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Chapter 1

Background

It is well known that electrical propulsion generates significant emissions
over a wide range of frequencies. But if and how these emissions impact
the GPS/GNSS receiver on board a satellite with electrical propulsion has
not been investigated before. The purpose of this work has been to evaluate
existing research and do an initial assessment. From the document Carlström
(2013),

M̊al: M̊alet för detta delprojekt är att klargöra hur de elektromagnetiska
fält som genereras av elektrisk framdrivning p̊averkar GNSS-mottagarens

prestanda. Slutm̊alet är att klargöra begränsningar och möjligheter för
GNSS baserad navigering av satelliter med elektrisk framdrivning i GTO

och GEO bana.

Translation,

The goal of this project is to determine how the electromagnetic fields
generated by electrical propulsion affects the performance of the GNSS

receiver. The final goal is to clarify limitations and possiblities for GNSS
based navigation of satellites with electrical propulsion in GTO and GEO

orbit

The work has focused on two areas. First, to determine what measure-
ments that have been done and what properties are known about the emis-
sions from the thrusters. Second, to determine how the GNSS receivers
handle the emission caused by the thruster.

Due to the variability between different engines, lack of measurements in
general and lack of relevant information about the behaviour of the emission
at the GNSS frequencies in particular, care has to be taken when applying
the results presented in this report.
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Chapter 2

Introduction

In this report, information that has been gathered about how Hall thrusters
can impact GPS/GNSS receivers will be summarized. GNSS will be used
whenever the information is general for most GNSS systems and GPS is
used when the information is GPS specific. Unfortunately, due to the lack
of measurements in the GPS L1 band and variability in emission from the
engines as well as differences between different engines, it is not possible to
do any exact calculations/estimations of the impact on the receivers.

Temporal measurements from a number of engines will be presented in
this report. It will be shown that the strength of the radiation from a Hall
thruster can vary significantly during the operational lifetime of the thruster
and that the different engines have different spectra. Further, data will be
presented that show that the emission in the L-band contains short pulses
with peaks that are significantly higher than the background noise level. This
indicates that the impact on the GNSS receiver from the Hall thruster will
not be as significant as indicated by spectrum plots made according to the
MIL STD 461 test standard.

It will be shown that the plasma is probably dense enough to block the
GPS signal, although this will probably only occur in a very small area
directly behind the thruster outlet. The plasma will also delay the signal,
although the calculations made indicates that the delay of the GPS signal is
very small.

Calculations have been made to determine the impact from the Hall
thruster for a GNSS receiver in GEO, for these calculations, both contin-
uous and pulsed emission have been considered. The results indicate that
the receiver will be affected, but the impact is very small if a directional
GNSS antenna is used.

At the end of the report, two test plans are proposed to measure the
impact on the GNSS receiver from the Hall thruster.
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Chapter 3

MIL STD 461

The MIL-STD 461 test standard (MIL, 2007) specifies how to test equipment
with regards to both emitted and received electromagnetic radiation. Cur-
rent version is MIL STD 461-F and was issued in December 2007. The test
configuration for emitted radiation is called RE-102, it specifies limits and
procedures for measuring electromagnetic emissions from equipment in the
frequency range between 10 kHz to 18 GHz (exact range is application de-
pendent). A number of papers have measured emissions from Hall thrusters
according to the MIL-STD461 set of test standards, such as Beiting et al.
(2001, 2003, 2005a). Unfortunately it seems as the papers above did not fol-
low the full standard. The standard specifies that the equipment under test
should be oriented so that the side with the maximum radiation faces the
antennas (MIL, 2007, 4.3.8.5). Beiting et al. (2005a) indicates that this is
not the case for at-least the SPT-100 measurements. In Figure 3.1, limits for
emitted radiation for space vehicles can be seen, for the GPS L1 frequency,
the limit is approximately 47dBµV/m.

A summary of what to have in mind when reading experiments that have
been done ”according to MIL STD-461” is shown below (only items valid for
frequencies above 1 GHz are included in the list).

1. One should measure the peak emissions [4.3.10.1 Detector]

2. Measurement is done at 1 m distance [5.17.3.3 Setup]

3. Measurements should be done with a 6 dB bandwidth [bandwidth mea-
sured 6 dB below the peak ] of 1 MHz [4.3.10.3.1 Bandwidths]

4. Above 100 MHz the 20 dB/decade increase is due to the increased aper-
ture size [directionality] of the antenna.[A.5.17 (5.17) RE102, radiated
emissions, electric field, 10 kHz to 18 GHz]
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Figure 3.1: MIL STD461F RE102 limits on emissions, there are no real
increase in allowed radiation above 100 MHz, the slope is caused by how the
emissions are measured from MIL (2007, p.118).
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The first item in the list is very important since the measurements gives the
maximum power that will be emitted by the engine, thus giving a worst case
impact on the receiver. But it is well known (e.g. Beiting et al. (2005a)) that
interference from Hall thrusters is pulsed, thus the actual impact on the re-
ceiver will be lower than what can be expected from the power measurements
in the MIL-STD 461F RE102 power spectrum.

Further, only the maximum radiation should be measured, no information
is given about how much the emission varies for different azimuth/elevation
angles. J.M.Fife et al. (2000) show that the emission from the SPT-140
is not isotropic, in the paper, different frequency ranges were measured at
the same time by different antennas located in slightly different angles from
the firing direction. The location of the two antennas used for frequencies
close to the GPS L1 frequency can be seen in Figure 3.2 and the difference
in location caused them to record slightly different amount of interference
from the Hall thruster. The emission levels between 30 MHz and 18 GHz
can be seen in Figure 3.3, by comparing the difference in magnitude for the
spectrum up to 1 GHz with the one above 1 GHz, it is possible to see that
the there is a difference in the distance between the upper and lower plot.
Similar discontinuities in the spectrum can be seen at 200 and 350 MHz.

3.1 Unit Conversion

The MIL STD 461 RE102 determines the limits of radiation in terms of
electrical field strength (dBµV/m) but the signal strength of a GNSS receiver
is most often given as dBHz. Therefore there is a need to determine how much
energy from the engine that is picked up by the GNSS receiver.

The conversion from dBµV/m to dBW is based on Sanders (2010). The
energy picked up by an antenna can be calculated from

Prx = PDae (3.1)

where Prx is received power in [W ], PD is the power density in [W/m2] and
ae is the effective antenna aperture. PD can be calculated from the electrical
field strength given in the figures in MIL-STD 461 by

PD =
E2

377
(3.2)

where E is the electrical field strength in [V/m] and 377 is the impedance of
free space (sometimes written as 120π). Since the unit in MIL STD 461 is
given in dBµV/m (1V/m =106 µV/m) and this example uses ’non-dB’ units,
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Figure 3.2: Antenna placements used for the spectrum measurements shown
in Figure 3.3, (modified image from J.M.Fife et al. (2000)), there is approxi-
mately a 30 degree difference in the location of the antenna for measurements
between 0.35 and 1 GHz and the antenna for measurements above 1 GHz.
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Figure 3.3: Spectral measurements of emissions from a SPT 140 thruster.
There are a number of distinct jumps in the graph (at e.g. 200, 350 and
1000 MHz(marked by red)). At these frequencies the receiving antenna was
changed and the location of the measurement changed as well. The upper
figure shows the spectrum when the thruster was turned off and the lower
figure shows the spectrum when the thruster was firing at 4.5 kW. The fre-
quency range of the left part of the figure is 30 to 1000 MHz and the range
of the right part is 1 to 18 GHz. If one look closely in the red areas, it is
possible to see that the difference between the spectrum just below and just
above 1 GHz changes by approx 5-7 dB between the upper and lower plot.
The noise was measured according to MIL STD 461C (modified image from
J.M.Fife et al. (2000)).

