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Mo?va?on	
  
•  Telemetry	
  data	
  con?nuously	
  monitored	
  
–  	
  By	
  operators	
  for	
  performance	
  	
  
–  Not	
  by	
  scien?sts	
  for	
  sensi?vity	
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Data	
  is	
  siTng	
  in	
  archives,	
  
but	
  contains	
  informa?on	
  
to	
  help	
  improve	
  satellite	
  

design!	
  	
  
	
  



Mo?va?on	
  

•  How	
  sensi)ve	
  are	
  communica)ons	
  satellites	
  to	
  the	
  
radia)on	
  environment?	
  Can	
  we	
  quan)fy?	
  	
  
–  To	
  understand	
  how	
  space	
  weather	
  causes	
  anomalies	
  must	
  
have	
  both	
  space	
  weather	
  data	
  and	
  satellite	
  telemetry	
  

–  Hard	
  to	
  get	
  access	
  to	
  telemetry!	
  	
  

•  Strategy:	
  partner	
  with	
  operators,	
  focus	
  on	
  key	
  
components	
  (amplifiers	
  and	
  power	
  systems)	
  	
  

•  First-­‐of-­‐its	
  kind	
  MIT/industry	
  collabora?on	
  w/Inmarsat	
  
in	
  2011	
  
–  Producing	
  important	
  findings	
  
–  Other	
  operators	
  now	
  also	
  par?cipa?ng	
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Satellite	
  Operators	
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Operator	
   Inmarsat	
   Telenor	
   ARABSat	
  
Headquarters	
   United	
  Kingdom	
   Norway	
   Saudi	
  Arabia	
  

Number	
  of	
  Satellites	
   10	
   4	
  	
   3	
  

Number	
  of	
  Bus	
  Types	
   3	
   3	
   2	
  

Data	
  Time	
  Range	
   1991	
  –	
  2012	
  	
   1997	
  -­‐	
  2012	
   1996	
  -­‐	
  2011	
  

Years	
  of	
  Data	
   22	
   16	
   17	
  

Telemetry	
  Obtained	
   SSPA	
  current	
  and	
  
temperature;	
  solar	
  
panel	
  current,	
  total	
  
bus	
  power;	
  anomaly	
  

and	
  SEU	
  list	
  

TWTA	
  current	
  and	
  
temperature;	
  solar	
  
panel	
  current	
  and	
  
total	
  bus	
  power;	
  

anomaly	
  and	
  SEU	
  list	
  

Solar	
  panel	
  
current	
  and	
  total	
  

bus	
  power	
  	
  

Currently	
  obtaining	
  data	
  from	
  Intelsat	
  as	
  well!	
  	
  



What	
  are	
  power	
  amplifiers?	
  	
  
•  Key	
  components	
  in	
  satellite	
  comm	
  systems	
  
–  Strengthen	
  uplink	
  signals	
  that	
  are	
  weakened	
  from	
  
free	
  space	
  path	
  loss	
  [1,3,4]	
  

– Amplifier	
  units	
  consume	
  ~85%	
  of	
  the	
  spacecram	
  bus	
  
power	
  [1,2]	
  

Free	
  Space	
  	
  
Path	
  Loss	
  

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

•  Technologies	
  have	
  evolved	
  
over	
  past	
  decades	
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Components	
  
•  Solid	
  State	
  Power	
  
Amplifier	
  (SSPA)	
  

•  Traveling	
  Wave	
  Tube	
  
Amplifiers	
  (TWTA)	
  

•  Solar	
  Panels	
  
– Silicon,	
  Gallium	
  Arsenide	
  

EADS	
  Astrium	
  

8	
  

Boeing.com	
  

L-­‐3	
  ETI	
  Space	
  Qualified	
  TWTA	
  



TWTAs	
  vs.	
  SSPAs	
  
TWTA	
  Technology	
  
•  Traveling	
  wave	
  tube	
  (TWT)	
  and	
  

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

TWTAS	
  [5]	
  

SSPA	
  Technology	
  
•  Field	
  effect	
  transistor	
  (FET)	
  and	
  

EPC	
  [1]	
  
•  Less	
  complex	
  and	
  cheaper	
  [7,8]	
  
•  Historically	
  used	
  at	
  L	
  +	
  S	
  band	
  
•  Compe??ve	
  in	
  1980s,	
  new	
  GaN	
  

technology	
  is	
  increasing	
  market	
  
popularity	
  [4]	
  

SSPA	
  [9]	
  TWTA	
  [6]	
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Amplifier	
  Anomaly	
  Study	
  	
  
•  Analyzed	
  solid	
  state	
  power	
  amplifier	
  (SSPA)	
  
currents	
  from	
  8	
  Inmarsat	
  satellites	
  (1996-­‐2012)	
  
– Amplifiers	
  are	
  the	
  workhorse	
  of	
  the	
  COMSAT	
  
–  Redundancy	
  is	
  implemented	
  in	
  design	
  
–  For	
  8	
  Inmarsat	
  satellites,	
  with	
  hundreds	
  of	
  SSPAs,	
  26	
  
anomalies	
  over	
  16	
  years	
  (with	
  liole	
  to	
  no	
  impact	
  on	
  
customers)	
  
•  This	
  is	
  impressive	
  performance,	
  but	
  we	
  would	
  s?ll	
  like	
  to	
  
understand	
  what	
  caused	
  the	
  anomalies	
  –	
  was	
  space	
  weather	
  
a	
  factor?	
  

