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ABSTRACT

An open source simulator for a global navigation satellite

system (GNSS) based onboard navigation of satellites is

presented. The structure and building blocks of the simu-

lator, as well as the data sets included with the simulator,

are described. To illustrate the application of the simulator,

it is used to evaluate the navigation performance that can

be expected by a GNSS-receiver based navigation system

on board a satellite in a geotransfer orbit. Three phases of

the geotransfer orbit are analyzed, first an early orbit phase

where the satellite has a highly eccentric orbit, secondly an

intermediate orbit phase where the altitude of the satellite

periodically is close to that of the GNSS-satellites, and fi-

nally a late orbit phase, when the satellite is almost in a

geostationary orbit, but has not yet rotated into its final atti-

tude. The simulations show that with a GNSS-receiver with

an acquisition and tracking threshold of 27 [dB−Hz] and

two high gain antennas, the root mean square position and

velocity error can throughout all three orbit phases be kept

below 1000 [m] and 30 [mm/s], respectively.

INTRODUCTION

To reduce operation costs and to enable formation flying

of multiple satellites, it is nowadays common to equip low

earth orbit (LEO) satellites with Global Navigation Satel-

lite System (GNSS)-receivers so that they can navigate and

operate autonomously [Choi2010, Filippi2010]. However,

even though flight experiments [Balbach1998,Moreau2002,

Kronman2000, Lemke1999, Bauer2006] during the nineties

showed that it was possible to receive GNSS signals at alti-

tudes beyond those used by LEO satellites, and economical

as well as safety incitements exist, GNSS-receiver based on-

board positioning of satellites in geostationary transfer or-

bits (GTOs) and geostationary orbits (GEO) remain in an

embryo phase [Garcia-Rodriguez2008]. Two reasons for

this are the technical challenge of designing a GNSS-receiver

and on board navigation system capable of the necessary

signal processing using radiation hardened components, and

the conservative nature (for understandable reasons) of space-

craft designers, manufacturers, and operators. The main

technical problems associated with using a GNSS-receiver

on board a satellite in GTO or GEO are outlined next.

Reproducible Research: The code for the simulator and the

data sets used in the simulations can be downloaded at:

https://sites.google.com/site/isaacskog/home

The limited number of satellites in-view and their

geometry

All the GNSSs have been designed with the main objec-

tivity to provide worldwide positioning and timing service

for terrestrial users, and the space user segment has gen-

erally not been considered in the design of the systems.

(For the next generation of the Global Positioning System

(GPS), i.e., GPS III, there will be a space service volume

[Bauer2006].) Therefore, the GNSS satellites have been

equipped with nadir pointing antennas with a radiation pat-
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Figure 1. Illustration of the geometrical relationship be-

tween the earth, a satellite in GEO, a satellite in GTO,

a satellite in LEO, and a GPS satellite. Also shown is

the antenna gain of a GPS BIIR satellite. By compar-

ing the lengths and the off-nadir angles of the line-of-

sight vectors between the GPS satellites and a satellite

in LEO, and the GPS satellites and a satellite in GTO or

GEO, it is clear that due to the additional path losses and

larger off-nadir angles the signals that reaches a satellite

in GTO or GEO will be many decibels weaker than the

signals reaching a satellite in LEO.

tern designed to illuminate the earth with as much of the

transmitted signal energy as possible. Thus, only a fraction

of the signal energy that a GNSS satellite transmits passes

over the earth limb and can reach a GNSS-receiver on board

a satellite with an altitude close to or above the GNSS satel-

lites. See Fig. 1 for an illustration of the geometry between

the satellites, as well as a GPS BIIR satellite antenna gain

pattern. Consequently, the number of GNSS-satellite sig-

nals that can be received by a GNSS-receiver on board a

satellite in GTO or GEO are limited. For extended time pe-

riods, the number of signals that can be received may be less

than the four needed to calculate the unique position and

time solution. To bridge the time periods when signals from

less than four satellites can be received, the on board nav-

igation system must combine the measurements from the

GNSS-receiver with a model of the orbit of the satellite.

Today, there are about 60 operational Global Position-

ing Satellites (GPS) and Globalnaya Navigatsionaya Sp-utnikovaya

Sistema (GLONASS) satellites, and with the deployment of

the European Galileo and the Chinese Compass it expected

that by 2030 there will be about 120 GNSS satellites orbit-

ing the earth [Gao2012]. This will greatly increase the like-

lihood of having access to signals from four or more GNSS

satellites. Still, the geometry of these satellites will, from a

multilateration perspective, be poor, i.e., the dilution of pre-

cision is high [Filippi2010]. All the GNSS satellites will,

when seen from a satellite in GEO or a satellite in GTO

when close to apogee, be located at the same region of the

sky. This means that the received signals provide less ac-

curate information about the altitude and clock offset, then

about the along and cross track position [Axelrad2010].

The characteristics of the received signals

A GNSS-receiver on board a LEO satellite will, except for

some high dynamics effects, experience basically the same

signal conditions as a terrestrial GNSS-receiver does [Bauer2006,

Winkler2013, King2011]. That means that the power of the

signals received from the different GNSS satellites are of

equal magnitude and have a power of about -160 [dBW ]
and -157 [dBW ] for the GPS and Galileo system, respec-

tively [Braasch1999, Prades2011]. However, for a GNSS-

receiver on board a satellite in GTO or GEO, the signal

conditions are quite different. The signal path length be-

tween a GNSS-receiver on board a satellite in GEO and the

GNSS-satellites will be a factor two or more times longer

than between a terrestrial receiver and the GNSS-satellites.

