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Abstract

GPS and the other GNSS systems (GLONASS, Galileo and Beidou-2/COMPASS) is used
to position billions of devices and is saving lives, the environment and money on a daily
basis. GNSS enables anyone to determine their own unique global location.

But the system can be fragile, it can easily be disabled or manipulated so that the calcu-
lated position from the receivers becomes incorrect. This can be done either intenionally
or unintentionally. Further, many GNSS signals are located in shared frequency bands
where other transmitters are allowed to broadcast as well. These transmitters can for
example be long range radars or distance montitoring equipment for aviation.

In this thesis, it is demonstrated how one such radar can be detected and localized using
data collected by the GNSS receiver for atmospheric sounding (GRAS). It is shown that
the detected radar did not cause any measurable degradation of the temperature profiles
generated from the collected data. Measurements from the GRAS sensor is also used
as a reference to compare temperature soundings from the passive Advanced Microwave
Sounding Unit-A (AMSU-A) sensors that measures emission from Oxygen around 56
GHz.

Further, work focusing on the detection of ground based interference is presented. It
is shown how low cost independent units can be used for long term montitoring of the
interference environment at key locations. Using collected data from the measurements
at an area closed to the public, it is further shown how these units can be used to localize
sources of broadband interference.

Interference can also be generated from certain types of engines. One of the included
contributions presents a theoretical analysis of the impact on GPS from an electrical en-
gine intended for satellite propulsion. Even if the engine generates powerful broadband
emission, since it is pulsed, the impact on the GPS receiver will most likely be minimal.
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Preface

This thesis is to some extent an extended version of my Licentiate thesis titled, "In-
terference detection and localization in the GPS L1 frequency band" that I presented at
the department of Computer Science, Electrical Engineering and Space Technology at
Luleå University of Technology, Luleå, Sweden in 2012.

Even if most text has been rewritten some figures has been reused. Unless noted, all
figures are made by the author.
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Chapter 1

Thesis Introduction

"Shadows from a westering sun surrounded the
Atlas-F rocket - essentially a refurbished ICBM -

sitting out on the launchpad along Californias
central coast. At Vandenberg Air Force Base, it was

shortly before 4 p.m. (Pacific Standard Time) on
February 22, 1978."

G. Gibbons, Editor Inside GNSS, (Gibbons, 2008)

That was the launch of the first satellite in what is now known as GPS. It was not the
first global positioning system, but by far the most successful.

The sense of location and or time is critical for most forms of life. Sometimes the location
can be a one dimensional, such as for small organisms in the ocean (e.g. krill) that moves
up towards the surface at sunset and returns to the deep waters when the sun raises to
avoid being detected by predators (Mynott, 2013). For other animals, the location is
much more precise, with significantly higher demands on their navigational capabilities,
such as migratory birds that migrates thousands of kilometers to nest on a certain island.

Before the development of modern navigation systems, the ability to accurately navigate
through known or unknown areas, was a skill that took a long time and a lot of practice
to learn. This has changed significantly in recent years with the development of various
types of navigators that uses GNSS and other sources for position estimation. In the
late 1990-ies the American Federal Communication Commission (FCC , 2001) issued a
number of regulations requiring wirelss carriers to only sell cellphones where it would be
possible to the determine the location of the phone when it made an emergency call with
an error of less then 100 m 95% of the times starting from 2002.

But as with any technology, the border between usage and mis-usage is blurry, and is to
a large extent a matter of perspective. It has enabled companies to automatically keep
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4 Introduction

track of the location of their vehicles, but sometimes people don’t want to be monitored
for one reason or another. Since the GNSS signals are very weak, typically 50 times
weaker than the ambient noise, it can easily be disabled locally. This has created a mar-
ket for illegal jammers, or as they sometimes are called Privacy Protection Devices (PPD)
intended to cause GNSS receivers to be unable to determine their position around the
location of the PPD. The problem is that their impact is not limited to the vehicle where
it is mounted, the signal will impact an area around the vehicle as well. One of the most
well known cases of PPD usage is that of a truck driver who used one such device while
passing Newark Airport, NY, US. Since the PPD caused the airports reference GNSS
receivers to loose lock, an investigation was initiated and the driver identified (Naviga-
tion Team AJP-652 , 2011). In 2013, the Australian newspaper Herald Sun reported that
more than 100 taxi drivers had been suspended after it was revealed that they had used
PPD to make it impossible for the taxi operational center to keep track of them, thereby
give the taxidrivers customers from the wrong area.

Therefore there is a need to develop cost-effective methods to detect and localize inter-
fernece sources as well as determine if the detected interference is indeed harmful to the
receivers. This thesis presents work in all those areas. Even if GPS is the main focus
of the thesis, it does also present work conducted in field of atmospheric science where
atmospheric GPS based temperature measurements are used as a reference for passive
sensors measuring the emissions from Oxygen in the 57 GHz frequency band.

1.1 Overview of this thesis
This work has one foot in the field of electrical engineering and one foot in the field of
atmospheric science. Since the two fields focus on different aspects of the radio signals,
they have a slightly different "common-knowledge base". Therefore I have tried to find
references for knowledge that might be obvious to some readers. But as will be shown,
the definition of certain words can sometimes be either vague or different sources can
sometimes give contradicting definitions. I have also tried to find the root reference for
many assumptions. Sometimes multiple references are given and that is to acknowledge
both the original source and the source who made a good explanation of the information.

1.2 Structure of the thesis
The thesis starts with an introductory section containing a number of chapters that are
intended to give a background to the appended papers. The first chapter (this chapter)
gives a general overview of the work and this thesis. It is followed by a chapter that
gives an introduction to how electromagnetic signals interact with the different media
such as the plasma in the ionosphere and the mostly neutral troposphere. The third
chapter explains how GPS and other global navigation satellite systems (GNSS) work as
well as the inner workings of a GNSS receiver. These two chapter forms the background
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to the forth chapter, that discusses how remote sensing of atmospheric temperatures can
be made using both active and passive sensors. After that, there is a chapter discussing
the impact on GNSS from different types of interference as well as how it can be both
detected and localized. The section is wrapped up with some refections and outlook to
future work.

1.3 Appended Publications
This thesis has six papers and one report attached. The appended publications can be
divided into two groups, Paper A to D focus on ground based detection and localization
of interference sources. Paper E, F and Report A, focus on satellite based GPS/GNSS
receivers.

Paper A through D use USB based GNSS front-ends capable of sampling a 8 MHz wide
spectrum around the GPS L1 frequency (1575.42 MHz) with a sampling rate of 16.37
MHz. The software for the front-ends was continuously improved and adjusted during
the work on paper A through D. One special feature of the front-ends used, made it pos-
sible to determine how much gain it had applied to the received signal, thereby making
it possible to get an estimate of the received signal power.

Paper A is a conference paper where I contributed mainly by working on the software
and some testing of the modules. This paper shows an initial example of how power mea-
surements from the front-ends can be used for detection and localization of interference.

Paper B describes field experiments conducted in collaboration with the Swedish Defense
Research Agency (FOI) on a closed exercise field in Southern Sweden. The goal of the
work was to show that the oscillators in low cost modules can be synchronized using
GPS data received before jamming occurs. It is shown that it is possible to synchro-
nize modules in time and frequency accurately enough so that the received data can be
cross-correlated and the time difference of arrival for a wide band interference source
calculated. My task was to prepare the computers used for data collection, participate
in the field experiments and do the data analysis.

Paper C shows more results from the experiments in Paper B and it also shows how
interference can be detected using a measurement of the received signal power during a
drive in an urban area. The idea was to show that interference sources can be detected
and their location estimated using a front-end and a omni-directional antenna located on
a mobile platform driving through an urban area. For this paper, I did the preparation
for data collection, the data collection and post processing.

Paper D describes a measurement campaign conducted together with a group from Na-
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tional King Cheng Kung University in Taiwan, where the goal was to measure the in-
terference environment at one airport in Sweden that was assumed to have very few
potential interferers, since it is located in the middle of a forest far away from major
roads. Further the airport is collocated with a Swedish Air Force base. The other airport
was in urban area close to a large road. Here, I prepared both nodes and deployed one
node at Kallax Airport in Luleå, Sweden, the other node was deployed by our colleagues
in Taiwan. After deployment, I monitored the status of the station as well as preparing
most of the graphs for the paper.

Paper E, describes work that was done to analyze interference patterns detected in the
raw data from the satellite based GRAS receiver. By comparing the GRAS data from
the forward and aft looking antennas on-board MetOp-A, the location of one powerful
radar transmitter could be identified and localized. No degradation in the data contain-
ing pulsed interference was found when the profiles with interference were compared with
profiles without interference. There I conducted all data processing and analysis.

Paper F, describes a comparison between data from passive microwave sounders measur-
ing the emission from molecular Oxygen in the 56 GHz band and simulated soundings
based on the GRAS data and the open source radiative transfer simulator ARTS (Eriks-
son et al., 2011). My part of this paper was to adopt ARTS for the microwave sounder
so that soundings could be generated based on GRAS data, I also generated all the sim-
ulations. Here I got a lot of help in the analysis and interpretation of the data from my
adviser Stefan Buehler and my host at Chalmers Patrick Eriksson.

Report A presents an analysis done for OHB-Sweden as part of a project for the national
space research program (Nationellt RymdForsknings Program, NRFP). The goal of the
work was to determine if it would be possible to use a GNSS receiver for orbit determi-
nation on a satellite using a Hall effect engine that generates propulsion by accelerating
Xe+ ions in a magnetic field, which generates a significant amount of broadband emis-
sion. After a review of available literature, I found that even if the engines generate
peak emissions well over the limits for space applications, it does not seem that the GPS
receiver would be significantly impacted due to the pulsed nature of the emission.



Chapter 2

Interaction Between Radio Signals
and the Environment

When the visible light from the sun hits the atmosphere, the shorter wavelengths of the
blue light will be scattered more than the longer wavelengths of the red light, this causes
the sky to appear blue. The same thing happens when the sun is close to the horizon,
the sky will appear red since the blue light is scattered away from the sunlight in the
atmosphere. Whenever a signal encounters a change in the environment, the intensity,
velocity or direction of the signal might change.

This chapter will give a very general introduction to some of the mechanisms causing
these changes, for the interested reader, there are a large number of books in the topics
and some of them will be cited below (e.g. Schanda (1986); Petty (2006); Wallace and
Hobbs (2006); Woodhouse (2006); Rees (2013))

2.1 Introduction to Radiative Transfer
This section discusses in general how electromagnetic signals are impacted by the envi-
ronment they pass through. Since some of the effects impact both light and radio signals,
light will be used for some examples to make the discussion less abstract. The amount of
energy received at a certain frequency f and looking direction and if neglecting scattering
is (from Eriksson et al. (2014))

I(f) = I0(f)e−
∫ h

0 k(l′,f)dl′ +
∫ h

0
k(l, f)B(T (l), f)e−

∫ l

0 k(l′,f)dl′dl (2.1)

where I0(f) is the source intensity, the integral e−
∫ h

0 k(l′f)dl′ describes the transmission of
radiation through the environment between the source and the receiver along the signal
path l and h is the limit of the media. k(l, f)B(T (l), f) is the emission generated at
location l and e−

∫ l

0 k(l′,f) is the attenuation of the emission before reaching the receiver.

7



8 Interaction Between the Radio Signals and the Environment

Figure 2.1: Frequency dependent zenith scattering and absorption in the atmosphere, note that
scattering caused by clouds and aerosols are not shown in the figure. (Original image created
by Robert A. Rohde / Global Warming Art, cropped by author and licensed under Creative
Commons Attribution-Share Alike 3.0 Unported)

Depending on the frequency of the signal and the environment, Equation 2.1 has some-
times to be supplemented with other factors accounting for effects such as refraction,
scattering and Faraday rotation (Woodhouse, 2006).

The attenuation is highly dependent on both the frequency and the structure of the
molecules in the signal path. Some molecules, such as H2O, absorbs energy over a wide
range of different frequencies, as seen in Figure 2.1, where other gases such as NxO
absorb more narrow frequency bands. When a molecule absorbs energy, its temperature
increases. One example of this occurs in the microwave oven where the ovens high
energy signal at 2.45 GHz is absorbed by the food inside the oven and then the energy
is converted to heat (ice and liquid water absorbs energy differently, therefore making it
more complicated to defrost food using the microwave oven, Vollmer (2004)). Another
example is the increased amount of greenhouse gases (e.g. CO2, H2O and CH4) who’s
increased absorption of the radiation from the earth increases the temperature of the
earth.

Line broadening can either be caused by the thermal movement of the molecules
(Doppler) or by the increased number of collision between molecules at higher pressures
(pressure/Lorentz) broadening (Wallace and Hobbs, 2006). Both these effects cause the
spectral lines from emitting particles to become wider. The pressure dependent line
broadening can be used to simultaneously measure the emission from a certain gas at
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Figure 2.2: Examples of how different mediums can impact a signal, scattering, refraction and
attenuation.

different pressure levels (i.e. altitudes). This is sometimes used in satellite based remote
sensing instruments such as AMSU-A (used in Paper F). The application is further
discussed in 4.3.1.

2.1.1 Scattering
Although the exact definition varies between different sources (e.g. IEEE (1998) vs
Woodhouse (2006, Ch 5)). The term scattering is usually referring to the change in the
direction of signal propagation caused by an interaction between the signal and object(s).
Depending on the ratio between the wavelength and the size of the particle, different types
of scattering will occur (e.g. Schanda (1986, Chapter 4)). In general, the smaller the
wavelength is relative to the apparent size (size as seen by the signal) of the particle, the
more signal energy will be scattered into the forward direction of the propagation path
e.g. Wallace and Hobbs (2006); Rees (2013).

2.1.2 Refraction
Refraction is when a signal changes direction due to differences in the propagation velocity
between different environments (IEEE , 1998). The refractive index consists of a real and
an imaginary part,

n = nre + i · nim, (2.2)

where the real part (nre) describes the (relative) velocity of the signal and the imaginary
part (nim) describes the absorption. It should be noted, that n is often highly frequency
dependent, although it is almost never explicitly written as such. nre can be calculated
by,

nre =
v0

v
, (2.3)

where v is the true signal velocity and v0 is the nominal signal velocity (i.e. the speed
of light in vacuum) which is independent of frequency. When a signal passes a border
between two mediums with different refractive indexes, the direction of the signal will
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Figure 2.3: Examples of how light is refracted inside a prism, (from commons.wikimedia.org,
released under Creative Commons license BY-SA 3.0 but modified by author)

change according to "Decartes-Snell’s law" (first stated in 984 by Ibn Sahl according to
Kwan et al. (2002). The relationship was rediscovered in the early 17th century by the
Dutch astronomer Willebrord Snell and others, Shirley (1951)),

n2

n1
=

sin(α1)
sin(α2)

, (2.4)

where n1 and n2 is the refractive indexes of the two mediums and α1 and α2 is the angle
of the signal, relative to the normal of the border.

When nre is frequency dependent (dispersion), different frequencies will be impacted
differently. This can be clearly seen when white light is emitted into a prism (Figure 2.3),
due to the frequency dependent refractive index of the glass, the broad band white light
will be split up into its different frequency components. The altitude and temperature
dependent changes of the refractive index in the atmosphere can be used for remote
sensing of planetary atmospheres. This is further described in Section 4.3.2.

2.2 Impact on Radio Signals From Non-Ionized Gases
Since the late 1930-ies, a number of authors have presented empirical models of nre for
microwave signals in the earths atmosphere. Most of these models is on the following
form,

N = 106(n − 1) = K1
Ptot

T
+ K2

Pw

T
+ K3

Pw

T 2 + K4
PCO2

T
, (2.5)

where Ptot is the total pressure, Pw is the partial water vapour pressure and PCO2 is
the partial CO2 pressure, K1, K2, K3 and K4 have been derived by different authors in
different ways, therefore the numbers are different between different sources, see e.g.
Hartmann and Leitinger (1984, Table 1). The values for K1, K2 and K3 are typically
around 77, 10 and 3.8 · 105. K4 can often be omitted since it only increases the error by
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about 0.02 %, whereas the whole equation has an accuracy of about ±0.5% (Hartmann
and Leitinger , 1984). Since the pressure and the constants are real values, the equation
does not estimate any attenuation by the atmosphere. Equation 2.5 is valid between
approximately 100 MHz and 300 GHz (Hartmann and Leitinger , 1984), although the
attenuation from species in the atmosphere starts to become non-insignificant above 10
GHz (Karmakar , 2011). In some cases the refractive index will have a vertical profile in
the troposphere in such a way that radio signals will be redirected back to the surface,
this can sometimes be experienced in boat radars and mobile communications whose
range becomes significantly extended during those conditions (Karmakar , 2011, Section
1.6). In other cases, refractive gradients can cause significant increase in the attenuation
of signals due to defocusing (Kursinski et al., 1997).

For the frequencies selected for GNSS, the main attenuation in the atmosphere comes
from O2 and can be between 0.035 and 0.38 dB depending on the satellite elevation
(Parkinson and Spilker , 1996, Ch 13).

2.3 Impact on Radio Signals from Ionized Gases
In the upper parts of the atmosphere, short wave UV-radiation (wavelengths below ≈ 0.17
μm, Liou (2002)) from the sun causes ionization of the atoms and molecules. Ionization
can also be generated by certain types of engines, such as Hall-Effect thrusters (Goebel
and Katz , 2008), these are discussed in detail in Report A. More information about the
interaction between radiosignals and the ionosphere can be found in e.g. Davies (1990).

The general equation for the frequency dependent refractive index of an ionized
medium is,

n =

√√√√1 − nee2

ε0me(2πf)2 (2.6)

where ne is the number of electrons/m3, e is the electron charge, ε0 is the permittivity of
free space, me is the electron mass and f is the signal frequency.

The frequency where the refractive index of the ionized gas is zero (when nee
2 =

εme(2πf)2), is called the plasma frequency fp and can be calculated by (from Chen and
Lieberman (1974)),

fp =

√
nee2

ε0me

2π
≈ 9000

√
ne (2.7)

For frequencies below fp, the refractive index will be purely complex and the medium
will therefore attenuate and or reflect those frequencies.

Due to the frequency dependency of the refractive index, the information of the signal
will travel at a different velocity than the carrier of the signal. As shown in Equation
2.3, the velocity of the carrier wave vc, can be calculated as

vc =
c

n
(2.8)
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and the velocity of the carried information is called "group velocity" vg and can be
calculated by (Rybicki and Lightman, 1979),

vg =
dω

dh
= c

√√√√1 − f 2
p

f 2 (2.9)

These two equations show that the carrier and the information carried by the carrier
wave will propagate with different velocities. Note that the phase velocity is always
higher than the speed of light (if n is above 1) (Rybicki and Lightman, 1979).

If all constants in Equation 2.6 are combined and the square root is first order Taylor
expanded, then Equation 2.6 can be rewritten as (from Hartmann and Leitinger (1984))

n =
√

80.6ne ≈ 1 − 1
2

f 2
p

f 2 = −40.3
ne

f 2 [unitless]. (2.10)

The right most version of the equation is the form most often used for estimation of the
ionospheric impact on GNSS signals (e.g. Kaplan and Hegarty (2006)).

In contribution Report A it was shown that the plasma generated by Hall-effect
thruster can have small regions with an electron density above 3 · 1016 electrons per m3

and thus have a plasma frequency above the GNSS frequencies. The generated plasma
could therefore theoretically make the reception of GNSS signals impossible in certain
directions.



Chapter 3

GPS/GNSS

"Failure is an essential catalyst for success"

B.W.Parkinson, (Stanford, 1995) - (who led the
group that gave us the GPS system)

Global navigation satellite systems (GNSS) have been around for more than 50 years.
The idea of using satellites for positioning, can (in the US) be traced back to the launch of
the Russian Sputnik satellite in 1957. Within two weeks after the launch, two researchers
at Johns Hopkins Applied Physics Laboratory, Baltimore, US had managed to predict
the orbit of the satellite by measuring the Doppler changes on the signals transmitted by
the satellite (Weiffenbach, 1959; Guier and Weiffenbach, 1960; Weiffenbach, 1986). A few
months later (in March 1958), Dr Frank McClure who was the director of the Applied
Physics Lab at Johns Hopkins University, MD, US at the time, suggested, that maybe
it would be possible, to instead of predicting the position of a satellite, use the Doppler
from satellites with known orbits to estimate the position of a user (Weiffenbach, 1986).
This led to the development of the American transit system that was operational from
July 1964 until 1996 when it was replaced by GPS.

After the rejection of a new satellite-based navigation system for the US Air Force in
August 1973, a small team led by B.W. Parkinson, proposed a system that took the best
features from the different current (and planned) US military satellite navigation systems
(US Navy Transit, US Navy Timation and the US Air Force 621B). The name Global
Position System can be attributed to General Hank Stehling who was then the Director
of Space at the US Air Force, supposedly said that "navigation" was inadequate so he
suggested "Global Positioning System". Since the project team enjoyed his sponsorship,
they adopted the name (Parkinson and Spilker , 1996). The official name of the system
became Global Positioning System/Navstar and it was approved on the 17th of December
1973 (Stanford, 1995). Since then the official name has been changed to GPS. The initial
goal was to be able to build a receiver that would weigh less than 12 lbs (5.4 kg), now
some fourty years later the GPS functionailty adds barely any weight at all to the mass
of e.g. a cellphone. This development was fairly accurately predicted by T.A. Stansell
(Stansell, 1983), although it wasn’t believed that the GPS would be free to use for

13
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everyone at the time. The GPS system was declassified in 1983 by President Reagan,
after a US passenger aircraft was shot down over USSR in 1983 (Pellerin, 2006), in 1984
the system entered initial operation capability. After some inital experiments had shown
that civillian receivers using only the C/A code were too accurate (Parkinson and Gilbert,
1983), it was decided to intetionally degrade the precision of the L1 C/A code inorder to
protect US interests (Ellett, 1987). This degradation was removed by President Clinton
in May 2000 (Clinton, 2000).

Russia developed a similar system as Transit called Tsikada-Tsiklon (Cicada). That
system used the same frequencies as the American Transit and the first satellite was
launched in 1967 but due to poor accuracy, it wasn’t declared operational until 1972
(Wade, 2014). In October 1982 Russia launched the first satellite in its second generation
GNSS called GLObalnaja NAvigatsionnaja Sputnikovaja Sistema (GLONASS) and this
system was accepted into operational testing in 1993 (FSA-IAC , 2014),

In 1999 the European Parlament gave full support to initate the development of the
Galileo GNSS system (EC , 1999). Fourteen years later, in December 2013, the first
airborne 3-D fix was made using only Galileo (ESA, 2013).

The Chinese started to develop their own GNSS system callled BeiDou (Big Dipper)
in 1986 (Yuankai, 2009). Initially, it was only designed to be a regional satellite based
navigation system in China, but with the development of the second generation, BeiDou
2, the system is now being extended to become a global navigation system, with the goal
to be fully operational in 2020 (Yuankai, 2009). BeiDou 2 is often referred to by the
name of its satellites Compass.

Only a brief overview of GPS and the other GNSS will be given in this thesis. For more
information about GPS and GNSS in general the reader is referred to any of the large
number of excellent textbooks that have been written about GPS and GNSS, e.g. Kaplan
and Hegarty (2006); Misra and Enge (2006); Borre et al. (2007); Hofmann-Wellenhof et al.
(2008); Doberstein (2012) or the somewhat dated but still probably the most complete
reference book about the fundamentals of GNSS, Parkinson and Spilker (1996).

3.1 Introduction to GPS/GNSS
All current GNSS systems are based on the same principle, transmit a coded signal from
multiple satellites with accurate clocks and well determined orbits, so that a receiver
can use the signals to estimate the difference in distances to the satellites and thereby
estimate its own location in time and space.

All GNSS systems transmit different signals on a number of different frequencies.
One reason for this is to enable mitigation of the frequency dependent delay caused by
the ionosphere (as described in Chapter 2). Another reason is to enable transmission
of signals that have been optimized for different purposes, such as high precision or
high signal to noise ratios (e.g. indoor positioning), this is further described in Section
3.2. A table with some information about the four GNSS systems can be seen in Table
3.1. A more detailed comparison between the different GNSS systems can be found in
(Hofmann-Wellenhof et al., 2008).
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GPS GLONASS Galileo BeiDou
Altitude [km] 20180 19130 23220 21150

Inclination [deg] 55.50 65 56 55
Period of [h] 11.97 11.26 14.08 12.63

Coding Scheme CDMA FDMA CDMA CDMA
Nominal Number

of Satellites 24 24 27 27 (in MEO)
Center Frequencies of L1 - 1575.42 G1 - 1602.00 E1 - 1575.42 B1 - 1561.098
Main Signals [MHz] L2 - 1227.60 G2 - 1246.00 E5 - 1176.45 B1-2 1589.74

L5 - 1176.45 E6 - 1278.75 B2 - 1207.14

Table 3.1: Some parameters for the current global GNSS systems and their signals, that are
either operational or in the process of becoming operational in the near future. Values are taken
from LLC (2008). Currently, all systems but GLONASS uses CDMA coding where the satellites
are separated using different pseudo-random sequences, this makes it possible for all satellites to
transmit on the same frequency. GLONASS uses a different coding scheme, FDMA where all
satellites uses the same pseudo-random sequence and transmit on slightly different frequencies,
in the future GLONASS will change to CDMA as well. Table is based on Hofmann-Wellenhof
et al. (2008) and www.wikipedia.org (accessed 10th May 2015)

A GNSS system consists of three main building blocks. A space segment consisting
of the satellites that broadcast the various GNSS signals, a ground control network that
monitors the satellites and a user segment with all the GNSS users.

3.1.1 Space segment

All GNSS uses mainly satellites in medium earth orbit (MEO) where it takes approx-
imately 12 h for the satellite to make one complete orbit. BeiDou has a number of
satellites in other orbits and there are a number of geostationary satellites that broad-
cast regional corrections for GPS as well (e.g. EGNOS (GSA, 2015) and WAAS (FAA,
2015)). The orbits are designed in such a way that at least four satellites (see Section
3.3.2) are visible at anytime from any location in the world (given that the receivers has
an unobstructed view of the sky). Some information about the orbits can be seen in
Table 3.1.

The most important part of the GNSS satellite is the extremely accurate clock (for
GPS a Cs or Rb atomic clock), where the frequency of the clock has been slightly adjusted
due to the relativistic effects caused by the movement of the satellite and the low gravity
that the clock experience in orbit (Major , 2014). Without the frequency shift, the GPS
satellites would have an apparent error of more than 7.2 μs after just one day (Love,
1994).
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Figure 3.1: A figure showing the amount of GNSS satellites available when all GNSS systems
have fully populated their MEO orbits. The figure shows the number satellites in each orbital
plane used by the different systems. To improve clarity, the relative location of each orbital
plane between the different GNSS has not been correctly shown. Orbital radius of the planes
has been scaled according to the size of the earth, but (of course) the satellites are not to scale.
Yellow dots are GLONASS, red GPS, purple Galileo and the light blue dots are COMPASS.

3.1.2 Ground control segment

The purpose of the ground control segment is to monitor the health and orbits of the
satellites and when needed the satellites can either be moved or the information broadcast
by the satellites about their orbit (ephemeris) can be updated. If the orbit, clock or any
other property of the satellite is out of specifications, it is possible for the ground control
centers to change one bit in the message sent from the satellite so that the receivers know
that the satellite is unhealthy. For GPS, the navigational data for each satellite is updated
three times per day, (Hofmann-Wellenhof et al., 2008). The main control station for GPS
is located at Shreiver Airforce Base, Colorado Springs, Colorado, US. In addition to this
one, the GPS ground control networks have an additional 17 ground monitoring stations
at different locations around the world, these are capable of continuously monitoring
all GPS satellites (Major , 2014). GLONASS is controlled from Krasnoznamensk Space
Center located 70 km from Moscow, Russia. Galileo has two main control stations, they
are located on Oberpfaffenhofen, Germany and Fucino, Italy. One of five telemetry,
tracking and control stations is located at Esrange, 50 km north-east of Kiruna, Sweden
(Hofmann-Wellenhof et al., 2008).
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3.1.3 User segment

The user segment consists of all GNSS users that uses the signal for various purposes,
these ranges from time-stamping financial transactions to geodesists who measures the
location of objects down to cm level accuracy to users who just need help to find the
nearest pizza place. In this segment, there are also a number of networks with refer-
ence GNSS receivers where the antennas are mounted on pillars fixed to the bedrock
(e.g. (NGS , 2015; Lantmäteriet, 2015)). These receivers track the GNSS satellites and
measures both the movement of the surface of the earth (e.g. movement of continental
plates or movements due to loss of ground water (Nijhuis, 2014)), some of them also
collects data to enable improved calculations of the orbits of the GNSS satellites. The
post processed orbits can then be used by other GNSS receivers to recalculate their po-
sitions. In Ohlsson (2014), field measurements gave a horizontal 1σ accuracy of 6.3 mm
for a receiver located 15.8 km from a one of the reference station in the Swedish national
GNSS reference network (SWEPOS).

3.2 GNSS signals

All GNSS systems transmits multiple signals on multiple frequencies. The different sig-
nals have different structure and are sometimes optimized for certain purposes or re-
stricted to be used by certain users (such as armed forces of certain countries).

Most of the bands listed in the Table 3.1 table contain multiple signals, e.g. in
the E1 band, Galileo transmits three different signals, E1A, B and C where E1A is an
encrypted signal, E1B contains navigation data and is used for navigation and E1C is
a non-coded pilot signal that can be used for acquisition (described in Section 3.3.2)
under severe conditions. Since it would be of no use to describe all of them in detail here,
the interested reader is referred to the individual Interface Control Documents (ICD) for
each system,GPS Wing (2010), Galileo (2010), GLONASS (2008) and BeiDoui (2013).

GPS L1 is currently, by far, the most used GNSS signal (although many modern
GNSS receivers e.g. in smart-phones also uses GLONASS) it will be discussed in more
detail and used as an example for a typical GNSS signal. The different components of
the GPS L1 signal can be seen in Figure 3.2, it consists of four different parts, the carrier
signal is transmitted at 1575.42 MHz, a pseudo-random noise (PRN) code transmitted
with a rate of 1.023 MHz, a 50 Hz navigation message signal carrying the information
needed for the receiver to calculate the time and orbit of the satellite. One signal has
been left out from the figure to make it more clear, the military signal P(Y), an encrypted
signal that is transmitted on two frequencies (L1 and L2), which can be used by some
receivers to mitigate the ionospheric impact on the satellite signal.

