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ABSTRACT
The NigeriaSat-2 mission is a high-resolution imaging mission currently under construction and due for launch in
2009. This paper will emphasise the potential of a mission of this type, particularly highlighting mission
performance parameters such as image throughput and ground coverage rate. It will also underscore the versatility
of the platform by highlighting the extensive modes of operation that are possible, and the possibilities that these
could have for the end customer.
It will then discuss the technological advances that allow operational high resolution imagery to be captured on
board a 300kg satellite. Attention will be paid to the mechanical engineering challenges of isolating the payload
from thermal distortions introduced into the rest of the spacecraft platform and hence the novel way in which SSTL
has solved this, allowing a very high geolocation accuracy to be achieved.
Finally included in the paper will be a discussion on the advanced attitude and orbit control sub-system, which
provides both high stability during imaging as well as high agility and a fast slew capability to transition between
imaging opportunities.
launch the mission will become one of the World’s
most capable satellites in its class and will continue the
demonstration that high performance missions are
possible with small satellites.

INTRODUCTION
The first five satellites of the Disaster Monitoring
Constellation (DMC), built by SSTL and launched in
2002-2005, confirmed the humanitarian, political and
technological value of Earth imaging using cost
effective small satellites. One of these satellites was
NigeriaSat-1, Nigeria’s first satellite, which is still
successfully operating almost 5-years after launch.
Since then, SSTL has extended this capability and
continues to demonstrate the utility of small satellites
for a range of imaging applications.
NASRDA, the Nigerian National Space Research and
Development Agency has now commissioned its first
operational high-performance Earth Observation
system. The system is a turnkey solution, comprising
space segment, ground segment and image processing
facilities, together with an extensive training
programme. The satellite design is concluded and
assembly has commenced in SSTL’s clean rooms in the
UK. Launch is currently scheduled for 2009. On
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Figure 1: The NigeriaSat-2 spacecraft
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of access to imaging opportunities is the orbit into
which the satellite is placed. Whilst a range of orbit
altitudes can be targeted with this satellite platform, the
design orbit for NigeriaSat-2 is a 700km sunsynchronous orbit, with a mid-morning orbit node.
This provides a good compromise between strong
lighting conditions and discernible ground features.
However, the main reason for being in this orbit is
because, coupled with the accessible field of regard,
this orbit also provides revisit opportunities to
anywhere in the world at least every two days. Figure 2
shows how access opportunities to the world build up
over a 2-day period. In fact, as can be seen, there is an
opportunity to see over 70% of the Earth’s surface after
just one day. Filling in the near-equatorial gaps then
requires a second day, before 100% coverage
opportunities can be guaranteed. Figure 3 shows how
the access opportunities fall over the world on a typical
day.

NigeriaSat-2 will achieve 2.5m imagery in a
panchromatic waveband along with 5m and 32m
imagery in four mutli-spectral channels. The spacecraft
will deliver high data throughput on an agile platform,
whilst still maintaining high levels of pointing
accuracy. Figure 1, below, shows an illustration of the
spacecraft.
MISSION PERFORMANCE
NigeriaSat-2 is designed with some key Nigerian
objectives in mind:
•

To support food supply security, agricultural
and geology applications

•

To support mapping and security applications

•

To support development of national GIS
infrastructure

•

To provide continuity and compatibility with
the existing NigeriaSat-1 system

These objectives place some key requirements on the
system. In addition to requiring both medium and high
resolution imaging capability, the satellite must also:
•

Provide timely global imaging access

•

Deliver a high data throughput

•

Support a number of special imaging modes

•

Provide high accuracy geolocation of imagery

•

Be capable of fast-slew manoeuvres.

Figure 3: World map showing access opportunities
from NigeriaSat-2 over a 2 day period

Timely Imaging Access
One of the driving parameters affecting the timeliness

Figure 2: Global access opportunities for NigeriaSat-2 over 2 days
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300km, while the very high resolution imager (VHRI)
has a swath of 20km.

High Data Throughput
Data throughput of the system is determined primarily
by four parameters: the power available to the payload
chain on-board the spacecraft; the storage available for
storing images; the speed of the payload data downlink;
and the frequency and quantity of the downlink
opportunities. NigeriaSat-2 is designed to be operated
from NASRDA’s main ground station facility in Abuja.
This determines the last of the parameters. The
remaining parameters are set by the design of the
spacecraft. By carefully considering the scenarios in
which the spacecraft is likely to be used, the power,
storage and downlink can be made consistent.