Accordingly, the signal propagation losses are more than six

decibels higher. Further, a large fraction of the signals that

can be received come from the outer part of the main lobe

or the side lobes of GNSS-satellite antennas, where the an-

tenna gain is several decibels lower than at the peak of the

main lobe [King2011]. Hence, the signal power received by

a GNSS-receiver on board a satellite in GEO will generally

be more than ten decibels weaker than the signal power re-

ceived by a terrestrial receiver. The signal conditions experi-

enced by a GNSS-receiver on board a satellite in GTO will

periodically be even more severe. At apogee and perigee,

the signal conditions are as in the GEO and LEO case, re-

spectively. But when the satellite has an altitude close to

the altitude of the GNSS satellites, the variation in distances

from the satellite in GTO to the GNSS satellites increases

by several magnitudes and may cause a near-far problem.

That is, the strong signal from a GNSS satellite nearby dis-

turbs the reception of the weak signals coming from GNSS

satellites far away.

Thus, to be able to acquire and track the signals from

the GNSS satellites, a high sensitivity GNSS-receiver is needed.

Several previous studies have shown that if the receivers

carrier-power to noise density ratio (C/N0) acquisition and

tracking sensitivity can be reduced by 5-10 dB-Hz from to-

days nominal 30-35 dB-Hz, the number of satellites that can

be acquired and tracked increases significantly [Moreau2000,

Long2000, Winternitz2009, Axelrad2010]. The way to en-

hance the sensitivity of the receiver is to increase the inte-

gration time used in the signal acquisition. By increasing the

integration time, the noise is suppressed by averaging. How-

ever, there are several practical issues, such as the naviga-

tion data modulated on top of the code sequence, that makes

it computationally costly to increasing the integration time

beyond a few code sequences [Granados2012]. In the next

generation of the GPS, i.e., GPS III, and in the Galileo sys-

tem there will be pilot signals transmitted that do not have

navigation data modulated on top of them, which will make



it easier to increase integration times, and thereby the re-

ceiver’s sensitivity [Enderle2010, Lorga2010].

To further compensate for the propagation losses and

the reduced transmitter antenna gain, the satellite should

also be equipped with one or more high gain antennas. For

a satellite in GEO that employs a nadir pointing strategy,

a single nadir pointing high gain antenna will be sufficient

to cover the region of the sky in which the GNSS-satellites

are located. A satellite in GTO that employs a nadir point-

ing strategy, should except for a nadir pointing high gain

antenna, also be equipped with a zenith pointing antenna

that has a hemispherical antenna pattern, to be used during

perigee. However, for satellites that employ a pointing strat-

egy that hinder the mounting of a high gain antenna in the

nadir direction or an zenith pointing antenna with a hemi-

spherical antenna pattern, the number of antennas and their

placement may have to be optimized to the pointing strategy

of the specific mission, and the GNSS-receiver designed to

actively combine the signals from the different antennas.

To summarize, for satellites orbiting the earth in a GTO

or a GEO, the signals that can be received by an on board

GNSS-receiver are (periodically) weak and few in number.

Further, the geometry distribution of the in-view GNSS satel-

lites constellation is from a multilateration perspective (pe-

riodically) poor. Therefore, to improve the accuracy and

robustness, and to bridge the time epochs when less than

four GNSS signals can be received, the on board navigation

system must incorporate both a GNSS-receiver and an orbit

propagator, as well as an filter to fuse the information from

them. A main challenge in designing an on board naviga-

tion system with these capabilities is to develop signal pro-

cessing and filter algorithms that can be run on the limited

processing power available, and that can handle the changes

of the GNSSs expected during the life time (approximately

two decades) of a communication satellite. Another chal-

lenge is to find antenna placements that allow the reception

of the GNSS signals throughout all the stages of the mission.

THE SIMULATOR STRUCTURE AND BUILDING

BLOCKS

The simulator, illustrated in Fig 2, is built out of six main

building blocks. The defines and settings block, is where

the physical parameters are defined and user settings loaded.

The load orbit and generate GNSS trajectories block, is

where the reference orbit for the specified simulation sce-

nario is loaded into the simulator and the orbits of the GNSS-

satellites for the same time period are calculated; the orbits

of the GNSS satellites are calculated from two-line element

(TLE) data, and the simulator can calculate the trajectories

for the GNSS-satellites in the GPS, the GLONASS, and the

Galileo system (Only the orbits of the currently operational

Galileo satellites are calculated.). The visibility and C/N0

block, is where the simulator determines to which GNSS-

satellites there are free line-of-sight to and the C/N0 of the

signals from these satellites. The on board navigation block,

which is the core block, simulates the actual navigation sys-

tem on board the satellite and consists of three sub blocks:

the orbit propagator, the GNSS-receiver front-end, and the

Load defines and user settings

Load scenario data and generate

GNSS satellite trajectories

Calculate visibility and C/N0

Run the on board navigator

Orbit propagator
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Figure 2. The structure and building blocks of the sim-

ulator. If the simulator is configured to run in Monte

Carlo mode, then the on board navigator block is iter-

ated multiple times.

information fusion filter. The calculate statistics block, is

where the first and second order statistics of the output from

the simulator are calculated. The visualization block, is

where output of the simulator is visualized.

THE ORBIT PROPAGATOR

The orbit propagator implemented in the simulator, is based

upon the following force model. Let r and v denote the

position and velocity of the satellite in an earth centered

inertial (ECI) coordinate system. Further, let u denote the

control signal to the thrusters on the satellite. The motion of

the satellite can then at time t be described by a differential

equation of the form

r̈ = Ftot(t,r,v,u)/m(t). (1)

Here Ftot(·) denotes the sum of all the forces acting upon

the satellite, and m(t) denotes the mass of the satellite. For

satellites orbiting the earth the three dominating external

forces are the earth, the sun, and the moon’s gravity forces;

the solar radiation pressure force is about a magnitude smaller.