The L1 spectrum transmitted from a modern GPS satellite can be seen in Fig 3.3,
it shows both C/A code and the M-Code (an encrypted military signal that will replace
the current encrypted P(Y) signal).



18 GPS/GNSS

Figure 3.2: Structure of the transmitted GPS L1 C/A signal, to improve clarity, the scale of
the difference in frequency between the different signals has been significantly reduced. The size
of each bit in the signals are shown as vertical lines, to improve clarity, these has been drawn
even if no bit transition occur. Figure by author.

3.2.1 Carrier
The frequency of the carrier signal determines the nominal center frequency of the signal.
For the GPS L1 frequency it has a frequency of 1575.42 MHz, although received frequency
varies due to the relative motion between the satellite and the receiver. This velocity
induced frequency shift (also known as Doppler) is for a static receiver on the ground,
up-to ± 5 kHz ± frequency errors of the local oscillator in the receiver.

3.2.2 C/A code
To separate the different satellites from each other, each satellite transmits a unique
pseudo random noise (PRN) sequence. For the GPS L1 C/A signal, this code is called
coarse acquisition code or C/A. The purpose of the PRN code is two-fold, first to spread
out the signal energy over a wider spectrum to reduce the sensitivity to interference,
second to minimize inter-satellite interference for satellites transmitting on the same
frequency. The C/A code consists of a 1023 bit long pseudo PRN Gold sequence trans-
mitted at a rate of 1.023 MHz (Parkinson and Spilker , 1996) so that each PRN code
is transmitted once every ms. Initially only 37 unique C/A PRN codes were defined in
the GPS Interface Control Document (ICD) (GPS Wing, 2010), newer versions of the
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Figure 3.3: Spectrum from a modern GPS Block IIR-M satellite, the spectrum was recorded in
part by the author in April 2009 using a 60 foot dish outside Boulder, CO, USA.
The spectrum contains two signals, both the GPS C/A code in the center of the spectrum and
the new military M-code.

ICD has extended this to 64 (Wing, 2013). Of the 37 original C/A PRN codes, two are
identical (but with different P(Y) codes), four are intended for other GPS transmitters
than satellites, this limits the maximum number of possible GPS satellites to 32.

The cross-correlation between a PRN code and a non-time or frequency aligned version
of itself or any other PRN code, the result of the cross-correlation is always close to zero,
the result of the cross correlation is only significantly different from zero when two copies
of the same PRN code is aligned.

One benefit of the Gold codes is that they are possible to calculate on the fly whereas
more modern signals such as the different Galileo E1 codes uses ’memory codes’ with
better cross correlation properties but have to be stored in memory since they cannot
be calculated efficiently using feedback shift registers (Hofmann-Wellenhof et al., 2008)
(although, memory is most often not an issue nowadays). The individual bits of the C/A
codes are usually referred to as "chips", since the C/A code is transmitted at a rate of
1.023 MHz, each chip has a wavelength of approximately 300 m.

Spreading methods

The principle to use a known signal to spread the energy from another signal over a
wider frequency band is called spread spectrum. Due to the large number of applications
and since its was initially used by military forces around the world, different forms of
spread spectrum communication has been invented by different persons (Kahn, 1984).
These includes Paul Kotowski and Kurt Dannehl who in 1935 filed a patent (Kotowski
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and Dannehl, 1940) for a "Method of transmitting secret messages", another patent was
filed by Hollywood movie actress Hedy Markey (the patent was filed under her married
name, therefore she is also known by her maiden name, Hedy Lamarr) and composer
George Antheil who filed a patent in 1941 for a "secret communication system" (Markey
and Antheil, 1942).

By spreading the signal over a wider frequency band, it is possible to make the signal
less sensitive to interference and also possibly hide the signal from other unintended
listeners. Most GNSS systems use a spread spectrum method called code division multiple
access (CDMA). CDMA means that each transmitter uses a unique code to spread the
signal and all transmitters transmit on the same frequency. By using the same frequency
for all satellites, the satellites can be unique identified by their code. GLONASS, is the
only GNSS system that doesn’t (currently) use CDMA, instead it is (currently) using
frequency division multiple access (FDMA) where all satellites uses the same PRN but on
different channels where the carrier frequencies are separated by 562.5 kHz, each channel
is occupied by up-to two satellites (GLONASS , 2008). When two satellites use the same
transmitting channel, their orbits are such that all ground based receivers only can hear
(maximum) one of them at each time. In the future, GLONASS plans to replace its
FDMA code with a new CDMA code (Hofmann-Wellenhof et al., 2008).

The spreading of the signal can be done in different ways, GLONASS and the legacy
GPS signals use a modulo-2 multiplication between the carrier and the spreading code
(bit-phase shift keying or BPSK). This method generates a signal where most of the
energy is centered close to the carrier frequency, thereby each additional transmitter and
signal will increase the noise in the spectrum close to the carrier frequency. Further, in
the case of GPS C/A and the military P(Y) code, since both of them use BPSK encoding
and is transmitted on the same frequency, it is not possible to jam one without interfering
with the other signal as well.

A different spreading method, Binary Offset Carrier (BOC) was proposed by M. Betz
in (Betz , 2000). There the mixing between the carrier and the spreading code is done
in such a way that the spectral peaks of the signal appears with a symmetrically offset
from the carrier. This makes it possible to design codes in such as way that the spectral
overlap between different signals is reduced (and in the case of the successor to the P(Y)-
code, the M-code, enables the jamming of the GPS C/A code with minimal impact on
the military M-code (Barker et al., 2006)). There are a number of different types of BOC
codes and in some cases different BOC codes are interleaved either by being transmitted
sequentially or mixed in other ways, more information about the various methods to
combine different BOC codes can be found in e.g. Hein et al. (2006). The difference
between the spectrum of a GPS C/A like BPSK signal and the two BOC codes used by
Galileo BOC(1,1) an BOC(5,1) can be seen in Figure 3.4. In the previously shown Figure
3.3 the difference between the L1 C/A code and the new BOC style M-code can be seen.
Since BOC type signal spreads the signal over a wider frequency area, the signal puts a
higher demand on the receiver early sampling and processing chain.

Figure 3.3 shows the spectrum from a modern (as of 2009) GPS satellite with one
BPSK signal (the L1 C/A) and one BOC(10,5) signal (the new military M-code).
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Figure 3.4: Spectral distribution of the energy in Bit-Phase Shift Keying (BPSK), such as the
GPS L1 C/A, and the two Binary-Offset Coding (BOC) signals used by Galileo in the GPS
L1 band BOC(1,1) and the BOC(6,1), Galileo combines these two encodings into a Multiplexed
BOC or MBOC.

3.2.3 Navigation data

The navigation data contains information about the exact orbit of the transmitting satel-
lite, general information about the orbits of the other satellites and information about
the time. For the GPS L1 C/A code, the data is broadcast at 50 Hz and is synchronized
with the C/A PRN codes so that a new data bit starts at every twentieth PRN code.
The rest of this section will focus entirely on the GPS L1 C/A code, the data-bits on
other signals can/will have other properties.

The navigation data is divided into frames where each frame contains 6 subframes
and each subframe is 6 seconds long. A subframe starts always with a predefined bit
pattern called hand-over word or HOW. The frames contain precise information about
the satellite orbit and the time and rudimentary information about the orbits of the other
satellites, so that a receiver can determine what other satellites to look for. A receiver
needs to receive one full frame (30 seconds of continuous data), before it has enough
information to use the tracked satellite for positioning. The full navigation message is
37500 bits long and takes 12.5 minutes to transfer (Misra and Enge, 2006).
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3.2.4 Transmitted signal
After the signal has been generated inside the satellite, it is amplified to approximately
27 W (Misra and Enge, 2006) and then fed into the directional antenna. The antenna
pattern is shaped in such a way so that the majority of the signal is transmitted towards
the earth. Some side lobes exist, even if these are usually not public, some measure-
ments/estimations have been done (e.g. Lorga et al. (2010)). The figure from Lorga
et al. (2010) can also be found on Page 25 in Report A, there the gain pattern of three
currently operational generations of GPS satellites is shown.

3.2.5 Received signal power
In Section 2.1, the received signal intensity was calculated for a passive remote sensing
instrument (Equation 2.1). That equation assumed natural emissions and an infinitely
narrow beam, therefore it took no consideration to other losses than what is caused by
absorption in the signal path. Since most radio systems operates at frequencies where
the atmosphere is largely transparent, the impact from the atmosphere are often either
ignored, or added as an fixed value. Therefore a different equation is used to estimate
the received signal power from a radio transmitter.

One often used equation to estimate the received received signal power Prx, from a
transmitter with a known signal power, were published by H. Friis in 1946 (sometimes
called ’Friis transmission formula’).

Prx

Ptx

=
ArxAtx

4πd2λ2Aiso

(3.1)

Atx and Arx denote the effective areas of the antennas, it is essentially a measure of
how effective the antennas capture the electromagnetic field at a certain frequency and
in a certain direction. A more detailed discussion of the topic can be found in Barcly
(2003). Most often, the antenna gain is given relative an isotropic antenna, this gives the
following shape of the Equation

Prx

Ptx

=
(GtxAiso)(GrxAiso)

4πd2λ2Aiso

=
GtxGrxAiso

4πd2λ2 , (3.2)

where Aiso is defined as

Aiso =
λ2

4π
or

c2

4πf 2 (3.3)

where λ is the wavelength of the signal, calculated by λ = c
f
. Equation 3.1 can be

rewritten to a more common form (e.g. Misra and Enge (2006, Equation 8.5), neglecting
the atmospheric losses),

Prx = =
PtxGtxGrx

4πd2
c2

4πf 2 , (3.4)
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where the 1/4πd2 factors is the reduction in field strength caused by expansion of the
electrical field as it propagates through space.

Often, Aiso is combined with the 1/4πd2 factor into what is commonly called the ’free
space transmission loss’ (ITU , 2007), (to avoid uncertainties with the minus sign, the
equation is inverted so the loss is always positive),

Lbf = 20log10

(
4πdf

c

)
. (3.5)

When discussing signal power, the values are often converted to the log10 dB scale
(proposed by W.H Martin in Martin (1929)), the conversion is done by

valdB = 10log10

(
val

valref

)
→ val = 10valdB/10, (3.6)

e.g (3.7)

3 dB ≈ 2 (3.8)

10 dB = 10 (3.9)

30 dB = 1000 (3.10)

valref is the reference value, can be e.g. 1 W (dBW), 1 mW (dBm) or the gain of an
isotropic antenna (dBi).

In many cases, Equation 3.4 has to be extended to incorporate effects from the envi-
ronment described in the previous chapter. The impact ranges from losses due a change
in polarization caused by Faraday rotation of the signal (Spilker , 1977), absorption by
species in the atmosphere (e.g. H2O (ITU , 2013a)) to complete attenuation of the signal
caused by gradients in the refractive index of the atmosphere (Kursinski et al., 1997).
The atmospheric attenuation below 10 GHz is almost negligible (≈ 0.01dB/km) but in-
creases significantly at higher frequencies (ITU , 2013a). Since most of the atmospheric
attenuation is caused by different forms of water, it can vary significantly over time for
higher frequencies. For the frequencies used by the GNSS, the nominal total atmospheric
attenuation varies between approximately 0.03 dB in zenith to about 2 dB at an elevation
of 5◦ (Ippolito, 1986). The atmospheric impact on GNSS signals is further described in
Section 4.3.2. Equation 3.4 can then be written as

Prx,dB = Ptx,dB + Gtx,dB + Grx,dB − Lbf , (3.11)

Using Equation 3.11 it is possible to calculate the received signal power from the
GPS satellites. The following example is based on calculations in Misra and Enge (2006,
Chapter 8).

The nominal atmospheric attenuation for a satellite in zenith is approximately 0.03
dB (Ippolito, 1986), it can therefore be ignored in this example. Then we can calculate
the received signal power as

Prx,dBW = (Ptx,dB + Gtx,dBi) + Grx − Lbf,dB (3.12)

(3.13)
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As seen in Table 3.1, the GPS satellites are at an altitude of 20180 km, this gives a free
space path loss (Lbf ) for a GPS satellite in receivers zenith of

Lbf,dB = 20log10

(
300 · 106

4 · π · 1575.42 · 106 · 20180 · 103

)
= 182.5 dB. (3.14)

If the L1 C/A is transmitted towards the earth with a nominal effective signal power
(transmitted power + antenna gain) of 24.5 dBW (or approximately 280 W), further
assume a receiver antenna with zero dB gain. This gives a received signal power of
approximately

= (24.5) + 0 − 182.5

= −158 dBW. (3.15)

Most of the signal energy from the GPS L1 C/A signal is in a 2 MHz wide frequency
band centered at 1575.42 MHz. As a comparison, the electromagnetic noise generated
by the natural vibration of atoms/molecules at room temperature (also called black
body radiation, described further in Section 3.3.1) is about -141 dBW over a 2 MHz
bandwidth. So in this example, the received GPS signal is approximately 17 dB (or
1017/10 ≈ 50) times weaker than the thermal noise.

3.2.6 Antenna
For many applications, the ideal antenna is a right hand circular polarized (RHCP) with
maximum gain in zenith and an antenna gain pattern that attenuates signals below an
elevation of 5 to 10 degrees above the horizon. This pattern would significantly reduce
the reception of GNSS signals that have been reflected e.g. by the ground and discard
GNSS signals from satellites close to the horizon with a signal that has been degraded by
propagation through the troposphere and ionosphere (although this can also be done by
the receiver internally as well). In reality, the orientation of the antenna cannot always
be known in advance, therefore in many applications such as cellphones or tablets, the
embedded GNSS receiver has to use a suboptimal antenna.

3.3 GNSS receiver
The following sections are only intended to give a brief introduction to how a GNSS
receiver works, for a more detailed discussion, the interested reader can be referred to
the paper by Braasch and Van Dierendonck (1999) or to any of the large number of books
on the topic (e.g Parkinson and Spilker (1996); Hofmann-Wellenhof et al. (1997); Kaplan
and Hegarty (2006); Misra and Enge (2006); Borre et al. (2007); Doberstein (2012)).

A general overview of the building blocks inside a GNSS receiver can be seen in
Figure 3.5, the exact implementation will vary depending on the application and the
environment where the receiver will be operating. The blocks in the blue area are most
often implemented in hardware (but they can be software controlled) whereas the blocks
inside the red area can be implemented in either hardware or software (e.g. Akos (1997)).
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Figure 3.5: A general figure showing an example of how the signal/data flows in a typical GNSS
receiver, exact implementation will vary, both acquisition and tracking can be done in parallel.
Grey arrows indicates features not available in all receivers

Figure 3.6: Simplified view of the analog parts of a GNSS receiver. Figure loosely based on
Giannini et al. (2008, Figure 2.5). Grey arrows indicates features not available on all receivers

3.3.1 GNSS Front-end
The role of the front-end is to convert the signal received by the antenna to digital samples
that can be processed by the GNSS receiver. This can be done in a large number of ways
as described in general terms by e.g. Carr (2001) or Giannini et al. (2008) and in more
GNSS specific terms by e.g. Akos (1997), Borre et al. (2007) or Hurskainen and Nurmi
(2015). One example of a GNSS front-end design is shown in Figure 3.6, the design shown
is called heterodyne and was invented by Fessenden in 1902 (Fessenden, 1902). The idea
is to amplify the received signal both close to the antenna and then after it has been
shifted down in frequency using the mixer, a down-conversion oscillator and a low-pass
filter. By applying gain both at the original frequency of the received signal and at one
(or possibly more) lower frequencies, it is possible to amplify the signal with reduced
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risk for feedback loops. To minimize the noise added by the analog-to-digital converter,
the shifted signal is amplified by a variable gain amplifier whose gain is controlled by
the properties of the digitalized signal. When the signal has been converted to digital
samples using the analog-to-digital converter, it is possible to further process the signal
in the GNSS receiver.

Initial filtering and signal conditioning

As discussed later in Section 4.2, the movement of the atoms in matter with a temperature
above zero Kelvin will generate broadband electromagnetic noise. Matter with higher
temperature will generate more noise compared to matter with lower temperature. Since
the temperature is independent of bandwidth, this so called "noise temperature" is often
used as a measurement of how much noise different parts of an electronic device generates.
It can be calculated using the ’Johnson noise equation’ (developed in Johnson (1928) and
explained by Nyquist (1928)),

Pnoise = TeqBkB → Teq =
Pnoise

BkB
(3.16)

where Pnoise is the total noise power in W, B is the bandwidth in Hz and kB is Boltzmanns
constant in J/K. It should be noted that the second relationship is only valid if it can
be assumed that the noise power is constant over the full bandwidth. Further, based in
the discussion in Section 4.2, it is likely the that the equation will give incorrect results
at temperatures or temperatures or frequencies where the assumption in Equation 4.2 is
not valid.

To minimize the added noise in the receiver many receivers uses low noise amplifier
located close to/inside the antenna as the first active component in the receiver chain.
One reason for this, is the relationship between the total noise and the noise generated
by each of the components, another reason is to reduce the impact of the antenna cable.
This relationship can be calculated using Friis equation (Friis, 1944),

Teq = T1 +
T2

G1
+

T3

G1G2
+ ... +

Tn

G1...Gn

(3.17)

Where T1...n is the noise temperature of the first (to nth) gain stage and G1..n is the gain of
the first (to nth) each stage and Teq is the system noise temperature. As seen in Equation
3.17, the total noise added by the receiver is to a high degree determined by the gain and
noise of the first stage. If the gain of a stage is too high, there is a risk that the amplified
signal signal will be picked up by earlier stages of the receiver chain, causing a feedback
loop saturating the receiver.

One way to reduce the risk of feedback is to move the received signal in frequency
between the gain stages, so that any signal that is being picked up by the earlier sections
of the receiver chain, is attenuated by more than the amount of gain applied by the
amplifying stage. This is what is done in the heterodyne design shown in Figure 3.6.

As known from trigonometry, when two sinusoidal signals are multiplied, the resulting
signal consists of one part where the frequencies of the two signals is added and one part
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where one of the frequency is subtracted from the other (e.g. Råde and Westergren
(1995)).

sin(α)sin(β) =
1
2

(cos(α − β) − cos(α + β)) . (3.18)

This means that after mixing, the received signal will be divided into two separate fre-
quency bands, one where the center frequency is shifted up and one where the center
frequency has been shifted down. Therefore, the design uses a low-pass filter that re-
moves the portion of the signal that has been shifted up in frequency. By low-pass filter
the result of the signal multiplication, the high frequency part can be removed, leaving
only a low frequency signal left. In this case, the received signal is now in a frequency
range where it can be sampled. For this specific design, the received signal should only
contain frequencies between 0 and half the sampling frequency of the ADC. But, before
the signal can be sampled, the amplitude has to be adjusted so that the analog to dig-
ital converter (ADC) can extract maximum amount of information from it. The unit
controlling the variable gain is called automatic gain control (AGC) and is described
later.

Analog to Digital Converter - ADC

The Nyquist theorem (Nyquist, 1924; Shannon, 1949) states that to fully reconstruct a
sampled signal, it has to be sampled at at-least twice the maximum frequency in the raw
signal,

fsamp ≥ 2fmax (3.19)

where fsamp is the sampling frequency and fmax is the highest frequency in the analog
signal. If the sampling rate is lower than 2 · fmax then the high frequency signal content
will be folded (aliased) into the sampled data and increase the noise. Since no perfect
filters exist, some out of band signals will always leak into the sampled signal and if
the out-of-band signal is strong enough, then it can jam the receiver, (further discussed
in Chapter 5). The loss caused by the ADC for a broadband signal with Gaussian
distribution and zero mean, can be calculated by (Borio (2008); Spilker (1977))

Lagc(Ag) =
2
π

[
1 + 2

∑2nbits−1

i=1 exp
(

− (i/Ag)2

2σ2
IF

)]2

1 + 8
∑2nbits−1

i=1 i · erfc
(

i/Ag√
2σIF

) , (3.20)

where Lagc(Ag) is the ADC loss as a function of AGC gain (discussed next), nbits is
the number of bits in the ADC, σIF is the standard deviation of the signal before the
application of the Ag gain and erfc() is the error function. This function can be used to
create Figure 3.7 (Figure is taken from Report A). From Figure 3.7, it is possible to see
that an ADC with 2 bit resolution adds less than 0.6 dB of noise to the sampled signal,
but that this require that Ag is well adjusted to the incoming signal. It is also possible
to see that a one bit ADC has a loss of 1.96 dB. But a one or two bit ADC leaves very
little headroom to be used for later interference mitigation (Borre et al., 2007).
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Figure 3.7: 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).

Automatic Gain Control - AGC

As mentioned earlier, if the receiver samples the data with more than one bit resolution,
the amplitude of the analog signal has to be adjusted so that the minimum amount of
noise is added by the ADC (Kaplan and Hegarty, 2006). The minimum amount of noise
is added when the output from the ADC is zero mean Gaussian as shown in Figure
3.7. Therefore the receiver needs a device that continually adjusts the gain based on
the strength of the received signal, this can be done based on the output from the ADC
(Kaplan and Hegarty, 2006). Different authors have proposed different suggestions of
how fast the AGC should react to changes in the environment, e.g. Kaplan and Hegarty
(2006) suggested that the averaging time should be around 50 μs to recover quickly from
pulsed interference whereas Amoroso and Monzingo (1998) suggested that it should be
closer to 0.4 times the length of a chip (for GPS L1 C/A 400 μs). How the AGC on
different GNSS receivers react to different types of continuous interference was tested in
Paper D. The reason for the behaviour shown in that paper can be seen in Equation 3.20
and in Figure 3.7. If the received signal energy is increased, then in order to minimize
the added noise by the ADC, the gain from the AGC has to decrease.
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Figure 3.8: An illustration of the large search space for an un-assisted GPS receiver.

3.3.2 GNSS Baseband processing
The purpose of this part of the receiver is to convert the digital samples generated by
the front-end to the measurements requested by the user. This signal processing can be
done either by in a dedicated hardware, by a software running on a generic processor or
a combination thereof, e.g. Akos (1997). A software defined receiver was used in Paper
A through paper D.

The rest of this subsection will discuss the signal processing inside a GNSS receiver in
general terms. A more detailed discussion about the details of the baseband processing,
can be found in the GPS/GNSS references mentioned earlier.

Acquisition

The acquisition process is where the receiver detects and determines the initial time-
offsets and Doppler frequencies of the satellites. This is the most sensitive part of the
receiver due to the large search space, or as stated by Petovello (2011), it is like trying
to spot and rescue a victim from a sunken boat, where the victim is the signal to be
found, but once the victim has been located, it is much easier to keep track of it even
if the victim disappears for short intervals. If the receiver has no information about the
location of the satellites, the receiver has to cross-correlate the received signal with a
local copy of the PRN code that has been shifted in time and frequency to match the
time and frequency of the received PRN, for all possible PRN codes. This means that
the search space becomes very large, this is illustrated in Figure 3.8. For each step in
the acquisition matrix, the receiver has to cross-correlate the received signal with a local
copy of the PRN code. The cross correlation between the ith and jth PRN code (e.g. the
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received and a local PRN code), is defined as (from Kaplan and Hegarty (2006, Equation
4.25))

rij =
∫ +∞

−∞
xi(t)xj(t + τ)dτ. (3.21)

or for the discrete case

Rij[m] =
1
N

N∑
n=0

Xi[m]Xj[m + n]. (3.22)

where N is the number of data points in the length of the cross-correlated X vectors and
∗ is the complex conjugate operator. In van Nee and Coenen (1991) it was proposed that
the discrete Fourier transform (invented by C.F. Gauss in 1805 (Heideman et al., 1985))
could be used to significantly reduce the time for acquisitions as

rij = F−1(F(Xi)F∗(Xj)). (3.23)

The reason for the improvement, is that all cross correlations between two vectors are
calculated simultaneously. How the FFT (Cooley and Tukey, 1965; Brigham and Morrow,
1967) based acquisition can be done is described in detail in Tsui (2000).

Ideally rij should always be zero except when the data in Xi is fully aligned in time
and frequency with the data in Xj, but as explained earlier the GPS L1 C/A code has
some side lobes. Based on Equation 3.21 it is possible to realize that if Xj and Xi has
slightly different frequencies, then as the correlation goes on, the integrated value will
increase until the phase difference between the two becomes more than 90◦, after that
point, the result of the integration will start to decrease. This particular behaviour was
something that was apparent in the work with Paper B and Paper C. In those cases, data
from two different GNSS front-ends were cross-correlated to localize interference that was
received by both front-ends. It could easily be seen that when different lengths of cross-
correlations were tested, the amplitude of the peak became lower for longer correlation
times if the two datasets weren’t properly aligned in frequency. The problem with phase-
shifts can also occur if the correlation is done using data containing a data-bit shift, in
such cases the phase difference between the two X increases by 180◦ at the time of the
bit-shift, thus significantly increasing the complexity for long cross correlations.

Some modern GNSS signals such as the Galileo E1C do not transmit any data bits,
therefore reducing the complexity for longer coherent correlation times compared to the
GPS L1 C/A codes.

Lin et al. (2002) determines the sensitivity limits for the GPS L1 C/A acquisition
process. Once the receiver has acquired one satellite, it is ready to start to track the
satellites, this is described next.

Tracking

The purpose of the tracking stage is to decode the navigation messages as well as deter-
mine the exact time and frequency offset for each satellite. An overview of how tracking
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Figure 3.9: Tracking loops inside a receiver. The digital samples are mixed with a signal
generated by the local oscillator (LO) who’s frequency is controlled by the Carrier tracking loop,
the purpose is to remove the Doppler frequency caused by the movement of the GNSS satellites
and the frequency errors of the receiver oscillators from the digital samples. By multiplying
the digital samples with three slightly time shifted locally generated versions of the PRN code
broadcast by the satellite, it is possible to align the local PRN code generator with the received
PRN codes to both decode the transmitted data-bits as well as estimate the range to the satellite.
Figure is based on Hofmann-Wellenhof et al. (2008, Figure 4.28).

can be done inside a receiver can be seen in Figure 3.9. The figure is general and appears
in slightly different forms in multiple books such as Borre et al. (2007) and Hofmann-
Wellenhof et al. (2008). After the signal has been digitalized using the analog-to-digital
converter, it is mixed with a satellite specific frequency (LO). The mixing occurs in such
a way that one part of the received signal becomes in-phase (I) and another part of
the received signal is mixed with the same LO that has been phase-shifted 90 degrees,
generating a quadrature-phase (Q) signal.

There are two different tracking loops in the figure, one code tracking loop and one
carrier tracking loop. The main purpose of the carrier tracking loop is to remove any
frequency error in the received signal so that the code tracking loop can work with a
signal centered at 0 Hz. A carrier tracking loop tries to adjust the frequency of the
satellite specific local oscillator (LO) so that all energy is in the IP and minimum amount
of energy is in the QP signal. It is often implemented as a Costas tracking loop (named
after the inventor John P Costas (Costas, 1956)), since the Costas loop is unaffected
by the 180◦ phase shifts that occurs for most GNSS signals at regular intervals due to
the data-bits. The code tracking loop tries to adjust the local prompt copy of the PRN
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Figure 3.10: Idea of Early-Prompt-Late tracking

code so that it is perfectly aligned with the received PRN code. It is often done using
some form of early-prompt-late tracking loop, these loops adjusts the offset of the code
generator so that early and late version of the inphase code (IE and IL) has equal height
and the prompt (IP) is higher than the other two correlator outputs, this is depicted in
Figure 3.10. If they don’t have equal height, then there are different algorithms that can
be used to calculate the correction to the PRN code generator, e.g. Kaplan and Hegarty
(2006, Table 5.5). Ideally, the local code can be aligned with the received code down
about 1 % of the wavelength of the PRN code (approximately 3 m for the GPS L1 C/A
PRN code) (Hofmann-Wellenhof et al., 2008).

Estimation of position

The output from the code tracking loop, forms the basis for the calculation of the pseu-
dorange (apparent distance) to the different satellites (Hofmann-Wellenhof et al., 2008).
Assuming that the measurements are perfect, the pseudorange can be defined as (from
Kaplan and Hegarty (2006)),

ρ = c(trx − ttx) [m] (3.24)

where ρ is the pseudorange, trx is the time when the signal was received and ttx is the
time the signal was transmitted. The reason for why it is called pseudorange and not
range, is due to the fact that the propagation speed of the signal varies due to a number
of factors (as described earlier in Chapter 2). If the satellite and receiver are placed into
a Cartesian coordinate system (x, y, z), it is possible to write the pseudorange to the n-th
satellite as

ρn =
√

(xn − xu)2 + (yn − yu)2 + (zn − zu)2 + ctu (3.25)

where xn, yn, zn is the position of the n-th satellite in three dimensions, xu, yu, zu is the
user position and tu is the receivers clock offset. If Equation 3.25 is first order Taylor
expanded, slightly rearranged and put into a matrix form, then it is possible to write the
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equation in the following matrix form (Kaplan and Hegarty, 2006)

δρ =

⎡
⎢⎢⎢⎣

δρ1
δρ2
...

δρn

⎤
⎥⎥⎥⎦ , H =

⎡
⎢⎢⎢⎣

ax1 ay1 az1 1
ax2 ay2 az2 1

...
axn ayn azn 1

⎤
⎥⎥⎥⎦ , δx =

⎡
⎢⎢⎢⎣

δxu

δyu

δzu

−cδtu

⎤
⎥⎥⎥⎦ (3.26)

where a is the error of the pseudorange estimation of satellite n in the x, y or z dimension.
Since the difference between the receivers clock and the GPS system clock is equal for
all satellites, it is set to 1 in the H matrix. The user position can then be determined by
solving the following equation

δx = H−1δρ (3.27)

Equations 3.25 and 3.26 show that four satellites are needed for a complete position
solution. If the location can be restricted in one or more dimensions by the usage of
other sensor, then it can be possible to determine a rough estimate of the position with
less than four satellites. If more than four satellites are available, then the receiver can
either utilize all or compare solutions from different groups of four satellites to verify the
integrity of the solution (Lee, 1986).

3.3.3 Auxiliary receiver inputs
One method to restrict the solution of Equation 3.27 is to use information from other
sensors such accelerometers, gyros or other communication links. Since the gyros and ac-
celerometers will indicate how the platform is moving, it is possible to use the information
to restrict the position solutions calculated by Equation 3.27.

