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(57) Abrégée/Abstract:

There Is provided an apparatus for calibrating a multi-beam satellite system comprising a beam forming network providing a
plurality of signal paths, the apparatus comprising a calibration processor for determining the phase and amplitude shift of a test
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(57) Abrege(suite)/Abstract(continued):

path of the plurality of signal paths by correlating a calibration tone extracted from the test path with a reference calibration signal,
the calibration processor being configured to determine the phase and amplitude shifts of the test path for at least two calibration
tones of at least two different frequencies. The apparatus also comprises means for applying a correction based on the determined
phase and amplitude shift to the test path in the beam forming network. The two calibration tones of at least two different
frequencies may be calibration tones Injected at two different frequencies but also calibration tones translated into two different
frequencies by the beam forming network. The invention allows a phase and amplitude shift for any path through the beam forming
network to be calculated for any frequency in an operational frequency range of the multi-beam satellite system and corrections to
be applied to form or interpret the required downlink or uplink beams of the multi-beam satellite system.
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(57) Abstract: There 1s provided an apparatus for calibrating a multi-beam satellite system comprising a beam forming network
providing a plurality of signal paths, the apparatus comprising a calibration processor for determining the phase and amplitude
shift of a test path of the plurality of signal paths by correlating a calibration tone extracted from the test path with a reference cali-
bration signal, the calibration processor being configured to determine the phase and amplitude shifts of the test path for at least
two calibration tones of at least two different frequencies. The apparatus also comprises means for applying a correction based on
the determined phase and amplitude shift to the test path in the beam forming network. The two calibration tones of at least two
different frequencies may be calibration tones mjected at two different frequencies but also calibration tones translated mto two
different frequencies by the beam forming network. The invention allows a phase and amplitude shift for any path through the
beam forming network to be calculated for any frequency m an operational frequency range of the multi-beam satellite system and

corrections to be applied to tor

'm or interpret the required downlink or uplink beams of the multi-beam satellite system.
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Calibration Apparatus and Method

Field of the Invention

The invention relates to calibration apparatus and a calibration method tor a

satellite system comprising a beam torming network.

Background of the Invention

Many commercial satellites are designed to provide multiple narrow beams with
required 1solation between beams to provide interference free communication
services. Some of these multi-beam satellite systems route the input signal along a
large number of routes corresponding to a large number of feed elements and set
the beamweights (both amplitude and phase) along each route tor forming the
required beams. Multiple beams are also received by the large number of teed
elements and the phase and the amplitude ot the signals received by each teed

element are adjusted betore the signals are combined and forwarded.

Establishing and maintaining the required relative phase and amplitude between the
signals tor the ditferent teed elements requires calibration ot the paths of the signals
through the satellite payload to take out any phase and amplitude ottsets between
the ditterent signals tor the ditterent beams prior to applying the beam weights.
Equipment used tor trequency translation, filtering and amplitication, and cables in
the transmission path giving time delays are major sources of amplitude and phase
ditterentials in the transmission paths. Even though the system is calibrated betore
launch, age and temperature ditterences can cause turther amplitude and phase
ditterentials in the transmission paths. The satellite system theretore needs to be

calibrated in situ from time to time.

A number of prior art systems have been developed tor calibrating the system in
situ but many ot these systems do not provide satistactory calibration. For example,
the prior art systems do not provide calibration tor all frequencies in the system
operational bandwidth. To ensure that the required beams are always achieved, it is
also important the correct calibration can be applied at any trequency within the

operating frequency range of the satellite system.
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The invention was made in this context.

Summary of the Invention

According to the invention, there is provided apparatus tor calibrating a multi-beam
satellite system comprising a beam torming network providing a plurality ot signal
paths, the apparatus comprising a calibration processor tor determining the phase
and amplitude shift of a test path ot the plurality of paths by correlating a
calibration tone extracted trom the test path with a reterence calibration signal, the
calibration processor being contigured to determine the phase and amplitude shift
of the test path for at least two calibration tones of at least two ditterent
frequencies to allow a phase and amplitude ottset ot the test path tor a signal ot any
frequency within an operational tfrequency range ot the multi-beam satellite system

to be calculated.

The apparatus may turther comprise means tor injecting a calibration tone into the
test path and the at least two calibration tones may comprise two calibration tones
of ditferent frequencies at the times ot injection. The apparatus may turther
comprise a digital signal processor tor translating the trequency ot a calibration tone
in the test path and the at least two calibration tones may comprise two calibration

tones translated into two ditterent frequencies.

The apparatus may also comprise means for selecting a test path trom the plurality
of signal paths, the test path selectton means being contigured to, for a calibration
tone of a specitic injection trequency and frequency translation, sequentially select
each ot the paths from a group ot paths ot the plurality ot paths as the test path to
allow the phase and amplitude otfsets of each path trom the group ot paths to be
determined. The apparatus may comprise a beam forming network having a
plurality ot inputs and a plurality ot outputs and the group ot paths may be selected
from all paths through a specitic input or all paths through a specitic output. The
beam torming network may be contigured to apply corrections to said test path
based on the determined phase and amplitude shifts of the test path tor the at least

two calibration tones of the at least two ditterent trequencies.
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Consequently, the invention allows the phase and amplitude shift ot any path tor
any initial trequency and any frequency translation to be determined. The satellite
payload can then take out any phase and amplitude ottsets between the difterent

signals for the different beams prior to applying the beam weights.