See Fig. 3 for an illustration of the magnitude of the dif-

ferent forces as a function of altitude. For satellites that

at perigee have an altitude of a couple of hundred kilome-

ters, the atmospheric drag also has a significant impact on

the orbit dynamics. Thus, for the orbit propagator used

in the simulator Ftot := Fe +Fsm +Fd +Fu, where Fe(t,r),
Fsm(t,r), Fd(t,r,v), and Fu(t,u) denotes the earth’s gravi-

tational force, the combined gravitational forces of the sun

and the moon, the atmospheric drag force, and the thrust

force, respectively.

The earth geopotential model

A point-like mass or body with a spherically uniform den-

sity produces a gravity field that always points toward the

center of the sphere and where the magnitude of field force
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Figure 3. Magnitude of the different forces as a func-

tion of altitude. The magnitude of the drag forces where

calculated using the Harris-Priester atmospheric density

model and assuming CD = 1.5, A
m(t) = 0.04 [m2/kg] and

a circular orbit. The magnitude of the solar radiation

pressure force was calculated assuming a radiation pres-

sure coefficient CR = 1.2. Note that the main component

of the earth gravity force is not shown.

deceases quadratically with the distance from the body. That

is, the acceleration r̈ of a satellite orbiting a point-like mass

is given by

r̈ =−µ
r

‖r‖3
, (2)

where µ and ‖ · ‖ denote the gravitational coefficient of the

body and Euclidian norm, respectively.

However, due to the earth’s rotation, the earth is not a

perfect sphere; but has more the shape of an oblate spheroid

with a semi-major axis about 20 kilometer longer than the

semi-minor axis. Further, the density distribution of the

earth is not uniform. Therefore, to describe the gravity field

of the earth, different geopotential models, such as the Joint

Earth Gravity Model (JGM-3) and Earth Gravitational Model

1996 (EGM96), that take these factors into account have

been developed. In the simulator the JGM-3 model is used,

and the user can select a model order between two and thirty.

Refer to [Montenbruck2000] for details about the JGM-3

and other geopotential models. Since the geopotential model

describes the gravity field of the earth with respect to a po-

sition in earth centered earth fixed (ECEF) coordinates, de-

noted by re, the input position vector and output accelera-

tion vector of the JGM-3 gravity model must be transformed

from ECI to ECEF coordinates and vise versa. Let Ci
e(t) and

GJGM(r
e,NJGM,MJGM) denote the rotation matrix that transforms

a vector from ECEF to ECI coordinates (The rotation matrix

Ci
e(t) thus describes the coordinate changes due to the earths

precession, nutation, rotation, and polar motion.), and the

NJGM×MJGM order JMG-3 gravity model, respectively. Then

the satellites acceleration in ECI coordinates due to the earth

gravity force is given by

Fe

m(t)
= Ci

e(t)GJGM

(
Ce

i (t)r,NJGM,MJGM

)
. (3)

Details about how to compute Ci
e(t) can be found in [Mon-

tenbruck2000].

The sun and moon gravity model

The distances from a satellite in GTO or GEO to the sun

and the moon, are so such that the sun and moon can be

well approximated as point masses. Thus, (2) can be used

to describe the acceleration of the satellite due to the sun’s

and the moon’s gravity force. That is,

Fsm

m(t)
= µs

(
rs− r

‖rs− r‖3
− rs

‖rs‖3

)

+ µm

(
rm− r

‖rm− r‖3
− rm

‖rm‖3

)
.

(4)

Here µs (µm) and rs (rm) denote the sun’s (moon’s) gravita-

tional coefficients and geocentric position, respectively. The

terms rs/‖rs‖3 and rm/‖rm‖3 in (4) are due to the gravita-

tional forces exerted on the earth by the sun and the moon,

making the earth accelerate with respect to inertial space. To

evaluate (4), knowledge about the position of the sun and

moon are needed. High-precision solar system ephemeris

data can be obtained from the Jet Propulsion Laboratory

(JPL). But since for a satellite in GTO or GEO the forces

exerted by the sun and the moon are small compared to the

earth’s gravity force, the low-precision (accurate to about

0.1-1%) model [Montenbruck2000,pp.70-72] is instead used

in the simulator.

The atmospheric drag model

The deceleration of a satellite that passes through the atmo-

sphere can be described by [Gaposchkin1988]

Fd

m(t)
=−0.5CD

A

m(t)
ρHP(r)‖vr‖vr, (5)

where CD, A
m(t)

and vr denote the satellites drag coefficient,

area-to-mass ratio, and velocity relative to the atmosphere,

respectively. Under the assumption that the atmosphere co-

rotates with the earth vr = v−ωie× r, where ωie is the an-

gular rate vector of the earth. The exact value of CD is gen-

erally not known and may change with the attitude of the

satellite. Therefore, CD can model as a unknown state in

the simulator and be estimated by the onboard navigator.

To evaluate (5) the upper atmospheric density ρHP(r) must

be known, and several atmospherical models exist such as

the Harris-Priester model, the Jacchia-Roberts model, and

the Mass Spectrometer Incoherent Scatter model. We re-

fer to [Gaposchkin1988] and [Vallado2008] for an analysis

of the quality of the different atmospheric density models.

In the simulator the low complexity Harris-Priester density

model is used.

Noteworthy is that during the time period when a satel-

lite in GTO passes through the atmosphere it is most likely



that the GNSS-receiver can also receive signals from many

GNSS satellites. Thus, as suggested in [Mehlen2000] it may

be possible to remove the atmospheric drag term from the

force model without compromising the performance of the

on board navigation system.