The time to first fix (TTFF) can be significantly reduced if the receiver has access to
the data messages transmitted by the satellites from an other data source e.g. the cellular
network. The cellular network can provide an initial first guess of the position, estima-
tions of the receiver clock error as well as the locations of the satellites, thus eliminating
the need for the receiver to decode the navigation message. This technique is generally
called assisted GNSS or A-GNSS and is commonly employed in modern cellphones (the
technology for cellphone network based A-GNSS was patented by Motorola in 2001 (Zhao
and Wang, 2002)).

3.4 Position accuracy
The accuracy of the estimated position is to some extent dependent on the spatial distri-
bution of the satellites. In Figure 3.11, the green blob shows the possible positions given
the depicted satellite geometry and the same uncertainty in the distance to the satellites
for all satellites, the uncertainties are significantly exaggerated make the impact clearer.
When the satellites are well spread out as in the figures on the left side, then the hori-
zontal extension of the blob is much smaller than for the satellite geometry shown on the
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Figure 3.11: The impact of different satellite geometries on the estimated position. The green
volume indicates those the volume where the distance to the satellites varies by ± 5%. Left
column shows an example of a good satellite geometry, the right column shows an example of a
bad satellite geometry. The figure is for illustration only and all errors have been increased to
make the effect clearer

right side. In Ohlsson (2014) practical measurements in southern Sweden showed that
the vertical error can be close to twice the horizontal error and as shown in Equation
3.29, this ratio is dependent on the satellite geometry. The general measure of accuracy
is called Dilution of Precision (DOP), it can be calculated by (e.g. Kaplan and Hegarty
(2006))

HTH =

⎡
⎢⎢⎢⎣
D11 D12 D13 D14
D21 D22 D23 D24
D31 D32 D33 D34
D41 D42 D43 D44.

⎤
⎥⎥⎥⎦ (3.28)
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Figure 3.12: Major sources of errors of the pseudorange calculation.

The DOP is formed by the diagonal elements of the matrix and depending on which of
the diagonal elements that is used, different DOP’s can be calculated.

GDOP =
√

D11 + D22 + D33 + D44 (3.29)

PDOP =
√

D11 + D22 + D33 (3.30)

HDOP =
√

D11 + D22 (3.31)

TDOP =
√

D44/c (3.32)

PDOP is the position accuracy, HDOP is the horizontal accuracy and TDOP is the time
accuracy, for an exact measure of the position accuracy the DOP should be multiplied
by the standard deviation for the pseudorange effective accuracy for all satellites.

3.5 Error sources
There are a number of reasons why the estimated position can deviate from the true
position. In this section, a general overview of the major sources will be given, for a
more complete overview, any of the GNSS/GPS books listed earlier can be good read.

Some of the error sources will only impact only a single satellite and last for only a
very short time, others can impact a receiver or a whole system for a long time.

In Figure 3.12 some of the sources are depicted. By expanding Equation 3.24, it can
be written to include the different error sources.
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ρ = c(trx − ttx + τrx + τtx + τionosphere + τtroposphere + τmultipath), (3.33)

where trx and ttx are the time the signal was received and transmitted, τn is the timing
noise, τ is the clock bias on both the satellite and receiver, τiono is the ionospheric delay
and τtropo is the delay induced by the troposphere.

τtx is the error in the clock transmitted by the satellite. Until the removal of the
intentional degradation (SA code) in May 2000 (Clinton, 2000), this error (Misra and
Enge, 2006) could cause pseudorange errors of over 100 m. Nowadays, the transmitted
clock error mainly comes from the atomic clock inside the satellites. For the early GPS
satellites, old satellites (Block IIA) it can vary up to 8 ns (2.4 m), whereas the clocks in
more modern satellites (Block IIR-M) only vary approximately 0.1 ns (0.03 m), during a
12 h cycle (Senior et al., 2008).

τrx denotes all timing errors in the receiver, these ranges from phase center offsets
in the antenna, to the timing error caused by the length of the antenna cables to jitter
in the tracking loops. Most of these errors are common to all satellites and they will
therefore appear as a timing error and not cause a degradation in the accuracy of the
calculated position.

The general impact of the troposphere and ionosphere on electromagnetic signals was
discussed in Sections 2.2 and 2.3. The selected frequency bands for GNSS are above
the frequencies most impacted by the ionosphere, but below the frequencies significantly
attenuated by water vapour (Ojeda et al., 2013). For GNSS, the tropospheric error
(ttropo) is dependent on the elevation angle to the satellite and will typically be between
2.5 and 26 m (Parkinson and Spilker , 1996) and the ionospheric error (tiono) is a frequency
dependent error impacting the carrier and code in opposite way. Approximately 90 %
of the tropospheric delay comes from the dry air (Kaplan and Hegarty, 2006) and can
be predicted very accurate, the wet delay is highly dependent on the current weather
systems and is therefore much harder to predict. The error introduced by the ionosphere
is can be calculated by integrating Equation 2.10 over the full ionosphere and remove the
undisturbed distance as

Δiono =
∫ sat

rx
nds −

∫ sat

rx
1ds0 ≈ 40.3

f 2

∫ sat

rx
neds0, (3.34)

where Δiono is equal to cτiono and is the change in apparent change in distance caused
by the ionosphere, ds is the actual path taken by the signal and ds0 is the straight line
distance between the satellite and the receiver. Since equation 3.34 only depends on the
total number of electrons in the signal path and the frequency, it is often written as a
function of Total Electron Content (TEC) as,

Δiono =
40.3
f 2 TEC, (3.35)

One unit often used for the number of electrons one TEC unit or TECU (1016 electrons
per m2). For the GPS L1 frequency one TECU is equal to an phase delay of approx-
imately 0.18 m. Since the error is frequency dependent, it can often be removed by
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Source 1σ error [m]
Satellite clock 1.1 m

Satellite ephemeris 0.8 m
Ionosphere 7.0 m

Troposphere 0.2 m
Multipath 0.2 m
Receiver 0.1 m

Total range error (UERE) 7.1 m

Table 3.2: Summary of the errors discussed above, based on Kaplan and Hegarty (2006)

tracking a satellite on multiple frequencies. If the ionosphere is hit by a large amount
of charged particles from the sun, then the ionospheric delay can raise quickly (Cerruti
et al., 2008) causing some receivers to loose lock and therefore the ability to accurately
mitigate the ionospheric delay. At one such event in February 2000, a geomagnetic storm
on the sun caused receivers in the Japanese GPS network to report positions with errors
of over 500 m (Demyanov et al., 2012).

τmultipath is the error caused by the receivers simultaneously receiving GNSS signal rays
that have propagated along different paths between the GNSS satellite and the receiver.
For ground based receivers the typical case is that the GNSS receiver receives both a direct
signal and signal(s) that has been reflected by buildings or other objects in the vicinity
of the receiver. Space based receivers can sometimes experience local multipath where
the GNSS signal is reflected off structures in the vicinity of the receiver such as during
docking between satellites Gaylor et al. (2005). The maximum error caused by multipath
is dependent on the coding of the received signal and the implementation of correlators
inside the receiver, in extreme cases it can be over 70 m (Borre et al., 2007), if the early
and late correlators in the receiver is separated by 1 chip. A smaller separation between
the early and late correlator gives a smaller error but gives less robustness against sudden
changes in the signal environment. However the error is usually much smaller since the
direct signal is often much stronger than the reflected one. The largest multipath errors
typically occurs in urban canyons where the receiver receives both a slightly attenuated
direct signal and a signal that has bounced of a large metal building, causing both the
direct and reflected signal to have similar signal strength.

Since the receiver estimates the pseudorange to at least four different satellites, the
accuracy of the estimated position will be better than the accuracy of each individual
pseudorange.

Table 3.5 summarises the errors discussed, it is based on Kaplan and Hegarty (2006,
Table 7.4).

In addition to the errors above that primarily impacts each satellite individually,
atleast one specific event should probably be mentioned here, since it shows how vulner-
able the GNSS systems can be to human/operator errors. On the 1st of April in 2014,
GLONASS suffered a catastrophic failure when incorrect ephemeris information was up-
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loaded to all GLONASS satellites. When a receiver tried to use the incorrect ephemeris to
calculate the position of the GLONASS satellites, the calculated satellite position would
have an error of up-to 200 km, thereby rendering some GLONASS satellites useless for
upto 10 h (Beutler et al., 2014).



Chapter 4

Remote Sensing of Atmospheric
Temperatures

"Your signal is my noise"

Glenn Gibbons - Editor Inside GNSS

The definition of "noise" is to some extent a matter of opinion. Depending on the situa-
tion, the same signal can be both the interferer and the desired signal or a combination
of the two.

ITU (2007) defines "noise" as "any variable physical phenomenon apparently not
conveying information and which may be superimposed on, or combined with, a wanted
signal". The background to the quote above is that when the number of GNSS satellites
are transmitting on the same frequencies, each additional transmitter will also increase
the noisefloor for all receivers (quote from Gibbons (2011)). One could argue that ITU’s
definition of noise is by definition incorrect, since even the background noise does in fact
convey some information as is discussed later in this chapter.

During the latter parts of the 19th century, there was a growing interest in investigating
the atmosphere. At the time, a number of scientific discoveries had been made that made
it possible to start the development of todays system for weather prediciton and climate
monitoring. These includes an elegant experiment by Herschel in 1800 where he managed
to show that the sun emits energy outside the visible range (William Herschel, 1800),
the interaction between this type of radiation (IR) and matter were further researched
during the 19th century by e.g. Lorentz (Lorentz , 1906), Zeeman (Zeeman, 1897) and
others. The understanding of how different matter interacts with electromagnetic waves
forms the basis of any remote sensing system. Other important discoveries around the
turn of the 20th century were the discovery of the stratosphere by the French researcher
Teisserenc de Bort and the German researcher Richard Assmann in 1902 (Birner , 2015),
as well as the development of wireless communication. These early discoveries forms the
basis of todays diverse system for remote sensing of the earth’s atmosphere.

Remote sensing can be done in essentially two ways, either trying to measure a certain
signal, or measure the deviations from it. Paper F uses one instrument of each type, and

39
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the principles behind these will be discussed later in this chapter.

This chapter is divided into three sections, the first section gives a general overview of
the atmosphere, the second section discusses remote sensing of the atmosphere in general
terms and the final section describes the two methods used in the appened papers.

4.1 Structure of the Atmosphere
The atmosphere contains mainly nitrogen (N2, approximately 78%), oxygen (O2, approx-
imately 20.9 %) and argon (Ar, approximately 0.9%), values are for dry air and they are
taken from from NOAA (1976). This composition is fairly constant up-to the ionosphere,
where short wave UV radiation from the sun causes ionization of the molecules. Be-
sides the three gases mentioned, there is a large amount of other gases (species) such as
CO2, CH4 and H2O, but the concentrations of these species are lower and they have a
larger spatial variation, this is particularly true for water vapour, where the concentra-
tions can be more than 3 percent at the surface (NOAA, 1976).

The atmosphere can be divided based on altitude, temperature or other physical or
chemical property into different layers. The troposphere and stratosphere are two layers
that are defined by their thermal properties whereas the ionosphere is loosely defined
by its electrical property. Since these three parts of the atmosphere impacts the work
presented in this thesis, they will be described in more detail below. For more information
about the atmosphere, the interested reader can be referred to e.g. the introductory books
Wallace and Hobbs (2006), Lazaridis (2011) or Mölders and Kramm (2014).

4.1.1 Troposphere
The troposphere is defined by the World Meteorological Organization (WMO) as the layer
between the surface and the altitude where the temperature decreases by less then 2 K
per km increase in altitude, given that the temperature does not increase by more than 4
K in the following 2 km increase in altitude above the surface, (WMO, 1995). It extends
approximately to an altitude of 8 km in the polar regions and 16 km at the equator
(Lazaridis, 2011), although the exact altitude of the upper limit (called tropopause)
varies with weather and season. The layer is characterized by a decrease in temperature
at increasing altitude, it is also here where almost all weather occurs. The temperature
at the tropopause is typically below −80◦C in the tropics and around −48◦C during the
polar summer (NOAA, 1976).

4.1.2 Stratosphere
The region above the troposphere is called stratosphere and is characterized by an increase
of temperature with altitude due to absorption by O3 of short wave UV-radiation from
the sun (wavelengths of 200-300 nm, Liou (2002)). It extends to the stratopause where
the there is a local maximum in the temperature, this occurs usually at an altitude near
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Figure 4.1: Vertical structure of the atmosphere, temperatures and H2O mixing ratios are from
Anderson et al. (1986). The volume mixing ratio (VMR) of water for sub-arctic summer has
been added to show where the moist air is located in the atmosphere. Clip-arts are Public domain
figures from openclipart.org

50 km (Wallace and Hobbs, 2006) and at a pressure around 1 mbar (Lazaridis, 2011).
This layer has to a large extent the same composition as the troposphere but with a very
low amount of water vapour.

4.1.3 Ionosphere

The ionosphere starts at approximately 60 km and contains particles that have been
ionized by radiation from the sun (Lazaridis, 2011). Due to the ionization, different
frequencies will propagate with different speeds as described earlier in Section 2.3. Above
60 to 80 km (slight difference between different sources), the atmosphere is no longer
considered to be well mixed (Liou, 2002; NOAA, 1976) and many of the species are
ionized, such as O+

2 , N+ and e−.
Depending on the ionized species, the ionosphere can be divided into different regions

(Prölss, 2004). These layers impact different frequencies differently (ITU , 1994). Even
if this is mainly important for short wave radio communication (f<30 MHz, λ>10 m),
ionospheric scintillation have been reported at frequencies up-to 7 GHz (Ippolito, 1986).
Maximum ionization occurs during daytime typically at altitudes between 200 to 400 km
and the maximum number of ions/m3 can be up to 30 · 1012 m−3 (Prölss, 2004).
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Figure 4.2: Black body emission as a function of temperature

4.2 Black Body Radiation
If an object completely absorbs all frequencies, then the object can be said to be a black
body (Planck, 1914; Petty, 2006). The intensity of the emission at different frequencies
can be calculated by "Planck’s Law",

Lf =
2hf3

c2(ehf/ckBT − 1)
[Wm−2sr−1Hz−1] (4.1)

where Lf is the spectral radiance, h is Planck’s constant. When the following assumption
is valid,

hf

kBT
� 1, (4.2)

(i.e. for low frequencies and or high temperatures), the equation can be simplified to
(Nyquist, 1928; Johnson, 1928)

Lf =
2kBTf 2

c2 . (4.3)

This equation is often called "Rayleigh-Jeans law" (e.g. Schanda (1986, Chapter 5)).
Using Equation 4.3 or Equation 4.1 one can convert the intensities given by Equation 2.1
to so called brightness temperatures (Tb).

The Planck curve shows the maximum radiance that an object with a certain tem-
perature can emit at any frequency. As indicated by Equation 4.1 and shown in Figure
4.2, when an object is heated, the frequency at which most energy is emitted, will shift
towards shorter wavelengths (e.g. from red to blue color).

True black bodies that absorb all frequencies do not exist, instead all matter absorbs
and emits energy only at certain frequency bands that can be either narrow or broad
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band. These frequencies are dependent on the quantum structure of the elements, how
the atoms are structured and the state of the matter.

Since thermal noise was discussed from another perspective in Chapter 3, it can
probably be worth mentioning that Nyquist (1928) (based on data from Johnson (1928))
showed that Equation 3.16 also can be written as

Pnoise =
∫ fmax

fmin

h

ehf/kBT − 1
df, (4.4)

even if Nyquist states that the two equations gives equally good results as Equation
3.16 "within the ranges of frequency and temperature where experimental information is
available", a reasonable assumption is the this is only valid for those temperatures and
frequencies where Equation 4.2 is valid.

The amount of thermal noise received by an antenna can be calculated by convolving
the antenna gain pattern with the Tb for all angles (ITU , 2013b).

4.2.1 Spectral Lines and Line Broadening

Based on the structure of the atoms and molecules, different species will absorb and
emit signals with different discrete frequencies. As mentioned in Section 2.1, due to the
movement of the individual atoms and the collision between the molecules, the measured
spectrum will be dependent on a number of factors, such as the pressure and the temper-
ature of the medium (e.g Schanda (1986)). In addition to these two, some gases can be
effected by other effects, such as the magnetic dependent Zeeman effect (Schanda, 1986).

4.3 Remote sensing of the Atmosphere using Satel-
lites

The idea to use satellites for atmospheric observations is not new. In fact already before
the launch of Sputnik, H. Wexler (then the Director of Meteorological Research at the
U.S. Weather Bureau) wrote a paper envisioning the usage of weather observations from a
satellite (Wexler , 1956). Remote sensing of the atmospheric temperatures using satellite
was also proposed by King in Allen (1958, Chapter 14) and the possibility to simultane-
ously measure the temperatures at different altitudes in the atmosphere by using pressure
dependent line broadening was envisioned in Kaplan (1959). Ten years later, the first
western satellite to measure temperatures from space was launched, it was called Nimbus
3 (Hanel and Conrath, 1969) and was operational between 1969 and 1972. It carried two
instruments measuring the emission in the infrared spectrum, IRIS-B and MRIR. Since
then a large number of satellites have used the pressure dependent line broadening to
measure temperatures of various gases at different frequencies and altitudes.
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4.3.1 Passive Microwave sounders
Passive microwave sounders measure natural emissions from the earth and its atmosphere
on frequencies between 1 GHz and 300 GHz (30 cm to 1 mm) (Woodhouse, 2006). On
these frequencies most of the absorption is caused by different forms of water and oxygen
ITU (2013a). In the lower end, around 1.4 GHz, SMOS Kerr et al. (2001) and SMAP
(Entekhabi et al., 2010) measure the emissions from the moisture in the upper few cm of
the soil. Higher up, around 57 GHz, the Advance Microwave Sounding Unit - A (AMSU-
A) (used in Paper F) measures the emissions from the oxygen at different frequencies,
these frequencies corresponds to different altitudes in the atmosphere. Even further up
in frequency, around 183 GHz, an instrument called AMSU-B measures the amount of
moisture in the atmosphere.

AMSU-A is currently the most important instrument for reducing the error in weather
forecasts (Cardinali, 2013). In Paper F, the measurements by a number of AMSU-A
instruments were compared to simulated measurements that had been created using the
open source radiative transfer simulator ARTS Eriksson et al. (2011) and temperatures
profiles from GPS radio occultation soundings (described in the next section).

Some of the AMSU-A channels (used in Paper F) measure emission around the 57
GHz O2 line, where each channel has slightly different bandwidth, theses differences in
bandwidth maps to different atmospheric pressure regions (Robel, 2009), this is also shown
in Figure 4.3 and Figure 4.4. Figure 4.3 shows emission from earth at frequencies between
20 and 90 GHz, based on the arctic summer atmospheric scenario given in Anderson et al.
(1986). It was generated using the open-source radiative simulator ARTS (Eriksson et al.,
2011) using spectroscopy from Rosenkranz (1993). On these frequencies, the main active
species is O2 and as can be seen, the channels close to the line centers are sensitive to
areas higher up in the atmosphere whereas the channels away from the line centers are
sensitive to areas further down, where the pressure is higher. This is due to the line
broadening discussed earlier.

4.3.2 (GNSS) Radio Occultation - RO
As described earlier in Section 2.1.2, the propagation direction of a signal will change if it
encounters a medium where the propagation speed of the signal is different. By measure
the difference between the theoretical signal path with no atmosphere and the actual sig-
nal path, an estimate of the atmospheric impact on the signal can be made, if the species
of the atmosphere is known, then an estimate of either the pressure or the temperature
can be made. In practice, the difference between the theoretical and actual signal path
is most often measured by measuring differences between the theoretical Doppler-shift
and the measured shift. If a signal is scanned through different pressure levels of an
atmosphere, the variations in refractive index of the atmosphere at the different altitudes
will cause a change in the velocity of the signal and therefore in its Doppler. If a receiver
has the capability to measure the frequency of a signal with enough accuracy, then it
can estimate the change in refractive index caused by a planets atmosphere at different
altitudes.
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Figure 4.3: Emissions from the earth in between 20 and 100 GHz. The emissions and absorption
of the atmosphere are simulated using ARTS Eriksson et al. (2011) and spectral absorption for
N2, H2O, O2, O3. The grey lines shows the areas where the AMSU-A instrument is sensitive.

Figure 4.4: Figure from Paper F, showing how the different AMSU-A channels are sensitive to
different altitudes in the atmosphere
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The idea of RO was first used on Mariner IV in 1965 (Kliore et al., 1965), the ex-
periment showed that the Martian atmosphere was cooler and less dense than previously
believed. Since then RO has been used to study the atmosphere on all planets in our
solar system as well as some of their moons Jin et al. (2014, Table 5.1).

The first radio occultation experiment to target the earths atmosphere was done
on the 16th of July in 1975 as part of the joint US-Sovjet mission Apollo/Soyuz-ATS-
F (Rangaswamy, 1976). That experiment proved that it was possible to get a good
agreement between the refractivity obtained using RO and the refractivity calculated
using radiosonde measurements. But since a useful RO system is dependent on a large
number of transmitters and receivers in orbit, it was soon realized that an operational
RO system would become to expensive. Therefore, the focus was initially shifted to the
exploration of other celestial bodies (Kursinski et al., 1997).

This changed with the launch of the first GPS satellites in the late 1970’s. In the
late 1980’s the development GPS and space based GPS receivers had reached a level
where it was deemed possible to do RO measurements using GPS. It was estimated that
the accuracy of the GPS temperature profiles would be better than 0.4 K (Yunck et al.,
1988). The first satellite for GPS based RO was launched in 1995 and the first GPS based
RO measurement from a satellite was made in April of that year (Rocken et al., 1997;
Kursinski et al., 1996). Since then a large number of satellites have been launched using
a number of different GPS-RO receivers, (Jin et al., 2014, Table 5.2). To my knowledge,
only GPS has been used, although any GNSS should be possible to use.

GNSS-RO is most accurate in the mid stratosphere where the neutral atmosphere is
dense enough to cause a stable bending and the moisture is low enough to be negligible.
Foelsche et al. (2008) showed that the differences between RO based temperature profiles
and temperatures generated by the European Center for Medium range Weather Forecast
(ECMWF) is, most often, less than 0.5 K between 8 and 30 km (shown in Figure 4.1),
other authors has showed that RO can is accurate up-to 40 km e.g. (Schreiner et al.,
2007). Closer to the surface, the accuracy is limited by the variations in water vapour
Jin et al. (2014) and refractive gradients (Kursinski et al., 1997), at higher altitudes, the
error increases due to ionospheric measurement noise (Schreiner et al., 2007).

As stated earlier in this section, the accuracy of RO measurements is dependent on the
accuracy of the receiver and transmitter clocks. For GNSS-RO, the clock in the receiver
can continuously be synchronized with the global GNSS system times using other, non
occultating GNSS satellites. Since the status of the GNSS satellites are continuously
monitored using the GNSS ground network, GNSS-RO is often considered to be a self-
calibrated sensor (Jin et al., 2014). Because the system is self-calibrated, there is no
measurement-bias caused by differences in receiver design, as shown in Foelsche et al.
(2011).

These properties makes the GNSS-RO instruments one of the most important sensors
to improve the accuracy of the weather forecasts (Cardinali, 2013).

The total bending caused by the atmosphere can be calculated by (Jin et al. (2014)),

α(a) = −2a
∫ ∞

rt

dln(n)
dr

dr√
r2n2 − a2

(4.5)
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Figure 4.5: RO measures the bending of a radio signal caused by a planets atmosphere, the first
subfigure shows the meaning of the straight line tangent altitude (slta) and the second illustrates
the meaning of the variables used in Equation 4.5

where α(a) is the angle as a function of the impact height a (the smallest distance
between the surface of the planet and the true signal path), r is the radius between the
center of the curvature and the tangent point (since the surface is not a perfect sphere,
this value varies slightly between different locations), n is the refractive index at that
location. The equation can be inverted to allow calculation of n(r), then the atmospheric
temperature can be calculated by inverting Equation 2.5, depending on the knowledge
of the atmosphere and the purpose of the measurement (if the measurement is done at
another planet, the same principle still applies but a different model for the refractivity
has to be used).

Due to the low water content in upper troposphere and stratosphere, Equation 2.5
can there be simplified to

N = K1
Ptot

T
(4.6)

and thus the temperature can be calculated for different pressure levels. The refractivity
calculated by the Equation 4.6 is often called ’dry-refractivity’ since the water vapour
has been left out of the calculation. Due to the uncertainty of water vapour, when
RO measurements are used in weather predictions, most often the bending angles or
refractivity profiles are used (Jin et al., 2014).
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Chapter 5

Interference

Interference is defined by the International Telecommunications Union (ITU) as "Degra-
dation of the reception of a wanted signal caused by a radio-frequency disturbance." (ITU ,
2007, Section F11c).

It can broadly be divided into three categories, natural-interference, man-made inter-
ference/jamming and false signalling/spoofing. Natural-interference is noise from natural
sources such as the thermal noise described earlier or noise caused by e.g. the ionosphere.
Jamming is man-made noise and false signaling (spoofing/meaconing) is when someone
transmits a signal with the intent to falsify the output of a receiver.

The exact definition of interference varies e.g. ITU states in (ITU , 2007, Section
F11c, note 1) that "Often man-made noise is not included in interference", but in e.g.
(ITU , 2004) interference is used for any type of unwanted signal. This chapter uses the
latter "definition" of interference, since the physical cause of the interference is most often
irrelevant. What matters, is how it impacts the receiver(s) and if anything can be done
to remove it.

Interference is not a new problem, in fact for wireless communication, it has been
a problem since its infancy. One of the first examples of jamming occurred during the
Americas Cup yacht race in 1901 (Schroer , 2003) when one company jammed its competi-
tors to be able to be the only one who could report the results of the race (Kucukozyigit,
2006). Later in the same year, Marconi was the first person who successfully managed
to communicate wirelessly over the Atlantic Ocean (Marconi, 1922).

A few years later in 1911, J.B Taylor published a paper describing the issues of
interference for wireless telegraphy, "Wireless telegraphy in relation to interferences and
perturbations" (Taylor , 1911), and even if the radio technology has come a long way
since, the issues discussed in that paper are still problems for receives today (although
they appear in different forms).

One special type of jamming is called spoofing, this is when someone tries to control
the reported position from a device (Scott, 2013), (the expression was coined by the
comedian Arthur Roberts in 1889 (Wikipedia, 2015)). The development of one of the
earliest systems purposely designed to spoof a navigation system was initiated in 1953 in

49
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Sweden. It is now known as "Fredriksson" or RT-02 (but for obvious reasons it had other
names as well). The purpose was to spoof Russian long wave (i.e. frequencies between
30 and 300 kHz and with wavelengths between 10 and 1 km) navigation systems such
as Chayka, the Russian version of the LORAN-C navigation system1 "in such way that
the enemy would still trust the numbers he got" (original quote "sträva efter att sätta
in störningen så omärkligt att fienden fortfarande tror på de värden som han erhåller
") (Görtz , 2012, p 12). Due to their secretive nature, it is likely that there were other
systems developed as well, systems that haven’t been declassified yet. More recently,
spoofers has successfully been shown to be capable of malicously control the travel path
of cruise of ships (Divis, 2013).

Noise sources in the GPS bands varies from legal TV transmitters that have overtones
in the GPS L1 band (e.g. with a transmitting frequency of 525.25 MHz) (Klinker and
Pietersen, 2000; Balaei et al., 2007; Landry and Renard, 1997) to small (and in most
countries) illegal GPS/GNSS jammers (Kraus et al., 2011; Mitch et al., 2011; Navigation
Team AJP-652 , 2011). One well documented case of GPS interference occured in a
harbour in Moss Landing, CA, US, where an active TV antenna un-intenionally had
emissions/overtones on the GPS L1 frequency, causing martime receivers to lose lock at
a distance of more than 3 km (Vincent et al., 2003). In 2013, over 100 taxi drivers were
fired from a taxi company in Sidney, Australia after it was revealed that they had used
GNSS jammers to make it impossible for the dispatchers to determine where they were,
thereby giving them customers from wrong areas (Collier and Harris, 2013). Another
case occured at the Newark Airport NY, US in 2011 when a truck driver was using a
jammer to make it impossible for his employer to track his truck, accidently jammed the
reference receivers at the airport (Navigation Team AJP-652 , 2011).

But it is not only man-made sources that can interfere with the GNSS signals, as
described earlier, even powerful bursts of energy from the sun can cause issues for receviers
on the earth (Chen et al., 2005)

5.1 Types of interference
There are a large number of publications where the impact from various signals has
been measured and analyzed. In the early days, TV transmitters were often found to
be one source of unintentional interference e.g. (Buck and Sellick, 1997). Nowadays the
interference mostly comes from badly designed consumer electronics e.g. (USCG, 2008;
Vincent et al., 2003) or intentional jammers e.g. (Navigation Team AJP-652 , 2011;
Bauernfeind et al., 2011a; Collier and Harris, 2013).

Based in the characteristics of the signal, interference can be divided into different
groups

1. Narrowband and CW/monochromatic, BI << BBGNSS

2. Wideband, BI ≥ BBGNSS (sometimes called Additive White Gaussian Noise (AWGN))
1LORAN-C and the Russian Chayka were ground based navigation systems that used signals trans-

mitted at 100 kHz.
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3. Chirp (or swept sine-wave, swept mono-chromatic)

4. Spoofing (or false signals)

Any of the signals above can either be continuous or pulsed, each of the types are discussed
separately below.

Figure 5.1 shows how the different signals can look in the time-frequency domain.
The top-left figure shows the spectrum with no interference or wide band interference,
the top right shows a narrow band interference signal. The two bottom plots shows a
swept narrowband signal to the left and a swept narrowband signal combined with a
pulsed interference signal to the right. The different types of signals will impact receivers
in different ways as shown in e.g. Ndili and Enge (1998).

5.1.1 Wideband interference
The receiver is continuously exposed to thermal noise and one of the main purposes of
the AGC in the receiver is to make it possible for the receiver to adjust to different
noise temperatures. Given a certain received signal strength, it is possible to calculate a
nominal carrier to noise value (C/N0) can be calculated using Equation 3.11 and 3.4

C/N0 = Prx − N0. (5.1)

Typical C/N0 values for receivers located outdoors are between 30 and 50 dB-Hz. If the
receiver is exposed to broadband interference, then C/N0 will change to

(C/N0)eff = −10log10

⎛
⎝10− C/N0

10 +
10

PRF I
Prx

QRc

⎞
⎠ (5.2)

where Rc is the chip rate of the signal (for GPS L1 C/A code, 1.023 MHz), PRF I is the
received power of interference. Q is the spectral overlap between the GNSS signal and
the interference. For GPS L1 C/A code, it is approximately 2.2 for a white noise signal
and 1.5 for a signal with the same spectrum shape as the GPS L1 C/A code. Other
codings will have other Q values (Kaplan and Hegarty, 2006).