The reterence calibration signal may comprise a calibration tone extracted trom a
reterence path ot said plurality ot paths. Alternatively, the reterence calibration
signal may comprise a pure calibration tone at a frequency ot the calibration tone

extracted from the test path.

Yet turther, the apparatus may comprise a transmitter for transmitting the
determined phase and amplitude shifts to a ground station and a receiver for
receiving corrections to be applied to the beam torming network trom the ground

statton based on the determined phase and amplitude shitts.

For a torward link ot a satellite communication system, the apparatus may comprise
a beam splitter for torwarding a signal to the beam torming network; an amplitier
for amplitying signals trom the beam torming network, the test path comprising a
path from the beam splitter to the amplitier; a coupler for injecting a calibration

tone into the beam splitter; and a switch unit for torwarding said signal from said

test path from the amplitier to the calibration processor.

For a return link of a satellite communication system, the apparatus may comprise
an amplitier tor amplitying a signal tfor a beam torming network; a signal combiner
for combining a signal received from a beam torming network, said test path
comprising a path from the amplitier to the combiner; a switch unit tor injecting a
calibration tone into the test path in the amplitier; and means tor torwarding said

signal tfrom said test path from said signal combiner to the calibration processor.

According to the invention, there is also provided a multi-beam satellite system

comprising the above described apparatus.
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According to the invention, there is also provided a satellite communication system
comprising the multi-beam satellite system and a ground station configured to
receive phase and amplitude shift measurements from the multi-beam satellite
system, calculate corrections tor a signal ot a predetermined frequency and transmit

the corrections to the multi-beam satellite system.

The system may comprise means for adjusting the determined phase and amplitude
shifts and corrections based on the determined phase and amplitude shitts tor
amplitude and phase ottsets introduced by equipment in the plurality ot paths

having non-linear phase and amplitude characteristics.

According to the invention, there is also provided a method ot calibrating a multi-
beam satellite system having a beam forming network providing a plurality of signal
paths, the method comprising extracting calibration tones trom a test path of the
plurality ot paths; and determining the phase and amplitude shifts ot the test path
for the calibration tones by correlating the extracted calibration tones with reterence
calibration signals, wherein the calibration tones comprise at least two calibration
tones of ditferent frequencies to allow phase and amplitude ottsets ot the test path
for a signal of any trequency within an operational tfrequency range ot the multi-

beam satellite system to be calculated from the determined phase and amplitude

shifts.

Extracting calibration tones may comprise extracting a first calibration tone ot the
at least two calibration tones ot difterent trequencies and subsequently extracting a

second calibration tone of the at least two calibration tones ot ditferent tfrequencies.

The method may further comprise injecting calibration tones into the test path and
the at least two calibration tones of ditferent frequencies may comprise two
calibration tones of difterent trequencies at the times of injection. The method may
further comprise translating the trequency ot the calibration tones in the test path
and the at least two calibration tones ot ditterent trequencies may comprise

calibration tones translated into two different tfrequencies.
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The method may fturther comprise, tor a calibration tone ot a specitic injection
frequency and trequency translation, sequentially selecting each ot the paths trom a
group ot paths ot the plurality ot paths as the test path to allow the phase and
amplitude shitt ot each path trom the group ot paths to be determined. The group
of paths may be selected trom all paths through a specitic input to a beam torming

network or all paths through a specitic output trom a beam torming network.

The method may turther comprise extracting a calibration tone from a reterence
path ot the plurality ot paths and providing the extracted calibration tone as one ot
satd reference calibration signals tor said extracted calibration tones trom the test
path. Alternatively, the calibration reterence signals may comprise a pure calibration

tone at a frequency ot one ot the calibration tones extracted from the test path.

The method may turther comprise applying a correction to the beam torming
network based on the determined phase and amplitude shitts tor the at least two

calibration tones ot ditferent trequencies.

Additionally, the method may turther comprise transmitting the determined phase
and amplitude shitts to a ground station and receiving said corrections from the
ground station. Furthermore, the method may comprise adjusting the determined
phase and amplitude shifts and corrections determined based on the determined
phase and amplitude shitts tor amplitude and phase shifts introduced by non-linear

equipment in the plurality ot paths.

According to the invention, there is also provided a computer program comprising
instructions that when executed by a processor cause the processor to pertorm the

above described method.

Brief Description of the Drawings

Embodiments ot the invention will now be described, by way ot example, with
reterence to Figures 1 to 11 of the accompanying drawings, in which:

Figure 1 shows a communication system in which the invention can be

implemented;
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Figure 2 1s a schematic diagram of some of the components ot the torward and the
return link in the a multi-beam satellite system ot the satellite communication
system;

Figure 3 schematically shows the paths ot the signal and the calibration tones
through the components of the multi-beam satellite system according to one
embodiment;

Figure 4 illustrates how a correction 1s determined for any operational tfrequency ot
the multi-beam satellite system;

Figure 5 illustrates how a correction 1s determined tfor any operational tfrequency ot
a the multi-beam satellite system in a multi-beam satellite system with non-linear
components;

Figure 6 tllustrates the difterent paths and the ditterent trequencies on which
measurements are pertormed;

Figures 7, 8 and 9 illustrate a process ot collecting data tor pertorming the
calibration ot the multi-beam satellite system:;

Figure 10 schematically shows the paths ot the signal and the calibration tones
through the components ot the multi-beam satellite system according to another
embodiment; and

Figure 11 schematically shows the paths ot the signal and the calibration tones
through the components ot the multi-beam satellite system according to yet another

embodiment.