7



the values in the MIL standard has to be converted to V/m using

E = 10

(
EdB−2∗60

2∗10

)
(3.3)

ae is calculated as

ae =
Grxλ

2

4π
=
Grxc

2

4πf 2
(3.4)

where λ is the free-space wavelength of the signal [m], Grx is the antenna
gain, c is the speed of light [m/s] and f is the frequency of the signal [Hz].
The density of the electrical field will decrease by a factor of

PDs =
1

4πr2
(3.5)

where r is the distance between the transmitter and the receiver in m. Using
the previous equation the density of the field can be recalculated for other
distances than the nominal 1 m. Combining the equations above gives the
following expression for the amount of signal received by the antenna.

Prx = PDs · ae · PD (3.6)

Prx =
1

4πr2

Gantc
2

4πf 2

E2

377
(3.7)

Rewriting the expression for PDs and ae and converting the answer to dB
gives

Prx,dBW = Gant,dB + 20log10

(
c

4πrf

)
+ 10log10

(
E2

377

)
(3.8)
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Chapter 4

Measurements on the Hall
Thruster Plume

Measurements of Hall thruster plumes have been published in a number of
papers, both measurements done in vacuum chambers on the ground and
measurements done in space (e.g. Manzella and Center (2001); Beiting et al.
(2001, 2009a)).

The two types of measurements have their own characteristics, e.g. most
ground based measurements are done at a distance of 1 m from the engine
due to the limited size of the vacuum chambers whereas space-based mea-
surements have been done at distances of up to 8.8 m (Manzella and Center ,
2001). Unfortunately, to the best of our knowledge, no spectral measure-
ments have been done in space, only measurements of the impact from the
Hall thruster on the communication links. In 2000, two Russian GEO satel-
lites was launched, Express-A 2 and Express-A 3 with four SPT-100 Hall
thrusters each (Manzella and Center , 2001). These satellites had a num-
ber of Faraday probes and electric field sensors to measure how the Hall
thrusters impacted the local electromagnetic environment. The sensors were
located at various locations with distances of up-to 8.8 m from one of the
thrusters. It was shown that the local electric field strength at one of the
sensors changed significantly when the thruster was fired, but due to the low
sampling frequency of the sensors, it is not possible to say anything about
the frequency content of the variations in the electrical field strength. The
Express satellites also showed that the SPT-100 Hall thruster didn’t have
any significant impact on the C (4-8 GHz) and Ku (12-18 GHz) band com-
munication. Data collected by the Express satellites have been used to both
validate theoretical models and to analyze the difference between vacuum
chamber measurements and space based measurements. In Korsun et al.
(2005) it is shown that the plasma becomes more diluted in space compared
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to when the engines are run in a ground based vacuum chamber and Boyd
and Dressler (2002, Figure 9) (Figure 4.1) showed that the current density
was much lower at larger angles from the thruster at 1 m distance in the
space based measurements compared to chamber measurements.

In Brukhty et al. (1995, Figure 6) (included as Figure 4.2) it can be
seen how the amount of emission from a SPT T-100 changes during the
Hall thruster lifetime. It is shown that that the emission from the SPT-100
thruster varied up to 20 dB at frequencies close to the 1.42 GHz during a
2000 h endurance test. This was also shown in Beiting et al. (2005a) (Figure
4.3) where it can be seen how the spectrum from one of the tested SPT-
100 varied significantly during one day. Beiting et al. (2005a) say that the
emissions are stronger on the cathode side and on the anti-plume side of
the SPT-100 thruster than when the measurements are done at 90 degrees
from the plume. This indicates that the measurements are not actually done
according to the MIL STD 461, since according to the standard, emissions
should be measured in the direction with highest emission.

During a 1000 h trail of the BPT-4000 engine (Beiting et al., 2006), no
significant change in the spectrum was detected. This indicates that the
variations in electro-magnetic emissions from the engines are engine specific.
Kirdyashev and Brukhty (2000) suggested that the reason for the variation

in radiation was due to erosion of the walls in the engine. Further Kirdyashev
(2004) discussed that it is possible for the plasma to amplify electromagnetic
emissions that is transmitted from the satellite itself.

4.1 Measurements of the Temporal Electro-

magnetic Emissions from Hall Effect Thrusters

The electromagnetic emissions in the L-band from the SPT-100, the GPT-
1, BPT-4000 and the PPS1350 Hall Thrusters have been investigated in
different articles (Beiting et al., 2005b, 2009a,b, 2010). One setup used to
measure the temporal emissions from the Hall effect truster can be seen
in Figure 4.4, this particular figure describes the measurements test of the
SPT-100. Position 2 was used for the temporal measurements in Beiting
et al. (2005b).

4.1.1 PPS-1350

Emission from the PPS-1350 engine has been measured in Beiting et al.
(2009a) using an antenna placed 1 m to the side of the engine. The highest
steady state emission were close to 90 dBµV/m, the most common emissions

10



had an amplitude of about 75 dBµV/m and occurred with a rate of 10 kHz.
During startup the engine generated emissions upwards 110 dBµV/m. A
histogram over the pulses in the 1-2 GHz band can be seen in Figure 4.5
and a histogram of the pulses between 1625 and 1675 MHz can be seen in
Figure 4.6. In the last figure, the smooth bump around 45 dBµV/m comes
from the background noise. Unfortunately, no information is given about the
distribution of pulse widths for this engine.

4.1.2 GPT-1

The GPT-1 thruster was analyzed in Beiting et al. (2010). The paper mea-
sured pulses in the 1-2 GHz band and the distribution of the pulses can be
seen in Figure 4.7. GPT-1 generates pulses with a duration up to 3.5 µs and
pulses with an amplitude above 70 dBµV/m occurs with a rate of approxi-
mately 200 kHz within the 1 GHz bandwidth of the measurement.

The strongest pulses were about 90 µV/m. A time-domain plot from the
GPT-1 measurements is shown in Figure 4.8, it is clear that there is a lot of
noise from the engine, but how many of these pulses that occurs close to the
GPS L1 frequency is impossible to say.

4.1.3 SPT-100

Beiting et al. (2005b) describe measurements using an digital oscilloscope
with a 500 MHz bandwidth from the SPT-100 thruster. They found that
the pulses from the engine varied in width from 10 to above 100 ns. The
amplitude of the pulses ranged from about 60 to 85 dBµV/m and the weakest
pulses occurred at a rate of 100 kHz (Figure 4.9).

4.1.4 BPT-4000

Beiting et al. (2006) present measurements of the BPT-4000 thruster. Also
for this engine, the pulses are very short (below 5 µs). To determine the
impact of the Hall-thruster emissions on a receiver channel, they recorded
measurements using a bandwidth of only 2 MHz at 2088 MHz, the histogram
is shown in Figure 4.10. The 2 MHz bandwidth, is close to the minimum
bandwidth used by GPS receivers. Another important finding of the paper
is that the strength of the emission from the BPT-4000 does not increase
by 10 dB when the bandwidth is increased by 10 times as could have been
expected if the emissions were Gaussian white noise, instead since it is pulsed
the change is between 13 and 19 dB per decade. Pulses above 50 dBµV/m
at 2 MHz was recorded at a rate of 2 kHz and above 60 dBµV/m at a rate
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of 162 Hz. The maximum amplitude of the pulses varies between different
modes, and the highest pulse shown in this paper is 85 dBµV/m. This engine
is also reported to have a stable electromagnetic behaviour over time and no
significant changes in the emitted spectrum was seen during the 1000 h of
testing that was done.