A 20 mW wideband jammer with non-directional antenna will cause already locked
receivers to loose tracking within a range of over 15 km (Scott, 2011) and make acquisition
more difficult at a significantly larger distance, as long as there is free line of sight between
the transmitter and receiver.

5.1.2 Narrowband
Narrowband interference can impact the receiver in two fundamentally different ways.
It can either change the statistics of the received noise so that the assumption about
being white noise with a Gaussian distribution around zero becomes false (Kaplan and
Hegarty, 2006), or it can interfere with the spectral peaks of the correlation between the
local and received PRN codes. Balaei and Dempster (2009); Balaei et al. (2009) showed
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Figure 5.1: Illustrations of how the spectrum of four different type of interference can look like
in the "time-frequency domain". The top-left shows the spectrum with no interference (or a
receiver that is spoofed). Top-right figure shows a narrow-band interference signal. Bottom-left
figure shows a swept sine wave (sometimes called a Chirp signal) and finally lower right shows
a strong pulsed interference. The pulsed interference can come from e.g. a radar (as in Paper
E) or other strong wideband transmitter. Since the plots are for illustrative purposes, the units
has been left out.

a worst case degradation in excess of 15 dB-Hz for certain frequencies, and essentially no
degradation if the narrowband signal had a slightly different frequency.

If the interference is strong, then the loss in the ADC, calculated using Equation 3.20,
increases significantly Abdizadeh et al. (2012). Amoroso (1983) proposed that the one
should use an ADC that doesn’t assume the received signal to be Gaussian, since such an
approach could improve the resilience against CW/narrowband interference by several
dB (Trinkle and Gray, 2001). To remove weaker CW interference, a notch filter (Scott,
1939) can be used to filter out the narrowband signal, this has successfully been shown
in a number of papers e.g. Borio (2008); Borio et al. (2014); Paonni et al. (2011).



5.1. Types of interference 53

5.1.3 Chirp/Swept narrowband signal
The chirp signal is a CW signal that rapidly changes its frequency in within a certain
frequency window, it can e.g. be sawtooth shaped as shown in Figure 5.1. This is the
most common signal from commercial GNSS jammers (Bauernfeind et al., 2011a; Kraus
et al., 2011; Mitch et al., 2011). The reason for this is probably the constantly changing
frequency makes interference mitigation more challenging (Borio et al., 2014), while at
the same time be both power effective and easy to generate.

5.1.4 Pulsed interference
Pulsed interference was analyzed both in Paper E and in Report A. The research con-
cerning pulsed interference got a significant upswing when the discussions about a third
GPS signal were initiated (L5). The selected frequency band for L5 is in a frequency
band that is shared with other airborne navigational systems such as Distance Monitor-
ing Equipment (DME) and TACtical Air Navigation (TACAN) (ECC , 2013). Both these
systems transmit double-pulses at a rate of between 800 to 4800 transmissions per second
Gao et al. (2013), each pulse is typically 3.5 μs long and the pulses are transmitted with
a power of between 100 to 3500 W (Wolff et al., 2014). Wolff et al. (2014) suggested that
these emitters might be an issue for RO receivers operating in the GPS L5/Galileo E5
frequency band.

Pulsed interference is also a potential problem for receivers operating in the GPS L2
band, since this band is shared with frequencies used for long distance radars ECC (2013).
One of these radars, located in western Alaska, US, was powerful enough to saturate the
GPS receiver on-board the MetOp-A satellite at a distance of approximately 2000 km,
as shown in Paper E.Another reason for the research is to determine the feasibility of
pulsed GNSS pseudolites (low power, ground based GNSS transmitters) to assist GNSS
receivers in challenging areas such as indoors e.g. (Borio and Fortuny, 2010).

Pulsed interference typically saturates the receiver at regular intervals. The impact is
dependent on the length of the pulse and pulse repetition frequency (Ojeda et al., 2013)
as well as the power of the pulse in combination with the internal design of the front-end
(Hegarty et al., 2000; Soualle et al., 2011; Musumeci et al., 2014).

A strong pulse can saturate the analog parts in the front-end significantly increase its
time for recovery and if it is strong enough, it can even possible damage some receivers
permanently (Mansson et al., 2008)

If an un-aided GPS L1 C/A receiver is impacted by pulsed interference with a duration
of more than 20 ms (equal to the length of the navigation data-bit), then it the receiver
might be unable to correctly decode the navigation message. More modern GNSS signals
such as the Galileo signals (Borre et al., 2007) and the GPS L1C (Betz et al., 2007), uses
error correction codes that enabling the recovery of lost data-bits (Borre et al., 2007).

Even if the individual pulses fully saturates the receiver (as in Paper D), if the receiver
is designed to handle pulsed interference, then the impact can be significantly reduced
(Hegarty et al., 2000). One common way to mitigate pulsed interference is to design the
ADC/AGC in such a way that it outputs zeroes when it receives pulses above a certain
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Figure 5.2: The idea behind a spoofing attack. Transmit a fake signal that is aligned in time
and frequency to the true GNSS signal. When the receiver has locked onto the fake signal, move
the false signal away from the true GNSS signal

amplitude, this method is known as pulse blanking (Hegarty et al., 1999).
If the receiver is capable of a quick recovery from the pulses and the pulses are very

short, Borio et al. (2011a) showed that commercial receivers can suffer an average C/N0
loss of up-to 2.5 dB if they are exposed to a pulsed interference of 0.5%. On the other
hand, Hegarty et al. (2000) showed that a receiver with an ideal pulse blanking device
would be able to handle a duty cycle of 45 % before the receiver experienced a 2.5 dB
loss. No degradation in the behaviour of the receiver was detected when the impact of
the pulsed interference analyzed in Paper E.

A number of authors have developed methods to estimate the impact from different
types of pulsed interference on the receiver, e.g. (Hegarty et al., 2000; Borio et al., 2011b;
Ojeda et al., 2013; Soualle et al., 2011).

5.1.5 Spoofing
Since spoofing changes the reported position of the receiver, it can be used to maliciously
control the position of ships (Divis, 2013). Thus spoofing poses a significant threat
against many different areas such as financial, communication and the transportation
industries (Humphreys, 2012a).

A GNSS spoofer is based on the idea of transmitting a false signal that is stronger
than the true GNSS signal and align it in such a way that the correlation peak from the
spoofed satellite with the correlation peak of the true GNSS signal. After the receiver
has been captured, then the GNSS spoofer can separate the two peaks. A schematic
view of how the capturing can be done is shown in Figure 5.2. It has been shown by a
number of papers that it is possible to change the output from a GNSS receiver using
different techniques (e.g. Warner and Johnston (2002); Lo et al. (2012); Divis (2013)).
The complexity of a spoofing attack ranges from retransmitting the true GNSS signal
as done in Lo et al. (2012) (also known as meaconing), stand alone GPS simulator as in
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Warner and Johnston (2002) or a purposely designed combined GPS receiver spoofer as
presented in Humphreys et al. (2008).

To counteract the threats of spoofing, a number of methods to detect spoofing has
been proposed, such as monitoring of the background noise level (Lo et al., 2012), mon-
itoring the quality of the received signal (Cavaleri et al., 2010), utilize multiple GNSS
systems (Humphreys, 2012a) or by monitor the state of the tracking loops inside the
receiver, as in (Pini et al., 2011).

5.2 Detection of interference
Interference can be detected using a wide range of methods and these can be separated
in a number of categories. For example:

• Changes in received power.

• Changes in received spectrum.

• Changes in the estimated position or behaviour of the tracking loops.

These categories are also shown in Figure 5.3. Power based detection, detects changes
in the received signal power by the GNSS front-end. Spectral detection uses the digital
samples to calculate the spectrum of the received signal and detects if any frequency in
the calculated spectrum is outside a certain predefined mask. Finally, detection based
on position/tracking, uses information from the tracking loops or the estimated position
to determine if the receiver is jammed. The last method shows the actual impact on
the receiver, although it provides the least amount of information about the interference
itself. It is also the most computationally expensive method of the three. Due to the
importance of the area, a large number of papers has been published proposing different
techniques to detect interference e.g. (Bauernfeind et al., 2011b; van Graas et al., 2008;
Broumandan et al., 2012; Logan, 2010; Psiaki, 2011; Peterson et al., 1996; Cavaleri et al.,
2010; Gabelli et al., 2013; Ndili and Enge, 1998; Pini et al., 2011; Trinkle and Gray, 2001)
Therefore only a brief overview of the different detection techniques will be given here.

Paper A to C and Paper E uses changes in the received power to detect interference,
although the power "measurements" in Paper E originates from the tracking loops of the
GRAS receiver.

5.2.1 Detection based on received power
As described in section 3.3.1, most receivers continuously adjust the gain of the front-
end based on the amount of received signal power. Some receivers, such as the receiver
depicted in Figure 3.5 or the GNSS front-end SiGe (2009) (used in Paper A through
D) and the commercial receiver Ublox (2013), a measurement of the gain gain applied
by the front-end has been enabled to be read externally. These measurements gives
a single measurement of the total amount of received energy at a fairly low data rate
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Figure 5.3: Different methods for detection of interference, from top to bottom. The top figure
shows how changes in the (analog) output from the AGC control loop can be used to detect
changes in the power received by the receiver. Next plot shows how narrowband interference can
be detected using a spectral mask, if any part of the spectrum goes outside the area marked by
black lines, it is an indication of a change in the received spectrum. Finally of the calculated
position, for a fixed antenna it deviates too much from the nominal position, then it can be an
indication of either jamming or spoofing.
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(Paper C measured the value at rate of 50 samples/second) it is possible to continuously
log the power level for extended periods of time as was done in Paper B. They also
require minimum amount of data processing, essentially whenever the AGC increases
above the dashed line in shown in Figure 5.3 it can be assumed that the receiver receives
interference. This was the approach applied in Paper C.

5.2.2 Detection Based on Spectrum
Since the received GNSS signals are below the noise floor the received spectrum should
not depend on the number of visible satellites and in the case of GPS L1/Galileo E1 no
other transmitters should be present at any time. Therefore interference can be detected
by measuring changes in received spectrum, e.g. if it is outside the bounds in center
plot in Figure 5.3. Spectral monitoring can be done both automatically as in Pini et al.
(2011) or manually using a regular spectrum analyzer. This method will give information
about the spectral behaviour of the interference and if the sampled signal is recorded (as
in Paper D), it can be further analyzed in the time-frequency plan, that can possibly
reveal even more information about the source and behaviour of the interference.

E.g. Wendel et al. (2012) used this to detect interference in a mobile interference
monitoring station and some low cost receivers can automatically detect and indicate if
they receive narrowband interference (Ublox , 2013).

5.2.3 Receiver State Detection
Interference can also be detected by detecting deviations from the nominal behaviour of
the correlator or the tracking loops inside the receiver. The benefit of this approach is
that only interference that actually impacts the receiver is detected, reducing the risk for
false triggers. Another benefit is that the receiver itself can either directly mitigate (e.g.
(Peterson et al., 1996)) or make the user aware of the degraded performance. Therefore
different techniques have been developed to detect interference. Ndili and Enge (1998)
used a method based on the prompt I and Q correlators values. Since the behaviour
of the correlation peak is known, Phelts et al. (2000) proposed to use a method called
signal quality monitoring (SQM) where the output from the E-P-L correlators was used
to to detect interference, Pini et al. (2011) extended this to also work for detection of
spoofing.

All previous mentioned detection methods rely on the usage of non-standard outputs
from the receivers. One standard message available from GNSS receivers is the C/N0
calculated for all tracked satellites. Thompson et al. (2010) showed that this measurement
can be used for interference detection by measuring the inter-day variations.

5.3 Localization of interference
To localize interference from a single source, different approaches can be taken, one way
to separate the different methods is by the complexity and or need for special equipment
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as done here:

• Directional

• Power based

• Propagation based

The different methods utilize different properties of the signal and have therefore different
characteristics. A direction based method uses some form of directional antenna to
determine the direction where the strongest signal comes from. Power based methods use
the fact that the signal power decreases with increased distance to the source (Equation
3.5). Propagation based methods use the finite speed of propagation to measure the
difference in time it takes for the signal to reach different antennas/receivers. Illustrations
of the different methods can be seen in Figure 5.4, Figure 5.5 and Figure 5.6.

5.3.1 Directional based localization
Directional GNSS antennas, such as antenna arrays, are often used by the military to
reduce the sensitivity against hostile jamming (e.g. Hatke et al. (1999)). The goal of
most antenna arrays is to minimize the antenna gain in the direction of the jammer and
maximize the gain in the direction of the GNSS satellites, thereby providing the possibility
for an indirect direction towards the source of interference. Another application is to use
a directional horn or log periodic antenna in combination with spectrum measurements
(FAA, 2005). The method gives a good indication in what direction the interference
might be and if more than one detection system is available it can provide a quick good
estimate of the location. The simplest method to localize a transmitter is by measuring
the differences in received signal strength (or receiver impact), either between different
locations or between different directions. One example of the first approach were used in
Paper E. The other type is shown in Figure 5.4, there the antenna is moved to different
directions, this gives a bearing towards the transmitter. One benefit of this method is
that it is insensitive to both the antenna pattern of the transmitter and the type of
emitted signal (as long as it is fairly constant).(In fact, directional interference finding
is an international sport often called "fox-hunting", or amateur radio direction finding
(ARDF), www.ardf-r1.org)

There are two main drawbacks of using a directional antenna. First, the antenna has
to be moved to determine the direction of maximum interference. Second, the antenna
will have a hard time to detect emissions from areas outside the sector scanned by the
antenna, although, this could also be a good thing.

5.3.2 Power based localization
By comparing the received signal power between antennas at different locations, or by
measuring the amount of received interference when a antenna is moved between different
locations, it is possible to quickly get a good estimate of the location of the transmitter.
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Figure 5.4: Principal sketch of a directional based localization with one rotational antenna with
infinitesimal antenna beam, the ’received signal power’ graph is for illustration only, in reality
the curve would have a much more complex pattern due to the antenna side-lobes.

One of the earliest proposed applications of this idea was probably Figel et al. (1968)
who applied it to locate first-responders vehicles within a city.

The first method was used for interference localization in Paper A and the second
one was used in Paper D. Under the assumption that there is free line of sight between
the transmitter and all receivers, Equation 3.4 gives that the difference in received signal
power will be only dependent on the difference in distance between the transmitter and
the different antennas, this is the scenario depicted in Figure 5.5.

Even if the different receivers have different gains towards the transmitter, Scott
(2011) suggested that given enough receivers, it is would possible to accurately determine
the location of the transmitter.

5.3.3 Time differential of arrival/hyperbolic localization

Using multiple synchronized receivers, it is possible to build a network of antennas that
can measure the differences in pseudoranges between the emitter and the different an-
tennas. This method requires that the jammer is wideband or significantly changes its
behaviour over time.

This can be done in two different ways, either as done by K. Gromov in (Gromov
et al., 2000) where multiple antennas were connected to the same GPS front-end, or as
in Paper C where the front-ends were synchronized using GPS signals recorded before
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Figure 5.5: Power based localization using three different stations,the Z-axis is the received
signal power

the jamming occurred. The idea is essentially the same as for GNSS system, but instead
of using multiple transmitters and one receiver, the system uses multiple receivers and
only one transmitter.

If the interfering signal is wideband, then it is possible to use cross-correlation to
estimate the Time Differential Of Arrival (TDOA). This makes it possible to get an esti-
mation of the TDOA, even between stations that were not impacted by the interference.
Also, since the TDOA is only dependent on the propagation speed, the measurement
is not sensitive to variations in the antenna gain patterns. But, one problem with the
TDOA method presented here is that it can only localize wide band interference, since
it relies on cross correlation between the signals received at different locations.

Since the radiation from a source will propagate with finite speed it will reach different
receivers at different times. Assuming that the differences in propagation speed of the
signal can be ignored, then any difference in time when the interference reaches the
different antennas is the difference in distance between the receiving antennas and the
transmitter. By measuring the TDOA for a signal to multiple antennas it is possible
to do a similar calculation as being done when the GNSS receiver solves for its position
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Figure 5.6: Hyperbolic lines between three different stations, if the TDOA between the stations
matches the thick lines, then the most likely location of the interferer is at the red dot.

(simplified for a 2-D case). The hyperbolic lines shown in Figure 5.6 are calculated as

Δ12 = r1 − r2 (5.3)

Δ23 = r2 − r3

Δ31 = r3 − r1

where r1,r2 and r3 are calculated as

r1 =
√

(x1 − xt)2 + (y1 − yt)2 (5.4)

r2 =
√

(x2 − xt)2 + (y2 − yt)2

r3 =
√

(x3 − xt)2 + (y3 − yt)2

xn and yn are the locations of antenna n and xt,yt are the location of the transmitter.
different methods of how this can be solved, one is to have a clock distribution network

cables to each antenna and then do all processing in one location.
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Chapter 6

Reflections and Outlook

I wonder if anyone at the meeting on the "Black Thursday" (Stanford, 1995), 17th

of August in 1973 (Parkinson and Powers, 2010) where the proposed 621B navigation
system for US Air Force was rejected, could imagine the impact of their decision, now
some 40 years later.

Today, (satellite) positioning is something so natural and something that we all take
for granted. The situation is summarised quite well by a qoute in May (2008) "the art
of getting lost is disappearing". How will we in the future, discover new ’hidden’ trails
or beautiful new roads, if we never learn how to behave when we are lost? Many of us
humans need to sometimes become lost, in order to find new locations, meet new people
and experience the unexpected.

On the other hand, the technology simplifies the access to new areas, since the (ap-
parent) requirements decrease, e.g. no skills in navigation are needed as long as you
trust the GNSS navigator (whose maps might be based on information from the early
20th century, this is e.g. the case for large parts the Swedish archipelago (Sjofartsverket,
2015)). But, sometimes one might wonder if the technology has lowered the threshold
a little bit too much, such as when three hikers activated their SOS beacon and later
were rescued by helicopter after they had discovered that the water in the Grand canyon
tasted salty (Torres, 2009).

The possibility to locate everyone and everything, often in real-time raises a lot of ques-
tions, about trust, about freedom, about relationships and about society in general. As
T. Humphreys asked in Humphreys (2012b), how can we in the future balance the need
for privacy with the usage of GNSS locators? Although important and interesting ques-
tions, this thesis has tried to stay neutral and focus on the pure technical aspects of GNSS
jamming and interference. It is already both cheap and easy to purchase equipment to
jam GNSS and other radio based location devices. Even if it is illegal to own and use
such equipment in most countries, one valid questions is how many of these jammers are
even detected (and seized) by the authorities.
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The work presented in this thesis shows examples of different aspects of GNSS interfer-
ence. Ranging from interference from satellite engines in Report A to unknown inter-
ference close to airports in Paper D and intentional jammers in Papers A to C. It has
also covered a wide span of interference applications from the impact on remote sensing
(Paper E) to monitoring of GPS L1 jamming at key infrastructure (Paper D) to the
impact on the GNSS receivers for geostationary satellites (Report A).

I have been fortunate to work in a field that I find extremely interesting and I have
had the chance to explore large range of applications within GPS/GNSS and atmospheric
sciences. The applications and challenges have varied from low level coding, building
hardware to literature studies and analyse long term statistics.

Future work

But as always, the more you learn, the more you realize how much there is left to learn.
Looking back, there are many trails that I have found, but not been able to follow as far
as I would have liked. Some of these are:

• Explore more about the possibilities to collocate RO and microwave sounders.

• Exploit the ARTS software to simulate GNSS measurements.

– Explore the possibility to improve e.g. cellphone based GNSS positioning
using data from e.g. weather services.

– Explore the impact from various atmospheric states on the GNSS signals.

• Further analysis of the interference patterns impacting RO, can we do more with
the raw RO data?

– Are the measurements impacted by military GNSS jamming exercises?
– Are the measurements impacted by spoofing?

• Extend the work on front-ends for localisation of interference sources and develop
the system proposed in Paper C.

– Continue the work on the system shown in Paper C and try to cover different
highways and key locations in Sweden.

– Try to use AGC and cross-correlation to identify vehicles causing increased
RFI in the GNSS frequency bands.

• Start to explore other aspects of GNSS, such as the usage of pseudoranges from
GNSS receivers and reflected GNSS signals.

– Is it possible to develop a system to use the reflected GNSS signals received
by commercial low cost receivers to measure the snow depth at ski-resorts?

Whatever happens in the future, I wouldn’t be surprised if I, one way or another, will
come back to one or more of the questions above.
I am not sure if I am ready to let go of GNSS, not yet.
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ABSTRACT  
 
This paper discusses the set-up of a network of low cost 
ASIC front-end modules for detection of interference and 
localization of interference sources in GNSS L1/E1 band.  
Such a system has been designed to not only provide an 
IF-data stream but also gain control level samples.  These 
two information channels combined provide the ability of 
detection and localization of both weak and strong 
signals.  Presented herein are the theory and mathematics 
used along with validation from tests where the position 
of the interference source is known. 

INTRODUCTION 
 
The expanding fields of usage for global satellite 
navigation systems (GNSS) have been made possible 
thanks to the general technological progress. 
 
The forthcoming advent of the European Galileo system 
increases the availability to the user of possible GNSS 
ranging sources, which even further will increase the 
interest in using satellite navigation applications. 
 
Even so, fundamental problems about satellite navigation 
persist.  One primary issue is that the signals are weak and 
thus subject to interference, intentional as well as 
unintentional, especially under delicate conditions.   
 
GNSS serves both Safety of Life applications and the 
rapidly increasing market of Location Based Services.  
Both areas are dependant on GNSS availability.  
Discussed in here are available tools, possible methods 
and a proposed solution for mitigating the possible 
decrease in GNSS availability due to interference sources. 
 
The final result, a network based sensor grid, will 
demonstrate how such low cost modules can be deployed 
over a wide geographic area and be used to quickly detect 
and isolate sources of interference in areas where GNSS 
operation would be considered critical. 
 
Each monitoring station in the grid is built around a low-
cost L1 band GNSS receiver and a hosting PC.  Software 
used originates in open source project and has been 
modified to some extent for this work. 
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CONCEPTUAL APPROACH 
 
In past efforts – see [1], [2] and [3] – the interference 
subject has been covered from various aspects.  This 
paper presents a partially new approach to the GNSS 
interference topic.  We will present the outlines and 
simulations of a network of independent low-cost sensors 
capable of detecting and localizing interference sources 
within the GNSS L1/E1 band. 
 
The investigated methods include one algorithm for 
detection of an interference turning on and two different 
ways for localizing a GNSS interference source by 
calculating a 2D position solution.  Most of the effort has 
been on developing the method for AGC Power 
Localization of an interference source. 
 
 
Network Design 
 
Key idea is to deploy a number of independent 
monitoring stations and one central server, as depicted in 
Figure 1.  Detection of interference at a monitoring station 
is reported to a central server, then collecting data from 
several stations for processing interference source 
localization. 
 
 

 
 

Figure 1 – Basic network layout 

 
 
AGC monitoring concept 
 
AGC level as an interference assessment tool has been 
investigated before.  In [1] an extensive research and 
investigation around frequency band L5 is presented.  
When GNSS signals themselves reside below thermal 
noise floor and the L1 frequency band has no other 
legitimate signals the spectra should appear silent and 
consistent. 

Interference Detection 
 
Thanks to the L1-band is reserved for GNSS-signals only, 
it is considerably easy to detect any interference.  Each of 
the satellites contribute with below-the-noise-floor levels 
of energy and they are transmitting continuously why any 
sudden increase or decrease in power level has to have its 
origin in something that should not be there, by definition 
an interference source. 
 
There are slow changes in the AGC level coming from 
changes in antenna temperature and changes in number of 
visible satellites.  These differences should not trig a 
system designed for detecting interference sources going 
on/off and so the detection system has to be designed such 
it filters those changes out. 
 
The sampled AGC-level is relatively noisy, why the 
power increase of 0.5 dB in Figure 2 may not be easily 
distinguished.  By applying a median filter with a 
following weighted summation, as shown in Figure 3, 
even this small change generates a clearly detectable 
metric. 
 

 

Figure 2 - AGC amplitude with interference source 
going on highlighted 

 

 

Figure 3 - Median filtering and weighted summation 
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AGC Power Localization 
 
By monitoring the impact on automatic gain control 
voltage for a set of minimum three monitoring stations it 
is possible to solve for the 2D-position of the interference 
source.  This method may be described by the analogy of 
adjusting the sizes of three circles to attain a common 
point of intersection as depicted in Figure 4. 
 
 
Description of Method 
 
The read out voltages as a function of emitted power and 
distance is described by the equation system in Figure 5. 
 

• VAGC,N – AGC voltage difference from each 
monitoring station. 

• X, Y, P – Unknowns: Geographic position and 
interference source emitted power. 

• V0,N – Individual calibration constants 
• P0,N – Background power level at antenna 

 
An algebraic solution to the problem is way beyond the 
ambitions of this paper, thanks to the triple non-linearity 
in equations.  A much simpler grid search has been 
implemented for verification presented later. 
 

 
 

Figure 4 – Analogy to method of adjusting circles 

 

 
 

Figure 5 – Mathematic relationship describing the 
nature of the AGC voltage metrics 

Considerations of Method 
 
The non-linearities involved call for some careful 
consideration of the dynamics involved.  The combination 
power/distance impact on AGC voltage is shown 
simulated in Figure 6.  It shows there are a couple of 
things to consider. 
 

1. The AGC may saturate. 
2. AGC voltage relation to distance may be 

insufficient for low power emitted. 
3. AGC voltage relation to power may be 

insufficient for long distances. 
4. A preferred region should be defined where these 

issues are avoided.  
 
The result from using measurements having bad 
properties is that position solution may become very noisy 
or ultimately there is no position solution at all, as 
illustrated in Figure 7. 

 

Figure 6 – AGC voltage as a function of interference 
source power and distance 

 

Figure 7 – No solution due to bad geometric properties 

VAGC,N = kN · log10( P0,N + P / ( (X – XN)2 + (Y – YN)2 ) ) – V0,N ; N � 3
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Hyperbolic Localization 
 
Hyperbolic navigation systems have been in use since 
World War II.  Still operational is the LORAN system, 
updated to eLORAN.  The basic principle is determining 
the user’s position by calculating two intersecting 
hyperbolas defined each by a TDOA-estimate for a 
defined transmitter pair.  This is illustrated in Figure 8. 
 
 

 
 

Figure 8 – Intersecting hyperbolas define a position 

 
Description of Method 
 
Our implementation of hyperbolic localization utilizes the 
same math as any hyperbolic navigation system.  The 
only difference is that there is only one transmitter and 
multiple receivers instead.  This is introduced in [4]. 
 
TDOA-estimates are done by cross-correlating data sets 
from pairs of monitoring stations, see Figure 9.  Time 
scales for the data sets are aligned by processing them for 
a GNSS navigation solution since this also produces 
accurate timing information down to sample level.  In [2] 
the same process is used, however, synchronized at 
sampling level. 
 

 

Figure 9 - TDOA - Time Difference Of Arrival 

Data Processing 
 
Presumably this method is suitable for very weak signals.  
For such a case, the GNSS signals in the band may distort 
the correlation of the interference signal searched for. 
 
Two different methods, described only briefly here, for 
counteracting their influence have been investigated.  For 
wider spread sensor grids this becomes less of a problem. 
 
First method is for counteracting the effect of C/A-codes 
generating correlation energy added to the interference 
source.  That is done by applying a 2 MHz band-stop 
filter taking out the main lobe of the C/A-code, and such 
most of its energy.  The effect is demonstrated as the 
difference between Figure 10 and Figure 11. 
 
 

 

Figure 10 – Original spectrum and correlation vector 

 

 

Figure 11 – Filtered spectrum and correlation vector 

 
Second method for enhancing correlation has to do with 
remainders of the P(Y)-codes, also correlating between 
data sets.  This is dealt with by subtracting the amount of 
correlation energy experienced just before detection of 
interference.  The correlation peak has a fingery look due 
to band limitations from the previous band stop filter. 
 

 

Figure 12 – Resulting vector (blue) is difference 
between measured (green) and reference (red) 
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HARDWARE AND SOFTWARE 
 
 
RnD 4120 Front-End 
 
The RnD 4120 board, shown in  
Figure 13, is the result from an effort to develop a low-
cost GNSS front-end with AGC monitoring capability.  It 
is built around the SiGe SE4120L front-end.   
 
A Cypress USB-interface provides board control and data 
transfers.  The board provides IF-data samples in various 
real and I/Q modes in up to 16.368 MHz.  The sampling 
rate of the AGC level is defined by the software. 
 

 

 

Figure 13 – RnD 4120 front-end board with AGC 
monitoring capability – shield cans opened 

 
 
GN3S Software 
 
This software is the outcome of series of student projects 
and is licensed under GNU general public license.  The 
bundle consists of two basic parts, a host software being 
the user interface as well as storing data to disk and a 
firmware operating the front-end board from the Intel 
8051 implementation in the USB circuit.  The code base 
originates from the GNUradio project [5]. 
 
 
GNSS Software Defied Radio 
 
This Matlab based software defined radio implementation 
post-processes saved GNSS IF-data and provides a full 
position solution if the prerequisites are fulfilled.  It has 
been developed at Aalborg University and University of 
Colorado under GNU GPL.  Small modifications have 
been made to extract additional information necessary for 
timing required by the Hyperbolic Localization. 
 

FOI JAMMING EXPERIMENT 
 
This paper presents results based on data from an 
intentional GNSS jamming campaign carried out in co-

operation with Totalförsvarets 
forskningsinstitut, FOI [6], a Swedish 
Military research organization.  The 
campaign was carried out during the 
summer 2007 commissioned by 
Swedish military forces. 

 
Luleå University of Technology was invited by FOI to 
participate in the campaign.  The invitation was accepted 
for the purpose of collecting data to be used in the 
verifications presented in this paper. 
 
 
DATA COLLECTION 
 
Data was collected using five monitoring stations 
comprising each a laptop PC, an RnD 4120 front-end 
module and a generic GPS antenna. 
 
 
Data Collection Field Overview 
 
Static positions of the monitoring stations (M) and 
alternating positions of the jammer (J) are shown in 
Figure 14 and their coordinates are listed in  
Table 1. 
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Figure 14 – Data collection field map and relative 
coordinates in meters 
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Position East North 

M1 103 284 
M2 78 485 
M3 46 141 
M4 237 455 
M5 194 274 
J1 15 25 
J2 63 209 
J3 146 367 

Relative coordinates in meters 

 

Table 1 – Field coordinates 

 
 
Data Collection Cases 
 
For each position of the jammer, data sets are collected 
synchronously by all stations.  Each data set is four 
minutes long with the jammer turned on after one minute 
and remaining on for two minutes. 
 