Detailed Description

With respect to Figure 1, a communication system comprises a multi-beam satellite
system 1, a system operator ground station 2, and a plurality ot satellite
communication subscriber locations 3. The multi-beam satellite system 1 receives a
signal from the ground station 2, processes the signal and transmits information in
the signal to the plurality ot subscriber locations 3. The multi-beam satellite system
I may also receive signals tfrom the subscriber locations 3, process the information
and torward the intormation in the signals to the ground station 2. The ground
station 2 may also be used to control the satellite or forward instructions and data
between the satellite and a control station for controlling the satellite. Also, instead

of receiving and transmitting intformation to the ground station 2, the multi-beam
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satellite system may tforward the information to another satellite or directly between

subscriber locations.

With reterence to Figure 2, the multi-beam satellite system 1 comprises a torward
link and a return link. In the torward direction, signal inputs, comprising a plurality
of frequency channels, are recetved in a recetver 4 trom the ground station 2 and
down-converted for processing to base-band by a down-converter 5. The receive
signals inputs are then split through one or more signal splitters 6 and torwarded to
a digital signal processor (DSP) 7 that provides a beam torming network. The
digital signal processor 7 processes and routes the receive input signals to torm
required beams tor the subscriber locations 3. The required beams are created by
routing the signal along a plurality ot routes and setting the phase and amplitude ot
the signal tor each route to form the required beams. The output signals from the
digital signal processor 7 are then up-converted by up-converter 8 to the operating
RE band, amplitied by amplitiers 9 and transmitted in the selected user downlink
beams by a multi-teed antenna retlector subsystem 10. The amplitier 9 may
comprise a plurality of multi-port amplitiers, each serving a portion ot the routes.
The multi-teed antenna retlector subsystem 10 comprises a plurality ot teed
elements 10a, one tor each route along which the signals are routed in the digital

signal processor 7.

In some embodiments, the digital signal processor may comprise a plurality ot
digital signal processor modules. Fach module handles a portion of the signals
from the splitter 6. Each digital signal processor module 7 may provide analogue to
digital conversion, routing ot channel to beam, trequency mapping (including
frequency translation) to support operational frequency planning and trequency
reuse, channel beam torming and the digital to analogue conversion tor a portion of

the input signal.

Similarly, in the return direction, the signal inputs are received by a plurality ot
separate teed elements 10a of the multi-feed antenna retlector subsystem 10 and
routed along difterent routes to an amplitier 11. The signals are then amplitied by

the amplitier 11 and down-converted by a down-converter 12 to base-band tor
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processing. The down-converted signals are then processed and combined by a
digital signal processor (DSP) 13 and a combiner 14, up-converted to a trequency
suttable tor transmission to the ground station 2 by an up-converter 15 and
transmitted by a transmitter 16. The amplitier 11 may comprise a low-noise

amplitier tor each path.

In some embodiments, the digital signal processor 13 comprises a plurality of
modules, each module being arranged to process the signals trom a portion of the
feed elements. Each digital signal processor module provides analogue to digital
conversion of the baseband signal, beam torming and digital to analogue
conversion. The digital signal processor modules 13 may also provide anti-aliasing
tilters, mixers for mixing of signals with local oscillator trequencies, gain control

capabilities and band-pass tilters.

Although not shown, the multi-teed antenna retlector subsystem 10 of Figure 2 may
comprise a diplexer tor each teed element and a retlector. Also, although the
receiver 4 and the transmitter 16 for receiving and transmitting signals to the same
ground station are shown as separate components, they may form part ot the same

component.

Since the beam forming relies on the way that the phase and amplitude ot the signal
for a particular feed element is set relative to the phase and amplitude ot a signal tor
another teed element, it is important to know the phase and amplitude oftsets ot
each path a signal can take through the satellite payload. The torward digital signal
processor typically has a small number ot inputs and a large number ot outputs
defining routes to the large number of feed elements. Consequently, the tforward
transmission link comprises a plurality ot possible transmission paths, each path
being detined by a particular input to the digital signal processor and a particular
route trom the digital signal processor to a teed element. Similarly, in the return
link, the digital signal processor has a large number of inputs corresponding to the
large number of feed elements and a small number ot outputs to the combiner. The
return link theretore has a plurality ot possible paths, each path being detined by a

route trom a particular teed element and an output to the combiner.
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The cables in the transmission paths and the equipment used tor trequency
translation, filtering and amplitication give rise to time delays and amplitude and
phase ditterentials in the paths. Since ditterent paths may comprise ditterent
equipment and cables, the phase and amplitude shift of a signal in one path may be
difterent to the phase and amplitude shitt in another path. For example, the phase
and amplitude of a signal in the torward link passing through a first splitter to a first
input to a first digital processor module 7 and thereatter through a tirst output to a
tfirst multi-port amplitier 9 may be ditterent to the phase and amplitude ot a signal
passing through a second splitter to a second input to a second return digital signal
processor module and thereafter through a second output to a second multi-port

amplitier.