Electrical propulsion thrust model

In the current version of the simulator, no model for the

electrical propulsion thrusters have been implemented. The

thrust force specified Fu(t,u) in the reference trajectory is

therefore directly added to (1). To get a better agreement

with what would happen in reality, a model similar to that

in [Montenbruck2000, pp.104-106] should be implemented,

and the control signals to the thrusters used as a control in-

put to the model.

THE GNSS-RECEIVER FRONT-END MODEL

For a GNSS-receiver to be able to estimate its position it

must extract two types of information from the GNSS-signals,

the positions of the GNSS satellites and the (pseudo) ranges

to the GNSS satellites. To do so, a GNSS-receiver that is

turned on must first go through an acquisition phase where

it:

1. Calculates the satellites that may be in view and deter-

mines their approximate velocities (Doppler shifts).

2. Searches for the signals both in frequency and coarse

acquisition (CA) code delay.

3. Detects the presence of the signals and confirms the

detection.

Thereafter, the receiver can enter a tracking phase, where

it tracks the CA code delays and the carrier phases of the

signals. Once tracking the signal, the receiver can start to

demodulate the navigation data and determine the transmis-

sion times of the signals, and the positions and velocities of

the tracked GNSS satellites. Finally, by also measuring the

reception times of signals, the GNSS-receiver can calculate

the pseudo ranges to the GNSS satellites.

The model used in the simulator to mimic this ac-

quisition and tracking process in the GNSS-receiver and

to generate syntectic pseudo range measurements, is illus-

trated in Fig. 4. The model consists of five parts: a path

loss and receiver noise model that is used to calculate the

C/N0 of received signals from the geometry of the satellites

and their antennas; a Cramér-Rao based model that relates

the C/N0 of the received signals to the accuracy at which

the propagation times of the signals can be estimated; a

ephemeris error model that describes the errors in the, by the

GNSS-receiver, calculate positions of the GNSS-satellites; a

stochastic model of the offset and drift of the GNSS-receiver

clock; and a finite state machine model that mimics the

acquisition and tracking properties of the GNSS-receiver.

Next, these five parts are described in detail.

Path loss and receiver noise model

The power of the received signal P
(n)
rx [dBW ] from the n:th

GNSS satellite at the input of the GNSS-receiver, is in the

simulator modeled as

PATHLOSS

AND

NOISE

Geometric
information

Channel #1
Channel #2

Channel #N

C/N0Path loss and
receiver noise

model

Ephemeris

error model

error model

Receiver clock

C/N0 versus
range error

model

Acquisition and
tracking model

Pseudo
ranges

Figure 4. The model used in the simulator to mimic

the behavior of a GNSS-receiver front-end. Note that,

whereas the path loss, acquisition and tracking behav-

ior, range error, and ephemeris error are calculated sep-

arately for all the receiver channels, the clock error is

the same across all the channels.

0 10 20 30 40 50 60

−15

−10

−5

0

5

10

15

 

 

GPS BIIA
GPS BIIR
GPS BIIF

Standard
High gain

Antenna gain patterns

G
ai

n
[d

B
i]

Angle [◦]

Figure 5. Gain patterns of the antennas used in

the simulator. The GPS antenna gain patterns are

based upon the data in [Zentgraf2010, Moreau2002,

Lorga2010, Czopek1993], and the receiver antenna gain

pattern upon the data in [Bamford2006].

P
(n)
rx = P

(n)
tx +G

(n)
tx (φ

(n)
tx )−L

(n)
f s −Lc

−Lp +
Ma

∑
i=1

G
(i)
rx (φ

(n,i)
rx ) n = 1, . . . ,N.

(6)

Here P
(n)
tx denotes the transmitted power of the n:th GNSS-

satellite. Further, G
(n)
tx (φ) denotes the antenna gain of the

n:th GNSS-satellite antenna at an off-nadir angle φ, and

G
(i)
rx (φ) denotes the antenna gain of the i:th receiver antenna

at the angle φ of from the pointing direction of the antenna.

Moreover, φ
(n)
tx denotes the angle between the line-of-sight

vector from the the n:th GNSS satellite to the satellite and

the pointing direction of the GNSS satellite’s antenna. Fur-

ther, φ
(n,i)
rx denotes the angle between the line-of-sight vec-

tor from the satellite to the n:th GNSS satellite and pointing



direction of the i:th receiver antenna. The loss Lc and Lp

are the antenna combination loss and the polarization loss,

respectively. Ma denotes the number of receiver antennas.

Noteworthy, is that in (6) it has been assumed that the GNSS

receiver does maximum ratio combining of the signals from

the different receiver antennas. The free space propagation

loss L
(n)
f s in (6) is given by

L
(n)
f s = 10log10(

(
4π‖r− r

(n)
GNSS‖

λ(n)

)2

), (7)

where λ(n) denotes the wave length of the signal from the

n:th satellite, and r
(n)
GNSS denotes the position of the GNSS

satellite. In the simulator the transmitted power of the GPS,

GLONASS, and the Galileo system are defined as 14.25

[dBW ], 12.3 [dBW ], and 14 [dBW ], respectively. The an-

tenna gain patterns used in the simulator are shown in Fig. 5.

Since no information has been found regarding the antenna

gain patterns of the GLONASS or Galileo satellites, the an-

tenna gain pattern of the GPS BIIA satellites are used in the

simulation of these systems.

The noise spectral density N0 at the input of the GNSS

receiver is modeled as N0 = 10log10(k Teq) [dB−Ws], where

k denotes Boltzmann’s constant. Further, Teq [K] is the equiv-

alent noise temperature of the system, and depends upon

factors such as the pointing direction of the antennas, the

system noise factors, etc. Given the model (6) of the power

of the signal received from the n:th GNSS satellite, the C/N0

of the signals are in the simulator calculated as [C/N0]
(n) =

P
(n)
rx −N0 [dB−Hz], n = 1, . . . ,N.

