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Geosynchronous Earth Orbit (GEO) spacecraft requiring accurate position, 
velocity and time without ground station ephemeris uploads will rely upon Earth-
pointing Global Positioning System (GPS) transmissions whose signals spill 
outside and beyond Earth’s limb.  GEO spacecraft orbiting above and outside of 
the GPS constellations receive signals from GPS satellites on the far side of 
Earth.  As a consequence of GEO spacecraft antennas that must have gain 
extending outside Earth’s disk, GEO receivers are susceptible to bursts of radio 
noise generated by the sun. This is an issue for the receiving GEO spacecraft 
during periods when Earth is between the GEO and the sun.
This study examined 25 years of historical solar flare associated radio noise data 
to assess signal degradation level, frequency of occurrence, and duration of 
events. Extensive data reduction was required to analyze 23 GB of raw data. 
Spirent GPS simulator tests with the receiver hardware in the loop measured the 
relation between signal-to-noise (SNR) degradation and GPS output error. These 
tests also determined the blackout SNR level where no GPS signals are acquired 
or tracked.
Our work predicts that solar radio noise bursts associated with solar flares should 
be only a minor disruption to spacecraft using GPS for navigation and timing in 
steady state orbit. If a maneuver occurs during flares, then GPS error impact may 
be significant.  Each unique mission should consider the impact of up to 
approximately seven separate 0.5 hour to 3 hour duration blackout periods per 
year. While this study focuses upon GEO spacecraft using GPS, spacecraft in 
other orbits as well as terrestrial GPS equipment may also be affected.

INTRODUCTION
GEO spacecraft requiring accurate position, velocity, and time without frequent ground station ephemeris uploads rely upon Earth-pointing GPS transmissions whose signals spill around Earth limb to the opposite side of Earth.  A GPS Receiver (GPSR) at GEO is about 

1



15,600 km higher altitude and outside the GPS constellations.  Satellites in the GPS constellations are designed to transmit signals towards the surface of Earth.  Therefore, a GEO spacecraft above the GPS constellations must have its GPSR antenna pointed towards Earth from the opposite side of earth in order to receive GPS signals.  The GPS transmit patterns are broad and portions of the pattern not stopped by Earth spread with distance. They radiate around Earth limb and continue on, as illustrated in Figure 1.

Figure 1.  GPS satellite signal transmit pattern showing portions not blocked by Earth are available to GEO spacecraft on the other side of Earth.  More side lobe outer rings are present, but not shown. 

A GPS receiver simultaneously tracks 4 or more GPS Satellites to obtain a position solution.  Prior simulations of this mission established that tracking 4 or more satellites is not readily done at GEO utilizing only the relatively strong thin circular edge of the GPS main lobe signals. A GEO spacecraft only sees that narrow nibble of a main lobe signal from each satellite briefly since the GPS constellation is constantly moving around relative to it and Earth. However, main lobe nibbles supplemented with several rings of side lobe signal provide a substantially richer signal environment. Unfortunately, GPS side lobe signals are inherently weak compared to the main lobe and receiving them from the opposite side of Earth adds considerable additional path loss. A GEO GPS receiver’s reliance upon extremely low average level GPS signals makes its solution accuracy even more susceptible to noise.
Spirent GPS simulator tests with the receiver hardware in the loop determined position error versus SNR degradation level as well as the blackout point above which the receiver simply stops acquiring or tracking any satellites. This study examined historical solar flare related radio noise 
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data to see how frequently and over what duration solar flares might impact GPS navigation at GEO.  
MECHANISMS BEHIND RADIO BLACKOUTS

When stored magnetic energy in the sun is suddenly released and converted to other forms of energy, solar flares erupt.  The flares generate high-energy particles, hot plasma at millions of degrees K, and extremely high intensity electromagnetic radiation over a broad RF spectrum.  The direct effects of solar flares of interest in this paper are solar radio noise emissions simply overpowering the desired GPS signals.  Solar radio noise covers a broad frequency range and interferes with both L1 and L2 (among other) channels used by GPS.1