The system 1s calibrated betore launch at ambient temperature to determine the
phase and amplitude shitt along each path. However, the phase shift along each
path may change, once the satellite has been launched, due to temperature changes,
environmental eftects, changes in redundancy contiguration ot transmission paths
and age. The system theretore needs to be re-calibrated trom time to time. Any
drift due to temperature or life can then be seen when comparing the result ot the

payload calibration in-orbit with the initial calibration on ground.

The system comprises a calibration subsystem 17 tor determining the phase and
amplitude shift in the paths. Below, the calibration subsystem will be described to
determine the phase and amplitude ottset in the paths trom the splitter 6 to the
amplifier 9 in the torward path and in the amplitier 11 to the combiner 14 in the
return path. However it should be realised that this is just one example and the

calibration paths may include tewer or more components.

In the torward path, the calibration subsystem 17 inserts a calibration tone in the
splitters 6 and extracts the calibration tone trom a selected output trom the

amplitiers 9 and determines the phase and amplitude ottset of the signal. As will be
described in more detail below, the phase and amplitude ottset may either be

determined relative to another path or to the pure calibration signal. The phase and
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amplitude measurement in the path may also be repeated tor a number of ditterent
frequencies to allow the results to be extrapolated to any operational trequency of
the multi-beam satellite system. The results are sent to the ground station 2, which
calculates the corrections that need to be applied to the transmission path at a given
frequency. Instructions to implement the corrections are returned to the multi-
beam satellite system 1. For example, the instructions may be returned directly to
the digital signal processor 7 or via the calibration subsystem 17. The corrections
are applied by adjusting the phase and amplitude weights in the beamtorming

network in the digital signal processor 7.

In the return path, the calibration subsystem 17 injects a calibration tone in an input
to the amplitier 11. The calibration subsystem then extracts the calibration tone
from the combiner 14 and determines the phase and amplitude shift in the path.
Again, the phase and amplitude shift may either be determined relative to another
path or to a pure calibration signal. The phase and amplitude measurement in the
path may also be repeated tfor a number of difterent tfrequencies to allow the results
to be extrapolated to any operational frequency. Again, the results of the
measurements are sent to the ground station 2 which calculates the corrections that
need to be applied to a signal ot a specitic frequency in the transmission path.
Instructions to implement the corrections for the transmission paths are returned to
the multi-beam satellite system. For example, instructions may be returned directly
to the digital signal processor 13 or via the calibration subsystem 17. The
corrections are applied by adjusting the phase and amplitude weights in the

beamforming network in the return digital signal processor 13.

With reterence to Figure 3, the signal tlow in the system according to a tirst
embodiment of the invention will now be described. The calibration subsystem 17
comprises a forward calibration unit 18 for relative phase and amplitude
measurements of forward reterence and test paths, a selection switch unit 19 tor
selection ot paths tor measurements, a return calibration unit 20 for relative phase
and amplitude measurements of a signal in the return reference and test paths, an
injection switch unit 21 tor injection ot return calibration tones to selected paths tor

the amplitiers 11 and a common frequency generator unit (FGU) 22. The torward
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and return calibration units 18, 20 may comprise processors tor correlating the
signals in the reterence and test paths to find the relative phase and amplitude
oftsets. Any type ot suitable couplers and switches may be used to implement the
selection switch unit 19 and the injection switch unit 21. Couplers may also be used
for injecting the calibration tone into the splitters 6 and extracting the signals
comprising the calibration tones from the reterence and test paths. The couplers tor
extracting the signals from the paths may be comprised in the selection switch unit

19 and the return generation unit 20.

In the torward path, on instruction by the torward calibration unit 18, the trequency
generator unit 22 generates a calibration tone at a suitable frequency. Typically, a
frequency channel not used by the tratfic in the forward path is selected tor the
calibration tone. The calibration tone is provided to the splitters 6 which inserts the
calibration tone into selected outputs ot the splitters 6 leading to selected inputs ot
the digital signal processor 7. Typically, the digital signal processor 7 has at least
two nputs and routes the signal and the calibration tones via the multiport-
amplifiers 9 towards 120 ditterent teed elements 10a in the multi-tfeed antenna
retlector subsystem 10. The selection switch unit 19 selects the signal in a reterence
path and a test path trom the output ot the amplitiers 9 and torwards the selected
signals to the torward calibration unit 18 to allow the torward calibration unit 18 to
determine the amplitude and phase ditterence between the calibration tones of the
two paths. The reterence path may be the path comprising the tirst input to the
digital signal processor and the route trom the digital signal processor to the tirst
feed element in the multi-beam antenna subsystem. The test path may initially be
selected as the path through the tirst input to the digital signal processor 7 and the

output leading to the second teed element in the multi-beam antenna subsystem 10.

In the return path, on instruction by the return calibration unit 20, the trequency
generator unit 22 generates and torwards a calibration tone of a suitable frequency
to the injection switch unit 21. The frequency ot the calibration tone is selected as
not to intertere with the trattic in the return direction. The calibration tone is then
inserted by the injection switch unit 21 into two inputs of the amplitier 11 and

combined with the received signals from two ot the 120 ditterent teed elements.
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The signal trom the 120 teed elements and the calibration tones are amplitied by the
amplitier 11, processed and combined by the return digital signal processor 13 and
combined by the combiner 14. The calibration tones and the traftic signals received
in the combiner tfrom two ot the outputs of the digital signal processor are then
extracted and the return calibration unit 20 determines the phase and amplitude
ditterence between the calibration tones ot the two paths. The reterence path may
be the path starting at the tirst teed element ot the multi-beam antenna subsystem
10 and passing through the tirst output of the digital signal processor. The test path
may initially be selected as the path starting at the second teed element and passing

through the second output ot the digital signal processor.