4.2 Summary of the Temporal Engine Mea-

surements

One of the measurements in the previous chapter was done using a spectrum
analyzer similar to a GPS L1 receiver front-end (Figure 4.10). Unfortunately,
no comment was made about the expected level of the noise floor, it is only
stated that the lower part of the histogram is typically from noise. This can
be compared to Figure 4.8 where the author states that the Gaussian peak
in the lower end of the histogram is from the thermal noise. Beiting et al.
(2006) show that when the bandwidth is changed, the bandwidth conversion
factor calculated by Equation 6.9, needs to be multiplied by between 1.3 and
1.9.

Since spectral measurements of the engine (Beiting et al., 2009a, Figure
5) indicate that the spectrum varies significantly between 1 and 2 GHz for
different operating modes, it is not obvious if anything can be said about how
the PPS-1350 engine would actually impact a GNSS receiver. For the other
engines the time-domain measurements were mostly done using oscilloscopes
with very wide filters (500 MHz or more), so it is even harder to say anything
specific about the characteristics of the pulses that would be received by a
GPS L1 frontend. But Figure 4.7 indicates that the pulses from the GPT-1
are fairly evenly distributed in the L-band between 1 and 2 GHz.

Assuming that the pulses are perfectly distributed across the full band-
width of the measurements discussed above. Then the Equation proposed by
Beiting et al. (2005b) can be used to estimate the number of pulses within
the GNSS receiver bandwidth

PulsesrxBW = PulsesmeasBW · BWrx

BWmeas

(4.1)

where PulsesrxBW is the number of pulses received by the receiver, PulsesmeasBW
is the number of measured pulses, BWrx is the receiver bandwidth and
BWmeas is the bandwidth of the measurement. Assuming a bandwidth of
10 MHz at the receiver and a measurement bandwidth of 1 GHz, then the
receiver would see about 200000/100 = 2000 pulses/s from the GPT-1 and
100000/50 = 2000 pulses/s from the SPT-100.
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Since there is not enough information to say anything about the spectrum
of the pulses occurring close to the GPS L1 center frequency, it is assumed
that they can be considered to be white gaussian noise within the bandwidth
of the receiver bandwidth. So one general model of the Hall thruster emission
can be, 3.5 µ long pulses with a rate of 2000 Hz with different power levels
up to complete saturation.
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Figure 4.1: Comparison between measurements in space and in vacuum
chamber for a SPT-100 Hall thruster. It seems as the current density profile
is significantly wider in the vacuum chamber compared to the measurements
done in space. From Boyd and Dressler (2002).
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Figure 4.2: Spectral radiated emission density at various stages during an
endurance test of a SPT T-100 Hall thruster engine. For the SPT-100,
the emission can vary up to 20 dB during the lifetime of the thruster.
(10−8 W/m2 = 66 dBµV/m and 10−10 W/m2 = 46 dBµV/m). From Brukhty
et al. (1995).
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Figure 4.3: Radiated emissions from a SPT-100. The spectra are from the
same engine, only differences is the time when the spectrum is taken. It is
clear that the amount of emissions varies significantly during the experiment.
Close to the GPS L1 frequency the change is almost 20 dB. (from Beiting
et al. (2005a)).
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Figure 4.4: Setup for the measurements on the SPT-100 thruster, only an-
tenna position 2 was used for the temporal measurements. From Beiting
et al. (2005a).

Figure 4.5: Distribution of the pulse amplitudes from the PPS-1350 engine,
Beiting et al. (2009a, Figure 9).
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Figure 4.6: Distribution of the pulse amplitudes from the PPS-1350 en-
gine,Beiting et al. (2009a, Figure 10). Measurements were done with a RBW
of 50 MHz approximately 100 MHz from the GPS L1 frequency. The rounded
peak at 45 dB µV/m corresponds to the thermal noise,

Figure 4.7: Distribution of the pulse amplitudes from the GPT-1 engine,
Beiting et al. (2010, Figure 6). Each plot is based on 8 ms of data.
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Figure 4.8: Time domain plot of emissions from the GPT-1 thruster, (Beiting
et al., 2009b, Figure 7).

Figure 4.9: Distribution of the pulse amplitudes from the SPT-100 engine,
Beiting et al. (2005b).
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Figure 4.10: Distribution of the pulse amplitudes from the BPT-4000 engine
around 2088 MHz, Beiting et al. (2006).
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Chapter 5

GPS/GNSS - overview

Shortly after the launch of Sputnik, some American researchers who had
managed to predict the passes of Sputnik (using a radio signal transmitted
by the satellite), envisioned to use satellites for positioning (Guier and Weif-
fenbach, 1960). Since then a number of satellite based navigation systems
(GNSS) have been deployed. Currently there are two systems that have
global coverage, the Russian GLONASS and the American GPS. In addition
there are two more global systems currently being deployed, the European
Galileo and the Chinese COMPASS. Each system has multiple signals on
multiple frequencies but the signals share many common features. Modern
receivers are sometimes capable of combining signals from multiple sources
to estimate the receivers position.

Since the GPS L1 C/A signal is the oldest and currently the most used
signal, it will be the focus of the discussion in this report. But much of the
discussion below is valid for the other GNSS systems/signals as well.

The GPS system was originally designed as a military system to en-
able global positioning of military units. Since the removal of the selected
availability scrambling in May 2000 (Clinton, 2000), the usage of GPS has
increased significantly. Today GPS is used for both timing and positioning
of ground, air and space units. There are nominally 24 active GPS satellites
although the actual number of usable GPS satellites varies and can be as
high as 32 (which is the number of ’identification codes’ (PRN) available).

5.1 GNSS Receiver

A schematic overview of the GNSS receiver used for the following discus-
sion can be found in Figure 5.1. The model doesn’t show any interference
mitigation block and the reason for this is that depending on the type of

21



Figure 5.1: Schematic overview over the GNSS receiver used in this analysis,
(based on Borio and Cano (2012)).

interference to be mitigated, it can be placed at different locations. Some
authors place the interference mitigation block after/around the ADC and
e.g. using a pulse-blanker that zeroes digital samples above a certain digital
value (e.g. Hegarty et al. (2000); Borio and Cano (2012)), other papers use
a pure signal processing approach (Gao, 2007; Gao et al., 2013) where they
combine a pulse-blanker with a frequency blanker to enable the removal of
pulses in the frequency domain.

After the antenna, the received signal is filtered, amplified and shifted
down in frequency from 1-1.5 GHz down to a few MHz. At that stage, the
signal is amplified using a variable amplifier controlled by an automatic gain
controller (AGC). The purpose of the AGC is to adjust gain of the last gain
stage, so that the analog signal can be digitalized by the analog to digital
converter (ADC) with minimum amount of quantization noise. If the ADC
only uses one bit then there is no need for an AGC.

After the ADC, the samples are ready to be used in the signal processing
to detect (acquire) or track satellites (possibly after interference mitigation).