Radio communication is affected a second way as the X-rays and extreme ultraviolet light from solar flares cause enhancement of the lower part of the sun-facing ionosphere down to roughly 80 km above Earth.  This prevents terrestrial radio signals in the 5-35 MHz range that rely on a moderate level of ionization from communicating with each other beyond line of sight (BLOS).  Refraction of radio waves in the ionosphere under normal conditions bends the signal path like a shallow reflection.2,3  Many services rely on this including airlines for BLOS communications.
A variation of the second effect is when the radiation storm caused by energetic solar protons also disrupts radio communication near the poles.  The protons interact with Earth’s magnetic field so that collisions occur with the upper atmosphere near the magnetic poles of Earth.  These particles create an enhanced D-Layer (the innermost layer of the ionosphere), thus blocking radio communication at high latitudes. 
A third solar induced blackout effect is when the radio signal must pass through the ionosphere between a terrestrial site and a satellite.  The frequencies affected now are those not normally refracted nor substantially affected in any way by normal ionization.  The signals become highly attenuated or refracted by the more highly ionized layers.1,4,5,6

Lastly, there is a phenomenon also produced by the sun called a coronal mass ejection (CME).  It does not always accompany solar flares, but sometimes does and with impressive effect.  CME is not known for affecting the RF propagation as much as for its ability to cause widespread electrical failures on Earth such as blowing out transformers in power grids.  CME particles can also collide with crucial electronics onboard a satellite and disrupt operation.  The maximum CME radio burst energy noise which cause direct interference or radio blackouts is lower than L-band, and concentrated at UHF instead, in the 190-450 MHz range.7  On average, the Solar Radio Burst Type II (SRBT II) characteristically last for 5 minutes and 5 seconds, but there have been cases of SRBT III exceeding 30 minutes.7

SOLAR CYCLE ACTIVITY PREDICTION
Solar cycle prediction is complicated as well as controversial and many have sought to explain the variability among cycles in period as well as in amplitude.  The paper: “Ultra long solar cycle 23 and possible consequences” by Joseph D’Aleo, CCM10 concludes that overlays of longer cycles of 100 and 200 year minima due the next decade suggest a quieter sun ahead. Other sources do not agree with that prediction and postulate that a much longer year cycle overlay greater than 200 years may lead to increased solar activity ahead. However, a recent 2015 revision to the historic sun spot count database did not significantly impact the historical data as some had feared.8 To a GEO GPS user, the number of flare and radio burst occurrences per year may diminish or increase in the future. Our finding is that users at GEO are likely to experience 
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large numbers of degrading GPS outages of 30 minutes or longer even during very low solar activity. 
SOLAR FLARE/RADIO FREQUENCY BURST DATABASE

The National Oceanic and Atmospheric Administration (NOAA) National Geophysical Data Center (NGDC) provides access to a number of Space Weather databases including the USAF Radio Solar Telescope Network (RSTN).  NGDC provides data collected every second from each of the 4 RST’s distributed around the globe as shown in Figure 2.  This second by second data report is in addition to the noontime readings that these sites also provide.  The USAF RSTN network sites each monitor 8 fixed frequencies: 245, 410, 610, 1415, 2695, 4995, 8800, and 15400 MHz.  Our only interest is 1415 MHz data which is situated between GPS L1 1575 MHz and GPS L2 1227 MHz.  The noise is sufficiently broad band so that single frequency 1415 MHz noise measurements are assumed the same at GPS frequencies.9

Figure 2.  Locations of the 4 USAF radio solar telescope sites in the RSTN Network.

DATA REDUCTION
The NOAA NGDC Internet site provided 23 GB of radio noise data acquired in 8 frequency ranges from 4 sites.  All of the flare data files available for years 1990-2014 were downloaded and converted from the various NOAA formats over the years to one suitable for MATLAB analysis.  The conversion compiled separate files for each individual day from each monitoring site and extracted 1415 MHz data.  This process reduced the original 23 GB data to 4.3 GB of MATLAB compatible “.mat” files.
Figure 3 is an example of data plotted from the entire year 2006.  One can almost count the number of peaks as well as their magnitudes, but one cannot resolve meaningful duration information visually.
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Figure 3.  Sample year 2006 SFU levels with arrow denoting time zoom illustrated in Figure 4.