•  Can	
  the	
  occurrence	
  of	
  anomalies	
  be	
  predicted?	
  	
  
•  Can	
  we	
  reduce	
  the	
  number	
  of	
  anomalies?	
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11	
  Year	
  Solar	
  Cycle	
  

4/24/14	
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Surface	
  Charging	
  and	
  Local	
  Time	
  

12	
  

midnight to dawn sector (38.5%), and six (46%) occur in
the local noon to dusk sector. Thomsen et al. [2013] showed
that there is essentially zero chance that anomalies
between 12 and 17 local time (LT) are caused from surface
charging. Seven of the 26 anomalies occur between 12 and
17 LT and are thus not considered to have resulted from
surface charging. The local time distribution of the
Inmarsat anomalies indicates that surface charging
could not have been the causative agent for all of the
SSPA anomalies.

3.4. SSPA Anomalies and Eclipse Data
[52] In the event of an eclipse, the Earth blocks sunlight

from reaching the solar arrays and requires satellite opera-
tors to monitor and control power use. The two eclipse sea-
sons are late February to mid-April (spring eclipse season)
and late August to late October (fall eclipse season). The
longest eclipses generally last between 68 and 73min
[Lohmeyer et al., 2012]. The eclipse seasons coincide with
the vernal and autumnal equinox, because it is during

(a) (b)

(c) (d)

Figure 6. (a–d) TwoMeV electron flux during SSPA anomaly for 2 weeks before and after four
anomalies. GOES 2MeV electron flux is plotted on the left vertical axis, and SSPA current is
plotted on the right axis. The GOES 2MeV electron flux is the blue line, the SSPA current is
the dotted green line, and the anomaly is marked with a red line. The higher-frequency
variability in both electron flux and current is due to the diurnal cycle.

Figure 7. Local time for the 26 SSPA anomalies
onboard (red circles) Fleet A and (black asterisk) Fleet
B. The radial distance from the center of the plot is an
offset for clarity and has no other significance.
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midnight to dawn sector (38.5%), and six (46%) occur in
the local noon to dusk sector. Thomsen et al. [2013] showed
that there is essentially zero chance that anomalies
between 12 and 17 local time (LT) are caused from surface
charging. Seven of the 26 anomalies occur between 12 and
17 LT and are thus not considered to have resulted from
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anomalies could be from internal dielectric charging. Bodeau
[2010], however, suggests that long delays between electron
enhancements and anomalies due to internal charging may
not be likely. In future work, we will continue to investigate
whether anomalies result from the combined effect of
internal charging by comparing additional anomalies
with high-energy particle populations, including GCRs.
[46] While space weather data are becoming increasingly

more available, it still remains challenging to conduct analy-
sis of satellite failures and definitively determine a cause of a
single anomaly. It is interesting to have the opportunity to
utilize spacecraft telemetry to understand the effects of the
space weather environment, as comparing like anomalies
with environmental data enables pattern identification and
the establishment of a plausible cause [Wrenn, 1995].
[47] Figures 6a–6d display the GOES 2MeV electron flux

rate (solid blue line) and the SSPA current (dotted green
line) 2 weeks before and after four SSPA anomalies. The
anomaly is designated with a red line. The periodic
higher-frequency variability in both the SSPA and the
2MeV data is due to the diurnal cycle.
[48] Figure 6, as well as Figures 5a and 5b, clearly shows

that there is often a drastic increase of 2MeV electron flux
that occurs approximately 1–2 weeks before the selected
anomalies. The number of days between the peak 2MeV
electron flux and the four anomalies in Figures 6a–6d is

10.6 days for Figure 6a, 10.4 days for Figure 6b, 7.8 days for
Figure 6c, and 10.4 days for Figure 6d.

3.3. SSPA Anomalies and Local Time
[49] Numerous studies [e.g., Wilkinson, 1994; Fennell et al.,

2001; Iucci et al., 2006; Choi et al., 2011] suggest that satellite
anomalies from surface charging effects depend on satellite
local time, as surface charging anomalies generally tend to
occur between midnight and dawn. Internal charging often
occurs at times near local noon but can also occur outside
of this time sector [Fennell et al., 2001; Wrenn et al., 2002].
Choi et al. [2011] found that for 95 GEO anomalies, 72% of
the anomalies occur between midnight and dawn in local
time. In Choi et al. [2011], the anomalies are not only SSPAs
but also include a variety of additional failures.
[50] In Figure 7, we plot the local time of each of the 26