5.2 AGC/ADC

The purpose of the ADC/AGC is to amplify the received signal so that it
can be sampled with the least amount of added noise. Since the GNSS signal
is below the noise floor, it is assumed that the received signal is Gaussian
white noise with zero mean. To minimize the quantization loss, the gain of
the ADC has to be adjusted to the incoming signal. How the quantization
loss for a signal varies with the relative gain can be seen in Figure 5.2. In the
figure, it is clear that there is a sweet-spot where the ADC-loss is minimized
if the ADC has more than one bit. For a 1-bit ADC the minimum ADC-loss
is 1.96 dB and 0.55 dB for a two bit ADC (Spilker , 1977; Borio, 2008). If
the AGC becomes saturated, the quantization loss will increase by about 1.5
dB for a two bit ADC.
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Figure 5.2: Quantization loss in the ADC as a function of the AGC gain (Ag)
and the standard deviation (σIF ) of the received analog signal (assumed to
be Gaussian and zero mean), based on Borio (2008, Eq 6.49).

5.3 GNSS Introduction

GNSS positioning is based on the reception of signals from four or more
satellites in order to determine the receivers position in 3 dimensions (x, y, z)
and the system time (t). System time is needed to calculate both the location
of the used satellites as well as to determine the main measured variable, the
time it takes for the GNSS signal to propagate from the GNSS satellite to the
GNSS receiver. By multiplying the time it takes for the signal to propagate
from the satellite to the receiver with the nominal speed of light, it is possible
estimate of the distance between the satellite and the receiver.

When the signal propagates through non-empty space, the velocity of the
signal will change and if the signal propagates through volumes with charged
particles, different frequencies of the signal with propagate with different
velocities. Examples such volumes are the ionosphere or the plasma-tail
from a Hall thruster.
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5.4 GNSS Signals

Most GNSS systems use a method called code division multiple access (CDMA)
that makes it possible for multiple satellites to transmit on the same fre-
quency with minimum inter-satellite interference. The idea is to spread out
the energy transmitted from the satellite over a wider frequency band using
a satellite specific spreading sequence and then at the receiver align a local
copy of the satellite specific spreading sequence with the one in the received
signal (by correlation) making it possible to track the received signal. The
spreading of the energy does not only make it possible to have multiple satel-
lite transmit on the same frequency, it also makes the signal more resilient
against interference.

Each GPS satellite uses two (or more) spreading codes in the GPS L1
band, the public C/A code with a frequency of 1.023 MHz and an encrypted
P(Y) code with a frequency of 10.23 MHz. Even if the P(Y) code is classified,
but since the code is transmitted simultaneously on two separate frequencies,
some receivers can indirectly use the signal (without knowing the P(Y) code)
by comparing the received signal on the two frequencies, this makes it possible
to determine the frequency dependent delay caused by plasmas such as the
ionosphere.

The C/A code is a 1023 bit long pseudo-random spreading sequence
(PRN) transmitted at 1.023 MHz, each sequence is 1 ms long. There are
32 different PRN codes available for GPS. This is the signal used by the
GPS receiver to detect and track the available satellites, it also used to de-
tect the third part of the signal transmitted by the GPS satellite on the L1
band.

The C/A code is also used to carry the NAV message. It is transmitted
by inverting the C/A code when the NAV message changes sign, thereby
reducing the maximum receiver sensitivity. This message carries information
about the satellite orbits, details about the time and if the satellite can be
used for navigation or not and is transmitted at 50 Hz.

5.5 GNSS Satellite Antenna Pattern

The main focus of the GNSS satellites is to support users close to earth,
therefore, the antenna pattern of the GNSS satellites is directed towards the
earth in cone with an opening angle of approx 16 degrees, but the earth only
covers approximately 14 degrees of the antenna beam. So a small part of the
main antenna beam might still be useful by satellites in GEO. Unfortunately,
signals that passes close to the earth will be impacted by the ionosphere
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(discussed in Chapter 7), thus degrading the usability the signal.
Even if there are (to our knowledge) no official antenna diagrams outside

the main lobe, Lorga et al. (2010) showed (included here as Figure 5.3) that
GPS transmit antenna has side lobes extending to at-least 60 degrees and
Ebinuma et al. (2004) shows how they might look up to 70 degrees from the
center of the antenna beam. As indicated by Figure 5.3, each generation of
the GPS satellites has different antenna patterns, Further Kronman (2000)
showed that it can be significant differences between satellites of the same
generation as well.

Figure 5.3: Effective transmitted power (EIRP = PGPS,dBW +GGPS,dBi) for
different GPS satellite antenna angles. Values are shown for the three GPS
satellite generations currently in use. From Lorga et al. (2010).
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Chapter 6

GPS and Interference

The most common way to measure the GNSS signal strength is to use the
carrier to noise or C/N0, this is a measure of how strong the retrieved GNSS
signal is compared to the received noise, the unit is dB-Hz.

The C/N0 can be calculated by

C/N0 = Prx,dBW − 10log10(kT0) − Limpl,dB (6.1)

where k is Boltzmann’s constant, T0 is the receiver noise measured at 1 Hz,
Limpl,dB is the implementation losses inside the receiver and Prx,dBW is the
received GPS signal power. Prx,dBW can be calculated by

Prx,dBW = Ptx,dBW +Gtx,dB − Lpath,dB +Grx,dB (6.2)

where Grx,dB is the gain of the receiving antenna in the direction of the GPS
satellite, Lpath,dB is the free space signal path loss, Ptx,dBW is the transmitted
GPS signal power and Gtx,dB is the antenna gain of the GPS satellite in the
direction of the receiver. Ptx,dBW + Gtx,dB is sometimes referred to as the
effective isotropic radiated power, or EIRP, and is a measure of how strong a
transmitter would have to be if it would emit equal amount of energy in all
directions. Since Gtx,dB is different for different antenna angles, the EIRP will
also vary. Approximate EIRP values for the three active generations of GPS
satellites is shown in Figure 5.3. The path loss, Lpath,dB can be calculated by

Lpath,dB = 20log10

(
c

4πfr

)
(6.3)

where c is the speed of light, f is the frequency of the signal (for the GPS L1,
1575.42 MHz) and r is the distance between the receiver and transmitter.

When the C/N0 decreases, the noise of the tracking loops (and therefore
the measurements) will increase, eventually the noise will be too large for the
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tracking loops to handle, causing receiver to loose tracking of the satellite.
For an unassisted receiver, a rule of thumb is that the C/N0 should be above
30 dB-Hz, but many receivers (e.g. Astrium (2012)) can still track signals a
few dB below 30 dB-Hz.

6.1 Wideband Interference

Using the theory described in Kaplan and Hegarty (2006, Chapter 6), it is
possible to estimate how continuous steady state interference impacts a GNSS
receiver. The expected C/N0eq from a GNSS receiver exposed to continuous
interference can be calculated by

C/N0eq,dB = −10log10

(
10−(C/N0)/10 +

10((I/S)/10)

Qfc

)
(6.4)

Where C/N0 is the unjammed carrier to noise ratio and I/S is the interfer-
ence to signal ratio measured over the receiver bandwidth in dB, fc is the
frequency of the C/A code (1.023 MHz) and Q is the interference resistance
factor (approximately 2.2 for wide band interference and 1 for narrowband
interference).

6.2 Narrowband Interference

Narrowband interference can impact the receiver in two fundamentally dif-
ferent ways. Weak narrowband interference can significantly impact the re-
ception of individual satellites due to overlap between spectral peaks in the
PRN code of the received satellite and the narrowband interference (Balaei
et al., 2009). Stronger interference can impact the analog to digital conver-
sion, since the received signal will not be Gaussian (e.g. Kaplan and Hegarty
(2006, Chapter 6), Amoroso (1983)).