A VHRI scene is defined as a 20km x 20km image that
is a combination of one panchromatic scene with GSD
of 2.5m and four multi-spectral image scenes each with
GSD of 5m in the blue, green, red and near infrared
spectral bands. An MRI scene is defined as a 300km x
20km image scene that is a combination of four multispectral image scenes each with a GSD of 32m in the
blue, green, red and near infrared spectral bands.
Operational Flexibility
NigeriaSat-2 makes use of a number of features to
provide mission-level flexibility. These include:

NigeriaSat-2 uses large body-mounted solar arrays for
power generation. These ensure that sufficient power is
generated without causing the settling problems that
might be seen with deployable arrays. For data storage
the spacecraft uses three high-speed data recorders. To
complete the set there are two redundant X-band
transmitters, which operate via antennas mounted on
antenna pointing mechanisms. These ensure that a
high-speed link can be maintained throughout any
ground station pass, even when the satellite is rolled off
to an extreme off-pointing angle. Between these
elements the system is capable of imaging and
downlinking more than 100 high resolution scenes on
every orbit (in which there is a ground station pass).

Use of Off-nadir imaging

•

Fast manoeuvre time

•

Use of near real-time imaging (NRT)

These are now described in more detail.
Off-Nadir Pointing: Many imaging satellites in orbit
take images centred above the sub-satellite point. In
addition to its nadir pointing capabilities, NigeriaSat-2
is also capable of performing roll and pitch manoeuvres
that enable it to take images within the limits specified.
The satellite is capable of acquiring imagery in two
distinct ways: scene mode and strip mode.

The other requirements are discussed in more detail in
the following sections.

•

MODES OF OPERATION
There are a number of inherent differences between
small satellites and larger ones that result in advantages
when it comes to possible imaging modes. The
compact nature of small satellites, their lack of
appendages, such as large deployable solar arrays, and
fewer requirements for large quantities of propellant
mean that the resulting small satellites can be much
more agile.
Based on the 700km sun-synchronous orbit described
previously, a number of imaging modes are defined for
the satellite. The standard modes are the scene and strip
modes, and then more complex compound modes make
use of the high agility to deliver stereo and area modes.

Scene mode provides scene images of
particular targets on the ground. This is
achieved by a series of roll and pitch
manoeuvres depending on the location of the
target. This mode makes use of the fast
manoeuvre time capability and is most useful
for providing fast images of several
geographically diverse targets. The satellite is
capable of using either the MRI or VHRI
imager or using both imagers simultaneously.

Ground
Targets

NigeriaSat-2 carries two payloads onboard which are
capable of providing medium resolution images (32m)
in Red, Green, Blue and Near Infra-red bands, high
resolution images (5m) in Red, Green, Blue and Near
Infra-red bands and high resolution (2.5m) in a
panchromatic band, from an altitude of 700km. The
medium resolution imager (MRI) has a swath of
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Flight direction

Figure 4: The high agility of the spacecraft allows a
series of geographical diverse targets to be captured
in a single pass
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•

Strip mode is achieved by chaining together a
number of scenes in order to achieve strip
images. For NigeriaSat-2 the length of a strip
can be up to 2000km. Images can be acquired
with satellite nadir pointing or off-nadir
pointing. This mode is most useful for
applications such as mapping, where the
timeliness of data is not too important and
specific targets do not need to be addressed.

Near Real-Time Imaging: The ability to simultaneously
image and downlink the captured date is also one of the
capabilities of NigeriaSat-2. The image of the target
region can be delivered to the mission control centre
(MCC) from a distance of at least 1000km during a
NRT operation. This allows images of the area around
a ground station to be quickly tasked, imaged and
downlinked.

2
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Figure 6: An illustration of how a 3x3 area mode
image can be built up. The spacecraft transitions
through steps 1-5 through a series of pitch and roll
manoeuvres

Stereo Imaging: Stereo images are composed of
pictures of the same target taken within the same pass
but from different points of view, so as to provide a
“stereographic” picture of the scene after processing.
Images are taken from two symmetric points of view
with a minimum of 10 degrees pitch angle. This type of
imaging is most useful for providing height information
on such things as buildings and mountains. Figure 5
illustrates how the spacecraft pitches forward for the
first image and then back for a second image of the
same location.