Such, the start and end of each data set are jammer free 
and used for reference.  As a backup, the process is 
repeated twice for each jammer position. 
 
Three subsets of the data collected have been selected for 
verification of the two localization methods.  These sets 
are presented in  
Table 2. 
 
 
Label Method Monitoring stations Jammer 

position 
P1 AGC Power M1, M2, M4 and M5 J3 
P2 AGC Power M2, M3 and M5 J2 
H1 Hyperbolic M4 and M5 J1 

 

Table 2 – Data sets used for verification 

 
 
VERIFICATION OF ALGORITHMS 
 
From the data collected different subsets are chosen for 
verification of the localization algorithms.  No further 
verification of the interference detection is done than what 
is presented in the theoretical description. 
 
For AGC Power Localization two various sets have been 
selected from available combinations and for Hyperbolic 
Localization one set with the option of different 
combinations has been picked out. 

AGC Power Localization 
 
The two sets used for verification of AGC Power 
Localization are selected to differ in geometric properties.  
The first set comprises four monitoring stations with the 
jammer well within the polygonial boundary defined by 
the positions of the monitoring stations. 
 
The second selection is a set of three monitoring stations 
with a less advantageous geometry where the jammer is 
considerably closer to one of the stations.   
 
Method 
 
A grid search for the position, represented by X and Y 
coordinates, and power P emitted from the jammer.  Full 
calibration data has not been available, why 
simplifications have been made, based partially on 
assumptions. 
 
It is assumed that the power from background radiation 
affects each antenna equally.  Also the linearity constants 
of the front-end boards AGC circuitry are considered 
being equal.  Furthermore, calculating the true power 
output from the jammer is not of interest, only the 
position.  Thus, the jammer power is handled in the 
simulation in relation to the unknown, but everywhere 
equal, background. 
 
Validation metrics are generated from available data sets 
by comparing mean values from no jammer and jammer 
present groups within each AGC data set.   The difference 
between those mean values will serve as each station’s 
metric.  This is demonstrated in Figure 15. 
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Figure 15 - Jammer off and jammer on separated  

 
Each geographic point in n-dimensional error space, 
where n represents the number of monitoring stations, is 
searched for the smallest possible error in that point by 
inserting different values of P into the theoretical model 
and compare with actual results.  From this an error 
surface is drawn in X and Y where the lowest point 
represents the position solution wanted. 

Jammer on 
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 Position Solutions from AGC Power Localization 
 
By looking for the lowest point in the error plot over the 
geographic area a position in X and Y representing least 
possible error for available data is found.  This is also the 
position estimate for the measurement.  This is illustrated 
for the two data sets investigated in Figure 16 and Figure 
17, respectively.  Vertical lines in surf plots represent 
monitoring stations (M), localization solutions (S) and 
known positions (J). 
 
 
 

           

Figure 16 - Error surface and solution for set P1 

 
 
 
 

 

Figure 17 - Error surface and solution for set P2 

 
 

Hyperbolic Localization 
 
This method is designed for weaker interference signals 
than those experienced in available data sets.  The number 
of suitable data sets available for verification is therefore 
limited.  It is however possible to use different subsets, 
separated by seconds in time, of the same data to get a 
statistic overview.   
 
The method has therefore been examined for one pair of 
monitoring stations only on a TDOA level approach as 
depicted in Figure 18, which also shows an example for 
how the correlation peak may look.  In Table 3 is found 
the statistics for the calculations. 
 

 
 

Figure 18 – Case investigated for hyperbolic 
localization and example of TDOA correlation peak. 

 
Monitoring stations M4 and M5 
Jammer position J1 
Expected TDOA in meters 177 
Number of trials 5 
Measured TDOA in meters 
std.dev. in parentheses 

198 (40)  

 

Table 3 – Statistics for case of verifying TDOA 
correlation 

0 50 100 150 200 250
0 

50

100 

150 

20

25

30

35

40

450

500

M4 

M5

J1

50 100 150 200 250 250

300

350

400

450

500

M1

M2

M4 

M5 

J3 
S2 

50 100 150 200 100 

150 

200 

250 

300 

350 

400 

450 

500 
M2 

M3 

M5 

J2 

S1 

91



SUMMARY AND CONCLUSIONS 
 
A low-cost and easy-to-use GNSS front-end module has 
been developed.  The module uses existing open source 
software with minor modifications.  Algorithms for 
detection and localization have been developed and 
implemented in Matlab.  Focus has been on verifying the 
AGC Power Based method for localization. 
 
During jamming campaign carried out by FOI data has 
been collected later used to verify algorithms and methods 
developed.  Despite limited time for planning and no prior 
knowledge of the test site properties data sets collected 
have been very useful for verification. 
 
Both localization methods are verified to produce results 
within a few tens of meters, which is considered being a 
promising result, given the prerequisites. 
 
 
Future Efforts 
 
Automatic centralized data collection and processing are 
still to be implemented.  This comprises development of 
detection and method selection logic and also calls for a 
back-tracking buffer of data at the monitoring stations. 
 
One part not being investigated at all for this paper is the 
antennas used.  It is certain that the generic GPS antenna 
has a beam form that is not optimal for this kind of 
investigation.  For further work in this area it has been 
proposed to investigate other kinds of antennas that have 
other beam patterns forms.  A candidate for such is the 
half wavelength dipole. 
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2 ABSTRACT
The GNSS signals are very weak and therefore sensitive to
interference. Since the usage of GNSS based services con-
tinues to increase, there is a need to develop a cost effective
method to detect and localize interference sources. In this
paper one such system will be presented. The system uses
independent front ends that collects raw IF data. After the
collection is done, the files are synchronized in time and
frequency so that they can be cross correlated and the time
difference of arrival of the interference signal is estimated.
This paper will present the initial results from a test in May
2009 where the four stations were deployed and exposed to
interference. It will be shown that the system is capable of
both detection and localization of wide band interference.

O. Isoz is with the Department of Electrical Engineering and Com-
puter Science, Luleå University of Technology, Luleå, 97187 Sweden.
This work was supported in part by the Swedish Graduate School of Space
Technology.

3 INTRODUCTION
There have already been a number of occasions when GNSS
receivers have been experienced interference, both inten-
tionally (Adams, 2001) and unintentionally (US, 2008). There-
fore there is a need to develop a cost effective way to detect
and localize interference.
The system presented here is based on a number of small
independent stations that contains a laptop, a low cost front
end and a patch antenna. Two different methods will be
used for detection and localization. First a method based on
data from the automatic gain control (AGC) in the front end
(demonstrated by Lindstrom in (Lindstrom et al., 2007)).
This method will be compared to a method that extends
the work done by K. Gromov in (Gromov, 2002) by using
unsynchronized front ends. The synchronization will be
done by extracting exact time and frequency from the un-
interfered parts of the data using a software defined GNSS
receiver. After synchronization, the data will be cross cor-
related and the position of the interferer will be estimated
using time difference of arrival. The data used here was
collected during a GNSS interference experiment in south-
ern Sweden in May 2009.

4 THEORY
4.1 Automatic gain control localization
Inside every GNSS receiver that samples data with more
then one bit, there is a circuit that controls the gain of the
analog stages of the receiver. The purpose of the circuit is
to adjust the gain so that the sampled data has a Gaussian
shaped histogram, as can be seen in Fig 1. In some cases
the front end Fig 2 has a voltage controlled amplifier that
has a voltage that read via an analog to digital converter.
By monitoring this voltage it is possible to detect when an
interferer is turned on (Bastide et al., 2003). Assuming that
the source of interference radiates equally in all directions,
then the power density at a distance r from the source can
be calculated by

PDr =
PT k
4πr2 [w/m2] (1)

where PT is the radiated power and k is a factor that is
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Figure 1. Optimal histogram from a front end with a two bit ADC

Figure 2. Block diagram of a GNSS receiver

dependent on antenna gain etc. Since the AGC output is
a measure of the received power density, it is possible to
write the following set of equations assuming there is mul-
tiple stations with known locations

PDr1 =
PT k
4πr2

1
(2)

PDr2 =
PT k
4πr2

2...

PDrn =
PT k
4πr2

n⇒
PDr1 ∗4πr2

1 = PDr2 ∗4πr2
2...= PDrn ∗4πr2

n (3)

where rn is the distance between the transmitter and nth
receiver. Since PDr can be estimated by the AGC measure-
ments and PT k is constant, but unknown, it is possible to
solve the system of equations and estimate the distance be-
tween each receiver and the interferer. Using three or more
stations it is possible to estimate the position of the trans-
mitter as can be seen in Fig 3.

4.2 Cross correlation localization
Cross correlation can mathematically be written as

( f ∗g)[t] =
inf

∑
m=− inf

f [τ]∗g[t + τ] (4)

Figure 3. Positioning using AGC

where f and g are two sets of data. If f and g contains iden-
tical broadband noise then the result of the cross correla-
tion will be zero except when the two data sets are aligned.
When the bandwidth of the signal is reduced compared to
the sampling frequency, the width cross correlation will be
increased. The signal that is received by the front ends can
be described as

Srx(t) = SGNSS +SRFI +N (5)

where SGNSS is the signal from the GNSS satellites, SRFI is
the signal from the interferer, N is the thermal/background
noise. If Srx is correlated with a signal collected at a slightly
different location but at the exact same time and exactly the
same sampling frequency then the result will have a peak
every time the PRN codes from the different satellites align
in the two data sets and also one peak when the signal from
the interference aligns in the two data sets. When the dis-
tance is increased between the two antennas then the signal
from the satellites will reach the antennas at slightly differ-
ent times, causing the GNSS cross correlation peaks from
the individual satellites to be separated. The result will be a
wider GNSS cross correlation function with a less distinct
peak.
Since the RFI is wide band noise it will only have a single
cross correlation peak and the width of the peak will only
be dependent on the ratio between the sampling frequency
and the band width of the bandpass filters in the receiver. If
the width of the filter is increased while the sampling fre-
quency is kept constant the peak will become sharper, until
the width of the filter reaches the Nyquist frequency.
If the there is a difference in distance between the stations
and the interferer then the signal from the interferer will
reach the stations at slightly different times. This time dif-
ference can be called time difference of arrival (TDOA) and
can be used to draw hyperbolic lines where the difference
in distance is constant. If the interference TDOA is known
for more then a pair of stations then the location of the in-
terference will be where the hyperbolic lines intersect. An
example of hyperbolic lines can be seen in Fig 4.
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Figure 4. Example of hyperbolic lines

5 PRACTICAL CONSIDERATIONS
In order for an interference detection system to be truly ef-
fective it has to be able to detect weak transmitters that can
cause problems for receivers in a small part of the protected
area. Since the power density decays with the square of
the distance from the transmitter, an interferer will be ex-
tremely difficult to detect and localize if it has lower power
and is placed close to an crucial GNSS antenna.
One way to address this issue is using both fixed and mo-
bile platforms. The mobile stations can be placed on ordi-
nary vehicles that are used in the area. When interference
is detected then the vehicles can be positioned at locations
where the interferer is detectable but does not degrade the
GNSS position accuracy. The mobile stations can be im-
plemented by letting the vehicles use software defined ra-
dio receiver that has been modified to store the sampled
data in a circular buffer (Zhu, 2008). When interference is
detected a part of the buffer is transferred to a central server
where the data is analyzed and the position of the source is
estimated.

6 EXPERIMENT
The idea of using unsynchronized front ends to detect and
localize interference was tested in southern Sweden in May
2009 (Sweden, 2009). The experiment was conducted with
help from the Swedish defense research agency (FOI).
We deployed four stations each consisting of one patch an-
tenna, one SiGe 4120 based GPS L1 front end (Sparkfun,
2010) and a laptop. A map for one of the interference trails
can be seen in Fig 5. The laptops were configured to col-
lect GPS IF samples as well as AGC data for four minutes
and then wait one minute before starting another data col-
lection. Each four minute slot was used according to Fig
6 where the red areas is referring to when a interference

source was used. Between each time slot the interference
sources was moved to a new location.

Figure 5. Map over the test area

Figure 6. How each 4min period was used

6.1 Interference sources used in this experiment

Figure 7. The interference sources that were used in the experi-
ment

We used three different types of interference sources
during the experiment Fig 7. The first one was a low power
white noise source (AWGN) interferer. This interference
source was rather weak and did not cause any degrada-
tion in the accuracy of the position solution in the data set
that was analysed. The second source was a commercial
Y050G L1 (COTS) interference source from Global Gad-
get with specified output power of 300mW and a ”block
range” of 15m. A signal generator from NovaSource was
used as a CW source with a frequency of 1575.42MHz.

6.2 Front ends
The front ends shown in Fig 8, that was used have been
developed at the University of Colorado and can be found
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at Sparkfun (Sparkfun, 2010). The front ends are based
around a SiGe 4120 GPS L1 front end and was config-
ured to sample 2bit real data at a rate of 16.3676 MSam-
ples/sec. The AGC level was sampled at 50Hz using an
external ADC, a Cypress USB bridge made it possible to
control the front end and transfer the sampled data via USB
to a laptop that also stored the recorded data.

Figure 8. Photo of the front end, the coin is a “US quarter” for
size comparison

7 ANALYSIS
After the data collection the recorded AGC data was ana-
lyzed and from that one trail, shown in Fig 5 was selected
for further analysis. The AGC data from the selected data
set shows that all three interference sources were detected
by at least one station which was saturated by the CW, this
can be seen in Fig 9. The main usage of AGC is for detec-

Figure 9. output from the AGC

tion since it has a very low bandwidth and requires almost
no CPU. Despite this, a position estimate of the interfer-
ence was calculated using the same method as in (Lind-
strom et al., 2007), the estimated position can be seen in
Fig 10.
After the AGC data had been analysed, each recorded IF

data file was processed using a GNSS software receiver
(SDR). In the output from antenna four Fig 11, (the one
who had changes in AGC level for all three interference

Figure 10. Position estimated from the AGC data

sources) it can be seen that the AWGN did not cause any
degradation in position accuracy and caused only a small
drop in C/No. The COTS was powerful enough to create
a severe drop in C/No and a degradation of position accu-
racy. The output from antenna two can be seen in fig 12.
It is clear that the antenna two was further away form the
station since it was less affected by the interference than
antenna four.
After the files had been processed by the SDR code then

Figure 11. SDR output from antenna 4

Figure 12. SDR output from antenna 2

the data had to be synchronized, cross correlated and the
TDOA be estimated.
The SDR code calculated exact time and sample at for each
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station Est True Diff
(samp) (samp) (samp))

1 2 17.98 16.83 1.15
1 3 10.3 10.82 -0.52
2 3 -7.6 -8.94 1.33
1 4 14.24 24.0 -9.76
2 4 1.4 6.05 -4.65
3 4 0.26 -13.65 13.91

Table 1. TDOA error from using the combined method

calculated position solution. This was used to synchronize
the files. Since the receiver only calculated the position
every 500ms the exact position of the samples had to be
extrapolated using earlier values. Cross correlation was
then done between data from different data sets that was
recorded at the same time.
The assumption was made that the satellites were evenly
spread over the sky, therefore the average position of the
cross correlation peak of the satellite signals would show
what sample corresponds to equal distance to both anten-
nas. The average position of the clean cross correlation
peak was then compared with the average position of the
peak from the interference. This difference (in samples)
was then multiplied by the half the wavelength of the nom-
inal sampling frequency T DOA = ΔSamp∗2∗ (c/(2∗Fs)).
The results from the calculations can be found in Table 1.

Figure 13. mean of the peak from the combined method

The error from the best position estimation based on
cross correlation is reduced to about 20% of what the error
was for the AGC based solution (approx 10m vs 50m).

8 SUMMARY AND CONCLUSIONS
This paper has shown that it is possible to use unsynchro-
nized front ends to collect data and estimate the position
of an interferer. The collected data was processed with a
software GNSS receiver and different methods was used to
estimate the TDOA and position of the interference.
The next step would be to build a close to real time system
that is capable of detection and localization of interference.
Another possibility would be to work on the algorithms to

Figure 14. Estimated position of the RFI using the combined
method

improve the accuracy of the system and to try to find a way
to localize CW interference beyond the AGC approach.
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Abstract—There have already been a number of well docu-
mented cases where the GNSS signals have been interfered by
different sources. A number of different methods has been de-
veloped to counteract this. One problem with doing experiments
to validate the accuracy of interference detection system is that
the GPS L1 band is protected, therefore it is difficult to get
permission to deliberately broadcast on those frequencies. In
this paper we present a novel way to test such a system. The
proposed method will be validated by deploying a number of
low cost nodes and then an attempt to localize the interference
will be made.

I. INTRODUCTION

Interference is a potential problem for all radio-based sys-
tems. The current Global Navigation Satellite System (GNSS)
signals are fairly robust against interference, still there have
been a number of occasions where the interference has been
so strong so that it has caused receivers to lose lock or fail
to acquire satellites. When the origin of the signals were
investigated it was found that a variety of electronics can cause
harmonics that interfere with the GPS L1 signal, these sources
include cell phones [1] and active tv-antennas [2]. A case of
direct hostile jamming has also been reported [3] and there
are a number of companies that sell jamming devices online.

It has previously been shown that it is possible to detect [4]
and localize wide band interference [5] using the automatic
gain control (AGC) in a RF front-end. Earlier work has also
shown that it is possible to collect the raw IF signal from
multiple antennas and use time difference of arrival (TDOA) to
localize wide-band interference [6]. In Jan 2010 an extension
to this was done where a number of independent front-ends
were used and the non RFI sections of data were used to
synchronize the front-ends [7].

One major problem with research in interference detection
and localization is that the GNSS L1 band is protected and
therefore it is difficult, if not impossible, to conduct live
experiments using different sources of interference. This paper
will present an alternative way to test such a system using
existing sources in an urban environment.

II. METHODS OF LOCALIZATION

To localize an unknown wide band signal that has been
received by more then one receiver it is possible to use both
the strength of the signal as well as the time difference of

arrival for the signal (TDOA). Both these methods have been
used before (see e.g. [6] and [5], [7]), so they will only be
described briefly here.

A. Power Based Localization

The idea behind power based localization is that the signal
strength decreases when the distance to the receiver increase.
If the transmitter has an antenna that can be considered to be
isotropic then the theoretical signal strength at each node can
be approximated by

PDrx =
PT

4πr2
(1)

where r is the distance to the transmitter, PDrx is the received
signal strength and PT is the transmitted signal power. If the
power density is measured by multiple receivers with known
location and they can be assumed to have equal gain in the
direction of the transmitter, then it is possible to set up a
system of equations to solve for position of the interference.

B. Time Difference of Arrival

Since the signals propagate with finite velocity, two re-
ceivers that are at different distances from a source will receive
the signal at slightly different times. If the receivers are driven
by the same clock then it is possible to measure the TDOA.
The location of the transmitter can be calculated by solving
the following set of equations

dT12 ∗ c =
√
(xant1 − xT )2 + (yant1 − yT )2

−
√
(xant2 − xT )2 + (yant2 − yT )2

dT13 ∗ c =
√
(xant1 − xT )2 + (yant1 − yT )2

−
√
(xant3 − xT )2 + (yant3 − yT )2

dT23 ∗ c =
√
(xant2 − xT )2 + (yant2 − yT )2

−
√
(xant3 − xT )2 + (yant3 − yT )2

. . .

(2)

where [xant1, yant1] is the known position of the first antenna,
[xT , yT ] is the unknown position of the transmitter, dT is time
difference of arrival between the two antennas and c is the
propagation speed of the signal.
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Fig. 1. Setup for one station

Fig. 2. Setup for the experiment outside Karlskrona,Sweden

III. PREVIOUS WORK

In May 2009 the Swedish Defense Research Institute (FOI)
conducted GNSS jamming experiments outside Karlskrona in
Southern Sweden, before they started with their testing we got
permission to deploy a number of nodes and then collect data
with and without interference.

A. Nodes

The nodes that was deployed consisted of a laptop, one SiGe
4120 GNSS front-end configured to collect raw samples at a
sampling rate of about 16.4 MHzand a patch antenna 1. Each
computer was configured to log four minutes of continuous
AGC and IF data every five minutes. A total of four nodes
were placed on the field as can be seen in figure 2

Each four minute period started with 40seconds of clean
data where the jammers were turned off to make it possible
to run the data through a software defined GNSS receiver
(SDR) and solve for the location and time. Between each
dataset the the jammers were moved to a new location so
that the algorithms could be validated versus interference with
different TDOA and different impact on the receivers.

B. Post Processing

After the experiment, the collected data was processed using
a GNSS SDR receiver to calculate the exact start time of
each file and the position of the nodes.In the output from the
SDR receiver an exact time was calculated at regular intervals
for each recorded file. These time stamps were then used to
synchronize the different files in time.

Fig. 3. Histogram over the in-phase prompt correlator values for four nodes.
Antenna 1 is is considered to be the one most affected by the interference.

1) Detection of Interference: In this experiment only
TDOA localization was done. Thus the next step was to detect
when the interference started and this was done by looking
at the histogram over the tracking result for the in-phase
correlator. The dataset with the largest spread of the histogram
is considered to be the one most interfered. The histogram
also made it possible to determine when the interference
first impacted the receiver. This method assumes that there
is interference in at least one of the recorded datasets.

If the interference is not continuous then this method will
detect when the interference starts to effect the tracking and
then set this time as the time of interference (TOI). The
detection method is very sensitive and has been shown to be
capable of detecting interference with very short duration. The
TOI will then be used to determine where in the files the cross
correlation should be done. The reason why it is important to
calculate TOI is if the interference is strong then the receivers
might lose their capability to accurately track the satellites and
therefore create errors in their clock estimate. If the accuracy
of the clock estimate starts to degrade then the accuracy of the
sampling frequency will also degrade and in the end degrade
the accuracy of the TDOA estimate.

If the interference is continuous then this method will
essentially set a random time as the TOI. In this case the TOI
will only be a baseline for where in the files that the cross
correlation should be made. The histogram in figure 3 shows
an example of what the histogram may look like, in this case
Antenna 1 most effected by the interference.

2) Down Conversion and Cross Correlation: The next step
is to down-convert the signals to baseband, this was done
by using the exact sampling frequency calculated by the
SDR code. After down conversion the files are then cross
correlated. The TDOA is then calculated as the number of
samples from the center of the cross correlation divided by the
sampling frequency. As can be seen in figure 4 the peak of the
cross correlation is not always in the same location, therefore
multiple cross-correlations are made at different locations in
the file.

The final step is to estimate what location that best fits
all of the calculated TDOAs. The algorithm that was is used
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Fig. 4. The example of the cross correlation between two stations

TABLE I
EXAMPLE OF THE SYSTEM ACCURACY

Position Error
F01 12m
F01 16m
F02 10m
F02 14m
F03 27m
F03 60m
F04 20m
F04 24m

here tries to minimize the root mean square error to all the
calculated TDOA. The results of the TDOA position estimates
for the jamming trails outside Karlskrona can be seen in table
I and a picture from Google Earth that shows the estimated
locations for the interference as green dots (two estimates was
done for each location), the truth marked as red triangles can
be seen in 5. The green and black dot is one location for one
of the nodes.

IV. DETECTION OF URBAN INTERFERENCE

What should be a test for“interference”? C/No is not
a good measure since the C/No will drop if the satellite
becomes blocked by buildings. One possibility is to look at
the spectrum and see if it changes. The problem here is that it
is computationally expensive and hard to do in real time. So
the decision was made to use the AGC level since that would
indicate when additional signal sources comes close and it
would require very little computation to work.

One node was placed in a test vehicle, in order to reduce
the amount of noise that the antenna would pick up from the
car, the antenna was mounted just behind the rear door on
the right side of the car. Since it was mounted on the side the
idea was that it would be possible see a difference in the AGC
level if a source was on the left or on the right side of the
car (if the interfered location was passed one time from each
direction).

The software logged the AGC from the SiGe front-end along
with the positions. When the system started it recorded AGC
for 10 seconds and used that as a baseline from which a lower
threshold was determined. The computer then signaled when
the AGC dropped below the threshold. This made it possible
for the driver to continue to drive in that area to determine if it

Fig. 5. Results of the position estimates

Fig. 6. AGC voltages in different at different times during one drive test

was something temporary or if there in fact was something that
transmitted in the GPS L1 band. During the drive the front-
end also recorded the raw IF signal so that the spectrum could
be analyzed afterwards, with focus on the locations were the
AGC was triggered. Figure 6 shows what the AGC value was
at different times of the drive. From this graph three possible
locations were identified and the first one was chosen as a
primary candidate because of the geographical location.

Figure 7 shows a Google Earth plot over the first period
of low AGC in figure 6, the red dots means that the AGC
is relatively low whereas green is the high/normal level and
yellow is in between.

After the drive one of the this detected location was chosen
for further analysis. The location was selected based on the
extent of the impact of the AGC, the amount of traffic in the
area and how easy it would be to deploy nodes.

To verify the interference a spectrum analyzer was bought
to the area and using a GPS L1 patch antenna a 200MHz wide
spectrum was collected at the location marked by a blue dot
in figure 8 and the spectrum can be seen in figure 8. What
is clear is that the interferer is both strong and wide band so
it should be a perfect source to try to locate using both cross
correlation as well as AGC.

V. LOCALIZATION OF URBAN INTERFERENCE

The selected location was next to a grocery store with a
large parking lot between the location with the suspected
interference and the actual store, thus reducing the multi
path from the building. The parking lot also simplified the
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Fig. 7. Zoomed in Google Earth plot over the area, the blue dot is where
the spectrum was taken

Fig. 8. 200MHz wide spectrum at the chosen site with interference

positioning of nodes since the it was easy to park a car with
the node in any location. On the other side of the suspected
location the placement of nodes was more difficult due to the
fact that it was a residential area with low (1-2 story) buildings
and trees that both limited the view of the sky and also could
become blockages/reflectors for the interference.

A. Data collection

Four stations was deployed and configured to start logging
both the AGC level as wellas the raw IF spectrum at a preset
time. One one issue with using an unknown source as a jammer
is that someone else has control over it so it is impossible to
know when it will be turned on or off and how strong it is.

Since the system relied on post processing to track and
acquire satellites it was impossible to know at the time of the
data collection if the stations were to close to the interference
so that the tracking would fail or if the acquisition and tracking
would work.

The stations was deployed according to figure 9

B. Estimation of the position

After the data collection was done the recorded data was
processed as discussed earlier by the SDR receiver to calculate
the position of each station before the data was down converted
to baseband and cross correlated. The results of the AGC
localization can be seen in figure 9. The position looks kind

Fig. 9. Locations of the deployed stations as well as the estimated location
of the interference

of strange at first but just a few meters away from the
position there is some kind of box in the ground next to the
sidewalk and it might be something inside that box that causes
intereference.

VI. CONCLUSION

It has been shown that it exist sources in an urban area that
can cause interference to GNSS systems. These sources can
be used to test and evaluate systems that are meant to detect
and localize interference. The result of one such test has been
presented. There are a few challenges with this approach e.g.
it impossible to predict the behavior of the source, type of RFI
and to know in advance exactly where the source is creating
extra challenges for the system under test.
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ABSTRACT
How does the GPS L1 spectrum look like at a commercial
airport? How frequently do radio frequency interference
(RFI) incidents occur? To answer this, the GPS L1/Galileo
E1 band was monitored at two different airports for an ex-
tended period of time. The monitor stations continuously

recorded the noise level using the automatic gain control
(AGC) in the frontend. Also, the raw intermediate fre-
quency (IF) signal was recorded at regular intervals as well
as when the AGC level dropped below a certain threshold.
In this paper the analysis of long-term measurements of the
spectrum and AGC level at Luleå Airport outside Luleå,
Sweden, and Kaohsiung International Airport in Kaohsi-
ung City, Taiwan, is presented. The results shows that RFI
incidents did occur at both airports, although more frequent
at Kaohsiung International Airport. The measurements also
show that the AGC level is useful in systems monitoring the
RFI environment. Importantly, the measured data could
be utilized for analyses toward the future introduction of
GBAS for civil aviation authorities.

2 INTRODUCTION
GNSS (Global Navigational Satellite Systems) is used more
and more in our society, but there are some locations where
the reliability is more critical than elsewhere. The question
is. Are there any potential interferers in those areas and if
so, how frequent are they? In this paper this question is
assessed by analysing the results of a GPS L1/Galileo E1
interference monitoring campaign that took place at two
airports during the summer of 2011.

There are a number of cases where GNSS interfer-
ence has been detected and localized. One well known case
occurred in Moss Landing, CA, US in 2001 [Vincent et al.,
2003]. This interference was caused by the preamplifier in
an active TV antenna that had unintentional transmissions
in the GPS L1 band creating a GNSS “denied” area with
a radius of up to 3 km (the US Coast Guard also wrote
an official warning about these antennas in [US, 2003]).
A more recent incident occurred at Newark Airport, NY,
US in Jan 2010, where one of the GBAS (ground based
augmentation system) GNSS receivers were occasionally
jammed, the investigation revealed that the jamming most
likely came from a truck on the nearby highway where
the trucker that had a low power GNSS jammer (possibly
to make it hard for the trucking company to see how and
where he drove) [Logan, 2010]. These two cases shows
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two potential threats to the use of GNSS - intentional and
unintentional interference.

Jammers are illegal in most countries but can be bought
online for a low cost and it is possible that they will be more
frequent in the future. The reason is that number of areas
where individuals are monitored using GNSS are expand-
ing. In some countries people can be sentenced to carry
a GPS transponder so that the police can be sure that the
convicts are where they are supposed to be (i.e. at work
or at home). More and more companies are installing GPS
transponders in their vehicles and there are also GPS based
road toll systems available [AG, 2008]. All this increases
the potential criminal benefit of owning a GNSS jammer
and therefore the need to assess potential threat so that
appropriate actions can be taken. This paper will present
the results of a GPS L1/Galileo E1 interference monitoring
campaign that took place at two airports during the summer
of 2011.

It has previously been shown that the automatic gain
control (AGC) can be used to measure the interference [Bastide
et al., 2003] and that wideband interference can be local-
ized using multiple independent frontends [Isoz et al., 2010].