6.3 Pulsed Interference

A number of papers have tried to determine the impact on GNSS receivers
from pulsed interference. Some of these focuses on evaluating the impact from
the known interference in the GPS L5/Galileo E5 frequency band (Hegarty
et al., 1999, 2000; Grabowski and Hegarty , 2002; Gao, 2007; ITU , 2011; Gao
et al., 2013). When the L5 frequency was suggested, it was known that
the suggested frequency was part of a band already used by pulsed aviation
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distance monitoring equipment (DME). Therefore, before the final decision
about the signal was made, a feasibility study was performed to determine
how GPS receivers would handle the interference from the DMEs. Some
results from the feasibility study were published in Hegarty et al. (1999)
along with one method to determine the impact on the receiver from the
DME transmitters. Since the launch of the L5 signal, a number of papers
has presented suggestions on how to further mitigate the impact from the
DME.

Another area of interest has been to evaluate the feasibility of using pulsed
local GNSS transmitters (pseudolites) to improve the accuracy of GNSS re-
ceivers in certain areas. The goal of many papers has been to try to deter-
mine the impact on receivers that is not designed to be used with pseudolites
(Cobb, 1997; Borio et al., 2011a). Further, other papers analyses the impact
of pulsed interference in more general terms e.g. (Soualle et al., 2011; Ojeda
et al., 2013).

One efficient method to reduce the impact of pulsed interference is to add
a pulse-blanker that replaces the received signal with e.g. zeroes when the
receiver detects a pulse. In practice, this means that the energy in the pulses
are zeroed out so that the pulses don’t interfere with the non-interfered signal
in the acquisition/tracking stage. Grabowski and Hegarty (2002) compare the
impact from pulsed interference on a receiver with pulse-blanker with the
impact on a receiver without a pulse-blanker, the paper shows a significant
improvement in the receiver performance against pulsed interference when
the pulse-blanker is enabled.

One simplification that some authors do is to consider the
ADC/AGC/pulse-blanker stage to be ideal/infinite. This means that the
authors focuses only on the duty cycle and ignores the width or frequency of
the pulses used. Duty cycle is defined as

duty cycle =
TPulse on
TPulse cycle

(6.5)

where TPulse on refers to the duration of the pulse and TPulse cycle refers to
the time from the start of one pulse to the start of the next.

If the receiver is non-ideal, it is possible that short strong pulses will
degrade the receiver more than what can be expected from the pulse duty
cycle+pulse length alone. The reason for this is that it takes some time for
the receiver to first adjust to the increased signal level in the pulse and then
to the lower signal level after the pulse. A comparison between a receiver
with a non-ideal vs one with an ideal AGC/pulse-blanker can be found in
Hegarty et al. (2000). The paper shows that if the AGC/pulse-blanker reacts
slow to pulsed interference, then it is enough with a duty cycle of 10% for a
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pulse width of 1 µs to cause a loss of 4 dB. If the pulse-blanker is changed to
an perfect pulse-blanker, the loss is reduced to 0.5 dB for the same receiver.
The impact of a non-ideal AGC on a receiver with a high resolution ADC is
discussed on a more theoretical basis in Soualle et al. (2011) and D. Borio
has further discussed quantization losses and the impact of blanking from a
mainly theoretical perspective in a number of papers (Borio and Fortuny ,
2010; Borio et al., 2011a,b; Borio and Cano, 2012).

Hegarty et al. (1999) proposed one method to calculate the impact on
a GNSS receiver from both pulsed interference that triggers the receivers
pulse-blanker and from white noise interference that doesn’t trigger the pulse-
blanker. The degradation can be calculated by

S/N0,eff = PRX,dBW − Limpl,dB −N0,dB + 20log10(1 − d)...

−10log10

(
1 − d+

N∑

i=1

10
Ri,dB

10

)
(6.6)

Ri,dB = Pi,dB − Pnoise,passband,dB + 10log10(di) (6.7)

where d is the total pulse duty cycle for all interference that is strong enough
to activate the blanker, N is the number of interference sources not powerful
enough to activate the blanker, Pi is the peak received power of the ith signal
and di is the duty cycle for the ith signal that is not powerful enough to
activate the blanker.

The equation assumes a perfect AGC, infinite resolution on the ADC and
that the interference is very short compared to the length of the integration
time (1-10 ms) in the receiver. It was shown in Chapter 4 that the pulses
from all available thrusters were less than a few µs and therefore satisfies this
condition. The results in Hegarty et al. (1999) were extended and validated
in Hegarty et al. (2000) where hardware experiments showed that the P(Y)
code (the encrypted signal on the L1 band with a 10 times higher bit-rate
compared to the normal C/A code) receiver with ideal pulse-blanking cir-
cuitry could handle pulses between 1µs and 10µs with a duty cycle of up-to
20% before a degradation of the received C/N0 by 1 dB occurred. This equa-
tion was part of the recommendations about how GPS can coexist with other
signals near the L5 center frequency (1176.45MHz).

6.4 Calculated Examples

Below are some examples given where the previous equations are used to
calculate the C/N0 for a few different cases. The basic setup for the calcu-
lations is shown in Figure 6.1. The first calculation shows how the C/N0 of
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Figure 6.1: Geometry used for the received signal power simulations.

the receiver changes if one thruster emits the maximum allowed emissions
according to the MIL STD 461 RE102 and is located 5 m away from the
antenna, it is further assumed that the GPS satellite is received at an an-
gle of 9 degrees from the GPS receiving antenna zenith angle. In this case,
the distance between the GPS satellite and the receiver is 61000 km. The
bandwidth of the receiver is assumed to be 10 MHz. The second example
extends the first example by calculating the max and min C/N0 values be-
tween 0 and 33 degrees from the GPS receiver antenna boresight for both
the RUAG PEC and the RUAG Helix antenna (Figure 6.2 and Figure 6.3).
The last two examples use Equation 6.7 to predict how the C/N0 degrades
due to pulsed interference with different duty cycle, first a detailed example
is given, second, Equation 6.7 is used to show how the C/N0 changes when
the duty cycle changes from 0 to 0.9 (Figure 6.4).

6.4.1 Continuous Interference

Assume that the Hall thruster generates the maximum allowed electrical field
at 1575.42 MHz of 47 dBµV/m, the receiving antenna is located 5 m away
from the engine and has a gain towards the engine of 0 dB (e.g. the RUAG
GPS PEC antenna at 60 degrees). The GPS antenna would then receive
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(Equation 3.8)

Pthuster,dBW = 0 + 20log10

( c

4π · 5 · 1575.42 · 106

)
+ ...

10log10

(
(10(47−120)/20)2

377

)
(6.8)

= −149.13 dBW

of interference. Since the MIL STD 461 measurements are done with a 1
MHz bandwidth, assuming that the noise is white noise (not completely
true, Beiting et al. (2006)), the power can be converted to the receivers 10
MHz bandwidth by

conversion factor = 10log10
RBW

MBW

(6.9)

where RBW is the reference bandwidth and MBW is the measurement band-
width (Weston, 2001). This means that the interference power at 10 MHz
from the truster given by Equation 6.9 is increased to

Prx,thruster,1Hz = Prx + 10log10
107

106
= −139.13 dBW. (6.10)

Assume that the GPS receiver has a noise temperature (Teq) of 200 K and
an implementation loss of 2 dB. Since the C/N0 is calculated per 1 Hz, the
thermal noise will be calculated using the same bandwidth. The receiver
noise can be calculated by

Pnoise,dB = 10log10(kBTeqBw) + Limpl,dB

Pnoise,dB = 10log10(1.38 · 10−23 · 200 · 1) + 2 = −203.6 dBW.