Acquisition and tracking model

To model the acquisition and tracking process of the GNSS-

receiver, and to determine when pseudo range measurements

should be generated, the finite state machine model in Fig. 6

is used. That, is when the receiver is turned on it starts in the

ideal state. If the C/N0 goes above the acquisition threshold

γa the receiver enters the acquisition state, where it remains

until the acquisition time Na has gone by. If C/N0 falls be-

low the acquisition threshold γa at any time instant, the re-

ceiver goes into ideal state again. If the C/N0 stays above

the acquisition threshold γa during the full acquisition time

Na, then the receiver enters the tracking state. The receiver

remains in the tracking state until either, the C/N0 goes be-

low the tracking threshold γt and the receiver goes back to

the ideal state, or the tracking time No has gone by and the

receiver enters the pseudo range state. Once in the pseudo

range state the receiver generates a pseudo range measure-

ment, and then returns to the tracking state if C/N0 is above

γt , otherwise it returns to the ideal state. Thus, Na and No

resembles the time it takes for the receiver to acquire a sig-

nal and the update rate of the receiver, respectively. The

nominal update rate of the GNSS-receiver is 1 [Hz].

Acquisition

TrackingTrackingIdeal

Pseudo
range[C/N0]

(n) < γt

[C/N0]
(n) < γt

[C/N0]
(n) < γa

[C/N0]
(n) ≥ γa

[C/N0]
(n) < γa

[C/N0]
(n) ≥ γt & k≤ No

[C/N0]
(n) ≥ γa & k ≤ Na

[C/N0]
(n) ≥ γa & k > Na

k← 0
k← 0

k← 1

k← k+ 1

k← k+ 1

[C/N0]
(n) ≥ γt [C/N0]

(n) ≥ γt & k > No

Figure 6. Illustration of the finite state machine used to

model the acquisition and tracking procedure of the n:th

channel in the GNSS-receiver.

The pseudo range measurements

In the simulator, the pseudo range measurement to the n:th

GNSS satellite is generated using the following model

ρ(n) = ‖r− s(n)‖+ c∆t+ e
(n)
r + e

(n)
e + e

(n)
i . (8)

Here c and ∆t denote the speed of light and the receiver

clock offset, respectively. Further, e
(n)
r denotes the range

estimation error, e
(n)
e denotes the GNSS satellite ephemeris

and clock error, and e
(n)
i denotes the ionospheric delay er-

rors. The errors e
(n)
r , e

(n)
e , and e

(n)
i are in simulator assumed

white and Gaussian distributed with variance σ2
r , σ2

e , and

σ2
i , respectively. The models used to calculate σ2

r , σ2
e , σ2

i ,

and ∆t are described next.

Propagation time estimation accuracy

The Cramér-Rao lower bound for the accuracy with which

a GNSS-receiver can estimate the propagation time τ of the

signal using the course/acquisition (C/A) code is given by [Gre-

wal2007],

σ2
τ ≥

N0
∫ Ti

0 (żr(t))2dt
. (9)

Here żr(t) denotes the derivative of the received code wave-

form, and Ti denotes the signal observation (integration time)

time. For the C/A code of the GPS and under the assump-

tion that the received code waveform is filtered by an ideal

low-pass filter with bandwidth Bw, then (9) gives the follow-

ing lower limit on the ranging estimation accuracy, [Gre-

wal2007],

σ2
r(n)
≥ c2 (3.444 ·10−4)2

[C/N0](n) Bw Ti

. (10)

The lower limit (10) is thus used in the simulator when map-

ping the C/N0 of the received signals into the range estima-
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Figure 7. The standard deviation of the ranging error

versus C/N0. The bandwidth Bw = 2 [MHz] and integra-

tion time Ti = 10 [ms].

tion error e
(n)
r of the GNSS-receiver. In Fig. 7, the bound

has been plotted as a function of the C/N0, with the band-

width Bw = 2 [MHz] and integration time Ti = 10 [ms]; cor-

responding parameters values is later used in the simulation.

Ephemeris, satellite clock, and ionospheric error model

Even though the magnitude of the error in the calculated

GNSS satellite ephemeris and clock offset depends upon the

time passed since the GNSS-receiver managed to receive

information about these quantities, the variance of the error

is assumed constant in the simulator. That, is σ2
e = 3.62

[m2], where the value was taken from [Farrell1998, p.150].

Since the GNSS-receiver in the simulator rejects all signals

passing the earth at an altitude of less than 1000 [km], the

ionosphere error is in the simulator assumed zero and σ2
i = 0

[m2].

Receiver clock error model

Physically, the receiver clock error ∆t develops as the inte-

gral of the frequency error of the receiver’s clock oscillator.

This suggests that the receiver clock offset ∆t and drift rate

∆ f can be modelled as in [Farrell1998], i.e.,

[
∆ṫ

∆ ḟ

]
=

[
0 1
0 0

][
∆t
∆ f

]
+

[
wφ

w f

]
. (11)

Here, wφ denotes the process noise driving the phase error

state and w f denotes process noise driving the frequency er-

ror state. In the simulator, wφ and w f are assumed white and

Gaussian distributed with spectral density Sφ and S f , respec-

tively. Information on how to calculate the power spectral

densities from Allan variance parameters of the clock oscil-

lator can be found in [Dierendonck1984].