A number of systems has been proposed that is capa-
ble of monitor an area for GNSS interference. One such
example was the GPS anomaly event monitor presented
in [van Graas et al., 2008], which is capable of monitor the
environment for a wide array of GNSS anomalies. Other
examples are the crowd-sourcing idea presented by L.Scott
where cellphones with GNSS receivers would be used as
sensors [Logan, 2010] and the generalized GPS interfer-
ence detection and localization (GIDL) system developed
by K.Gromov [Gromov et al., 2000] that used multiple fron-
tends that shared a common clock source.

The scope of the work presented here is only to mon-
itor the GNSS spectrum for changes in the power level that
can indicate the presence of a jammer using a low cost sys-
tem.

3 SYSTEM DESIGN
The monitoring station was built around a SiGe 4120 fron-
tend. Using a USB interface it is possible to record both
intermediate frequency (IF) data and automatic gain con-
trol (AGC) data. Each airport had a station that consisted
of a laptop, a frontend capable of sampling a 8 MHz wide
band centered around the GPS L1 frequency at a rate of
16.3676 MHz and a Novatel antenna were deployed. A
laptop runs software which records both the IF data as well
as information about the AGC from the frontend. The IF
data is temporarily stored in a circular buffer whereas the
AGC data is continuously saved to disk. In order to have
the system as sensitive as possible while reduce the num-
ber of false alarms the AGC trigger levels was set manually
after an initial period of AGC recordings.

When an anomaly occurs, the last 40 seconds and the
following 10 seconds of IF data is saved to disk in a times-

tamped file. If no RFI is detected 60 seconds of IF data is
saved after four hours. When the system has recorded an
anomaly IF file, it waits for five minutes before it is ready to
record a new IF file while continuing to record AGC sam-
ples. The reason for this is to avoid to filling the drive on
the computer with IF data if the interference continues to
trigger the system over an extended period of time. Using a
software defined GPS receiver (SDR) it was then possible
to see how the interference could affect the various parts of
a GPS receiver. It was also possible to calculate the spec-
trum of the recorded IF data and therefore get some insight
in how the interference behaved in the frequency domain.

3.1 Hardware
In order for a receiver with a multi bit analog to digital con-
verter (ADC) to extract maximum amount of information
from the received signal the analog gain has to be adjusted
to the received signal strength. For a signal that can be con-
sidered to be Gaussian white noise the maximum amount
of information can be extracted when the gain of the fron-
tend is adjusted so that the histogram of the samples have
a Gaussian shape. Therefore the AGC reading is effected
by everything before it in the receiver chain and changes
in AGC value might not always indicate a change in the
spectrum. One event could be if the gain of the low noise
amplifier (LNA) in the antenna changes due to variations in
temperature or supply voltage.

The idea behind the experiment presented in this pa-
per is that in order for something to be considered interfer-
ence it has to affect the GNSS receivers so that it will be
harder for them to acquire and or track satellites. The AGC
can be designed in many different ways and there are both
analog and digital implementations [Ward, 2007]. There-
fore it is not feasible to give theoretical predictions of how
the AGC of a specific receiver behaves for a certain type of
interference, unless the exact design is known.

3.2 Characterization of the AGC
Before the system was deployed a number of tests were
done in the lab in order to verify the functionality of the
AGC. The first test was to see if there are any differences
between individual frontends and how they react to various
levels of white noise.

Figure 1. Setup to determine the individual differences between
different frontends

This experiment was done using a signal generator
that was connected directly to the device under test (DUT)
via a DC-block, Fig. 1. For practical reasons the white
noise (AWGN) signal was simulated using a 256 QAM sig-
nal with random data and a symbol rate of 50 Msps, gen-
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erating a 50 MHz wide AWGN like signal and the shape
of the signal was verified using a spectrum analyzer. The
results can be seen in Fig. 2.

It is clear that there are differences between the fron-
tends and that each frontend has an active region of about
40dB. It should be noted that the graph shows the power
generated by the signal generator and not the power at the
antenna connector of the frontend.

Figure 2. Differences in AGC value between different frontends

Figure 3. Setup for the characterization of the AGC

A second experiment were done to measure how sen-
sitive the frontend was to added continuous wave (CW) sig-
nal and AWGN interference. To make sure that the receiver
worked within its intended range and did not receive any
unwanted interference a Novatel 702-GG antenna located
inside an anechoic chamber was used as a white noise gen-
erator. The antenna was powered using a DC power sup-
ply using a bias-T and was connected to the frontend via
a 2:1 splitter. The other port of the splitter was connected
to a signal generator capable of generating both carrier and
wideband signals at the GPS L1 frequency. A DC block
was placed on the input of the frontend to prevent it from
sending DC to the signal generator. The setup can be seen
in Fig. 3. But are the results from the SiGe valid for other
receivers as well? To answer this two other receivers were
connected to the setup used in the second experiment and
their version of AGC messages was recorded. It is clear that

Figure 4. Difference in AGC characteristics between different re-
ceivers

the SiGe responds similar to what the Novatel and Ublox
receivers when the receivers are exposed to wideband and
narrowband RFI. How the change in AGC corresponds to
changes in the receiver performance has not been tested.

4 DEPLOYMENT
Since the AGC level varies between different installations
only AGC data was recorded until the daily variations could
be determined. When the typical AGC levels was known
for either site two thresholds could be set one low threshold
that triggered the system when the ACG dropped for only
one sample (0.02s) and one slightly higher that triggered
the system once the AGC had been low for at-least five
samples (0.1sec) The AGC threshold had to be adjusted so
it would be sensitive enough to capture any interference
while not trigger too many times.

4.1 Luleå Airport - Sweden, ESPA or LLA
The first location where the system was deployed was at
Luleå Airport outside Luleå in northern Sweden. The coor-
dinates of the airport are 65◦ 32’ 57” north latitude and 22◦
07’ 24’ east WGS 84. It is a rather small airport with about
12900 landings and takeoffs and 900 k passengers in 2010.
The location is about 7 km from the city and about 13 km
from Luleå University of Technology. The system was de-
ployed in a building that is located outside the secure area
but close to the main entrance to the airport, the antenna is
approximately 130 m from the nearest airplane gate as can
be seen in Fig. 5.

Unfortunately it has only clear line of sight to a small
portion of the runway from the antenna, the rest of the view
is blocked by buildings that are slightly higher than the an-
tenna. The area between the main road to the airport and
the antenna consists mainly of fairly tall pine trees where
only the trunks are blocking the view.

A potential concern was a radio tower was located 10
m from the antenna. To determine if the tower had any ef-
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Figure 5. Location of the station at Luleå airport

Figure 6. View towards the main entrance to Luleå airport

fect on the system three datasets was taken, first one at the
university, then a second with the antenna on the ground in
front of the tower and finally when the system had been de-
ployed. When the three datasets was compared there was
no significant change in neither spectrum or AGC level, it
was then concluded that the radio tower did not have any
significant effect on the monitor system. After the initial
installation the system was started and ran autonomously.
The computer was connected to a broadband connection
and all transfer of data and control of the system was there-
fore done remotely.

4.2 Kaohsiung International Airport - Taiwan,
RCKH or KHH

The other location where the system was deployed at Kaoh-
siung International Airport in Kaohsiung City, Taiwan. The

Figure 7. View towards the runway at Luleå Airport

Figure 8. Location of the station at Kaohsiung international air-
port

coordinates of the airport are 22◦ 34’ 37” North latitude and
120◦ 21’ 1” East longitude. It is an air transportation hub
in southern Taiwan and is surrounded by several roads with
heavy traffic. The total aircraft movements in 2010 were
41 309 and the number of passengers was 4000k.

The system was deployed inside the airport restricted
area and close to the main runway of the airport. The No-
vAtel 701 antenna was installed on top of a four story build-
ing approximately 500 meters from the runway Fig. 8. It is
clear line of sight to the runway from the antenna at Kaoh-
siung International Airport Fig. 9 and also almost clear line
of sight to the provincial highway no 17 and the container
yard on the other side of the road as shown in Fig. 10

Figure 9. View from the antenna towards the terminal and run-
way at Kaohsiung international airport

Figure 10. View from the antenna towards one of the major roads
around Kaohsiung international airport
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The system was started and ran autonomously after
the initial setup was done. Also all transfer of data and con-
trol of the software could be done remotely using a broad-
band connection.

5 RESULTS
All AGC data that was collected at the stations until the
20th of Sept will be shown. Each individual plot shows the
recorded AGC data for a month, in order to show multiple
days of data in the same plot the values for each day have
been shifted upwards by 0.2 times the day of month when
the data was recorded. Both systems experienced a number
of interrupts in the data collection (shown as gaps).

5.1 Luleå Airport - Sweden
Data presented here was collected between 16th May and
20th September 2011 and the results are presented in Fig.
11,12,13,14 and 15. During this period only one major in-
terrupt occurred, which can be seen in Fig. 12. This was
caused by lack of available space on the hard drive in the
laptop. There are some minor interrupts that were caused
by scheduled software upgrades. At Luleå airport no se-
vere interference was observed until early September.

Figure 11. AGC during the month of May from Luleå Airport

The AGC dropped below the threshold a number of times
but only for short periods of time (< 0.1s) before it went
back to normal. When processed these drops in AGC could
be detected in the output from the SDR code as as very
short drops (in the order of a few ms) in the amplitude of
the prompt correlator.

In Fig. 14 and in Fig. 12 it can be seen that the AGC
becomes higher than normal for some time, this was prob-
ably caused by loss of power to the antenna. It is known
that the airport would upgrade some of the equipment in
the building where the station was located during the sum-
mer. Another thing that can be seen in the figure is that the
AGC varies slightly over the duration of the day and that
the variation is not constant between different days. The

Figure 12. AGC during the month of June from Luleå Airport

Figure 13. AGC during the month of July from Luleå Airport

exact reason for this has not been found and is under inves-
tigation.

5.2 Kaohsiung International Airport - Taiwan
Data presented here was collected between 1st of August
and 20th September 2011 Fig. 16 and Fig. 17. Fig 16
shows the collected AGC data at Kaohsiung International
Airport from Aug. 1st to 31st and Fig. 17 shows the AGC
from 1st to 20th September. Note that several AGC data
interruptions occurred due to the scheduled system mainte-
nance. In comparison with the collected AGC data at Luleå
airport, there are several noticeable variations of the AGC
data collected at KHH in each day.

Importantly, several significant interferences are ob-
served during the initial calibration phase. Unfortunately,
RFI record trigger scheme was not activated so that the sys-
tem did not collect any IF data during these events. The
fluctuation in AGC results in further investigation. Fig. 18
shows an example of the significant RFI at KHH on Aug.
9th, 2011. The figure is zoomed in around 1300 h in Fig.
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Figure 14. AGC during the month of August from Luleå Airport

Figure 15. AGC during the month of September from Luleå Air-
port

19. By studying the AGC values some features can be iden-
tified.

• The AGC patterns are similar and asymmetrical.

• The duration of each interference event is about 240
seconds and the AGC voltages dropped and raised
back to the nominal value gradually.

• The power of the interference drops significantly for
a short period of time, this could indicate that lone
of sight to the interference is temporarily blocked by
something.

Note that KHH is and surrounded by several major
roads and that it has heavy traffic nearby.

Fig. 20 shows the antenna surrounding the area at a
specific azimuth. There is a building (i.e. line-of-sight ob-
struction) at the roof between the antenna and the feeder
road of National Highway No. 1. As a result, the signal

Figure 16. AGC during the month of August from Kaohsiung
Airport

Figure 17. AGC during the month of September from Kaohsiung
Airport

transmitted from the highway is blocked for 47 degrees in
azimuth. Especially, the National Highway No. 1 branch
is a feeder road only for the trucks to the Kaohsiung har-
bor, where many trucks routinely pass by especially during
the working hours. Fig. 21 shows the orientation of the
antenna location, the feeder road, and the obstacle. As a re-
sult, the path way is blocked for a length of 540 meters. In
addition, the speed limitation of the National Highway No.
1 branch is less than 50 km/h (i.e., 13.6 m/s). Under the
speed limitation, the potential interferer would be blocked
from line of sight during a period of 40 seconds. This coin-
cides with the features of the interference events on August
9th, 2011, which can be seen by studying Fig. 19 Given
this it is plausible that the interference came from the road,
although this is just one theory and it is not possible to say
conclusively if it is the correct one.
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Figure 18. Heavy RFI in Kaohsiung on the 9th of Aug

Figure 19. Zoomed view of one times when it was heavy RFI in
Kaohsiung on the 9th of Aug

5.3 Spectrum
After the systems were deployed a number of the IF files
from each site was processed using a MATLAB based soft-
ware defined GPS receiver in order to verify that there was
no continuous interference on the sites.

5.4 AGC Sample Statistics at Luleå and Kaohsiung
Airports

Each system triggered a number of times during the mea-
surement campaign. Two triggers was used, one that re-
acted when the AGC went below a certain value for 0.02sec
or more Tab. 2, 4 and one higher that reacted when the

Figure 20. The antenna surrounding at a specific azimuth has a
building

Figure 21. The orientation of the antenna location, National High
Way No.1, and the obstacle

AGC went below a higher threshold for at least 0.1second
Tab. 1, Tab 3. Each of these triggers will be presented in a
separate table and histogram will be shown for the triggers
that caused the AGC to go low for at least 0.1sec. If Tab. 4
is compared to eg Fig. 19 it is clear that although the max
duration of the interference was about 50 s the total time
when the station received interference was closer to 130 s.
The reason for this discrepancy is that the received signal
level fluctuates and passes the trigger threshold a number of
times, although the fluctuations can be seen as an increase
in the number of triggers.

LLA
May June July Aug Sept

Max Duration(s) 0.205 0 4.98 0.205 83.6
Min Duration(s) 0.205 0 0.102 0.102 0.102

Median Duration(s) 0.205 0 0.163 0.133 0.235
Mean Duration(s) 0.205 0 0.265 0.143 2.84

Total number of
triggers below
threshold

1 0 108 4 90

Average number
of triggers/day 0.09 0 3.50 0.33 4.79

Table 1. Collected AGC Sample Statistics, triggers at least 0.1 s
below the high threshold at LLA

LLA
May June July Aug Sept

Max Duration(s) 0.061 0.020 4.18 0.061 47.3
Min Duration(s) 0.020 0.020 0.020 0.020 0.020

Median Duration(s) 0.020 0.020 0.020 0.020 0.020
Mean Duration(s) 0.022 0.020 0.072 0.023 0.574

Total number of
triggers below
threshold

45 32 194 66 251

Average number
of triggers/day 3.90 1.07 6.28 2.13 13.1

Table 2. Collected AGC Sample Statistics, triggers at least 0.02 s
below the high threshold at LLA

One thing that should be noted about Fig.23 and Fig.26
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KHH
Aug Sept

Max Duration(s) 51.3 1.74
Min Duration(s) 0.102 0.102

Median Duration(s) 0.163 0.143
Mean Duration(s) 0.394 0.285

Total number of triggers
below threshold 3628 20

Average number of
triggers/day 117 1.05

Table 3. Collected AGC Sample Statistics from KHH, triggers at
least 0.1 s below the high threshold at KHH

KHH
Aug Sept

Max Duration(s) 42.9 0.775
Min Duration(s) 0.020 0.020

Median Duration(s) 0.041 0.020
Mean Duration(s) 0.109 0.048

Total number of triggers
below threshold 13306 123

Average number of
triggers/day 431 6.46

Table 4. Collected AGC Sample Statistics from KHH, triggers at
least 0.02 s below the low threshold at KHH

is that the AGC and the IF files can only be automatically
aligned to within one second due to limitations in how the
files are named.

5.5 Analysis of one interference detection at LLA
On the 19th of September the system at LLA was trig-
gered. Analysis of the AGC data revealed that the system
received higher than normal signal levels for about 35 sec-
onds. Unfortunately the system was configured so that it
only recorded 10 s of IF data after it was triggered so it
is not possible to analyse the full duration of the incident.
Fig 24 shows that the RFI was a narrowband source that
was not very stable in its frequency. This signals were ob-
served a number of times at both airports. The approximate
time the AGC was triggered is marked in the spectrogram
with a black line, it can be seen that the spectrum has some
dark horizontal lines, when the spectrum is looked at from
another direction it can be seen that there is an significant
increase in the power of the signal around 7500 kHz It can
also be seen that the spectrum is compressed about 40 sec-
onds in to the file (the darker horizontal line)

5.6 Analysis of one interference detection at KHH
An RFI detection that had similar characteristics as those
described in the section where only AGC data was recorded
occurred on the 11th of Sept at KHH. In the AGC plot Fig.
25 it can be seen that in this case the AGC first dropped then
went back up before it went down. In this case the inter-

Figure 22. AGC data on the 19th September from LLA

ference caused the AGC to only drop during about 2 s. But
as can be seen in Fig. 26 the interference is strong enough
to cause the C/N0 to drop to around 30 and causing loss
of lock in the SDR used here. When the spectrogram is ob-
served it is clear that there is some narrowband interference
that initially has a low enough power so that it does not ini-
tially affect the AGC although a minor change in AGC can
be seen around sample 250 in Fig. 25.

It can be seen in Fig 25 that the received signal power
increased during at least 10 s. In Fig 26 it can be seen that
both the C/N0 value ans well as the correlator output was
impacted significantly.

5.7 AGC as a RFI monitor
Since no receiver was in parallel to the AGC collection it is
impossible to say if the AGC failed to detect anything that
could have caused a receiver tracking issues. But what can
be clear is that the AGC triggered at many times when it
was no visible change in the spectrum and sometimes the
changes in AGC did correspond to a very short drop in the
strength of the tracking results. It is also clear that it was
not overly sensitive to narrowband RFI, although this was
expected since a narrow band CW tone does not add much
energy to the spectrum and GNSS signals are resilient ver-
sus narrowband interference due to the use of code division
multiple access (CDMA) coding.

6 CONCLUSIONS AND FUTURE WORK
In this paper a low-cost GPS L1 RFI monitor system has
been presented. Currently, the system has been deployed
at Luleå Airport in Sweden and Kaohsiung International
Airport in Taiwan to monitor the GPS L1 band in the area
around the two airports. As a result, a number of RFI inci-
dents of varying durations were observed at both airports.
Especially incidents at KHH seem to correspond to traffic
flow/hours. The experiment results show the effectiveness
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Figure 23. A summary of how the SDR code was affected by the interference on the 19th September at LLA

Figure 24. Spectrogram over the analyzed IF file from LLA, the
approximate time for AGC detection is marked by the
black line

of the proposed method on interference monitoring. In the
near future, the system could be adapted to perform local-
ization [Isoz et al., 2010], [Lindstrom et al., 2007]

Figure 25. AGC data on the 11th September from KHH
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Figure 26. A summary of how the SDR code was affected by the interference on the 11th September at KHH

Figure 27. Spectrogram over the analyzed IF file from KHH, the
approximate time for AGC detection is marked by the
black line
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[1] It is well known that terrestrial GPS/Global Navigation Satellite Systems (GNSS)
receivers are vulnerable and have suffered from intentional and unintentional interference
sources. Unfortunately, space-based GPS/GNSS receivers are not exempt from radio
frequency interference originating from the Earth. This paper explores data recorded by
the GNSS Receiver for Atmospheric Sounding (GRAS) instrument onboard MetOp-A in
September 2007, which is assumed to be representative of the typical environment for
GPS/GNSS instrumentation in LEO orbit. Within these data it is possible to detect both
pulsed interference and variations in the background noise. One plausible source of the
pulsed interference is identified. We also show that neither the pulsed interference nor the
variations in the background noise degrades the performance of the higher level products
from GRAS.
Citation: Isoz, O., S. A. Buehler, K. Kinch, M. Bonnedal, and D. M. Akos (2014), Interference from terrestrial sources and its
impact on the GRAS GPS radio occultation receiver, Radio Sci., 49, 1–6, doi:10.1002/2013RS005243.

1. Introduction
[2] It is well known that ground-based Global Naviga-

tion Satellite Systems (GNSS) receivers are vulnerable to
both intentional and unintentional interference [Navigation
Team AJP-652, 2011; Carroll, 2001]. Severe ground inter-
ference has also been observed in data from the GNSS radio
occulation (RO) receiver onboard the MetOp-A satellite,
[Bonnedal et al., 2010]. It is also known that other space-
based instruments operating in the L-band such as the ESA’s
Soil Moisture and Ocean Salinity (SMOS) mission have had
issues with ground-based interference [Skou et al., 2008,
2010]. The SMOS mission, which operates in the frequency
range of 1403–1423 MHz, initially experienced a significant
amount of interference from ground-based sources [Skou
et al., 2010], but after a collaboration between European
Space Agency and local authorities, the interference was
significantly reduced [European Space Agency, 2010].
SMOS is particularly sensitive to ground-based interference
since it measures thermal radiation from the Earth. This
shows that in some cases, ground-based transmitters can be
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a problem for space-based instruments even if the frequen-
cies used by the particular instrument are supposed to be
interference free.

[3] Another problem for high accuracy space-based
receivers is that the L2 frequency band is shared between
GNSS and radio location systems.

[4] These radio location systems are often used to detect
targets at long range and is therefore using a high power
transmitters (e.g., the U.S. ARSR-4 aviation radar has a peak
power of 65 kW and can detect target at a range of 460 km
[Istok et al., 2009]).

[5] This paper uses data from the GRAS (GNSS Receiver
for Atmospheric Sounding) radio occultation receiver on the
polar orbiting MetOp satellite series [Bonnedal et al., 2010].
We have used two methods to characterize the interference
received by GRAS. Both methods focus on the received
raw signal instead of the derived high level data products
in order to extract as much information about the source
as possible. The first method is based on the receiver’s
measurement of the background noise. Since the received
GNSS signals usually are below the thermal noise floor for
an Earth-based receiver with hemispherical antenna, most
receivers adjust the gain/attenuation in the analog parts of
the receiver to the variations of background noise [Kaplan
and Hegarty, 2006; Bastide et al., 2003]. In Borowski et al.
[2012], it was proposed to use this kind of measurement for
the detection of false GNSS transmitters. This type of mea-
surement can be used to localize where the receiver detects
signals significantly stronger then the average background
noise and further assesses any impact on the radio occulta-
tion data products. The main drawback with this method is
that it only measures the received signal power, and there-
fore, it is not possible to determine if the signal is narrow or
wide band.
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Figure 1. Mean of the NPD for the L2 rising receiver chan-
nels. Each dot has been moved 1700 km in the direction of
the antenna.

[6] The other method is focused on determining the type
of interference from the sampled 1 kHz open loop data. It
has previously been shown that these data sometimes contain
pulsed interference [Bonnedal, 2010].

[7] However, the amount of interference or the impact on
the final products has not been assessed in detail.

[8] This paper is based on GRAS data from 1 to 19
October 2007 and is assumed to be representative for
the nominal environment. The data was retrieved from
European Organisation for the Exploitation of Meteorologi-
cal Satellites (EUMETSAT)/Radio Occultation Meteorology
Satellite Application Facility (ROM SAF) during the sum-
mer of 2012. The data was processed from level L0r to L1a
and L1b using the GRAS processing software prototype,
YAROS version 0.8.4.dev. Preprocessed (O-B)/B values for
the same time period were received from the Radio Occulta-
tion Meteorology Satellite Application Facility (ROM SAF).

2. GRAS Radio Occulting Receiver
[9] GRAS is a 12 channel L1/L2 GPS receiver designed

to work both for orbit determination and tracking of occult-
ing GPS satellites. The receiver’s 12 channels are divided
into three receiver chains. One receiver chain is used for
navigation and has eight channels, this receiver chain is con-
nected to a two element antenna mounted on the backside
of the satellite that faces away from Earth. The two other
receiver chains have two channels each and they are used
to track occulting GPS satellites. One of the two chains
used for receiving occulting satellites is connected to an 18
element antenna with a fixed radiation pattern that looks for-
ward in the flight direction of the satellite whereas the other
occulting receiver chain is connected to a second 18 element
antenna that is directed aft, in the antiflight direction.

[10] Both antennas for occulting satellites have beams
that are focused toward the horizon of the Earth with an
azimuthal beam width of ˙55ı. The antenna for naviga-
tion is a two-element antenna with an antenna pattern that
is directed away from the Earth with a gain of 7 dBi in
zenith and with less then –10 dBi gain toward the Earth’s
horizon. Radio signals from Earth are also partly obscured
by the satellite body. The receiver is capable of both L1/L2
semicodeless and L1 C/A tracking. The decorrelated GPS
signal is sampled at 50 Hz when the receiver tracks satel-
lites at high altitude using closed loop tracking. When the

tangent altitude of the straight line path between the occult-
ing GPS satellite and GRAS decreases, the signal will
become weaker, and eventually, the closed loop tracking will
fail. When the L2 tracking fails in setting or before the L2
signal acquisition starts in rising, one channel is used for
open loop L1 tracking at 1 kHz, often in parallel with the
closed loop tracking [Bonnedal et al., 2010].

3. Background Noise Measurements
[11] The background noise measurement is essentially

the integrated signal power received by the antenna from
all directions at all frequencies that passes through the
receiver’s bandpass filter over some time interval. In the
GRAS receiver this measurement is taken over a 20 MHz
bandwidth. Due to the antenna pattern, the signal will have a
direction-dependent gain/attenuation. The occulting antenna
has a maximum gain of 11 dBi; in nadir, the gain is about
–25 dBi; and 90ı azimuth, it is about 0 dBi.

[12] A map with approximate interference locations was
presented in Bonnedal et al. [2010], where GRAS had expe-
rienced an increase of the noise power density of at least
2 dB. The map indicated that there are fairly large areas in
the Northern Hemisphere where the background noise power
density is increased.

[13] GRAS continuously saves information about the state
of the receiver in a number of observables [Saab Ericsson
Space, 2004]. The rate at which these are saved varies
between 1 Hz for some of the gain stages to 1 kHz for the
variables associated with the raw sampling mode. Figure 1
shows a map similar to the one presented in Bonnedal et al.
[2010], where data from the same month was analyzed.

[14] The main difference is that each dot shows the mean
value of all measurements during 1 s from all receiver chan-
nels connected to the specific antenna. The exact number of
values averaged for each dot varies but is approximately 3
samples per active navigation channel and 50 samples per
active occulting channel (gives usually about 20–50 sam-
ples per dot), whereas in Bonnedal et al. [2010], one dot was
made for each occultation with at least 2 dB increased noise.
Each value has been been plotted at a location that is 1700
km from the subsatellite point in the direction of the antenna.

[15] This point should represent the center of the wide
occultation antenna beam. The 1700 km shift was deter-
mined manually by comparing the ground patterns from
north and south bound tracks given by data from the forward
and aft RO antennas.

Figure 2. Mean of the noise power density for the L2
navigation receiver channels.
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Figure 3. Standard deviation of the noise power density for
the L2 rising receiver channels. Each dot has been moved
1700 km in the direction of the antenna.

[16] Figure 1 shows how the estimated noise power den-
sity received by the L2 raising antenna varies over the
world. Only L2 has been plotted here but similar plots
can be made for the data from L1+L2 and L1 as well as
for the other antennas. Figure 1 indicates that the back-
ground noise increases by up to 6–8 dB in some populated
areas. For the navigation data, shown in Figure 2 where
the data values has been plotted with zero offset from
the satellite position, there is only a slight increase in the
noise of about 2 dB between the Kamchatka peninsula and
eastern Russia.

[17] Figure 3 shows the standard deviation of the noise
power density of the L2 rising channel.

[18] Both the mean and standard deviation are based on
1 s of data for all channels connected to the specific antenna.

[19] It is significantly higher for the measurements located
in eastern Asia compared to the measurements located in the
Southern Hemisphere. The increase in the standard devia-
tion in the navigation channel (Figure 4) is fairly consistent
with where the standard deviation of the rising channels
were highest (Figure 3). It seems that whatever causes the
increased background noise in eastern Asia impacts both the
RO and navigational channels of the GRAS receiver. Since
the mean of the noise power density for the navigational
channels only increases by about 1 dB but the standard devi-
ation of the noise power density increases by as much as 20
dB, it seems that this interference source has low average
power but strong pulses, such as a long range radar. Since
GRAS uses a common analog gain stage for both L1 and
L2, it is not possible to determine if the transmitter is L1
and/or L2, although L2 is the most likely since it is shared
between radio-based navigation and radio-based localization
[Electronic Communications Committee, 2013].

4. Pulsed Interference
[20] When the occulting satellite becomes too weak or too

dynamic for the closed loop tracking to work, GRAS will
track the L1 signal with an open loop architecture with a 1
kHz sampling of the resulting I/Q data. If the sampled I/Q
data is plotted in a spectrogram, it is sometimes possible to
see many different features in the received signal.

[21] These features can be ground reflections of the
tracked GPS satellite, other GPS satellites (caused by imper-
fect orthogonality of in the GPS C/A code), and/or pulsed

transmitters [Bonnedal, 2010]. After some initial manual
analysis of the spectrograms, a script was written that could
automatically determine if the I/Q data contained pulsed
interference. It was determined that the data only contained
two types of pulsed interference, one with a low pulse repe-
tition frequency (PRF) of about 30 Hz and one with a higher
PRF of about 210 Hz. All available occultations were ana-
lyzed and it was found that 561 of the 12479 or about 4.5%
of the occultations contained pulsed interference.

[22] By plotting the positions of the occultations with
pulsed interference and further separating them into ris-
ing/setting, it can be seen that the occultations with the
higher PRF were recorded when MetOp-A was over east-
ern China (Figure 5) whereas the occultations with the lower
PRF were recorded over a larger area and slightly further
east (Figure 6).

[23] Since the typical radars operating on the L-band are
long range, it is likely that their antenna beams are focused
at a fairly low elevation angle. Therefore, it is reasonable to
assume that the source(s) of the transmission with low PRF
seen in Figure 6 and the high PRF seen in Figure 5 will be
outside the area where the interference was received. One
possible source of one of the radar signatures is the long-
range radar located at Shemya Island, Alaska, USA that has
a beam directed toward North West [Chorman, 2008]. When
the locations of the raised noise in Figure 4 is compared to
the antenna pattern of the radar, it becomes even more likely
that it is one of the sources for the pulsed interference.

[24] For many of the occultations with pulsed interfer-
ence, the noise power density varied rapidly about 1–2 dB
during the recording of the occultation. The same amount
of variation could also be seen in some of the occultations
where only the occulting satellite could be seen, although the
variations were at a much lower rate in these cases.

5. Impact on the GRAS Radio
Occulation Products

[25] One method often used to validate radio occultation
data is to compare the retrieved profiles with global circula-
tion data from weather centers such as the European Center
for Medium-Range Weather Forecasts (ECMWF). These
centers assimilate the data from a wide range of sensors.