If the GPS satellite is received at an antenna zenith angle of 10 degrees from
nadir, thus the signal from the GPS satellite leaves the GPS satellite antenna
at zenith angle of 16 degrees, these two angles gives a distance between the
GPS satellite and the receiver of 61000 km. Assume further that the GPS
receiving antenna is a RUAG GPS PEC antenna pointing towards the earth.

At 16 degrees from nadir, the transmitted signal power from the GPS
satellite is approximately 27 dBW (Figure 5.3) and the gain of the receiving
antenna would be approximately 7 dBi (since dB is a relative scale, antenna
gain is often given relative the gain of an isotropic antenna, dBi), then the
receiver will receive (Equation 6.2)

Prx,GPS = 27 + 7 + 20log10

( c

4π · 1575.42 · 106 · 61 · 106

)
(6.11)

= −158.1 dBW.
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The received signal strength gives the receiver a C/N0 of

C/N0 = PRX,GPS − PNoise (6.12)

C/N0 = −158.1 − (−203.6)

= 45.5 dBHz (6.13)

this gives a I/S ratio of

I/S = −139.1 − (−158.1) = 19 dB. (6.14)

Assuming that the interference is wideband (Q≈2), then the interference
from the engine will reduce the C/N0 to (Equation 6.4

C/N0,eff = −10log10

(
10−45.5/10 +

1019/10

2 · 1.023 · 106

)
(6.15)

= 44.1 dBHz

in this particular case, the engine decreases the C/N0 by about 1.4 dB.

6.4.2 Simulations for Continuous Interference

Using the calculations above, it was possible calculate the expected C/N0

for all antenna angles. In this simulation, the GPS receiver will receive
GPS signals at angles between 9 and 30 degrees from the receiving antenna
boresight, this corresponds to 16 to 60 degrees the GPS transmitting antenna
boresight. The distance between the GPS satellite and the receiver changes
according to the changes in the signal path direction. Two simulations were
made to estimate the impact of the emissions from the Hall thruster, one
using the RUAG PEC antenna and one with the RUAG Helix antenna. The
PEC antenna is fairly directional with a gain of about 7 dBi in the center
of the antenna beam and at 90 degrees it is reduced to about -8 dBi. This
protects the GPS receiver from the emissions from the hall thruster as can
be seen in Figure 6.2. The Helix antenna on the other hand, has a fairly flat
antenna gain between 0 and 90 degrees from the centerline, the estimated
C/N0 is shown in Figure 6.3. It is clear that the flat antenna gain causes a
lot of energy from the thruster to be received by the antenna and therefore
the emission from the thruster reduces the C/N0 more than for the PEC
antenna.

6.4.3 Estimation of the Impact on the GPS Receiver
from the Pulsed Emission from the Hall Thruster

Using the same satellite geometry as above, with the receiver in GEO and the
GPS satellite at 9 degrees from the antenna zenith, the received GPS signal

32



Figure 6.2: Received GPS signal strength using a RUAG PEC antenna and
the thruster at a 90 degree angle at a distance of 5.0 m. The C/N0 is
calculated for both the weakest and strongest GPS signal in each direction.
The red and green line shows the acquisition and tracking thresholds for the
Astrium Mosaic GNSS receiver (Astrium, 2012).

power is calculated in Equation 6.12 to -158.1 dBW, the noise temperature
is the same as in Equation 6.11 (-203.6 dBW) and the nominal C/N0 given
by Equation 6.13 to 45.5.

If the engine emits broadband pulses with the level seen in Manzella et al.
(1997, Figure 6c), (60 dBµv/m/MHz) and the GPS receiver antenna is 5 m
from the thruster and has 0 dB gain in the direction of the thruster (approx
60 degrees off antenna zenith), then the receiver would receive (Equation 3.8)

Pthuster,dBW = 0 + 20log10

( c

4π · 5 · 1575.42 · 106

)
+ ...

10log10

(
(10(60−120)/20)2

377

)

Pthruster,dBW = −136.1 dBW.

Since the receiver in this example has a bandwidth of 10 MHz whereas the
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Figure 6.3: Received GPS signal strength using a RUAG Helix antenna and
the thruster at a 90 degree angle at a distance of 5.0 m. The C/N0 is
calculated for both the weakest and strongest GPS signal in each direction.
The red and green line shows the acquisition and tracking thresholds for the
Astrium Mosaic GNSS receiver (Astrium, 2012).

reference measurement was done using a 1 MHz bandwidth, assuming that
the noise is white noise within the receiver bandwidth, then Equation 6.9
can be used to correct for the difference in bandwidth. So the received signal
power is

Pthruster,dBW,10MHz = −136.1 + 10log10

(
10

1

)
= −126.1 dBW.

Assuming that the receiver does not have any pulse blanker, and that the
pulses occur 2000 times per second and that each pulse has a duration of 3.5
µs. The duty cycle is calculated using Equation 6.5

di =
3.5 · 10−6

1/2000
= 0.007 (6.16)
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The effective C/N0 can be calculated using Equation6.7

Ri,dB = −126.1 − (−203.6) − 10log10(10 · 106)

+10log(0.007) = −14.0 dB

C/N0,eff = −158.1 + 7 + 203.6 + 20log(1 − 0)

−10log

(
1 − 0 +

1∑

i=1

10
−14.0
10

)

C/N0,eff = 45.33 dB −Hz.

Compared to the un-interfered value of 45.5 dB-Hz, the estimated degrada-
tion from the pulses is about 0.17 dB, this is even if the pulses are significantly
stronger than the emission in the previous example.

Using Equation 6.7 it was possible to create Figure 6.4 that shows how the
effective C/N0 changes when the duty cycle of the interference is changed, as-
suming that the receiver manages to fully recover between the pulses. Three
cases are shown in Figure 6.4, the red line shows what happens if the receiver
manages to blank the pulses. Blue line show the impact of the maximum
pulses allowed according to MIL STD-461 and green is a slightly higher pulse
than the maximum allowed. It is clear that the GPS receiver is very resilient
against pulsed interference and that the pulse blanker can be a valuable
addition to a receiver if there is a risk of powerful pulsed emissions.

Figure 6.5 is an extended version of Figure 6.4, here both the duty cycle
and the pulse power has been varied. Only the impact on a receiver without
a pulse blanker is shown, the power of the pulses are between 47 and 97
dBµV/m and the duty cycle is between 0 and 10 %. Due to the large range
of interference signal powers considered, it is likely that receivers can be
impacted more severely than what is shown here. One reason for this is the
delay in recovery that can occur after the analog parts of the receiver has
been saturated by the strong pulses (see e.g. Soualle et al. (2011)).
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Figure 6.4: Difference in receiver impact for saturating and non-saturating
interference on a GPS receiver. Gain towards the thruster is 0 dB, gain
towards the GPS satellite is 7 dB and the distance between the thruster and
the antenna was 5 m. A typical space qualified receiver can acquire satellites
down to a level of 30 dB-Hz and track satellites down two 27 dB-Hz (Astrium,
2012).
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Figure 6.5: Estimation of the effective C/N0 when a receiver without a pulse-
blanker is exposed to pulsed interference. The un-interfered C/N0 is 45.5
dB-Hz
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Chapter 7

