyer	
  and	
  Kerri	
  Cahoy	
  

MIT	
  
May	
  23,	
  2013	
  



2	
  Military	
  COMSAT	
  aKer	
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  Tes.ng	
  [1]	
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  kg	
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  $580	
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Problem	
  Statement	
  
•  In	
  2008,	
  the	
  NRC	
  hosted	
  a	
  

workshop	
  –	
  Societal	
  &	
  Economical	
  
Impacts	
  of	
  Space	
  Weather	
  [2]	
  
–  Over	
  past	
  20	
  years,	
  ~580	
  

spacecraK	
  launched/afempted	
  to	
  
GEO	
  

•  Space	
  Weather	
  (SW)	
  is	
  a	
  constant,	
  
on-­‐going	
  problem	
  	
  
–  At	
  GEO,	
  SW	
  drives	
  design	
  à	
  

redundancy	
  
•  To	
  quan.fy	
  how	
  space	
  weather	
  

effects	
  COMSAT	
  performance	
  	
  
–  Must	
  have	
  both	
  space	
  weather	
  

(SW)	
  data	
  and	
  satellite	
  telemetry	
  
–  Obtaining	
  satellite	
  telemetry	
  is	
  

difficult!	
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Objec.ves	
  

•  Team	
  with	
  two	
  COMSAT	
  
companies	
  	
  
–  Inmarsat	
  (London,	
  UK)	
  &	
  
Telenor	
  (Norway)	
  

– Analyze	
  >1	
  million	
  hours	
  of	
  
opera.onal	
  telemetry	
  

– 8	
  Inmarsat	
  GEO	
  satellites	
  	
  	
  	
  	
  	
  	
  	
  	
  
(2	
  unique	
  fleets)	
  

– 4	
  Telenor	
  GEO	
  satellites	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(4	
  unique	
  bus	
  designs)	
  

Inmarsat4	
  –	
  F1	
  Satellite	
  [3]	
  	
  

Thor	
  7	
  [4]	
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Trends	
  in	
  GEO	
  COMSATs	
  

•  COMSATs	
  represent	
  the	
  most	
  
important	
  applica.on	
  of	
  commercial	
  
satellites	
  today	
  
–  Capabili.es	
  are	
  growing	
  to	
  
accommodate	
  high	
  demands	
  of	
  
informa.on	
  distribu.on	
  [5]	
  

–  Higher	
  data	
  rates,	
  higher	
  band	
  width,	
  
smaller	
  components,	
  increased	
  power	
  
and	
  efficiency,	
  etc.	
  

•  Amplifiers	
  consume	
  ~85%	
  of	
  satellite	
  
power	
  [6,7]	
  
–  Control	
  satellite	
  performance	
  and	
  
assure	
  informa.on/data	
  is	
  accurately	
  
transferred	
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1960	
  –	
  Echo	
  1	
  [18]	
  

2013	
  –	
  Inmarsat	
  I5	
  [19]	
  



How	
  does	
  SW	
  affect	
  current	
  GEO	
  
COMSAT	
  components?	
  	
  

•  Inves.gate	
  rela.onship	
  of	
  anomalies	
  and…	
  
–  Low-­‐energy	
  electrons:	
  Kp	
  index	
  
–  High-­‐energy	
  electrons:	
  ~2	
  MeV	
  electron	
  flux	
  
–  High-­‐energy	
  protons:	
  10	
  and	
  30	
  MeV	
  proton	
  flux	
  
–  Galac.c	
  Cosmic	
  Rays:	
  cosmic	
  ray	
  intensity	
  (CRI)	
  
–  Local	
  Time	
  Index	
  

•  Inves.gate	
  rela.onship	
  of	
  solar	
  array	
  
degrada.on	
  and…	
  
–  High-­‐energy	
  protons:	
  10	
  and	
  30	
  MeV	
  proton	
  flux	
  
–  Galac.c	
  Cosmic	
  Rays:	
  cosmic	
  ray	
  intensity	
  (CRI)	
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SSPA	
  [16]	
  

Solar	
  Panels	
  [4]	
  



What	
  are	
  power	
  amplifiers?	
  	
  
•  Key	
  components	
  in	
  satellite	
  comm	
  systems	
  
–  Strengthen	
  uplink	
  signals	
  that	
  are	
  weakened	
  from	
  
free	
  space	
  path	
  loss	
  [6,8,9]	
  

– Amplifier	
  units	
  consume	
  ~85%	
  of	
  the	
  spacecraK	
  bus	
  
power	
  [6,7]	
  

Free	
  Space	
  	
  
Path	
  Loss	
  

•  Two	
  primary	
  types:	
  solid	
  
state	
  power	
  amplifiers	
  
(SSPAs)	
  and	
  traveling	
  wave	
  
tube	
  amplifiers	
  (TWTAs)	
  

•  Technologies	
  experienced	
  
rapid	
  change	
  over	
  past	
  
decades	
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Acquiring	
  Data	
  –	
  Space	
  Weather	
  Data	
  
and	
  Communica.ons	
  Satellite	
  Data	
  

Geostationary 
Operational 
Environment 
Satellite [8] 

(GOES) 
 
 

2 MeV 
Electron Flux 

 
30 MeV Proton 

Flux  

OMNI2 
Database 

 
 

Kp Index 
 

Sunspot 
Number 

 
Magnetic Field 
Components 

(Bz) 
 