To ensure that all paths in the system are calibrated, the selection switch unit 19 in
the forward link and the injection switch unit 21 are configured to then select/inject
the calibration tone from/into a new test path. Measurements may be repeated until
enough data have been collected to allow the relative phase and amplitude
ditterences between all paths compared to the reterence path to be calculated at the
tested calibration tone trequency. According to some embodiments, in the torward
link, tor a given input to the digital signal processor, phase and amplitude
measurements may be carried out for each route trom the digital signal processor to
a teed element. Also, tor a given output to a teed element, phase and amplitude
measurements may be carried out tfor each input to the digital signal processor.
Similarly, in the return link, for a given output trom the digital signal processor,
phase and amplitude measurements may be carried out tor each route trom the teed
element to the digital signal processor and for a given route trom the teed element
to the digital signal processor, phase and amplitude measurements may be carried
out for each digital signal output. The ditterent measurements will be described in

detail with respect to Figures 6, 7, 8 and 9.

As mentioned above, the measurements are also repeated tor two ditterent
frequencies to allow the relative phase and amplitude ditterence between all paths
compared to the reterence path to be calculated at any operational trequency. The
measurements at ditferent trequencies will be described in more detail with respect

to Figures 4 and 5.
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With reference to Figure 4, the phase ditterence between two paths tor a calibration
tone ot trequency w, i1s Af,. In the prior art, it was assumed that the phase
ditterence between the two paths tor the calibration tone at trequency w, was also
AB,. This may be a satistactory approximation in systems in which the trequency
variations are very small. However, in systems which must be able to handle trattic
of ditferent frequencies, this approximation is not adequate. It a correction 1s
applied based on a calibration measurement at one frequency, the applied correction
factor would not be able to neutralise the phase errors within the required limits at
other trequencies within the system operational bandwidth. The invention solves
this problem by determining the phase ditfference at another trequency w,. With
respect to Figure 4, the phase difterence at this frequency 1s determined to be A6,.
Using w,, w,, Ab, and Ab,, the phase difterence at any frequency can be determined

by extrapolation.

It should be realised that Figure 4 is just a schematic diagram and the phase
ditterentials is not necessarily linearly dependent on the trequency as they are
formed from both frequency dependent and trequency independent relative time
delays. The phase ot the transmission path can be considered to have three
components, 1) a linear component proportional to trequency due to trequency
independent time delays, 2) a constant phase ottset due to up or down converter
local oscillator signal delays or phase changes and 3) a non-linear component that 1s
a product ot operating trequency and frequency dependent time delays of
equipments such as tilters, amplitiers and any other non-linear device. When
components with considerable non-linear phase and amplitude characteristics are
included 1n the transmission paths, the values may be corrected tor, as shown in

Figure 5, by looking up equipment data tor the non-linear components.

With respect to Figure 5, the non-linearity ot a tilter in the transmission path causes
the overall phase variation in the transmission path to be highly non-linear with
respect to frequency. According to the invention, two measurements 23a, 24a are
made for a single path at two separate trequencies w,, w,. The measurements show

that the phase shift in the path is A6, at frequency w, and A6,” at frequency o,. It is
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known that these measurements are attected by the non-linearity of the filter. From
manufacturer equipment data, experiments or simulations, the phase shift
introduced by the tilter is known tor each trequency. Consequently, at the ground
statton 2, the phase shift ot the filter at frequencies w,, w, 1s looked up and
measurements 23a and 24a are corrected to give corrected phase shifts 23b and 24b
as shown in Figure 5. FFrom these values, it is desired to obtain a predicted phase
shift 25a at frequency w; for the path, which takes into account the phase shift
added by the tilter. To obtain the predicted phase shitt, the values are extrapolated,
assuming a linear relationship between phase and frequency to give an uncorrected
phase shitt 25b at trequency w;. The phase shitt ot the tilter is then looked up and
added to the uncorrected phase shitt 25b to give a corrected phase shift 25a. The
ground station 2 then returns the corrected phase shift value 25a to the satellite
payload to be applied to the path in the beam forming network. As shown in
Figure 5, 1t the two initial phase shift measurements were extrapolated without
corrections (see hashed line), the predicted value tor trequency w,; would be

incorrect.

Although corrections have been described for a tilter, it should be realised that
corrections may be applied for any non-linear device or group of non-linear devices.
The corrections may be obtained by looking up equipment data for the non-linear
devices. The equipment data may be provided by the manutacturer or obtained
through experiments or stmulations betore or atter launch. The equipment data may
be stored in a look-up table in a memory in the ground station. Since the behaviour
of the non-linear device may vary with temperature, the satellite payload may also
comprise a temperature sensor and the corrections may be applied with

consideration to the temperature sensed by the temperature sensor.

Although it has been described that the corrections are pertormed at the ground
station, it is also possible that the corrections are applied to the measured value
betore being sent to the ground station and, similarly, that the correction is
calculated 1n the satellite payload tor a predicted value sent from the ground station
2. The equipment data may theretore be stored 1n a memory in the satellite payload

in addition to or as an alternative to being stored in the ground station.
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Additionally, Figures 4 and 5 only show the phase shift. It should be realised that
corresponding calculations may be carried out tor the amplitude shift in the

transmission paths.