SSPA anomalies on the eight Inmarsat satellites. Fleet A
is represented with red circles, and Fleet B is shown in
black asterisks. The radial distance from the center of the
graph has no significance but is used for clarity since
several anomalies occur at similar local times.
[51] Of the 13 SSPA anomalies in Fleet A, six (46%)

occurred around local midnight, and the remaining seven
(54%) occurred more loosely around local noon (one each
closer to the dawn and dusk sectors than to local noon).
For Fleet B, five of the thirteen occur in the approximately

Figure 5. (a, b) Twenty-one individual log10 (1.8–3.5MeV electron flux) 0–21 days before the
SSPA anomalies, represented by the thin gray curves, and the daily average shown in the
dashed black curve in Figure 5a. Figure 5b shows the same average log10 (1.8–3.5MeV electron
flux) 0–21 days before the SSPA anomalies, as shown in black in Figure 5a, but with higher
resolution.
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Telemetry	
  Algorithm	
  	
  
Can	
  we	
  iden6fy	
  and	
  explain	
  odd	
  behavior	
  even	
  if	
  there	
  
may	
  not	
  have	
  been	
  an	
  anomaly?	
  	
  
•  Input:	
  telemetry	
  feed	
  (i.e.	
  amplifier	
  current,	
  amplifier	
  
temp,	
  total	
  bus	
  power,	
  etc.)	
  

•  Sta?s?cs	
  Module	
  
–  Par??ons	
  data	
  over	
  environmental	
  events	
  (solar	
  cycle	
  
phases,	
  seasons,	
  Extreme	
  2	
  MeV	
  Electron	
  events,	
  10	
  MeV	
  
SPE	
  >	
  10,000	
  pfu)	
  

–  Compares	
  anomalous	
  ac?vity	
  with	
  nominal	
  	
  
•  Traffic	
  Module	
  	
  
–  Calculates	
  periodici?es	
  of	
  the	
  telemetry	
  file	
  
–  Are	
  any	
  periodici?es	
  in	
  response	
  to	
  the	
  environment?	
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Sta?s?cs	
  Module	
  
•  Par??ons	
  data	
  over	
  environmental	
  events	
  
–  Solar	
  cycle	
  phases	
  	
  
–  Seasons	
  	
  
–  Extreme	
  2	
  MeV	
  Electron	
  events	
  	
  

•  Obtained	
  from	
  GOES	
  >	
  2	
  MeV	
  daily	
  fluence	
  	
  
–  73	
  Events	
  greater	
  than	
  3	
  sigma	
  fluence	
  since	
  1987	
  
–  46	
  Events	
  greater	
  than	
  4	
  sigma	
  fluence	
  since	
  1987	
  

–  10	
  MeV	
  SPE	
  >	
  10,000	
  pfu	
  	
  
•  Obtained	
  from	
  NOAA	
  SPE	
  List	
  
•  6	
  Events	
  between	
  2000-­‐2003	
  

•  Compares	
  anomalous	
  SSPA	
  ac?vity	
  with	
  nominal	
  
SSPA	
  ac?vity	
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Nominal	
  Amplifier	
  Output	
  



Anomalous	
  Amplifier	
  Output	
  



Average	
  Current	
  during	
  2	
  MeV	
  Electron	
  
Events	
  for	
  a	
  Nominal	
  Amplifier	
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Average	
  Current	
  over	
  Solar	
  Cycle	
  
Phases	
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Nominal	
  SSPAs	
   Anomalous	
  SSPAs	
  



Average	
  Current	
  over	
  Solar	
  Cycle	
  
Phases	
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Nominal	
  SSPAs	
   Anomalous	
  SSPAs	
  

What	
  is	
  causing	
  the	
  devia?on	
  
between	
  ascending/maximum	
  and	
  

declining/minimum	
  phase?	
  

Data	
  dropouts	
  
amer	
  anomalies	
  



Average	
  Current	
  over	
  Seasons	
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Nominal	
  SSPAs	
   Anomalous	
  SSPAs	
  

We	
  do	
  not	
  expect	
  a	
  recurrent	
  devia?on	
  in	
  seasonal	
  par??oned	
  data	
  



Summary	
  and	
  Future	
  Work	
  
•  Future	
  Goals	
  for	
  Analysis:	
  
–  Amplifier	
  Study	
  

•  Con?nue	
  to	
  inves?gate	
  internal	
  
charging	
  mechanisms	
  

–  Solar	
  Array	
  Degrada?on	
  
•  Improve	
  sta?s?cs	
  and	
  define	
  
Solar	
  Degrada?on	
  vs.	
  SPE	
  curve	
  	
  

–  Telemetry	
  Algorithm	
  
•  Run	
  telemetry	
  for	
  remaining	
  
buses	
  

•  Determine	
  cause	
  of	
  devia?on	
  
between	
  ascending/maximum	
  
and	
  declining/minimum	
  phases	
  

•  Plot	
  the	
  current	
  par??oned	
  over	
  
severe	
  environmental	
  events	
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