Area imaging can be used to provide wide swath high
resolution imagery. Its coverage can be divided into two
types: 3 x3 area mode; 4 x 4 area mode. Area mode
imaging also allows for up to 25% overlap between
strips to stitch scenes together, meaning a total of 65km
x 80km area mode imagery can be produced.
Mode Summary
In summary, there are many operational modes
available to the NigeriaSat-2 satellite.

1

Fast response scene mode: This is a fast response mode
for the VHRI and/or MRI that provides a short interval
of time between successive images to be captured.
Pointing accuracy is sacrificed for fast access to target
areas. It provides the option of NRT as well as offnadir pointing up to an angle of 45 degrees.
Strip mode: This is a standard mode for the VHRI
and/or MRI that chains images together in order to
achieve strip images. In this mode regular manoeuvres
are used as time is not critical and to get high pointing
accuracy. It provides the option of NRT as well as nadir
pointing up to an angle of 45 degrees.

Figure 5: An illustration of the way a stereo pair is
created
Area Imaging: Images taken adjacent to each other in
both along-track and across-track directions within the
same pass so as to form a composite picture
homogeneous in time are called area images.
NigeriaSat-2 is equipped with the ability to provide this
type of imaging. Figure 6 shows the sequence involved
in capturing an example 3 x3 area mode image.
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Using a combination of satellite off-pointing and fast
manoeuvres, the satellite can then achieve stereo and
area mode imaging.

2

Nadir
Facing
view
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Stereo mode: This is a VHRI specific mode that uses
the spacecraft agility to capture scenes of the same
location but from different perspectives.
Area mode: The area mode imaging for the VHRI can
cover an area up to 3 x 3 or 4 x 4 scenes in a single
pass. This is used to effectively artificially widen the
swatch of the image for short periods of time.
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frequencies of the order of 10 Hz are excited by
reaction wheel imbalance.

MECHANICAL ENGINEERING CHALLENGES
The main mechanical engineering challenge overcome
for the design and build of NigeriaSat-2 comes from the
need to accurately know where on the ground the
cameras are pointing.

For Nigeriasat-2 the axial stiffness of each link and
location was optimized to achieve the best modal
behaviour of the optical bench and payload assembly.
The solution adopted uses 7 links which slightly over
constrains the assembly. The layout of the optical bench
payload is shown in Figure 7.

The thermal design on NigeriaSat-2 is mainly passive.
The satellite therefore experiences significant changes
in mean temperature and temperature gradients. The
satellite primary structure is fabricated from aluminium
skinned aluminium honeycomb core sandwich panels
which distort as a result of the thermal environment.
The satellite carries an optical payload consisting of a
VHRI (Very High Resolution Imager), a 4 channel MRI
(Medium Resolution Imager) and two star cameras.
The spacecraft also has mechanisms which run
continuously during imaging generating mechanical
noise.
The requirement placed on the mission is to be able to
geolocate images to better than 45m without ground
control points. To meet this requirement the thermo
elastic distortions between star cameras and the imager
bore sight must be kept to approximately 0.001 deg.
Additionally microvibration of the imager must be kept
under control to achieve the required image quality.
These issues are managed by mounting the VHRI, MRI
and star cameras on a thermo-elastically stable optical
bench which is supported on a compliant kinematic
mount.
The compliant kinematic mount consists of a number of
compliant links. The design of the compliant link is
such that effectively it only constrains the optical bench
in the axial direction of the link. Each link constrains 1
degree of freedom of the optical bench payload
assembly. Thus with 6 correctly placed links the optical
bench payload assembly would be fully constrained.