Impact from plasma on the
GNSS signal

Hall thrusters work by generating a plasma behind the engine. The plasma
consists of charged particles and it will impact radio signals (such as GNSS)
that passes through. The impact from the plasma is frequency dependent and
different frequencies will propagate with different velocities. This is caused
by the frequency dependent refractive index of the plasma, calculated by

nr =

√
1 − (2πfp)2

(2πf)2
(7.1)

where nr is the refractive index, f is the frequency of the signal propagating
through the plasma and fp is the plasma frequency,

fp =
nee

2

ε0m
(7.2)

where ne is the number of electrons per m3, e is the electron charge, m is the
electron mass and ε0 is the permittivity of free space. The group velocity of
a signal propagating through a plasma is

vg = cnr. (7.3)

When the electron density increases, fp will increase and when
f2p
f2
> 1 the

refractive index will become imaginary and the plasma will absorb the signal.
For signals on the GPS L1 frequency, this happens when the plasma density
exceeds about 3. · 1016 electrons per m3. Boyd and Dressler (2002) listed
typical values for a number of properties of the SPT-100 Hall thruster such
as the plasma density. At the exit of the thruster the plasma density can
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be as high as 1017 to 1018 electrons per m3, but decreases by a factor of r2

(Dickens , 1995) so the only a small area will contain the very high density
plasma.

Since the GNSS signal does not propagate with its nominal speed through
the plasma, the plasma can cause a non-negligible error in the estimation of
the distance to the satellites. For a L1 C/A receiver, the main impact is the
delay on the PRN code, called Code delay and is calculated by Kaplan and
Hegarty (2006, Equation 7.20)

Code delay =
40.3 · TEC

f 2
[m] (7.4)

40.3 is an approximation for the constant values in the calculation of the
refractive index (Hartmann and Leitinger , 1984). The total electron content
(TEC) can be calculated by integrating the electron density along the signal
path between the GNSS satellite and receiver,

TEC =

∫ Receiver

GPS sat

nedl (7.5)

Sometimes the unit TECU is used as a measure of the total amount of
electrons in the signal path, one TECU is defined as 1016ne/m

2. For L1, one
TECU gives a delay of approximately 0.16 m. Since the delay is frequency
dependent, it is possible for GNSS receivers to account for the delay caused
by the plasma by utilizing more than one frequency band for each tracked
satellite, such as receiving GPS signals on both the L1 and L2 frequency
band.

Dickens (1995) proposed the following equation to estimate the electron
density at a distance of 0.5 m or more

ne(r,Θ) =
n0e

−[λ(1−cos(Θ))]n

r2cos2(Θ)
(7.6)

where n0 is the electron density at 1 m, λ and n are engine specific constants,
r is the distance from the center of the thruster and θ is the angle from the
center of the plume center. For the SPT-100, Dickens (1995) estimated n to
0.65, λ to 35 and n0 to 6.5 · 1015. It should be noted that this estimation is
somewhat crude since only one operating mode was considered and it is not
known how the SPT-100 was operated during the data collection to which
the function is fitted.

Beal et al. (2003) showed that the plasma density behind a cluster of
Hall thrusters is equal to the sum of the plasma density emitted from the
individual thrusters.
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Using the result in Beal et al. (2003) and Equation 7.6, an estimation of
nominal plasma density behind the satellite was made (seen in Figure 7.1).
Two assumptions were made, the antenna is located in the middle between
the two thrusters, the thrusters are 1.5 m from the antenna. The reason
for placing the antenna in the middle between the two antennas was that
no information was available about the electron density in the anti-plume
direction of the thrusters. Based on calculations for Figure 7.1, it seems
as the plasma can be dense enough to block the GPS signal, although it
will only happen in a very small area just behind the thruster outlet. Since

Figure 7.1: Electron density behind the satellite. The antenna is located in
the center of the graph and the antennas are located 1.5 m above and below
the antenna, each ring is equal to 1 m change in distance.

it is known that the plume is modulated, Figure 7.2 shows that the group
delay that can be expected behind the SPT-100 is less then 0.25 m, even if
the plasma increases by 30 % or decreases by 20 % from the nominal value
presented in Dickens (1995) and the signal passes close to the engine.
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7.1 Possible Causes of the Emission

The plasma behind the Hall truster is very complex and most papers fo-
cus on the theory of oscillations to frequencies below a few 100 MHz (e.g
Choueiri (2001)). One of the possible causes of emissions on the GNSS fre-
quencies is the electron cyclotron rotation. It can be calculated by (Chen
and Lieberman, 1974)

fc =
eeB

2πme

≈ 28 · 109 ·B[Hz] (7.7)

where ee is the electron charge, B the magnetic field strength and me is the
electron mass. Equation 7.7 gives that a magnetic field of 56.2 mT will give
emissions in the GPS L1 band. Such a field strength is not uncommon in
Hall thrusters and Mazouffre (2013) shows that the magnetic field strength
is coupled to a number of variables in the Hall thruster geometry such as
the propellant flow. Brukhty et al. (1995) suggested that the emissions were
caused by the growth of instabilities in various layers of the non-uniform
portion of a plasma flow in the near-wall outer region. Kirdyashev (2004) on
the other hand suggested that the interference in the 1.5 - 2.5 GHz region
could come from plasma frequencies (fp) and that the excitation of microwave
oscillations occurs when (fp/fc) = n2

e − 1. In addition, since the plasma is
inhomogeneous it will generate a fairly wide band of different frequencies.
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Figure 7.2: Estimated group delay on the GPS L1 signal when both thrusters
are fired. 0 degree viewing angle means that the signal path between the GPS
satellite and the receiver passes in the middle between the two hall thrusters.
The engine simulated here is the SPT-100. It is not known how the engine
was used when the measurements were recorded that formed the basis for
the model. It is clear that the delay increases when the signal passes close
to the engines.
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Chapter 8

Testing and Validation

Since Beiting et al. (2003) showed that the MIL STD 461 RE102 spectrum
varies significantly (30 dB) between 1 and 2 GHz for the BPT-4000 engine,
GNSS spectral measurements need be made at each individual GNSS band
that will be used by the GNSS receiver on the satellite.

It should be noted that it is possible that there might be differences
between what is seen during the experiments in the chamber and what is later
seen in space (e.g. Figure 4.1). This difference is most likely caused by the
background pressure in the vacuum chamber. (Boyd (2006) estimated that
the lowest background pressure for a typical 1.5 kW thruster is approximately
10−6 Torr, this is roughly the pressure at 185 km altitude above ground on
earth.)

A number of publications (such as Beiting et al. (2009a,b, 2005a)) has
used the setup shown in Figure 8.1. The thruster is placed inside a small
dielectric tank and then fired into a larger fiberglass vacuum chamber that
is essentially transparent to electromagnetic radiation. The two tanks are
located inside a larger semi-anechoic room that both isolates the experiment
from external radiation as well as absorbs radiation from the thruster.

Two test plans are drafted below, they focus on slightly different things
but the goal for both is to determine if the Hall thruster significantly degrades
the performance of the GNSS receiver. The test can either aim to simulate
the GNSS behaviour in orbit or to record the Hall thruster emissions in the
GNSS frequency bands.