Solar Wind 
Speed 

 
10 and 30 MeV 

Proton Flux 

Los Alamos 
National Labs 
(LANL) Data 

 
1.8-3.5 MeV 

Electron Flux 

Inmarsat 
 
 

SSPA Current 
 

SSPA Temp  
 

Solar Array 
Current and 

Voltage 
 

Total Bus 
Power 

 
Single Event 

Upsets 
 

Anomaly Log 
 
 

Telenor 
 
 

TWTA Current  
 

TWTA Temp 
 

Solar Array 
Power 

 
Anomaly Log 
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Fleet	
  A	
  SSPA	
  Anomalies	
  +	
  Solar	
  Cycle	
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Kp	
  Index	
  –	
  proxy	
  for	
  surface	
  charging	
  

•  No	
  clear	
  rela.onship	
  with	
  Kp	
  
•  At	
  the	
  .me	
  of	
  the	
  anomaly,	
  Kp	
  did	
  not	
  exceed	
  4	
  (scale	
  0-­‐9,	
  9	
  being	
  severe)	
  
•  21/26	
  (80%)	
  occurred	
  when	
  Kp	
  was	
  less	
  than	
  2.5,	
  100%	
  had	
  a	
  two-­‐week	
  

average	
  less	
  than	
  Kp	
  =	
  2.5	
  





SSPA	
  Anomalies	
  and	
  High	
  Energy	
  
Electron	
  Flux	
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Not	
  claiming	
  high	
  energy	
  electrons	
  
CAUSE	
  anomalies,	
  yet…	
  

•  11/26	
  (40%)	
  anomalies	
  occurred	
  two	
  weeks	
  aKer	
  
elevated	
  log10(1.8-­‐3.5	
  MeV	
  electron	
  flux)	
  	
  
–  Elevated	
  à	
  >1	
  standard	
  devia.on	
  of	
  log10(1.8-­‐3.5	
  
MeV	
  electron	
  flux)	
  from	
  1996-­‐2009	
  

•  Frequency	
  analysis	
  suggests	
  15%	
  likelihood	
  for	
  an	
  
a	
  given	
  day	
  (1st	
  of	
  the	
  month)	
  to	
  have	
  elevated	
  
log10(1.8-­‐3.5	
  MeV	
  electron	
  flux)	
  2-­‐weeks	
  before	
  

•  Monte	
  Carlo	
  simula.on	
  of	
  26	
  random	
  anomalies	
  
suggests	
  only	
  2/26	
  (<8%)	
  likelihood	
  to	
  occur	
  2	
  
weeks	
  aKer	
  an	
  anomaly.	
  	
  



Epoch	
  Analysis	
  of	
  High-­‐Energy	
  
Electrons	
  2	
  Weeks	
  before	
  Anomalies	
  



Local	
  Time	
  of	
  SSPA	
  Anomalies	
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Current	
  Findings	
  –	
  SW	
  Effects	
  on	
  
Inmarsat	
  Anomalies	
  

Twenty-­‐six	
  SSPA	
  anomalies	
  
between	
  1996-­‐2012	
  
•  Fleet	
  A	
  anomalies	
  occur	
  in	
  

declining	
  phase	
  of	
  solar	
  
cycle	
  	
  
–  Enhanced	
  electron	
  flux	
  

•  11/26	
  anomalies	
  occur	
  1-­‐2	
  
weeks	
  aKer	
  enhanced	
  
electron	
  flux	
  

•  No	
  obvious	
  rela.onship	
  with	
  
Kp,	
  proton	
  flux,	
  or	
  local	
  .me	
  

The	
  Space	
  Environment	
  [16]	
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Future	
  Work	
  

•  Validate	
  Inmarsat	
  amplifier	
  anomaly	
  analysis	
  
with	
  Telenor	
  satellite	
  fleet	
  
– Kp	
  distribu.on,	
  high-­‐energy	
  electrons,	
  LT,	
  etc.	
  	
  

•  How	
  are	
  galac.c	
  cosmic	
  rays	
  related	
  to	
  
amplifier	
  anomalies?	
  

•  Befer	
  understanding	
  of	
  solar	
  array	
  telemetry	
  
and	
  degrada.on	
  –	
  galac.c	
  cosmic	
  rays	
  

•  Incorporate	
  SPENVIS	
  and	
  Geant4	
  tools	
  into	
  
this	
  analysis!	
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TWTAs	
  vs.	
  SSPAs	
  
TWTA	
  Technology	
  
•  Traveling	
  wave	
  tube	
  (TWT)	
  and	
  

electrical	
  power	
  condi.oner	
  (EPC)	
  	
  
•  Used	
  for	
  high	
  power	
  +	
  high	
  freq.	
  	
  
•  Provide	
  befer	
  efficiency	
  [10]	
  
•  1992-­‐2006	
  69%	
  COMSATS	
  used	
  

TWTAS	
  [11]	
  

SSPA	
  Technology	
  
•  Field	
  effect	
  transistor	
  (FET)	
  and	
  EPC	
  

[6]	
  
•  More	
  reliable	
  and	
  safe	
  
•  Less	
  complex	
  and	
  cheaper	
  [13,14]	
  
•  Historically	
  used	
  at	
  L	
  +	
  S	
  band	
  
•  Compe..ve	
  in	
  1980s,	
  new	
  GaN	
  

technology	
  is	
  increasing	
  market	
  
popularity	
  [9]	
  

SSPA	
  [16]	
  TWTA	
  [12]	
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