Figure 7: Layout of the optical bench payload
assembly

The assembly has 6 rigid body modes on its compliant
mount. If these modes are well below the modes of the
payload there will be some attenuation of payload
microvibration. The optimum frequencies of the modes
of the payload assembly is a compromise. Generally the
lower the frequency the more microvibration
attenuation, but low frequency modes have much larger
amplitudes for the same power. If the frequencies of the
assembly are not correctly selected or are not
sufficiently damped, image distortion could be
dominated by one of the rigid body modes for the
assembly. Additionally very low frequencies, of the
order of 1 Hz, cannot be used on an agile spacecraft as
this would causes problems with attitude control, and
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Optimising the design for thermo-elastic and
microvibration produces a solution that is not optimal
for strength under launch loads. It was therefore
decided to decouple the requirements for the on orbit
performance and launch performance by incorporating
a launch lock.
During launch the optical bench payload assembly is
supported by 5 hold down and release devices. Each
hold down and release device consists of a cup and
cone pair, a low shock separation nut and an
instrumented bolt. During on-orbit commissioning the
hold downs are released and the optical bench payload
assembly deploys 2 mm, at which point it engages the
5
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kinematic mount. The kinematic mount must survive
this deployment shock event. These loads size the
kinematic mount but are orders of magnitude lower
than the launch loads.
The deployment is driven by a set of springs. These
springs are adjusted during assembly to control the
deployment energy. For ground testing, different
springs are used which compensate for the 1 g gravity
loading on the system. This allows deployment tests
and microvibration tests to be carried out on the ground
without complicated MGSE (Mechanical Ground
Support Equipment).
Verification of the system has been achieved by a
combination of analysis and ground testing. The
Thermo-elastic performance was verified by finite
element analysis. These analyses show that 0.001 deg
requirement is met under the worst case combinations
of 30 deg C variation in the mean temperature of the
primary structure, 10 deg C variation in the mean
temperature of the optical bench assembly and 5 deg
temperature gradients. Since these analyses the thermal
load case has been revised and has been shown to be
much better that originally analysed.
Qualification of the Hold down and release system has
been achieved by a spacecraft level structural
qualification vibration test. Figure 8 shows the EQM
optical bench payload assembly installed in the satellite
structural qualification model. Following the spacecraft
level structural qualification vibration test, ground
deployment tests were performed. These tests were
completed without issue.

Figure 8: EQM optical bench payload assembly
installed in the satellite structural qualification
model
ADVANCED ATTITUDE AND ORBIT CONTROL

The deployable optical bench approach has performed
as per the original design intent. This enables the
satellite to meet the geolocation requirement, which
will be discussed from an AOCS perspective in the next
section. Now that this design is qualified the same
approach will be applied to our up coming <1 m GSD
imaging missions.

The NigeriaSat-2 Attitude & Orbit Control Sub-system
(AOCS) builds on extensive heritage from previous
SSTL missions but presents some interesting new
challenges in small satellite engineering. This mission
demands both high accuracy and high agility, a
combination that requires advanced AOCS.
The
features of the attitude control sub-system are
mentioned below. The propulsion capability of the
spacecraft is not described here.
High Accuracy Pointing
The first challenge is to provide the attitude control
accuracy to support the high-resolution image products.
Sub-arcsec/sec platform stability is required to support
co-registration of the imager bands so that a range of
image products can be produced through automated
ground processing. Yaw steering is also maintained
during payload activity to counteract the effects of
Earth rotation.
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payload are calibrated during commissioning by
imaging geo-referenced targets, removing the need for
precise alignment during build or concern over any
small movement during launch. This can also be used to
verify in-flight performance at the end of the
commissioning phase.

The primary actuators are the SSTL Superior
MicroSatellite Reaction Wheels, developed for the
RapidEye constellation. These are based on wheels
flown on previous SSTL missions but have been refined
to improve control accuracy and reduce jitter. The
primary high-accuracy sensors are Micro Advanced
Stellar Compass star trackers supplied by Danish
Technical University (DTU). Attitude control is
maintained by the SSTL OBC386 on-board computer,
which receives synchronized telemetry from all sensors
and actuators to minimize transport delay in the control
loop. This solution is able to provide the necessary
platform stability and support the pointing requirement
of 500m on the ground. Good attitude control is not,
however, sufficient to meet this image targeting
requirement since the spacecraft must also be correctly
positioned for image capture, which is dependent on
accurate navigation.