[26] By retrieving the forecasts where the GRAS obser-
vations have not yet been assimilated and then interpolating
and forward modeling them to generate predicted bending

Figure 4. Standard deviation of the noise power density
for the L2 navigation receiver channels.
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Figure 5. Locations where MetOp-A was when it recorded
occultations containing pulsed interference with a PRF of
approximately 210 Hz. (top) Forward antenna (rising occul-
tations) and (bottom) rear antenna (setting occultations) are
shown. Blue triangles show occultations received when the
satellite was heading south whereas yellow pyramids show
occultations received when the satellite was heading north.

angles, it is possible to do a statistical quality measurement
of the retrieved bending angles. These comparisons are
called (Observation - Background)/Background or (O-
B)/B values, where observation refers to the RO mea-
surement and background is the profile predicted by the
model. Given all the variations in the background noise
and the pulsed interference, one might suspect that there
could be areas where the accuracy of the measurements
is decreased.

[27] ROM SAF employs two quality scores in order to
identify and remove low-quality occultations. The two qual-
ity scores are called L2 quality score (L2) and statistical
optimization quality score (SO). These were originally intro-
duced by in Gorbunov et al. [2006, 2011] and run from zero
to infinity with high values representing problematic data
or data of low quality. A histogram of all occultations that
passed the ROM SAF quality control can be seen in Figure 7.

[28] The thresholds employed here to distinguish between
“good” and “bad” occultations are 40 for the L2 score and 30
for the SO score. These threshold values retain the majority

of occultations in the main bulge of the distribution while
removing the long tail of problematic cases.

[29] The black lines show the mean (O-B)/B and ˙1
standard deviation of the (O-B)/B values for the profiles
that passed the quality control. The sharp change in stan-
dard deviation at 25 km is a known artifact introduced
in the processing by a change in smoothing parameters at
this altitude.

[30] The 462 of the 546 or about 85% of occultations
with pulsed interference passed the quality control. This can
be compared to the ratio for all occultations in the data set
used in this paper, where about 83% of the occultations
passed the ROM SAF quality control. The histogram for the
occultations with pulsed interference is shown in Figure 8.

[31] The black lines show the mean (O-B)/B and ˙1 stan-
dard deviation of the (O-B)/B values for the profiles with
pulsed interference that passed the quality control. The his-
togram is very similar to the histogram calculated for all
occultations Figure 7. Although the number of occultations

Figure 6. Locations where MetOp-A was when it recorded
occultations containing pulsed interference with a PRF
of approximately 30 Hz. (top) Forward antenna rising
occultations) and (bottom) the rear antenna (setting occulta-
tions) are shown. Blue triangles show occultations received
when the satellite was heading south whereas yellow pyra-
mids show occultations received when the satellite was
heading north.
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Figure 7. Histogram over bending angle (O-B)/B for
occultations that passed the ROM SAF quality control.

plotted here are only 462, based on these numbers, there
seems to be no significant difference between the occulta-
tions that contain pulsed interference and those that do not
contain any significant pulsed interference.

[32] Since the ratio of occultations that pass the QC is sim-
ilar for both occultations that contain pulsed interference and
for those that does not contain any significant pulsed inter-
ference, it indicates that pulsed interference does not degrade
the performance of the GRAS instrument.

[33] Figure 9 shows a map with the SO quality score
for those occultations that had a SO score over 30 and/or
L2 quality score over 40. As can be seen, the bulk of
occultations with a large SO and/or L2 quality score is
fairly evenly spread around the world mainly between 50ıN
and 50ıS.

[34] The tracked signal becomes weaker and harder to
track due to an increase in the variations of the refractivity

Figure 8. Histogram over bending angle (O-B)/B for
occultations that contained pulsed interference and passed
the ROM SAF quality control.

Figure 9. Location of the occultations that failed the qual-
ity control, the color shows the Log 10(L2 quality score).

index of the atmosphere at lower altitude. These variations
in refractivity can cause both atmospheric multipath and
attenuation of the signal. It is also sometimes possible to
receive GPS signals that have been reflected off the ground.

[35] Given the existence of raised noise floor and pulsed
interference, one might assume that there are areas where the
mean L2 quality score is consistently higher relative to other
areas. In Figure 10, the gridded mean of the L2 quality score
for all occultations has been plotted. The mean is based on
all occultations that occurred in an area with the size of 10ı

in east/west and 10ı in north/south. For clarity, the values
above 2000 is shown as being 2000.

[36] Figure 10 has similar pattern as the previous Figure 9,
where the mean L2 quality score is slightly higher close to
the equator compared to L2 quality score for occultations
further north/south. Therefore, based on the data presented
here, it does not seem that ground-based interference causes
any degradation in either L2 performance or how far down
in the atmosphere GRAS can track the GPS satellites.

6. Impact on the GRAS Navigation Receiver
[37] Even if the pulsed interference is easily detected

by the increased noise in the navigational receiver chain
(Figures 2 and 4), no impact on the C/N0 can be detected
when the satellite flies over those areas.

Figure 10. Gridded mean of the L2 quality score based on
a 10 � 10ı grid size.
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[38] We assume that this is primarily due to the archi-
tecture of the GRAS signal tracking, its ability to recover
quickly after pulsed interference has saturated the first stage
amplifier and the fact that the retrieval signal processing is
very frequency selective. Also, the GPS signal is known to
be robust against pulsed interference.

[39] But it raises an important issue, powerful transmitters
might have the potential to degrade the performance of orbit
determination receivers using the L2 frequency on satellites
in low Earth orbit.

[40] Although as a result of the high velocity of the satel-
lite and the curvature of the Earth, the impact would be
limited to certain parts of the satellite orbit.

[41] In this case the combination of the short geographic
proximity, the pulsed nature of the interference, and the
GRAS processing did not result in degraded performance in
the navigation measurements.

7. Conclusion
[42] GRAS data from October 2007 have been analyzed

to determine the amount and types of ground-based inter-
ference. Due to the wealth of low level information in
the GRAS data products, it was possible to do a detailed
analysis of the interference. Two types of pulsed inter-
ference were detected and the approximate location of
one source was estimated. It was shown that there is a
raised noise floor when the MetOp satellite is passing cer-
tain areas of the world and the GRAS occultation antenna
is pointing toward these locations. Nevertheless, it was
not possible to see any spatial variations in the degrada-
tion of the higher level GRAS products that correlated
with the location of either raised noise floor or ground-
based transmitters. Therefore, we conclude that, based on
the analyzed data, the ground-based interference observed
in this data does not seem to degrade the performance
of GRAS.
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Abstract This is a study of the usefulness of radio occultation (RO) data for intercomparing different

microwave temperature (MWT) sounding instruments. The RO data used are from the Global Navigational

Satellite System Receiver for Atmospheric Sounding on the Metop-A and B satellites. The MWT sounders

investigated are the Advanced Microwave Sounding Unit-A instruments on the satellites NOAA 15, 16,

and 18 and Metop-A. We collocate RO and MWT data and then use these collocations to study various

aspects of the MWT instruments. In addition, two different versions of the MWT data are compared: standard

operational data (OPR) and the NOAA Integrated Microwave Intercalibration Approach data (IMICA). The

time series of monthly mean differences shows that there are robust patterns for each satellite and data

version, which mostly drift only slowly over time. The intersatellite spread, measured by the standard

deviation of the yearly mean values by all satellites, is between 0.1 and 0.4 K, depending on channel, with

no significant differences between OPR and IMICA data. The only notable exception is Channel 8 of NOAA

16, which appears to have a time-varying offset of 0.5–1 K relative to the other instruments. At this point

it is not clear whether this deviation is real or a sampling artifact, so further study is needed. Due to the

large number of collocations used, it is possible to also investigate the scene brightness and scan angle

dependence of the MWT bias (relative to RO). First results of such an analysis are presented and discussed.

Particularly, the investigation of the scan angle dependence is novel, since this bias pattern is difficult to

assess without RO data. Further work is needed on these angular dependences, before conclusions are

robust enough to include in data recalibration efforts, but our overall conclusion is that RO collocations are

a powerful tool for intercomparing MWT sounders.

1. Introduction

There are different techniques to measure the temperature in the atmosphere as a function of altitude above

ground. Some methods, such as radiosondes, measure the temperature in situ, while other sensors apply

remote sensing. Radio occultation (RO) is an active technique that uses the signal from the Global Naviga-

tional Satellite System (GNSS) satellites to estimate the bending of the signal path caused by the atmosphere.

The bending profile can be converted to a temperature profile with a high vertical resolution [Jin et al.,

2014]. RO instruments referred to in this article are the GNSS Receiver for Atmospheric Sounding (GRAS)

and the RO instrument on the Constellation Observing System for Meteorology, Ionosphere, and Climate

(COSMIC) satellites.

A more traditional alternative to RO measurements are passive observations at various wavelengths. In this

article, we focus on themicrowave spectral range and in particular the AdvancedMicrowave SoundingUnit-A

(AMSU-A) family of instruments. They measure the emission frommainly oxygen in various frequency bands

corresponding to different atmospheric pressure levels.

Each of these methods has its strengths and weaknesses. RO uses continuously monitored transmitters, and

the receiver can be continuously calibrated using signals from other GPS satellites that do not propagate

through the atmosphere [Jin et al., 2014, section 6.2.4]. This significantly reduces instrument-specific biases,

and RO receivers are often considered to be “self-calibrated.” But since RO only can perform a measurement

when the signal path between a GPS satellite and the receiver passes through the atmosphere, the number

of soundings is limited to approximately 600 per day and receiver [Jin et al., 2014, Table 5.2]. AMSU-A, on the

other hand,measures thermal emission from the atmosphere,making it possible tomeasure the atmospheric

temperature continuously independent of other instruments.
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It is well known that measurements from passive instruments can be impacted by a number of factors. These

include bias from radiation reflected off the spacecraft (causing a scan-related bias) [Buehler et al., 2005], drift

in the receiver oscillator [Lu and Bell, 2013], and other biases such as differences between the antennas on the

different satellites and instrument-specific nonlinearities [Zou et al., 2006; Zou andWang, 2011]. The indepen-

dence from other instruments means that the quality of the measurements will be highly dependent on the

instrument itself and its unique characteristics [e.g., Zou andWang, 2011; Qin et al., 2012; Doherty et al., 2012;

Lu and Bell, 2013]. Therefore, a number of authors have suggestedmethods to intercompare and correct data

from different AMSU-A sensors [e.g.,Mo, 2011; Zou andWang, 2011; Doherty et al., 2012].

A particularly promising method is to use the aforementioned RO as a reference. One reason for this is the

high consistency between different RO sensors [Foelsche et al., 2011a]. Hence, a number of papers comparing

RO with different passive sensors have been published. For example, Schrøder et al. [2003] applied the ver-

tical weighting function for MSU Channel 4 to RO data and used the simulated brightness temperatures to

create zonal means; these were then used to estimate the accuracy of MSU Channel 4 brightness tempera-

tures.Ho et al. [2009] used “dry” RO profiles from the COSMIC satellites [Anthes et al., 2008] to create simulated

brightness temperatures for AMSU-A Channels 8–10; these were then compared with collocated AMSU-A

measurements from NOAA 15, 16, and 18. Dry RO profiles contains no information about the water content

of the air; therefore, they will underestimate the temperature at low altitudes.

He et al. [2014] compared NOAA operational and NOAA Integrated Microwave Intercalibration Approach

(IMICA) AMSU-A observations with simulated AMSU-A Channel 9 brightness temperatures based on RO data

from the COSMIC satellites. Ho et al. [2009] and He et al. [2014] only used scan angles within 15∘ of nadir
and treated all soundings to be at nadir. Steiner et al. [2007, 2009] compared RO monthly climatologies with

MSU/AMSU-A data. Ladstädter [2011] compared the AMSU-A instrument on boardMetop-A to European Cen-

tre for Medium-Range Weather Forecasts (ECMWF) model data and to both wet and dry GRAS RO profiles,

and Ladstädter et al. [2011] compared global temperature records based on AMSU-A, RO, and radiosondes.

Chen and Zou [2014] did an extensive comparison between COSMIC-RO and AMSU-A Channels 5–11 on

board NOAA 18 and estimated a new set of AMSU-A calibration factors. Last but not least, Zou et al. [2014]

compared RO and the successor to AMSU-A, the Advanced Technology Microwave Sounder (ATMS). They

compared ATMS data, collected during clear-sky conditions between 60∘N and 60∘S, with collocated GPS

ROmeasurements.

This study employs the same basic methodology as most earlier comparisons: RO temperature profiles are

used to simulate AMSU-A observations with a radiative transfer software. However, in contrast tomost earlier

comparisons, a full simulation is performed for each collocation and the complete scan range of AMSU-A is

considered. This allows us to consider not only the basic difference between AMSU-A sensors but also how

brightness temperature biases vary as a function of scan position and scene brightness, for each individual

instrument. Hence, the ambition is to show that comparison with RO data allows to disentangle the contri-

bution of different sources of brightness temperature biases. Another novel aspect is that this paper uses the

GRAS instrument on Metop as the source of RO data instead of the RO receivers on board the COSMIC satel-

lite series. GRAS has been reported to have a lower bending angle noise than COSMIC [Foelsche et al., 2011a]

and has been shown to have a lower standard deviation for measurements above 38 km altitude [von Engeln

et al., 2011].

Only AMSU-A Channels 8–13 are considered, since these channels are mainly sensitive to the altitude range

where RO has the highest retrieval accuracy for temperature. Unfortunately, it is not possible to derive biases

in an exact absolute sense. This as the methodology involves radiative transfer simulations, and there exist

significant uncertainties around the spectroscopy of oxygen in the frequency range of concern. This results in

systematic errors in simulated brightness temperatures, implying that primarily relative biases can be derived.

The application on AMSU-A is only an example, the approach presented can equally well be applied on

channels of other satellite temperature sounders targeting the lower stratosphere.

The paper starts by describing the two instrument series used in this study and how the collocations were

done. Then the selected RO data are used to create simulated AMSU-A measurements, and these are com-

pared to collocated actual AMSU-Ameasurements fromseveral viewpoints, such asmonthlymeandifferences

and variationswith scan angle and brightness temperature. Furthermore, the impact of two different antenna

correction schemeson theAMSU-Ameasurements is shown. At the endof thepaper, our results are compared

to other studies before conclusions are drawn.
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Figure 1. An overview over the channels of the AMSU-A sensor. (left) The position of the frequency passbands of each

channel, on top of a simulated (monochromatic) spectrum. (right) The temperature Jacobians. The simulations are for

nadir viewing angle and a subarctic winter atmospheric scenario.

2. Data and Method

By comparing the time and location for all available GRAS ROprofiles with all AMSU-A data of the time period,

a set of collocated measurements between the different instruments was extracted. After the extraction of

the collocations, an atmospheric radiative simulator was used to simulate AMSU-A brightness temperatures

based on the GRAS RO profiles. Bias estimates were obtained by comparing simulated AMSU-A brightness

temperatures with collocated operational and recalibrated AMSU-A measurements.

2.1. The AMSU-A Instrument
Advanced Microwave Sounding Unit-A (AMSU-A) is a 15-channel microwave radiometer that has been used

on both NOAA and European Organisation for the Exploitation of Meteorological Satellites polar orbiting

satellites since 1998. The instrument measures emission from the Earth and the atmosphere at frequencies

between 23.8 and 89 GHz, in a cross-track scan pattern with 30 steps covering a total swath width of about

2200 km. Figure 1 shows the frequency position and the altitude sensitivity of the channels. As can be seen

in the figure, Channels 1–7 and 15 are to various degrees sensitive to emissions from the ground and are

therefore unsuitable to be intercompared using the method in this paper. Channel 14 is located above the

part of the atmosphere where the pressure is high enough to cause a significant bending of the signal used

for RO. Therefore, this work is only analyzing the relative biases for Channels 8 to 13. These channels estimate

atmospheric temperatures by measuring the emission at different pressure levels in the 57 GHz O2 band. The

standard operational calibration for AMSU-A is described in Robel et al. [2009].

2.2. AMSU-A Data Versions
Twodifferent AMSU-A products are used in this paper: theNOAAoperational L1c data (referred to asOPR) and

the NOAA Integrated Microwave Intercalibration Approach data (IMICA), described in Zou and Wang [2013].

The IMICA data constitute the NOAA fundamental climate data record for AMSU-A and use an algorithm

where the AMSU-A data are intercalibrated using simultaneous nadir overpasses (SNO) [Zou et al., 2006; Zou

andWang, 2011] in order to reduce the intersatellite errors between different AMSU-A instruments.
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2.3. RO-GRAS
Currently, there are a number of different RO receivers in orbit. Examples include the Chinese GNSS Occul-

tation Sounder (used on board the F3C mission); the Integrated GPS Occultation Receiver family of receivers

by Broad Reach/JPL, U.S. (used on board, e.g., the U.S./Taiwanese COSMIC series of satellites); and the GNSS

Receiver for Atmospheric Sounding (GRAS) by RUAG Space, Sweden (used on board the European Metop

series). Foelsche et al. [2011a] showed that there is almost no difference in accuracy between the different

receivers/mission, although the noise of the GRAS measurements is significantly lower than the noise of the

other RO receivers. Each receiver records approximately 600 occultations (measurements) each day [Jin et al.,

2014, Table 5.2]. The receiver uses the known position of the occulting GPS satellite and its own position to

determine the impact of the atmosphere on the propagation of the GPS signal [Jin et al., 2014, chap. 5 and 6].

Although RO measures temperature by limb sounding, Foelsche et al. [2011b] showed that it can provide a

good reference for nadir sounding instruments. However, due to the movement of the satellites during an

occultation, Foelsche et al. [2011b] showed also that an altitude-dependent error (compared to the tempera-

ture at themean tangent point)may occur formeasurements occurring at large distances from the flight path

of the RO receiver. They state that themean of the error is less than 0.5 K even at low altitudes. For occultations

occurring closer to the RO receiver flight path, the estimated bias is smaller.

This paper uses data from theGlobal Navigational Satellite System (GNSS) Receiver for Atmospheric Sounding

(GRAS) receiver model used on board the Metop series of polar-orbiting weather satellites. There are cur-

rently two Metop satellites in orbit, Metop-A was launched in October 2006 and Metop-B was launched in

September 2012. The GRAS receiver on board Metop-B became operational in October 2012.

2.4. RO Data
The profiles used here are “wet” GRAS retrievals. This means that the profiles incorporate input from other

sources to compensate for the impact from water vapor, in order to better estimate the temperature at low

altitudes. In this case, the backgrounddata came fromECMWFanalysis, and even if they arewet, the version of

theGRASRadioOccultationMeteorology Satellite Application Facility (ROMSAF) software applied to generate

theprofiles usedhere is not restricted asmuchbybackgrounddata as later versionsof theROMSAFprocessing

software (J. K. Nielsen, ROMSAF, The Danish Meteorological Institute (DMI), personal communication, 2014).

The RO method is most accurate between 8 and 30 km altitude, where the atmosphere is dense enough

to cause a significant bending and dry enough for the water vapor impact to be negligible. RO data used

in this study had the temperature calculated at 91 different pressure levels. Kursinski et al. [1997] esti-

mated the vertical resolution to be approximately 1 km, but this depends somewhat on the exact retrieval

algorithm used.

For Metop-A, the RO profiles are from January to August 2012 and October to December 2012, and for

Metop-B, the RO profiles are only from October to December 2012. Unfortunately, ROMSAF was unable to

deliver any RO data for September 2012.

The ROMSAF RO files contain an error estimate, “Temp_sigma.” This variable gives the estimated 𝜎 for each

temperature and altitude. The mean Temp_sigma between 8 and 25 km altitude is below 0.5 K. It is below

1.5 K up to an altitude of approximately 37 km.

2.5. Comparison Method
Our collocation criteria are that the GRAS and AMSU-A measurements should occur within 1 h in time and

150 km in distance. The location used for AMSU-A measurements is the center of the AMSU-A sensor ground

footprint, and the location for RO is where the straight line between the GPS satellite and the receiver touches

the surface of the Earth during the occultation. Ifmultiple AMSU-A soundings fulfilled the criteriawith respect

to one RO measurement, the closest one in distance was selected. The mean distance between the RO and

AMSU-A soundings, in the set of collocations obtained, is 30 km in distance on the ground and 25min in time.

In principle, themore correct approach to the collocation problemwould be to assign different positions (lat-

itude/longitude) to an RO measurement, depending on what AMSU channel it is being compared to. One

would then chose as RO position the latitude/longitude where the occultation “beam” is at the altitude of

maximum sensitivity of the selected AMSU channel. But Feltz et al. [2014] showed that for IR-based sounders

in the polar regions our much simpler approach only increases the root-mean-square error for temperatures
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Figure 2. Distribution in latitude of the collocations found for each AMSU-A sensor considered.

at the 100 hPa level (approximately 17 km altitude) by 5–10%, compared to the more correct treatment. We

therefore judge our simple treatment of using only one position for the entire RO measurement to be

adequate for the purpose of this study.

The exact latitude distribution of the collocations varies between the AMSU-A sensors, but most collocations

are found at high latitudes. Figure 2 shows a histogram of all collocations. As can be seen, only two of the

four satellites obtain global collocations; the reason for this is the different orbits used by the satellites. Due to

the distribution of the collocations, this study uses only collocations occurring in the area poleward of 60∘N
and 60∘S.

The retrieved RO temperature profiles were used to generate simulated AMSU-A radiances using the open

source Atmospheric Radiative Transfer Simulator (ARTS) [Eriksson et al., 2011]. For this work, a full 3-D simula-

tion was done for each collocated AMSU-A measurement, using the location of the AMSU-A sensor platform

togetherwith the scan angles of theAMSU-Aantenna. The vertical profiles of temperature and specific humid-

ity of the atmosphere were taken from the RO data, and it was assumed that the atmosphere was horizontally

homogeneous. To speed up the calculations, absorption cross sections were precalculated and stored in

lookup tables, as described in Buehler et al. [2011]. The spatial resolution was treated to be infinite (pencil

beam), while the frequency response was carefully incorporated by using a densemonochromatic frequency

grid and assuming rectangular channel responses with widths taken from Robel et al. [2009]. The sensor was

applied to the simulated monochromatic radiances by a straightforward matrix multiplication, as described

in Eriksson et al. [2006]. Absorption due to oxygen was calculated following Rosenkranz [1993]. ARTS is well

validated for the simulation of downward lookingmicrowave sensors, in general [e.g., Buehler et al., 2006], but

it has so far not been used for the AMSU-A channels in particular.

The simulations contain some systematic uncertainties, for example, due to assumptions on spectroscopic

parameters [cf. Verdes et al., 2005]. We estimate the absolute accuracy of the simulations to be approximately

1 K. This value is mostly based on the experience from various intercomparison campaigns [e.g., Melsheimer

et al., 2005], reflecting the initial intermodel spread, before spectroscopic parameters and interpolation strate-

gies were tuned tomatch exactly. But since these inaccuracies can be assumed to impact all satellites equally

and we do not try to do any absolute calibration of the AMSU-A instruments, it is not likely that the limited

accuracy will impact our results.
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Figure 3. Brightness temperature difference (observation-reference, equation (2)) as a function of time difference

between AMSU-A and RO observations. The AMSU-A data are for NOAA 15, Channel 8, and the OPR data version.

3. Results and Discussion
3.1. Validation of the Collocation Criteria
After the collocations between RO and AMSU-A were identified, an initial validation was done before fur-

ther analysis. An AMSU-A sounding has a diameter of approximately 50 km in nadir and increases toward the

edges of the AMSU-A swath. This means that if the collocated AMSU-A sounding is at nadir and the distance

is below 22.5 km, the RO reference position is inside the AMSU-A sounding. For collocations occurring farther

away from nadir, the maximum distance where the RO reference point will still be inside the AMSU-A ground

footprint increases. To determine how the difference between AMSU-A and RO changed when the distance

in time or space was increased, a visual inspection was done for all channels and all satellites versus the dif-

ference in time or space. As an example, the two plots for AMSU-A Channel 8 on NOAA 15 are displayed in

Figures 3 and 4.

Figure 3 shows the difference between RO andAMSU-A versus timedifference between the soundings. Essen-

tially no time dependence can be seen; this indicates that it should be possible to relax the time criteria for

the collocations in a future study. The next figure, Figure 4, shows the difference between RO and AMSU-A

Figure 4. Brightness temperature difference (observation-reference, equation (2)) as a function of spatial distance

between AMSU-A and RO observations. The distance is calculated at ground level. The AMSU-A data are for NOAA 15,

Channel 8, and the OPR data version.
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Figure 5. Monthly mean brightness temperature difference (observation-reference, equation (2)) for (top to bottom

rows) Channels 8–10 and different data version with (left/right column) OPR/IMICA. Only AMSU-A data from the eight

footprints closest to nadir and poleward of 60∘ latitude were used. No RO data were at hand for September. The

uncertainty (±1 SE, equation (1)) for each data point is indicated as a vertical bar.

versus spatial collocation distance. Based on Figure 4 in Zou et al. [2006], we expect the brightness tempera-

ture difference to increase with spatial distance, especially above distances of approximately 100 km. There

are indeed a few data points for which this is the case, but they are too rare to affect the calculated averages.

Most of our collocation pairs are at differences below approximately 60 km. Overall, we conclude that our

spatial and temporal collocation criteria are appropriate.

3.2. Overall Level of Agreement
In order to reduce any scan-related issues, statistics were here derived only on data from the eight sensor

positions closest to nadir. In addition, to further homogenize the data set, only data poleward of 60∘N/S were
used. Monthly averages were calculated, and the number of collocations eachmonth varied between 40 and

1900 for the different months and sensors. Most collocations occurred during October through December

due to the inclusion of data from the GRAS receiver on board Metop-B.

Figures 5 and 6 show the monthly mean and the monthly standard error (SE) of the difference between

RO/ARTS and AMSU-A for the different satellites and months. The standard error is calculated as

SE = 𝜎∕
√
Nmeasurements , (1)

where 𝜎 is the standard deviation of the differences between the collocatedAMSU-A andRO/ARTS soundings.

In other words, we assume that the errors in the individual collocations are uncorrelated; then SE represents

the standard deviation of the sample mean.
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Figure 6. Same as Figure 5 but for Channels 11–13.

The assumptionof no correlation is justified, givenhow the collocation setwas constructed (only onematched

AMSU-Ameasurement for each GRASmeasurement and GRASmeasurements being relatively sparse). The SE

was found to be between 0.009 and 0.11 K and is shown in the plots throughout as error bars. TheΔTb in the

figure labels refers to

ΔTb = Tb,AMSU-A − Tb,RO/ARTS, (2)

where Tb,AMSU-A is the measured radiance from the AMSU-A sensor and Tb,RO/ARTS is the simulated AMSU-A

value based on RO.

For most channels, monthly mean ΔTb varies smoothly with time. In addition, even if the number of colloca-

tions significantly increases in October, no significant change in the monthly mean brightness temperatures

can be seen. Thismeans that ourmethod is not particularly sensitive to the number of collocations used in the

comparison. Since the difference between the individual instruments and RO/ARTS is different for OPR and

IMICA, it is clear that IMICA applies different corrections to the different AMSU-A instruments. In Channel 8,

two instruments are significantly different to the others, NOAA 16 andMetop-A. NOAA 16 shows a significant

change during the 12month period; this change is clearly inconsistentwith the other AMSU-Ameasurements

and has a strong temporal variation, which is also not improved in the IMICA data relative to the OPR data;

one reason could be a change in frequency of the onboard local oscillator causing a bias shift in the sensor

[NOAA, 2012].

At this pointwearenot completely surewhether theunusual behavior ofNOAA16Channel 8 is real orwhether

it represents some kind of sampling artifact. Global ocean mean and global landmean data do not show this

behavior, according to a personal communication by one of the reviewers. Our comparison is restricted to
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Table 1. Means of All Monthly Values and Associated Standard Deviations (in Parentheses) for the Difference Between

AMSU-A and RO/ARTS for Both Investigated Data Setsa

Satellite OPR Mean (𝜎) IMICA Mean (𝜎) Satellite OPR Mean (𝜎) IMICA Mean (𝜎)

Channel 8 Channel 11

NOAA 15 −0.52 (0.43) −0.71 (0.44) NOAA 15 - (-) - (-)

NOAA 16 −0.70 (0.85) −0.04 (0.98) NOAA 16 0.24 (0.34) 0.27 (0.36)

NOAA 18 −0.80 (0.46) −0.76 (0.47) NOAA 18 −0.37 (0.34) 0.16 (0.37)

Metop-A −0.52 (0.42) −0.84 (0.43) Metop-A 0.00 (0.36) −0.05 (0.40)
Mean −0.64 (0.14) −0.59 (0.37) Mean −0.04 (0.31) 0.13 (0.16)

Channel 9 Channel 12

NOAA 15 −0.32 (0.31) −0.11 (0.30) NOAA 15 0.24 (0.51) −0.04 (0.53)
NOAA 16 −0.27 (0.25) 0.22 (0.28) NOAA 16 0.45 (0.53) 0.10 (0.54)

NOAA 18 −0.81 (0.29) −0.08 (0.27) NOAA 18 0.03 (0.48) −0.03 (0.59)
Metop-A −0.55 (0.30) −0.32 (0.30) Metop-A 0.25 (0.52) −0.28 (0.64)
Mean −0.49 (0.25) −0.07 (0.22) Mean 0.24 (0.17) −0.06 (0.16)

Channel 10 Channel 13

NOAA 15 −0.15 (0.29) −0.13 (0.30) NOAA 15 0.13 (0.75) −0.37 (0.76)
NOAA 16 −0.08 (0.28) −0.03 (0.30) NOAA 16 0.13 (0.78) −0.26 (0.81)
NOAA 18 −0.62 (0.34) −0.15 (0.32) NOAA 18 −0.15 (0.69) −0.34 (0.85)
Metop-A −0.29 (0.33) −0.41 (0.33) Metop-A −0.03 (0.77) −0.54 (0.92)
Mean −0.29 (0.24) −0.18 (0.16) Mean 0.02 (0.14) −0.38 (0.12)

aOnlyAMSU-Adata from theeight footprints closest tonadir andpolewardof 60∘ latitudewereused. Values are shown
for each satellite. Rows labeled “Mean” show the mean of all the monthly satellite means and the associated standard

deviation. Channel 11 on NOAA 15 failed in 2002 [Wang and Zou, 2014].

only high-latitude data (see Figure 2) which could be the explanation for the discrepancy. Another explana-

tion could be a sampling artifact, since the exact collocation locations depend on the orbits of the involved

satellites. However, we checked the collocation patterns carefully and could not find any obvious explanation

there. This issue should be studied further.