Figure 4.  Time zoom at arrow in Figure 3 (8 minute duration overall).

After getting a feel for the nature of the events from zoomed in plots like Figure 4, we automated the burst finding and measuring process in MATLAB.  A script performs the following functions:
⦁ Generates a list of absolute start and stop Gregorian times/dates plus duration in 

seconds for all Solar Flux Unit (SFU) levels above a minimal degradation threshold.  
This first threshold correlates to a 1 dB receiver SNR degradation in our receive 
system.  That provided statistics on how often and how long there has been noise 
above a barely discernable degradation to GPS reception.

⦁ Generates a list of absolute start and stop times/dates plus duration in seconds for all 
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SFU levels above a blackout threshold at a much higher SFU which corresponds to a 
complete blackout of reception.  This is an 8 dB receiver SNR degradation in our 
simulated on-orbit GPS receive system.  That 2nd step provides statistics on how 
often and how long there has been a significant degradation to GPS reception where 
the receiver can no longer track nor reacquire.  In other words, it identifies events that 
would black out reception totally.  In addition to duration above the blackout 
threshold, we also report the absolute maximum value of each blackout solar flare 
event and the mean and the duration time above the mean.

Peak Interruption Filtering
A flare event may dip below the blackout threshold momentarily, but still not allow the receiver to recover and resume signal acquisition and update a solution. Therefore, we do a dropout duration measurement test which concatenates peak durations that have gaps less than 300 seconds between them.  The filter length is derived from the average 5 minute time span measured in the lab to re-acquire and start developing a solution again after losing all GPS satellite signals.

SFU Level Threshold Artifact Filtering
All peaks above the threshold value that last for 2 data points or more are reported to avoid one point artifacts. We filter the data to only look at levels above 1 dB degradation, and then we filter again to look for levels exceeding the higher 8 dB blackout level.

Site Data Set Combining
In order to catch all actual solar flare events even when some of the monitoring sites are facing away from the sun, we combined data from sites fairly evenly spread around the world.  In the case of duplicate time stamps, we take the maximum SFU value.  A duplicate time stamp with identical data is ignored.

Monitor Site Saturation
Monitoring sites have detectors that saturate at different levels, site to site, and fail to register values higher than the saturation level.  That explains data flat topping observed.  Some of the data has multiple saturation artifacts, possibly from detector scale auto-ranging not responding soon enough.  We don’t consider saturation artifacts as a problem to the findings in this study since saturation only happens at substantially higher levels than our blackout SFU level.

Possible Under-Reporting of Flare Statistics
RSTN detectors are sometimes knocked offline by large bursts as well as there being times when they are intentionally off line for recalibration.  We did not make adjustments for any sensor measurement gaps.  A flare would seldom be missed entirely since there are 4 RSTN’s, so only duration length may be underreported.  We also did not look for events that bridge a year change which may have added to the number of long duration events.
Figure 5 is an example where the script algorithm concatenated 2 peaks since the time gap between them is less than 300 seconds.  If the time gap between them exceeds 300 seconds, a 
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receiver would recover and resume normal navigation output in between the high noise events.

Figure 5.  Example plot of 2 solar noise peaks counted as a single 234 second duration peak.

Threshold SFU Values for Data Filters
Background L-band solar flux varies from about 50 to 150 Solar Flux Units (SFU) over most solar cycles.  This is too low to cause interference to GPS signals terrestrially or even at GEO since 375 SFU causes about 1 dB SNR degradation in our system and no loss of reception or navigation accuracy.  However, during flares, bursts of radio energy exceed the background value significantly.  Levels easily exceed 100 thousand SFU, and are up to 3 to 10 million SFU in rare cases.