The flow of AOCS data used for geolocation is shown
in Figure 9. The GPS time signal is distributed across
the spacecraft so that image and attitude data can be
time-stamped using the same, accurate time reference.
The PVT data from the GPS receiver uses the same
time reference and is collated by the OBC386, along
with the star tracker measurements and other AOCS
telemetry. The payload data recorder (HSDR) attaches
this AOCS data to the image data before it is sent to the
ground.
The raw AOCS data used for geolocating images is
stored with the image data in the image archive so that
any raw image can be re-processed at any time in the
future to produce the full range of image products. An
AOCS ground processor filters the AOCS data to create
a smoothed estimate of the payload trajectory and
attitude during image capture. To simplify image
processing, these are referenced to an Earth-fixed frame
and to the same GPS time signal that was used to timestamp the image data. This requires inertiallyreferenced attitude measurements from the star tracker
to be transformed into the rotating Earth-fixed frame,
accounting for effects such as precession and nutation
of the Earth’s axis as well as small variations in the rate
of rotation.

Autonomous GPS-based Navigation
A redundant pair of SSTL SGR-10 space GPS
receivers1 is incorporated in the NigeriaSat-2 platform.
Each receiver provides real-time position, velocity and
time (PVT) data. Both receivers have two antennas
ensuring excellent coverage of the GPS constellation
throughout the wide range of slew angles that
NigeriaSat-2 covers. The OBC386 uses the PVT data to
recursively update the estimated orbit ephemeris such
that it can accurately project forward the spacecraft’s
trajectory. This uses functionality developed for the
TopSat technology demonstration mission2. These
calculations can be performed quickly on-board by
using the epicycle orbit model3,4, developed in
collaboration with the University of Surrey. This
facility is used to autonomously refine the timing of
each imaging sequence and calculate final attitude
demands, ensuring that NigeriaSat-2 captures images
from the desired position and at the correct attitude.

Rapid Slew Capability
In addition to the four SMRW wheels, NigeriaSat-2
houses four larger, high-torque reaction wheels to
support agile operations. These wheels were previously
flown on the Giove-A mission and enable the spacecraft
to perform fast pitch and roll manoeuvres. A roll
manoeuvre of 35 degrees can be achieved in 20 seconds
and the spacecraft can slew to any attitude within a 45degree cone from nadir. As well as allowing rapid
slewing between targets this also gives NigeriaSat-2 the
capability to support the stereo imaging and area
coverage modes discussed earlier. These modes require
a sequence of rapid manoeuvres, interspersed with short
periods of highly stable pointing during image capture.

As well as supporting on-board navigation, the GPS
receivers provide an absolute time reference for the
spacecraft. This allows key telemetry to be accurately
time-stamped for ground processing to support
geolocation of imagery.
Automated Scene Geolocation
The NigeriaSat-2 system is able to geolocate images of
Nigeria to an accuracy of 45 metres without using
ground control points. This is achieved through precise
measurement of the position and attitude of the payload
at the time of image capture. Accurate measurement of
the payload orientation is achieved using the DTU star
trackers and ensuring that thermo-elastic distortions are
kept to a minimum, as discussed earlier. The relative
orientations between the star camera heads and the
Cawthorne
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power 3-axis attitude control mode to maintain nadir
pointing between periods of payload operations. Also,
when combined with 3-axis magnetorquers (normally
used for off-loading momentum), this provides
NigeriaSat-2 with a simple magnetic control mode that
ensures a power and thermally safe attitude in the event
of an anomaly. Should such an anomaly occur on the
OBC386 then the autonomous FDIR system will trigger
the activation of one of a pair of redundant safety
processors to sustain attitude control.
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Increasingly sophisticated small Earth Observation
satellite missions are becoming feasible. The SSTL300 class of platforms, of which NigeriaSat-2 is the first
instance, will provide cost effective operational service
competing with classical systems costing an order of
magnitude greater. In addition, thanks to their smaller,
more compact nature, a wide variety of modes of
operation are enabled that larger satellites would
struggle to achieve.
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When it launches in 2009, NigeriaSat-2 will show just
how much performance can be achieved with a satellite
of this class. This will enable NASRDA and Nigeria as
a whole to reap even more benefits from those gained
from NigeriaSat-1.
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Figure 9: Geolocation data flow
To ensure that accurate pointing is maintained during
these agile operations it is necessary to precisely
calibrate the spacecraft inertia tensor. This is performed
in-flight rather than through costly ground calibration
by accumulating star tracker measurements during
controlled manoeuvres and processing them using a
recursive estimator. This calibration technique builds on
previous work undertaken for the UoSat-12 mission5.

NigeriaSat-2
inherits the sun sensors and
magnetometers used on the DMC missions, which have
extensive heritage. These are used to provide a lowCawthorne
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