Major weakness of the model

The simulation model used for the GNSS-receiver has been

developed with the aim of capturing the main behavior of a

GNSS-receiver, while still keeping the computational com-

plexity of the model at a reasonable level. Thus, many

things that may have second order effects on the accuracy

of the simulation have been neglected. The most important

of these are: the limited number of channels of the receiver

in reality, the time it takes for the receiver to decode the full

navigation message (i.e., a cold start of the GNSS-receiver),

the possible saturation of the receiver due to high variations

in the received signal powers (i.e., near-far field effect), the

level arms effects due to the fact that the receiver antenna

is not mounted at the center of mass, the dependency of the

receiver noise power upon the pointing directions of the an-

tennas, and variations in the quality of the data about the

ephemeris of the GNSS satellites. Further, the possibility

and effects of aiding the acquisition and tracking process

using information from the orbit propagator have been ne-

glected. This may have a major impact on the acquisition

and tracking sensitivity of the receiver, see [Mehlen2000].

THE INFORMATION FUSION

The on board navigator in the simulator can be configured

to work in single point solution mode or integrated solu-

tion mode. In the signal point mode the on board navigator

uses only the information from the GNSS-receiver and cal-

culates a position estimate whenever signals from four or

more GNSS satellites can be received. The navigation so-

lution is calculated using a nonlinear weighted least squares

(WLS) algorithm. In the integrated solution mode, the sim-

ulator fuses the information from the GNSS-receiver with

the information from the orbit propagator. The on board

navigator can, when run in the integrated solution mode, be

configured to use an extended Kalman filter (EKF) or an

Unscented Kalman filter (UKF) in the information fusion.

The WLS, EKF, and UKF algorithms are described next.

Single point solution

When the on board navigator is configured to work in single

point solution mode, the position r and clock offset ∆t of

the GNSS-receiver are calculated as follows. Let the state

vector x∗k be defined as

x∗k =

[
r(k Ts)

∆t(k Ts)

]
, (12)

where Ts denotes the sampling period used in the system.

That is, the state vector x∗k holds the position and clock off-

set of the system at the time instant t = k Ts. Further, define

the observation vector yk, that holds all pseudo range obser-

vations made by the GNSS-receiver at discrete time instant

k, as

yk =




ρ(1)(k Ts)
...

ρ(N)(k Ts)


= hk(x

∗
k)+ ek, (13)

where

hk(x
∗
k) =



‖r(k Ts)− r

(1)
GNSS(k Ts)‖+ c∆t(k Ts)

...

‖r(k Ts)− r
(N)
GNSS(k Ts)‖+ c∆t(k Ts)


 (14)

and

ek =




e
(1)
r (k Ts)+ e

(1)
e (k Ts)+ e

(1)
i (k Ts)

...

e
(N)
r (k Ts)+ e

(N)
e (k Ts)+ e

(N)
i (k Ts)


 . (15)



Moreover, let the covariance of the noise vector ek be de-

noted Rk, and the gradient of the observation function hk(x)
denoted ∇h(x); expressions for the gradient can be found

in [Farrell1998, p.146]. Then, the nonlinear weighted least

squares algorithm used in the simulator to calculate the single-

point navigation solutions is given in Alg. 1. In Alg. 1 the

parameter ε is used to set the tolerance for the calculation of

the navigation solution, and is set in the simulator to 0.01.

Further, the matrix P∗k is the covariance of the the state esti-

mate x̂∗k , and the position dilution of precision (PDOP) pa-

rameter is calculated from it as PDOP =
√

tr([P∗k ]1:3,1:3).
Here tr(·) denotes the trace operator and [A]i: j,l:m denotes

the sub-matrix of A made out of the entries between the i:th

to j:th row and the l:th to m:th column. Further, 1i, j and 0i, j

in Alg. 1 denote an i times j matrix of all ones and zeros,

respectively.

Algorithm 1 Pseudo code for the WLS

1: k← 0

2: loop

3: k← k+1

4: if GNSS data from 4 satellites available then

5: δxk← 14×1

6: x̂∗k ← 04×1

7: while ‖δxk‖∞ > ε do

8: R̂k←EREC(x̂∗k)

9: H∗k ← ∇hk(x̂
∗
k)

10: P∗k ←
(
(H∗k)

T R̂−1
k

H∗k
)−1

11: δxk← P∗k(H
∗
k)

T R̂−1
k

(yk−hk(x̂
∗
k)

12: x̂∗k ← x̂∗k +δxk

13: end while

14: end if

15: end loop

Subfunctions

16: function EREC(x̂)

17: Function that estimates the error covariance R of the pseudo

range estimates given the current state estimate x̂.

18: end function

Integrated navigation solution

When the on board navigator is configured to work in inte-

grated solution mode, then the navigation solution is calcu-

lated as follows. Let the state vector xk be defined as

xk =




r(k Ts)
v(k Ts)
∆t(k Ts)
∆ f (k Ts)
−−−−
CD(k Ts)



. (16)

That is, the state vector holds the position r, velocity v,

clock offset ∆t, and clock drift ∆ f at time t = k Ts. Fur-

ther, if the on board navigator is configured to also estimate

the air drag coefficient CD, it is also included in the state vec-

tor. The time propagation of xk is in the on board navigator

modeled as

xk = fk(xk−1,uk)+wk. (17)

Here uk = u(k Ts) denotes the control input to the model,

i.e., the commanded thrust force. Further, wk denotes the

process noise, which is assumed to be white and Gaussian

distributed with the covariance matrix Qk. The state transi-

tion function fk(·) is in the on board navigator, calculated by

propagating from time instant t = (k−1)Ts to time instance

t = k Ts, the solution to the differential equations

ṙ = v,

v̇ = Ftot(t,r,v,u)/m(t),

∆ṫ = ∆td ,

∆ ḟ = 0,

ĊD = 0,

(18)

using the Runge-Kutta 4 method. With the state equation

defined as in (17) and the observation equation defined as

in the single point solution case, i.e., (13)-(15), then the

pseudo code for the EKF and UKF algorithms used to cal-

culate the integrated navigation solutions are given in Alg. 2

and Alg. 3, respectively. Expressions for the gradient Fk ≡
∇ f (x̂k−1,uk) on row 7 in the EKF algorithm can be found

in [Montenbruck2000,pp. 244-250]. In the simulator, higher

order terms in the gradient of the earth geopotential model

have been neglected, i.e., the earth is assumed a point mass.