Theother slightly unusual satellite,Metop-A, shows aweakbimonthly pattern. This pattern occurs onboth the

Northern and Southern Hemispheres. At present we have no explanation for this pattern, but its amplitude is

small, only approximately 0.1 K.

For the higher-altitude channels 11–13 (Figure 6), all AMSU-A instruments show a common pattern of devia-

tion fromGRAS. These channels also show significant seasonal variations between theNorthern and Southern

Hemispheres for all satellites. Due to the seasonal variations in the mean temperature of the collocated

data, one possibility is that these variations are caused by the temperature-dependent biases discussed in

section 3.3.

The annual mean differences between AMSU-A and RO/ARTS for all satellites are shown in Table 1. It is inter-

esting to compare IMICA to OPR data. We base this discussion on the standard deviations of the mean values

reported in the table. These are the standard deviations associated with calculating the mean over all satel-

lites, so they represent the intersatellite spread. For Channel 8, this intersatellite spread actually gets slightly

worse in IMICA (0.37 K instead of 0.14 K for OPR), largely because of the NOAA 16 issue with this channel,

which is even more pronounced in IMICA than in OPR.

For Channels 9, 12, and 13, the intersatellite spread in IMICA is approximately the same as inOPR. For Channels

10 and 11 the intersatellite spread in IMICA is lower than in OPR. So overall, a mixed picture emerges. IMICA

indeed reduces intersatellite spread for some channels but even increases it for one channel.

3.3. Scene Brightness Temperature Dependence
Another way to look at the data is to plot the difference between AMSU-A and RO/ARTS as a function of

brightness temperatures; this is done in Figure 7. As in Figures 5 and 6, only the eight scan directions closest
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Figure 7. Difference between AMSU-A and GRAS for different

RO/ARTS brightness temperatures for Channels 8, 10, and 12. The

markers show the mean; vertical lines show the mean ±1 SE.

This plot used near-nadir data. (See supporting information for

other channels.)

to nadir and poleward of 60∘ latitude are

used, and data from all available months are

used. The mean and SE were calculated in

bins of 2∘K.

Thefigure shows that thedifferencebetween

RO/ARTS and AMSU-A changes with the

scene brightness temperature. For both

Channels 8 and 10, there is a small increase

in ΔTb with increasing brightness temper-

ature. For Channel 8, IMICA increases the

difference for Metop-A and NOAA 15 fairly

evenly for all brightness temperatures, NOAA

18 shows a small decrease, and NOAA 16

shows a significant change in difference due

to the temperature. No obvious reason was

found for this behavior. Channel 10 shows

a much smaller temperature dependent dif-

ference, here IMICA significantly decreases

the difference for NOAA 18. For the other

satellites the change is smaller but so is

the OPR temperature difference. Figure 7

(bottom), Channel 12, shows a slightly differ-

ent pattern where the difference generally

is becoming more negative for increased

brightness temperatures, until it reaches

temperatures around 250 K, where the differ-

ence starts to become more positive. For all

sensors, IMICA has a negative bias correction

at the higher brightness temperatures, but

for lower brightness temperatures, NOAA 18

has a positive correction, whereas the other

satellites have a negative correction also at

those temperatures.

Other channels (9, 11, and 13) are not shown

in the figure but are included in the sup-

porting information to this article. Channel 9

behaves much like Channel 8, except that

the NOAA 16 anomaly is largely missing

(there is a slight hint of it for the IMICA

data). Channel 11 has a quite flat bias behav-

ior across the entire brightness tempera-

ture range. Channel 13 behaves much like

Channel 12 but with a more pronounced negative slope for not too warm brightness temperatures (below

approximately 250 K).

3.4. Scan Angle Dependence
Figure 8 shows that we have a sufficient number of collocations at all AMSU-A scan angles to investigate

the scan angle dependence of the biases. The result of such an analysis is shown in Figure 9, which shows

the difference between AMSU-A and RO/ARTS as a function of the AMSU-A scan angle. There is a significant

asymmetric scan angle dependence in this difference for both the OPR and the IMICA data. For near-nadir

data, the change in ΔTb with angle is very small for all channels. But even for these data it might cause a

slight negative bias on the results, compared to if only true nadir soundingswere used in the comparison. The

reason for the scan angle-dependent biases, in general, is that neither the standard NOAA OPR data nor the
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Figure 8. Number of collocations in the different AMSU-A viewing

directions.

IMICA data contain any form of antenna

correction.

3.5. Operational Antenna Corrections
Antenna corrections are currently used by

the European Numerical Weather Predic-

tion Satellite Application Facility (NWPSAF)

and optionally by NOAA. NWPSAF uses

the software package “AAPP” [Labrot et al.,

2014] where antenna corrections are applied

by default. NOAA has the option to apply

antenna corrections, but they do not use

them by default. The two agencies apply

different schemes, and the impact on the AMSU-A data is slightly different.

AAPP is based on the following equation [Hewison and Saunders, 1996, equation (10)]:

Figure 9. Difference between AMSU-A and GRAS for different

AMSU-A viewing angles for Channels 8, 10, and 12. (See supporting

information for other channels.)

BE =
BAnt − 𝜂SBS − 𝜂PBP

𝜂E

, (3)

where BE , BP , and BS refer to the radiances

from Earth, satellite platform, and space,

respectively. The angular-dependent effi-

ciencies are 𝜂E , 𝜂P , and 𝜂S at which the

antenna detects radiation from Earth, the

satellite platform, and space. It is assumed

that BS is the Planck radiance for 2.73 K and

that the platform mainly reflects emission

from the Earth, causing the platform bright-

ness temperature to be approximately the

same as the Earth brightness temperature,

so BP ≈ BE . The different 𝜂 parameters in

AAPP are tabulated for different channels,

satellites, and scan angles, but the actual val-

ues are so far set to be identical for all satel-

lites, although NOAA 18 and Metop-A have

an additional set of values that are not used

by default.

NOAA uses a similar equation developed in

Mo [1999],

TE =
TAnt

(
𝜂E + 𝜂C𝜂P + 𝜂S

)
− 2.73𝜂s − 𝜂C𝜂PTP

𝜂E

.

(4)

Here the calculations are done using bright-

ness temperatures and not radiances. TE is

the brightness temperature of the Earth, and

𝜂C is a channel-dependent correction for the

antenna near field of the emission from the

platform. The assumed brightness tempera-

ture of the space view is 2.73 K. For the NOAA

algorithm, the combined antenna efficiency

for eachviewingangle, 𝜂E+𝜂S+𝜂P, is explicitly
normalized to 1. For AAPP it is not explicitly
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Figure 10. Difference between AMSU-A and GRAS for different

AMSU-A viewing angles for Channels 8, 10, and 12. The data used

for this plot are IMICA data. The dotted lines show the differences

after the AAPP antenna correction scheme has been applied. (See

supporting information for other channels.)

stated that the sum of the efficiencies is nor-

malized, but it seems to be the case. The

contribution to the bias from the satellite radi-

ation can be considered to be negligible, since

𝜂C𝜂PTP ≈ 0.01 K. Despite the slight differ-

ence in the expressions, the actual correction

schemes are quite similar. However, the most

significant difference is that in the NOAA

scheme the parameters are different for each

individual satellite.

Since the previous section showed that

both the IMICA and OPR data sets had the

same antenna dependence, we will only use

the IMICA data set to show the impact of

two antenna correction schemes. Figure 10

shows the scan-dependent difference for not

antenna-corrected AMSU-A soundings com-

pared to soundings corrected by the AAPP

algorithm; that is, TE is considered instead of

TANT. Figure 11 shows the same for the NOAA

antenna correction algorithm. By comparing

Figures 10 and 11, it can be seen that NOAA

uses different antenna patterns for each sen-

sor, since the difference between IMICA and

IMICA with the NOAA antenna correction

applied varies for all satellites and view-

ing angels, whereas the difference between

IMICA and IMICA with the AAPP antenna

corrections is constant for all satellites. The

scan-dependent difference decreases with

both algorithms (Figures 10 and 11). For some

channels and instruments, it seems to be pos-

sible to reduce the difference between the

different instruments by adding the NOAA

antenna correction after the IMICA algorithm

has been applied to the AMSU-A data. The

impact of the AAPP algorithm is mixed; the

algorithmworks fine for Channel 8 for all satel-

lites except NOAA 16. But for Channels 10 and

12 the nadir difference increases for all but Metop-A. This is likely to be caused by the usage of the same

antenna correction values for all instruments. The NOAA algorithm shows the same pattern, where the differ-

ence is reduced for two of the four sensors at Channel 8, but for Channels 10 and 12 the difference generally

increases in nadir. The likely reason for this is that the IMICA algorithm does not use antenna corrections.

Applying the correction afterward likely leads to overcorrection of those intersatellite differences that are, in

fact, due to antenna differences.

3.6. Comparisons With Other Measurements
Our results are compared with some previous results in Table 2. The column “type” in the table indicates the

combinations of ROdata source and the typeofAMSU-Adata that havebeenanalyzed.Unfortunately, in some

cases it is not clear if the comparison is done using the data that are called OPR in this paper, although it can

be assumed that the data used by ZouandWang [2013] andHe et al. [2014] are the same as the OPR data used

in this paper. Ho et al. [2009] used operational AMSU-A data.

All previous studies in the table used data from the Taiwanese/American COSMIC satellites [Anthes et al.,

2008] receiver as the RO temperature reference. Zou andWang [2013] andHe et al. [2014] compared OPR- and

IMICA-calibrated AMSU-A radiances for Channel 9 with COSMIC dry temperatures that had been converted
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Figure 11. Same as Figure 10 but for the NOAA antenna

correction scheme. (See supporting information for

other channels.)

to simulatedAMSU-Abrightness temperatures

using a forward radiative transfer model. That

paper showed a significant improvement due

to the implementation of the IMICA algorithm

for the NOAA 15, NOAA 16, and NOAA 18 sen-

sors. Compared with the results presented in

He et al. [2014], if our results for Channel 9 are

divided into the same longitudinal bands, then

our comparison agrees with He et al. [2014]

within 0.1 K for the northern polar region, but

we have a much better agreement between

ROandAMSU-A for all satellites in the southern

polar region. The seasonal variations for Chan-

nel 9 show a smaller but similar pattern for

the southern polar regions, but for the north-

ern regions, our results have a clearer seasonal

variation that seems to be less noisy.

Doherty et al. [2012] analyzed the difference

between the successor to AMSU-A, ATMS,

and AMSU-A on board NOAA 18, 19, and

Metop-A using numerical weather predic-

tion model fields as a reference. The results

presented here have a significantly lower

bias than what is shown in Doherty et al.

[2012, Figure 10]. For example, for Chan-

nel 9, the difference between our measure-

ments and the results by Doherty et al. [2012,

Figure 10] is approximately 1 K. Figure 9

(middle and bottom) shows a similar shape

of the directional bias as the correspond-

ing panels in Doherty et al. [2012, Figure 3]

but with a different offset. Ho et al. [2009]

used the RO constellation COSMIC to estimate

the bias in brightness temperatures between

NOAA 15, 16, and 18. After dividing our data

into the same latitudinal regions as they did,

our results give approximately half the difference between RO and AMSU-A data on Channel 9 for all satellites

and both polar regions, compared to Ho et al. [2009, Table 2]. For Channel 8, the results in that paper agree

well with our results. Channel 10 shows a significant discrepancy; for NOAA 15 they estimate the global dif-

ference to be 1.5 K, whereas our results are 0.1 K. For the other satellites, the differences are smaller for that

channel. There are a few possible reasons for the difference, one is the limited amount of data points (Ho et al.

[2009] used between 150 and 350 collocations for each instrument on Channel 8 and 10 and between 500

and 800 for Channel 9) and another is changes in the instruments between the times of comparison.

Due to the number of variables involved in a collocation study, it is unlikely that different collocation stud-

ies would give exactly the same result. This is particularly clear when Table 4-1 in He et al. [2014] is compared

to the results in Zou and Wang [2013]; these data were derived by the same research institute, yet the

results differ.

4. Conclusions

Weshow thatGRAS/ROprofiles canbeused to validateAMSU-Adata. Similar studies havebeendone for other

radio occultation instruments, and our results are overall reasonably consistent with the reported results. We

also indirectly show that the addition of data from the GRAS receiver on board Metop-B does not generate

any measurable change in the comparison result. The comparison produces stable results, and no significant
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Table 2. Estimated Differences Between RO and AMSU-A for Different Articlesa

Reference Sattelite Channel Month Type N60–N90 S60–S90

Zou andWang [2013] NOAA 15 Ch 9 July 2007 OPR-COSMIC −0.06 −0.82
He et al. [2014] NOAA 15 Ch 9 July 2007 OPR-COSMIC −0.22 −0.68
This paper NOAA 15 Ch 9 July 2012 OPR-GRAS −0.16 −0.26
Ho et al. [2009] NOAA 15 Ch 9 September 2006 Oper-COSMIC −0.47 −0.67
This paper NOAA 15 Ch 9 August and October 2012 OPR-GRAS −0.28 −0.29
Zou andWang [2013] NOAA 15 Ch 9 July 2007 SNO-COSMIC 0.07 −0.31
He et al. [2014] NOAA 15 Ch 9 July 2007 SNO-COSMIC −0.05 −0.38
This paper NOAA 15 Ch 9 July 2012 SNO-GRAS 0.02 0.04

He et al. [2014] NOAA 16 Ch 9 July 2007 OPR-COSMIC −0.30 −0.67
This paper NOAA 16 Ch 9 July 2012 OPR-GRAS -0.14 −0.33
He et al. [2014] NOAA 16 Ch 9 July 2007 SNO-COSMIC −0.07 −0.32
This paper NOAA 16 Ch 9 July 2012 SNO-GRAS 0.41 0.08

Ho et al. [2009] NOAA 16 Ch 9 September 2006 OPR-COSMIC −0.54 −1.2
This paper NOAA 16 Ch 9 August and October 2012 OPR-GRAS −0.29 −0.24
He et al. [2014] NOAA 18 Ch 9 July 2007 OPR-COSMIC −0.86 −1.42
This paper NOAA 18 Ch 9 July 2012 OPR-GRAS −0.60 −0.94
Ho et al. [2009] NOAA 18 Ch 9 September 2006 OPR-COSMIC −0.81 −1.92
This paper NOAA 18 Ch 9 August and October 2012 OPR-GRAS −0.79 −0.87
He et al. [2014] NOAA 18 Ch 9 July 2007 SNO-COSMIC −0.24 −0.50
This paper NOAA 18 Ch 9 July 2012 SNO-GRAS 0.02 0.02

aOPR is operationally calibrated AMSU-A data; SNO stands for data calibrated using simultaneous nadir overpasses.

change in the observations occurs when the number of collocations doubles during the last quarter of the

investigated year due to the addition of Metop-B.

Since we do the comparison between GRAS/RO and AMSU-A on a sounding by sounding basis, we can com-

pare RO/ARTSwith theOPR and IMICAdata in novelways, compared to earlier studies. In particular, the results

are stable and detailed enough to investigate the scene brightness temperature dependence and the scan

angle dependence of the bias. Both of these issues are very interesting. On the first issue, our results show that

even the recalibrated and homogenized IMICA AMSU-A data still have scene brightness-dependent biases.

Concerning scan angle-dependent biases, we find clear indications of the presence of this issue, which is sim-

ilar in OPR and IMICA data, i.e., which was not addressed by the homogenization. We also show that antenna

corrections can be used to reduce the scan-dependent biases, but unfortunately, antenna corrections also

affect nadir radiances and thus remove the benefit of homogenization if applied afterward. We conclude that

it may be worthwhile to include in the future antenna aspects in the homogenization procedure.

Concerning the overall quality of the IMICAAMSU-Adata, they seem tomostly fulfill the intersatellite accuracy

of 0.2 K stated in Zou and Wang [2013]. The notable exception appears to be Channel 8 on NOAA 16, which

in our analysis has a large discrepancy to the other satellites. This manifests itself in the time series (Figure 5)

but even more clearly in the scene brightness dependence (Figure 7). It should be kept in mind here that our

analysis is dominated by high latitudes (compare Figure 2), whichmay explainwhy the bias does not show up

in other global comparisons that put more weight on the tropics and subtropics. Further work is necessary in

order to confirmwhether this represents a real bias in the microwave data or whether it is a sampling artifact

due to the locations of the RO collocations for this particular satellite.

References
Anthes, R. A., et al. (2008), The COSMIC/FORMOSAT-3 mission: Early results, Bull. Am. Meteorol. Soc., 89(3), 313–333,

doi:10.1175/BAMS-89-3-313.

Buehler, S. A., M. Kuvatov, and V. O. John (2005), Scan asymmetries in AMSU-B data, Geophys. Res. Lett., 32, L24810,

doi:10.1029/2005GL024747.

Buehler, S. A., N. Courcoux, and V. O. John (2006), Radiative transfer calculations for a passive microwave satellite sensor: Comparing a fast

model and a line-by-line model, J. Geophys. Res., 111, D20304, doi:10.1029/2005JD006552.

Acknowledgments
We thank ROMSAF for providing

us with the GRAS temperature

profiles and the ARTS community

for providing the ARTS software.

The GRAS RO data were provided by

Kent Bækgaard Lauritsen. We also

thank Cheng-Zhi Zou from NOAA for

discussions and for information on

the IMICA data set and the NOAA

antenna correction. The AMSU-A CDR

used in this study was acquired from

NOAA’s National Climatic Data Center

(http://www.ncdc.noaa.gov).

ISOZ ET AL. COMPARISONOFAMSU TEMPERATURE CHANNELS 14

144
Paper F - Intercalibration of Microwave Temperature Sounders using

Radio Occultation Measurements



Journal of Geophysical Research: Atmospheres 10.1002/2014JD022699

Buehler, S. A., P. Eriksson, and O. Lemke (2011), Absorption lookup tables in the radiative transfer model ARTS, J. Quant. Spectrosc. Radiat.

Transfer, 112(10), 1559–1567, doi:10.1016/j.jqsrt.2011.03.008.

Chen, X., and X. Zou (2014), Postlaunch calibration and bias characterization of AMSU-A upper air sounding channels using GPS RO data,

J. Geophys. Res. Atmos., 119, 3924–3941, doi:10.1002/2013JD021037.

Doherty, A., N. Atkinson, W. Bell, B. Candy, S. Keogh, and C. Cooper (2012), An initial assessment of data from the Advanced Technology

Microwave Sounder, Forecast R&T Report no. 569, Tech. Rep., U. K. MetOffice, Exeter, U. K.

Eriksson, P., M. Ekström, C. Melsheimer, and S. A. Buehler (2006), Efficient forward modelling by matrix representation of sensor responses,

Int. J. Remote Sens., 27(9–10), 1793–1808, doi:10.1080/01431160500447254.

Eriksson, P., S. A. Buehler, C. P. Davis, C. Emde, and O. Lemke (2011), ARTS, the atmospheric radiative transfer simulator, version 2, J. Quant.

Spectrosc. Radiat. Transfer, 112(10), 1551–1558.

Feltz, M. L., R. O. Knuteson, H. E. Revercomb, and D. C. Tobin (2014), A methodology for the validation of temperature profiles from hyper-

spectral infrared sounders using GPS radio occultation: Experience with AIRS and COSMIC, J. Geophys. Res. Atmos., 119, 1680–1691,

doi:10.1002/2013JD020853.

Foelsche, U., B. Scherllin-Pirscher, F. Ladstädter, A. K. Steiner, and G. Kirchengast (2011a), Refractivity and temperature climate records from

multiple radio occultation satellites consistent within 0.05%, Atmos. Meas. Tech., 4(9), 2007–2018, doi:10.5194/amt-4-2007-2011.

Foelsche, U., S. Syndergaard, J. Fritzer, and G. Kirchengast (2011b), Errors in GNSS radio occultation data: Relevance of the measurement

geometry and obliquity of profiles, Atmos. Meas. Tech., 4(2), 189–199, doi:10.5194/amt-4-189-2011.

He, W., C. Zou, and H. Chen (2014), Validation of AMSU-A measurements from two different calibrations in the lower stratosphere using

COSMIC radio occultation data, Chin. Sci. Bull., 59(11), 1159–1166, doi:10.1007/s11434-014-0125-9.

Hewison, T., and R. Saunders (1996), Measurements of the AMSU-B antenna pattern, IEEE Trans. Geosci. Remote Sens., 34(2), 405–412,

doi:10.1109/36.485118.

Ho, S.-P., M. Goldberg, Y.-H. Kuo, C.-Z. Zou, and W. Schreiner (2009), Calibration of temperature in the lower stratosphere from microwave

measurements using COSMIC radio occultation data: Preliminary results, Terr. Atmos. Oceanic Sci., 20, 87–100.

Jin, S., E. Cardellach, and F. Xie (2014), GNSS Remote Sensing Theory, Methods and Applications, Remote Sensing and Digital Image Processing,

chap. 6, pp. 121–157, vol. 19, Springer, Dordrecht, Netherlands.

Kursinski, E. R., G. A. Hajj, T. Schofield, R. P. Linfield, and K. R. Hardy (1997), Observing Earth’s atmosphere with radio occultation

measurements using the Global Positioning System, J. Geophys. Res., 102, 23,429–23,465.

Labrot, T., N. Atkinson, and P. Roquet (2014), AAPP documentation software description, version 7.4—Document NWPSAF-MF-UD-002,

Tech. rep., Satellite Application Facility for Numerical Weather Prediction (NWPSAF), available from MetOffice, Exeter, U. K.

Ladstädter, D. F. (2011), Co-locating GRAS with nadir sounders onboard Metop: An assessment for instrument and climate monitoring

GRAS SAF CDOP Visiting Scientist report 7 Ref: SAF/GRAS/DMI/REP/VS07/001, Tech. Rep. VS07, Radio Occultation Meteorology Satellite

Application Facility (ROMSAF), Copenhagen. [Available at http://www.romsaf.org.]

Ladstädter, D. F., A. K. Steiner, U. Foelsche, L. Haimberger, C. Tavolato, and G. Kirchengast (2011), An assessment of differences in lower

stratospheric temperature records from (A)MSU, radiosondes, and GPS radio occultation, Atmos. Meas. Tech., 4(9), 1965–1977,

doi:10.5194/amt-4-1965-2011.

Lu, Q., and W. Bell (2013), Characterising channel center frequencies in AMSU-A and MSU microwave sounding instruments, Tech. Rep.,

ECMWF, Reading, U. K.

Melsheimer, C., et al. (2005), Intercomparison of general purpose clear sky atmospheric radiative transfer models for the millimeter/

submillimeter spectral range, Radio Sci., 40, RS1007, doi:10.1029/2004RS003110.

Mo, T. (1999), AMSU-A antenna pattern corrections, IEEE Trans. Geosci. Remote Sens., 37(1), 103–112, doi:10.1109/36.739131.

Mo, T. (2011), Calibration of the NOAA AMSU-A radiometers with natural test sites, IEEE Trans. Geosci. Remote Sens., 49(9), 3334–3342,

doi:10.1109/TGRS.2011.2104417.

NOAA (2012), POLAR spacecraft status as of: Tues 3 Jan 2012, 08:00 EST.

Qin, Z., X. Zou, and F. Weng (2012), Comparison between linear and nonlinear trends in NOAA-15 AMSU-A brightness temperatures during

1998–2010, Clim. Dyn., 39(7-8), 1763–1779, doi:10.1007/s00382-012-1296-1.

Robel, J., et al. (2009), NOAA KLM user’s guide with NOAA-N, -N’ supplement, Tech. rep., National Oceanic and Atmospheric Administration,

National Environmental Satellite, Data, and Information Service, National Climatic Data Center, Remote Sensing and Applications

Division, Asheville, N. C.

Rosenkranz, P. W. (1993), Absorption of microwaves by atmospheric gases, in Atmospheric Remote Sensing by Microwave Radiometry, edited

by M. A. Janssen, chap. 2, pp. 37–90, John Wiley, New York.

Schrøder, T., S. Leroy, M. Stendel, and E. Kaas (2003), Validating the microwave sounding unit stratospheric record using GPS occultation,

Geophys. Res. Lett., 30(14), 1734, doi:10.1029/2003GL017588.

Steiner, A., G. Kirchengast, M. Borsche, and U. Foelsche (2009), Lower stratospheric temperatures from CHAMP RO compared to MSU/AMSU

records: An analysis of error sources, in New Horizons in Occultation Research, edited by A. Steiner et al., pp. 219–234, Springer, Berlin.

Steiner, A. K., G. Kirchengast, M. Borsche, U. Foelsche, and T. Schoengassner (2007), A multi-year comparison of lower stratospheric

temperatures from CHAMP radio occultation data with MSU/AMSU records, J. Geophys. Res., 112, D22110, doi:10.1029/2006JD008283.

Verdes, C. L., S. A. Buehler, A. Perrin, J.-M. Flaud, J. Demaison, G. Wlodarczak, J.-M. Colmont, G. Cazzoli, and C. Puzzarini (2005), A sensitivity

study on spectroscopic parameter accuracies for a mm/sub-mm limb sounder instrument, J. Mol. Spectrosc., 229(2), 266–275,

doi:10.1016/j.jms.2004.09.014.

von Engeln, A., Y. Andres, C. Marquardt, and F. Sancho (2011), GRAS radio occultation on-board of Metop, Adv. Space Res., 47(2), 336–347,

doi:10.1016/j.asr.2010.07.028.

Wang, W., and C.-Z. Zou (2014), AMSU-A-only atmospheric temperature data records from the lower troposphere to the top of the

stratosphere, J. Atmos. Oceanic Technol., 31, 808–825.

Woolf, H., P. van Delst, and W. Zhang (1999), NOAA-15 HIRS/3 and AMSU transmittance model validation, Technical Proceedings of the

International ATOVS Study Conference, 10th, Boulder, Colo.

Zou, C.-Z., and W. Wang (2011), Intersatellite calibration of AMSU-A observations for weather and climate applications, J. Geophys. Res., 116,

D23113, doi:10.1029/2011JD016205.

Zou, C.-Z., and W. Wang (2013), Climate algorithm theoretical basis document (C-ATBD)—AMSU radiance fundamental climate data record

derived from integrated microwave inter-calibration approach, Tech. Rep., NOAA, Asheville, N. C.

ISOZ ET AL. COMPARISONOFAMSU TEMPERATURE CHANNELS 15

145



Journal of Geophysical Research: Atmospheres 10.1002/2014JD022699

Zou, C.-Z., M. D. Goldberg, Z. Cheng, N. C. Grody, J. T. Sullivan, C. Cao, and D. Tarpley (2006), Recalibration of microwave sounding unit for

climate studies using simultaneous nadir overpasses, J. Geophys. Res., 111, D19114, doi:10.1029/2005JD006798.

Zou, X., L. Lin, and F. Weng (2014), Absolute calibration of ATMS upper level temperature sounding channels using GPS RO observations,

IEEE Trans. Geosci. Remote Sens., 52(2), 1397–1406, doi:10.1109/TGRS.2013.2250981.

ISOZ ET AL. COMPARISON OF AMSU TEMPERATURE CHANNELS 16

146
Paper F - Intercalibration of Microwave Temperature Sounders using

Radio Occultation Measurements



Report A

NRFP report - Impact from Hall
Effect Thrusters on onboard GNSS

receivers

Authors:
Oscar Isoz

Reformatted version of report:
NRFP-2 Project -Predikterbar Prestanda för Radio-Ockultation och GNSS Applikationer

c© 2014 Oscar Isoz

147



148



Estimation of the Impact on GNSS Receivers 

From Hall Thruster Engines

Oscar Isoz

Luleå University of  Technology
Department of Computer Science, Electrical and Space Engineering 

Division of Space Technology

149



ISSN 1402-1528 

ISBN 978-91-7583-021-6 (pdf)

Luleå 2014

www.ltu.se

150
Report A - NRFP report - Impact from Hall Effect Thrusters on

onboard GNSS receivers



Estimation of the Impact on GNSS
Receivers From Hall Thruster Engines

Oscar Isoz
Department of Computer Science, Electrical and Space Engineering

Lule̊a University of Technology

Thursday 2nd October, 2014

151



Contents

1 Background 1

2 Introduction 2

3 MIL STD 461 3
3.1 Unit Conversion . . . . . . . . . . . . . . . . . . . . . . . . . . 5

4 Measurements on the Hall Thruster Plume 9
4.1 Measurements of the Temporal Electromagnetic Emissions from

Hall Effect Thrusters . . . . . . . . . . . . . . . . . . . . . . . 10
4.1.1 PPS-1350 . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.1.2 GPT-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.1.3 SPT-100 . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.1.4 BPT-4000 . . . . . . . . . . . . . . . . . . . . . . . . . 11

4.2 Summary of the Temporal Engine Measurements . . . . . . . 12

5 GPS/GNSS - overview 20
5.1 GNSS Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5.2 AGC/ADC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.3 GNSS Introduction . . . . . . . . . . . . . . . . . . . . . . . . 22
5.4 GNSS Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.5 GNSS Satellite Antenna Pattern . . . . . . . . . . . . . . . . . 23

6 GPS and Interference 25
6.1 Wideband Interference . . . . . . . . . . . . . . . . . . . . . . 26
6.2 Narrowband Interference . . . . . . . . . . . . . . . . . . . . . 26
6.3 Pulsed Interference . . . . . . . . . . . . . . . . . . . . . . . . 26
6.4 Calculated Examples . . . . . . . . . . . . . . . . . . . . . . . 28

6.4.1 Continuous Interference . . . . . . . . . . . . . . . . . 29
6.4.2 Simulations for Continuous Interference . . . . . . . . . 31

ii

152
Report A - NRFP report - Impact from Hall Effect Thrusters on

onboard GNSS receivers



6.4.3 Estimation of the Impact on the GPS Receiver from
the Pulsed Emission from the Hall Thruster . . . . . . 31

7 Impact from plasma on the GNSS signal 37
7.1 Possible Causes of the Emission . . . . . . . . . . . . . . . . . 39

8 Testing and Validation 42
8.1 Hall Thruster Emissions Measurements . . . . . . . . . . . . . 44
8.2 System Verification . . . . . . . . . . . . . . . . . . . . . . . . 45
8.3 Postprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

9 Summary and Conclusion 47

A Using dB to denote values 54

iii

153



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.

1
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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.

2
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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,

5
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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)).
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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

9
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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
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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

11
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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
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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

29

182
Report A - NRFP report - Impact from Hall Effect Thrusters on

onboard GNSS receivers



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
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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
f2
p

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

38

191



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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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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