According to some embodiments of the invention, measurements are also
pertormed to take into account frequency translations ot the signals carried out by
the digital signal processors 7, 13. Frequency translations in the digital signal
processor also atftect the phase shitt because when the trequency ot the signal
changes so does the phase and amplitude shitts. By taking the frequency translation
into account in the calculations ot the required phase and amplitude shitts a correct
phase and amplitude shitt can be determined tor any initial frequency and any
frequency translation. By determining the phase and amplitude shitts of a test path
for two ditferent initial calibration tone trequencies and tor two ditterent tfrequency
translations, it can also be determined what portion ot the phase and amplitude
shifts occurred betfore the frequency translation and what portion ot the phase and

amplitude shifts occurred after the trequency translation.

The process of pertorming the measurements at ditferent trequencies will now be
described with respect to Figures 6 to 9. The process will only be described with
respect to the forward link. However, it should be apparent that a corresponding
method could be used tor the return link. With reterence to Figure 6, a digital signal
processor comprises M inputs and N outputs leading to N teed elements. A first
sequence ot measurements tor difterent paths is pertormed tor a tirst calibration
tone frequency w.,; and a tirst frequency translation to wpgp,. A second sequence of
measurements tor ditterent paths is then pertormed tor a second calibration tone

frequency w,, and the tirst frequency translation to wpgp,. Finally, a third sequence

cal
of measurements for ditferent paths 1s pertormed tor the second calibration tone
frequency w.,, and a second frequency translation to wpgp,. The measurements

allows the phase and amplitude shitts of each path leading up to the digital signal
processor 7 to be calculated tor any initial frequency and the phase and amplitude

shifts ot each path leading away trom the digital signal processor 7 towards a teed

element 10a to be calculated for any trequency translation. Throughout the
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measurements, 1t will be assumed that the reterence path is detined by the tirst
input to the digital signal processor, m=1, and the tirst teed element, n=1, as shown

in Figure 6.

The tirst sequence of measurements will now be described with respect to Figure 7.
The measurement starts at step S1. The measurements may be initiated by the
oground station 2. The frequency generator unit 22 is instructed to generate a
calibration tone ot trequency w,, at step S2 and the DSP 7 in the torward path is
set to convert the signal to a frequency wpgp, at step S3. The calibration unit 18
then selects a test path at S4 and instructs the splitters 6 and the selection switch
unit 21 accordingly. Typically, the test path 1s initially selected as the path
comprising the second input to the digital signal processor, m=2, and the output to
the second teed element, n=2. The signals in the test and reterence paths are then
extracted and tforwarded to the calibration unit 18 tfrom the selection switch unit 19.
The calibration unit 18 subsequently determines the phase and amplitude ditterence
between the calibration tones in the two signals at step S5. It the phase ditterences
of all inputs have not been checked at step S0, 1.e. 1t the number ot the input m is
smaller than the number ot the last input M, the calibration unit 18 selects a new
input at step S7, by for example incrementing m by 1, and instructs the splitter 6 to
inject the calibration tone in the new input. Step S4 is then repeated tor the new

test path.

The second sequence of measurements will now be described with respect to Figure
3. The measurements start at step §S9. The frequency generator unit 22 is
instructed to generate a new calibration tone ot tfrequency w.,, at step S10, and the
DSP 7 is set to translate the signal to frequency wpgp, at step S11. The calibration
unit 18 then selects a test path at S12. The test path may be selected as the path
comprising the second input to the digital signal processor, m=2, and the second
output from the digital signal processor leading to the second feed element, n=2.
The splitter s instructed to insert the calibration tone into the signal tor the second
input to the digital signal processor and the selection switch unit 19 is instructed to
torward the signal on route to the second teed element to the torward calibration

unit 18. The calibration unit 18 then determines the phase and amplitude difterence
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between the calibration tones of the two signals at step S13. It the phase ditterences
ot all inputs have not been checked at step S14, i.e. it the number of the input m is
smaller than the number ot the last input M, the calibration unit 18 selects a new
input at step S15, by tor example incrementing m by 1, and instructs the splitter to
inject the calibration tone in the new input. Step S13 is then repeated tor the new
test path. When the phase and amplitude shift ot all possible paths to the selected
feed element have been compared to the phase and amplitude shift of the reterence
path, the process proceeds to step S16 tor measuring the phase and amplitude shift
of all paths trom a single input to all the teed elements. At step S16, a test path is
selected to comprise the first input to the digital signal processor 7 and the route to
the second teed element. The process then loops through the paths from the first
input to all feed elements and determines the phase and amplitude ditterence
between the paths at steps S17, S18 and S19. When the phase and amplitude ot the
paths from the tirst input to all feed elements have been compared to the reterence
path, 1.e. the number ot the route to a teed element, n, s equal to the total number

of routes, N, the second sequence of measurements ends at step S20.