Algorithm 2 Pseudo code for the EKF

1: k← 0

2: x̂k←INIT STATE( )

3: [Pk,Q]←INIT COV( )

4: loop

5: k← k+1

6: x̂k← f (x̂k−1,uk)
7: Fk← ∇ f (x̂k−1,uk)
8: Pk← Fk Pk−1 FT

k +Q

9: if GNSS data available then

10: Hk← ∇hk(x̂k)
11: Rk←EREC(xk)

12: Kk← Pk HT
k (Hk Pk HT

k +Rk)
−1

13: x̂k← x̂k +Kk (yk−h(x̂k))
14: Pk← (I−KkHk)Pk

15: end if

16: end loop

Subfunctions

17: function INIT STATE( )

18: Function that initializes the state vector estimate x̂.

19: end function

20: function INIT COV( )

21: Function that initializes the state covariance P and sets the

process noise covariance Q.

22: end function

23: function EREC(x)

24: Function that estimates the error covariance R of the pseudo

range estimates given the current state estimate x.

25: end function

SCENARIO DESCRIPTIONS

To illustrate the application of the simulator it has been used

to evaluate the navigation performance that can be expected



Algorithm 3 Pseudo code for the UKF

1: k← 0

2: x̂k←INIT STATE( )

3: [Pk,Q]←INIT COV( )

4: [Wm,Wc]←GET SP WEIGHTS(x)

5: loop

6: k← k+1

7: X← GEN SP(x̂k−1,Pk−1)

8: [x̂k,Pk,X,δX]← UT( f (·),X,Q,Wm,Wc)

9: if GNSS data available then

10: Rk←EREC(xk)

11: [ŷk,Pyy,Y,δY]← UT(hk(·),X,R,Wm,Wc)

12: Pxy = δXdiag(Wc)δYT

13: K← PxyP−1
yy

14: x̂k← x̂k +K(yk− ŷk)
15: Pk← Pk−KPyy KT

16: end if

17: end loop

Subfunctions

18: function INIT STATE( )

19: Function that initializes the state vector estimate x̂.

20: end function

21:

22: function INIT COV( )

23: Function that initializes the state covariance P and sets the

process noise covariance Q.

24: end function

25:

26: function GET SP WEIGHTS(x)

27: L← LENGTH(x)

28: λ← (α2−1)L

29: [W m]1← λ/(L+λ)
30: [W c]1← λ/(L+λ)+(1−α2 +β)
31: for i=2:2 L+1 do

32: [W m]i← 0.5/(L+λ)
33: [W c]i← 0.5/(L+λ)
34: end for

35: return [W m,W c]
36: end function

37:

38: function GEN SP(x,P)

39: L← LENGTH(x)

40: [X]1:L,1← x

41: for i=2:L+1 do

42: [X]1:L,i← x+[
√

α2 L P]1:L,i

43: [X]1:L,i+L← x− [
√

α2 L P]1:L,i

44: end for

45: return [X]
46: end function

47:

48: function UT(g(·),Z,Q,Wm,Wc)

49: for i=1:2 L+1 do

50: [Z]1:L,i← g([Z]1:L,i)
51: end for

52: z← 1
2L+1 (Z(Wm)T )12L+1,1

53: δZ← Z−z ·11,2L+1

54: Q← δZdiag(Wc)δZT +Q

55: return [z,Q,Z,δZ]
56: end function

from a GNSS-receiver based on board navigation system

during three phases of a geotransfer orbit. First an early

orbit phase, about five days into the geotransfer, where the

orbit is highly elliptic. Secondly, an intermediate orbit phase

where the altitude of the satellite varies from that of the GPS

satellite to up to 52 000 [km]. Thirdly, a late orbit phase

where the satellite is almost in a GEO, but has not changed

into a nadir pointing strategy.

The orbits, attitudes, and altitudes of the satellite dur-

ing the three phases are shown in Fig. 8, 9, 10, and 11, re-

spectively. The reference orbit data for the three orbit phases

has been provided by OHB Sweden. The data has been gen-

erated using a EGM96 geopotential model of order 36×36,

point mass models for the sun and the moon gravity forces,

sun and moon orbits from JPL DE405 ephe-meris, and a

solar radiation pressure model taking into account the shad-

owing of the earth and the moon. The force of electrical

propulsion thruster was assumed flawless.

In the Monte Carlo simulations, the GNSS-receiver

were configured to only use the signals from the GPS and

assumed to have an acquisition and tracking hold of 27 [dB−
Hz] and 27 [dB−Hz], respectively. Further, the equivalent

noise temperature Tsys of the receiver is assumed to be 290

[K]. All the system settings used in the simulation are sum-

marized in Table 1. Further, the satellite is assumed to be

equipped with two high gain antennas; one antenna pointing

in the direction of the z-axis of the satellite body coordinate

system. This is because once the satellite has reached its

final position in the GEO, the z-axis will be pointed in the

nadir direction and the antenna will point towards the direc-

tion of the sky where GNSS satellites are located. To find a

good placement for the second antenna, three grid searches

were done where the average number of GNSS satellites

tracked versus the second antennas pointing direction were

calculated for the three simulation scenarios. All three grid

searches have a (local) maximum close to the pointing di-

rection, azimuth 140 [deg] and inclination 90 [deg]. The

second antenna was thus, pointed in this direction in the

simulations.