The Hall thruster emission test focuses on measuring the emission from
the thruster at the GNSS frequencies. In the full system verification, a GNSS
simulator and two GNSS receivers are included to make it possible to measure
the impact on the GNSS signal from the hall thruster plasma. The two GNSS
receivers will both make it possible to see the impact from the thruster during
the measurements as well as be a reference when the signal is replayed back
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Figure 8.1: Test setup at the Aeropace Corporation from Beiting et al.
(2009a).
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into a GNSS receiver.
Both experiments use the same basic setup (seen in Figure 8.2) with

one static antenna to measure the temporal behaviour of the engine and one
antenna that is moved to measure the emission in various directions from the
engine. The test start by recording the background noise, after the engine
has been started, the antenna is moved from -90 degrees to + 90 degrees in
steps of approximately 10 degrees. At each location, about 60 second of data
should be recorded, (a GPS L1 C/A receiver needs to receive a satellite for
36 seconds before it can be used for a position fix).

Figure 8.2: Suggestion of antenna placements for the Hall thruster emission
recordings.

8.1 Hall Thruster Emissions Measurements

This test focuses on measuring the emission from the Hall thruster with high
enough sampling and dynamic rate to enable to replay the recorded spectrum
together with a simulated GNSS signal into a GNSS receiver. For a full anal-
ysis of the impact on the GNSS receiver, the GNSS signal recording should
have at-least the same bandwidth as the GNSS receiver that is planned to be
used on the satellite as well as a large enough dynamic range to capture both
the silent thermal noise when the engine is turned off as well as the powerful
peaks generated by the thruster. Even if the minimum dynamic range differs
between different engines and also possibly during different stages of the life
of the thruster, given the results in Beiting et al. (2010) it seems as it has to
be at least 20 dB. The system should also be able to store approximately 60
seconds of data, this is particularly important if the plan is to later replay
the recorded signal into a GNSS receiver. The basic equipment recording
setup can be seen in Figure 8.3.
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Figure 8.3: Equipment setup for the Hall thruster emission measurement.

8.2 System Verification

The second test is a full system verification where one uses a GNSS simulator
to create GNSS signals to be transmitted either through the fiberglass walls
of the vacuum chamber or from locations within the anechoic chamber behind
the thruster. The receiving antenna could be placed in similar locations as
in the previous test plan. Here, one option is to place the GNSS transmit
antenna so that in some cases the signal propagates through the plasma and
in other cases it does not pass the plasma on its way to the GNSS antennas.
This is to determine the impact of the plasma on the GNSS signal as well as
determine how the noise from the Hall thruster impacts the GNSS receiver.
The signal power of the GNSS transmit antenna should be adjusted so that
the output power is similar to what can be expected from the GNSS satellite
based on the GNSS satellite antenna angle and the distance to the GNSS
satellite. By connecting one GNSS receiver to each receiving antennas, it is
possible to get a preliminary indication of how much the plasma impacts the
GNSS signal as well as generate reference measurements that later can be
used when the recorded signal is replayed into GNSS receivers.

Ideally one would like to both measure the noise with and without the
GNSS simulator turned on, this is to collect data for experiments where one
add other satellites or satellites with other signal strengths to simulate the
gain pattern of different GNSS antennas.
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Figure 8.4: Equipment setup for the full system verification measurement.

8.3 Postprocessing

The goal of the post-processing is to extend the understanding of the emis-
sions and also determine how strong signals the GNSS receiver will have to
be able to handle. Since two antennas was used, it should be possible to
separate the variations in noise power from the Hall thruster with the varia-
tions due to differences in signal strength in different directions. If the data
was recorded without a signal from a GNSS simulator, it can be added in
the post-processing e.g. when the signal is replayed into a GNSS receiver. In
that case, one could add the GNSS signal to the recorded emission, before
the signal is fed into the GNSS receiver. To maximize control over the GNSS
scenario, the GNSS signal should ideally come from a GNSS simulator but a
regular external GNSS antenna might also work. The important thing here
is that the GNSS signal should be adjusted so that it has the same signal-
strength as can be expected to be received by the GNSS receiver in orbit
and that the Hall thruster emission level is corrected for the gain pattern
of the GNSS antenna. Using the recorded emissions from the Hall thruster,
it is also possible to analyze the distribution of the signal levels received in
the recorded data such as the plots shown in Beiting et al. (2010, Figure
6). Another important aspect is to determine how fast the AGC has to be
inside the GNSS receiver in-order to suffer as little as possible from the Hall
thruster interference.
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Chapter 9

Summary and Conclusion

Due to the limited amount of data available, one has be careful when using
the results presented in this report.

The Hall thrusters generate plasma as well as RF emission, both these
types of emission can potentially cause problems for the satellite GNSS re-
ceiver. One method to measure the RF emission, is to follow the MIL STD
461 RE102 standard. This standard measures the peak emitted power at
frequencies up to 18 GHz, but since the RF emission from the Hall thruster
is pulsed, it is not particularly useful for determining the impact from the
thruster on the GNSS receiver.

Instead one has to analyze the temporal behaviour of the RF emission.
Multiple papers have shown that the RF emission from different types of Hall
thrusters consists of pulses with a duration of up to a few µs and amplitudes
in excess of 90 dBµV/m. Based on the available information about the pulse
frequency and using one model for the impact on the GNSS receiver from
pulsed interference, the impact on the receiver from the pulsed emission was
estimated. The results indicate that the pulses do not have enough duty
cycle to cause any significant degradation of the GNSS reception.

Information about the plasma is mainly available for the SPT-100 thruster
and based on one model for the SPT-100 engine, it does not seem as the
plasma will cause any significant delay of the GNSS signal nor does it seem
to be dense enough to block the signal except for in a small area just behind
the thruster. It should be noted that the plasma calculations were based on
a smaller thruster than what is expected to be used in the final project.

At the end of the report, two test plans has been drafted. One focuses
on charactering emission from the thruster in the GNSS frequency band.
The other includes a GNSS simulator to determine the impact from both the
plasma and the RF emission from the thruster on the GNSS signal reception.
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and Signal Processing, Institut Aéronautique et Spatial (IAS), Toulouse,
France.

Spilker, J. j. (1977), Digital communications by satellite, Englewood Cliffs,
N.J.

Weston, D. A. (Ed.) (2001), Electromagnetic Compability, Principles and
Applications, Marcel Dekker.

54



Appendix A

Using dB to denote values

When talking about signal power and loss of power, one unit often used to
describe ratios is ’dB’. One reason for this is that the ’dB’ is based on log10
scale. This has two benefits, one multiplications/divisions becomes additions
and it is also very easy to handle a very large range of values without the
need to keep track of 10NN factors. If ’dB’ is written as just ’dB’ the value is
relative to 1, no unit is used, this could be the amplification or the attenuation
of a signal. Otherwise the letters after ’dB’ will indicate what is the reference
unit as in dBµV where the reference unit is 1 µV or dBW where the reference
unit is 1 W.

The number of ’dB’ can be calculated by

NdB = 10log10

(
value

reference value

)
(A.1)

and to go from ’dB’ to the linear scale

N = 10NdB/10 · reference value (A.2)

So if one have 47mW and want to convert it to dBmW (often shortened to
dBm then the calculation becomes

10log10

(
47 · 10−3

1 · 10−3

)
= 16.7 dBm (A.3)

Since the ’dB’ is used as a measurement of power, and power is proportional
to the square of an amplitude measurement, such as V/m. For these cases,
the conversion changes to

NdB = 10log10

(
value2

reference value2

)
= 20log10

(
value

reference value

)
(A.4)
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likewise the conversion in the other direction changes to

N = 10NdB/20 · reference value (A.5)

to convert 47V/m to dBV the calculation becomes

20log10 (47) = 33.4 dBV (A.6)

and the other way around
10

33.4
20 = 47 (A.7)
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