Calculation of SNR Degradation versus SFU Level
The decrease in SNR produced by a solar noise burst is given by Equation (1) with variables defined in Table 1:

(1)
An example SNR degradation calculation is shown in Table 1 for a noise related blackout situation of 7,700 SFU. That level translates to an 8 dB SNR reduction given a 303K system noise temperature. Convert SFU to solar flux density (Sb) before insertion in (1).
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Table 1.  Example SNR Degradation Calculation

A Spirent GSS8000 GPS simulator running a nominal geosynchronous trajectory for a Viceroy 4 GPSR was the tool for determining how position solution is affected by SNR degradation. The 3-sigma position error of cross–track was computed for each level of signal degradation for a 12 hour window with no station keeping maneuvers.  The result is shown in Figure 6.  There is a positive correlation between the level of signal degradation and the cross-track position error.  Once 8 dB is reached there is no signal acquisition possible and the position error continues to increase slowly if there are no maneuvers.

Figure 6.  Cross-track 3-σ error versus SNR degradation 0-7 dB.

Viceroy 4/GOES-R system response to a simulated solar flare
A Spirent Simulator subjected the actual Geostationary Operational Environmental Satellites – R Series (GOES-R) GPSR to a 24 hour period containing a very significant solar flare before the midpoint of the day.  The Spirent signal power was varied every second to match the SNR degradation caused by the SFU magnitude.   The flare event had 163 minutes of continuous high level, 212 minutes overall duration, and over 20 dB of degradation. Satellite tracking count went to zero and stayed there from about hours 8 to 11. This was as if the GPS receive antenna had simply been disconnected. Figure 7 illustrates the flare SNR degradation profile over time. Figure 8, which lines up below that figure, time-wise, compares performance during a day containing the flare and a day without.  There is a characteristic maneuver in the first 3 hours before the solar flare began. The propagator preforms admirably with no GPS input for 3 hours during the flare. All 3 position measurements start ramping up shortly after the flare occurs, but their slopes are low and they never climb far from nominal. Dotted lines on each error plot show the 75 m requirement limit.
This test just described shows that the GOES-R SV contingency GPS backup architecture 
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does preclude reacting to solar events. The GPSR position solution will meet requirements during the event and the receiver will recover on its own afterwards.  Simulations of a maneuver during a large flare, showed expected GPS position errors over a thousand meters. However the GPSR recovered immediately once 4 Satellites were acquired following the event.

Figure 7.  Flare SNR degradation oForver time for the comparison test day.
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Figure 8.  Position errors and SV tracking count with and without a solar flare. The tracking count drop to zero for about 3 hours during the flare is the only significant indication that a flare occurred.

Correlation of Frequency of Occurrence and Event Duration with Solar Activity
Blackout events and durations are listed for each year 1990-2014 in Table 2.  Aggregate durations are shown in the second row in units of minutes per year.  Lower threshold (1 dB SNR degradation) aggregate time shows some correlation with sunspot count, but blackout level aggregated time per year does not.  The 3 longest duration single flare events of 163, 173, and 105 minutes happened in 1990, 1993, and 2006.  1993 and 2006 were clearly not peak solar activity years as shown in Figure 9.  The next 3 longest blackout flare were during 1994, 1996, and 2007 and all 3 occurred during solar minima.  Results are summarized in Figure 10.
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Table 2.  Blackout Events by Year (See plot below)

9a.  Aggregated event time per year of both noise threshold levels.

9b.  Solar flares and sunspot activity.
Figure 9.  Solar flares and sunspot activity (lower figure) only has fair correlation with how often GPS disrupting L-band solar radio bursts occur (upper figure).
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Figure 10.  The number of potential GPS at GEO blackouts 30 minutes or longer each year.

CONCLUSION
According to historical data, Solar radio burst noise on L-band associated with solar flares can directly block GPS reception at GEO for periods up to 3 hours at a time. Long lasting events (0.5 hr. or more) of large amplitude may happen even during very low solar activity (sunspot cycle minima).  Solar radio bursts associated with solar flares will occasionally be a minor disruption to spacecraft using GPS for navigation and timing, but only during maneuvers or receiver/processor reboots. The propagator shall typically keep all track position errors acceptably low for 3 hours or longer.  It is also unlikely that a GEO would even be in a sun facing attitude for 3 hours.  However, each mission should consider the impact of as many as seven separate 0.5 hour to 3 hour GPS Navigation blackout periods in a year along with possibly longer periods of slightly degraded reception.  For the GOES-R Mission, if the solar events from the past 25 years are indicative of the next, it will have no impacts.
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