RESULTS

The results of the three simulations are shown in Fig. 12-20.

Before, looking at the results of the individual simulations

scenarios, some general observations can be made.

• The EKF and the UKF basically behave the same,

which indicates that the linearization of the observa-

tion equation hk(x) and state transition function fk(x)
only introduces minor errors; no differences can be

seen between the state covariance estimates of the two

filters.

• After the filters have converge, the position and ve-

locity errors throughout all three orbit phases stays

below 1 [km] and 30 [mm/s], respectively.

• During the time periods when the signals from more

than four GNSS satellites can be received, the fu-

sion of the information from the orbit model with the

GNSS-receiver measurements, improves the position
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Trajectory during the early GTO phase.

Figure 8. The satellite orbit and attitude during the

early GTO phase. Also shown is the orbits of the GPS-

satellites.
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Trajectory during the intermediate GTO phase.

Figure 9. The satellite orbit and attitude during the in-

termediate GTO phase. Also shown is the orbits of the

GPS-satellites.
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Trajectory during the late GTO phase.

Figure 10. The satellite orbit and attitude during the

late GTO phase. Also shown is the orbits of the GPS-

satellites.
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Figure 11. Altitude of the satellite during the three GTO

phases. Also shown is the altitude of the GPS satellites

and the maximum altitude of the employed atmospheric

model. The atmospheric drag thus, only affect satellite

during the early GTO phase and then only during short

time periods.

accuracy from about 100 [m] to 10 [m]; at time periods

with high PDOP the improvement is even more.

• The along track and altitude error grows faster than

the cross track error, which corresponds well with the

fact that if the second order forces are neglected, the

satellite’s orbit is restricted to a plane.

Next, the results of the individual simulations will be re-

viewed.

Early GTO phase

The results of the simulation of the early GTO phase are

shown in Fig. 12-14. During the early GTO phase, there

are long periods during which time the signals from four

or more GNSS satellites can be received, but for extended

parts of these periods the PDOP is poor, i.e., PDOP> 10.

This is reflected by the relatively large (> 100 [m]) position

errors in the calculate signal point solutions, see Fig. 13.

However, in the integrated navigation solution, the position

error quickly drops down to below 10 [m] when ever the

signals from four or more satellites are available. During,

the eight hour long signal outages, occurring every second

orbit revolution due to the change in attitude of the satellite,

the position and velocity errors grows, but stays below 1

[km] and 30 [mm/s] all the time.

Noteworthy, are the sharp peaks in the velocity error

curves (see Fig. 14) occurring when the satellite is close to

apogee. This indicates that the simulator implemented or-

bit model does not capture the true orbit dynamics of the

satellite at apogee. However, since the on board navigation

system in the simulation has good GNSS signal reception

throughout the apogee phases, the errors in the orbit model

only have a marginal effect on the navigation solution. But,

if the GNSS signal reception was lost during the apogee,

the error in the orbit model could lead to large errors in the
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during the early GTO phase.

navigation solution.

Intermediate GTO phase

The results of the simulation of the intermediate GTO phase

are shown in Fig. 15-17. During the intermediate orbit

phase, the on board navigation system only manages to re-

ceive the signals from the GNSS satellites when the satel-

lite is close to apogee and the attitude of the satellite is such

that the second antenna points in the nadir direction. During

these periods, signals from up to eight GNSS satellites can

be received and the position and velocity error of the system

are then in the order of 20 [m] and 1 [mm/s], respectively.

During the fifteen hour long signal outages, the position and

velocity errors grow, but stays below 1 [km] and 30 [mm/s]
all the time.

Late GTO phase

The results of the simulation of the late GTO phase are

shown in Fig. 18-20. The behavior and performance of

the on board navigation system during the late GTO phase

is similar to that during the intermediate orbit phase. That

is, signals from up to ten GNSS satellites can be received

when the satellite is at apogee and the second antenna points

towards nadir direction, and the position and velocity error

during these periods are on the order of 20 [m] and 1 [mm/s],
respectively. During the outage periods, the position and ve-

locity errors grows, but stay below 1 [km] and 30 [mm/s] all

the time.

CONCLUSIONS & FURTHER RESEARCH

A simulator for a GNSS-receiver based onboard navigation

system has been implemented and published open-source.

The application of the simulator has been shown by using

it to evaluate the navigation performance that could be ex-

pected during three different phases of a GTO. The results

of the simulations show that by equipping the satellite with

two high-gain antennas, a GNSS-receiver with a 27 dB-HZ

acquisition and tracking threshold, and a relatively simple

orbit propagator, the position and velocity error through all
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Figure 13. The RMS position error and the filter covari-

ance during the early GTO phase. Green - single point

solution. Blue - integrated navigation solution using

EKF. Red - integrated navigation solution using UKF.

Black - filter covariances.

three orbit phases can be kept below 1 km and 30 mm/s, re-

spectively. However, the implemented orbit model does not

fully capture orbit dynamics of the satellite at apogee during

the early GTO phase, which may lead to large errors if the

GNSS-reception is lost during these periods; further investi-

gations of this are needed. Moreover, the simulation results

also indicate that nonlinearities in the system are moderate

and that an EKF with a simplified state transition matrix

works just as well as the UKF for the information fusion.

Since the use of two receiver antennas is costly and

complicates the GNSS-receiver design, it is suggested that

an investigation is done about the possibility to equip the

satellite with only one high gain antenna and designing a

satellite pointing profile that on a regular basis points the

antenna in a direction that guarantees that the signals from

at least four GNSS satellites can be received.
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Figure 15. The number of signals tracked and the PDOP

during the intermediate GTO phase.
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using EKF. Red - integrated navigation solution using
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