The third sequence ot measurements will now be described with respect to Figure 9.
The measurements start at step S21. The trequency generator unit 22 is instructed
to generate a new calibration tone ot trequency w,, at step S22, and the DSP 7 is
set to translate the signal to trequency wpgp, at step S23. The calibration unit 18
then selects a test path at S24. The test path may be selected as the path comprising
the first input to the digital signal processor, m=1, and the second output from the
digital signal processor leading to the second teed element, n=2. The signals in the
test and reference paths are then extracted and torwarded to the calibration unit 18,
which determines the phase and amplitude ditterence between the calibration tones
from the two paths at step S25. It the phase and amplitude ditferences ot all paths
between the tirst input and the teed elements have not been checked at step S26, i.e.
it the number of the route to a teed element, n 1s smaller than the total number ot
feed elements, N, the calibration unit 18 selects a new route at step S27, by, tor
example, incrementing n by 1, and instructs the selection switch unit 19 to torward
the signal in a ditterent path. Step S25 is then repeated tor the new test path.

When the phase and amplitude shift of all possible paths from the tirst input to the
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feed elements have been compared to the phase and amplitude shitt ot the reterence
path, the process proceeds to step S28 and the third sequence of measurements

ends.

Consequently, the relative phase and amplitude shifts in the paths leading up to the
digital signal processor are measured for two ditferent trequencies and the relative
phase and amplitude shifts in the paths leading tfrom the digital signal processor
towards the teed elements are also measured tor two ditferent trequencies.
Consequently, the phase and amplitude shift in any path with any initial trequency
and tor any trequency translation can be calculated. It should be realised that
although the reterence path and the initial test paths have been described to be
specific paths with respect to Figures 6 to 9, any two paths can be selected as the

reterence path and the initial test path.

The ground station 2 receives the measured phase and amplitude shifts and
calculates the phase and amplitude corrections that need to be applied in each path
to calibrate the system based on the measurements recetved trom the calibration
units. The calculations will not be described in detail herein since it would be
known to the skilled person how to calculate the required phase and amplitude
corrections once the measurements described above have been obtained. The
measurements may be sent to the ground station after each individual measurement
of after all the measurements described with reference to Figures 7 to 9 have been

completed.

It should be realised that the components of the calibration subsystem 17 may be

implemented as hardware or software or a combination ot hardware and sottware.

In some circumstances, instead of applying the calibration tone to each path
sequentially, the tone can be applied to all paths simultaneously. Similarly, two tones

of ditferent trequencies may be applied simultaneously.
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It should be realised that although it has been described above that the calculations
to tind the phase and amplitude corrections are pertormed at the ground station, the

calculations may also be pertormed on board the satellite.

With reterence to Figure 10, another embodiment 1s shown, with provides
advantages when there are no spare trequency channels to select tor the calibration
tone or when there 1s notse on the calibration tone trequency. In this case
embodiment, the forward calibration unit 18 comprises a correlation unit 26
connected to the trequency generator unit 22 and a comparison unit 27.
Furthermore, the return calibration unit 20 comprises a correlation unit 28
connected to the trequency generator unit 22 and a comparison unit 29. The other
shown components are the same as in Figure 3 and a detailed description ot the
components is theretore omitted. The torward correlation unit 26 recetves the pure
calibration tone translated to have the frequency to which the signal in the test and
reterence path s translated in the torward DSP 7. The correlation unit 26 then
correlates the test and the reference signal in the tforward link with the pure
calibration tone to find the phase and amplitude shitt ot the test and the reterence
signals. The phase and the amplitude shift of the test and the reterence signals are
then compared in the comparison unit 27 to tind the relative phase and amplitude
shifts as betore. Similarly, the return correlation unit 28 receives the pure calibration
tone translated to have the trequency to which the signal in the test and the
reterence path has been translated by the return DSP 13. The correlation unit 28
then correlates the test and the reterence signal with the pure calibration tone to
find the phase and amplitude shift of the test and the reterence signals. The phase
and the amplitude shift of the test and the reterence paths in the return link are
then compared in the comparison unit 29 to tind the relative phase and amplitude
shifts as betore. By correlating the reterence and test signals against the pure
calibration tone, the ettects of noise and other trattic on the calibration tone

frequency can be minimised.

Yet another embodiment 1s shown in Figure 11. In this embodiment, the phase and
amplitude shitt ot a test path relative to a fixed reference is tound instead ot the

phase and amplitude shift relative to a test path. The tixed reterence may be a pure
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calibration tone tfrom the frequency generator unit 22, which has not passed
through the digital signal processor 7, 13. The torward calibration unit 18 is
connected directly to the frequency generator unit 22 and the selection unit 19 is
arranged to only forward the signal from one path, the test path, to the torward
calibration unit. Similarly, the return calibration unit 20 1s connected directly to the
frequency generator unit, the injection unit 21 is contigured to only inject the
calibration tone in one path, the test path and the return calibration unit 20 is
configured to only receive the calibration tone trom the test path. The other shown
components are the same as in Figure 3 and a detailed description of the
components is theretfore omitted. The tforward and the return calibration units 18,
10 correlate the extracted calibration tone with the pure calibration tone, translated
to have the same frequency as the extracted calibration tones, and determine the
phase and amplitude shift of the test path. The determined phase and amplitude
shift for the test path 1s sent to the ground station 2 to allow the ground station to

calculate the phase and amplitude shitt for the test path at other tfrequencies.

It should be realised that the method of correcting tor amplitude and phase ottsets
introduced by non-linear components in the transmission path, described with
respect to Figure 5, could also be used in the embodiment of Figures 10 and 11.
Moreover, the method of Figures 6 to 9, could also be used in the embodiments ot
Figures 10 and 11. In the embodiment ot Figure 11, the method ot Figures 6 to 9
would be moditied to determine the phase and amplitude otfset ot all paths in steps
S5, S13, S17 and S25 relative to a fixed reference instead of the phase and amplitude

oftset relative to a reterence path.

Whilst specitic examples ot the invention have been described, the scope of the
invention is defined by the appended claims and not limited to the examples. The
invention could theretore be implemented in other ways, as would be appreciated by

those skilled 1in the art.

For example, although the invention has been described to be implemented in a2 multi-
beam satellite system, the invention could also be used in other signal processing

systems.
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Claims
1 Apparatus tor calibrating a multi-beam satellite system comprising a beam

forming network providing a plurality ot signal paths, the apparatus comprising

a calibration processor tor determining the phase and amplitude shift of a
test path of the plurality of signal paths by correlating a calibration tone extracted
from the test path with a reterence calibration signal,

the calibration processor being contigured to determine the phase and
amplitude shitt ot the test path tor at least two calibration tones ot at least two
different trequencies to allow a phase and amplitude ottset of the test path for a
signal ot any trequency within an operational trequency range ot the multi-beam

satellite system to be calculated.

2. Apparatus according to claim 1, wherein the apparatus turther comprises
means tor injection a calibration tone into the test path and the at least two
calibration tones comprise two calibration tones ot ditterent trequencies at the

times of 1njection.

3. Apparatus according to claim 1 or 2, tfurther comprising a digital signal
processor for translating the trequency ot a calibration tone in the test path and
wherein the at least two calibration tones comprise at least two calibration tones

translated into two difterent frequencies.

4. Apparatus according to claim 3, turther comprising means for selecting a test
path from the plurality of paths, the test path selectton means being contigured to,
for a calibration tone ot a specittic injection trequency and trequency translation,
sequentially select each of the paths from a group ot paths of the plurality ot paths
as the test path to allow the phase and amplitude ottset ot each path trom the group

of paths to be determined.



10

15

20

25

30

CA 02748588 2011-06-29

WO 2010/076290 PCT/EP2009/067907

22

5. Apparatus according to claim 4, wherein the apparatus comprises a beam
forming network having a plurality ot inputs and a plurality ot outputs and the
group ot paths 1s selected trom all paths through a specitic input or all paths

through a specitic output.

6. Apparatus according to any one ot the preceding claims, wherein the beam
forming network is contigured to apply corrections to said test path based on the
determined phase and amplitude shifts ot the test path tor the at least two

calibration tones of the at least two ditterent trequencies

7. Apparatus according to any one of the preceding claims, wherein the
reterence calibration signal comprises a calibration tone extracted trom a reterence

path ot said plurality of paths.

3. Apparatus according to any one of claims 1 to 6 wherein the reterence
calibration signal comprises a pure calibration tone at a tfrequency ot a calibration

tone extracted from the test path.

9. Apparatus according to any one of the preceding claims turther comprising a
transmitter for transmitting the determined phase and amplitude shifts to a ground
statton and a receiver for recetving corrections to be applied to the beam torming

network from the ground station based on the determined phase and amplitude

shifts.

10.  Apparatus according to any one ot the preceding claims, turther comprising
a beam splitter tor torwarding a signal to a beam forming network;
an amplifier tor amplitying signals from the beam torming network, the test
path comprising a path tfrom the beam splitter to the amplitier;
a coupler tor injecting a calibration tone into the beam splitter; and
a switch unit tor torwarding said signal from said test path trom the

amplitier to the calibration processor.



10

15

20

25

30

CA 02748588 2011-06-29

WO 2010/076290 PCT/EP2009/067907
23

11. Apparatus according to any one of claims 1 to 9, turther comprising

an amplifier tor amplitying a signal for a beam torming network;

a signal combiner tor combining a signal recetved trom the beam forming
network, said test path comprising a path trom the amplifier to the combiner;

a switch unit tor injecting a calibration tone into the test path in the
amplifier; and

means for forwarding said signal from said test path from said signal

combiner to the calibration processot.

12. A multi-beam satellite system comprising said apparatus ot any one of the

preceding claims.

13. A system comprising the multi-beam satellite system ot claim 12 and a
ground station contigured to receive phase and amplitude shitt measurements from
the multi-beam satellite system, calculate corrections tor a path ot the plurality ot

signal paths and transmit the corrections to the multi-beam satellite system.

14. A system according to claim 13, further comprising means for adjusting the
determined phase and amplitude shifts and corrections based on the determined
phase and amplitude shitts tor phase and amplitude shifts introduced by equipment

having non-linear phase and amplitude characteristics in the plurality ot paths.

15. A method of calibrating a multi-beam satellite system having a beam tforming
network providing a plurality ot signal paths, the method comprising

extracting calibration tones from a test path ot the plurality ot paths; and

determining the phase and amplitude shitts ot the test path tor the
calibration tones by correlating the extracted calibration tones with reterence
calibration signals, wherein the calibration tones comprise at least two calibration
tones of ditferent frequencies to allow a phase and amplitude ottset ot the test path
for a signal of any trequency within an operational trequency range of the multi-

beam satellite system to be calculated tfrom the determined phase and amplitude

shifts.



CA 02748588 2011-06-29

WO 2010/076290 PCT/EP2009/067907
24

16. A method according to claim 15, wherein extracting calibration tones
comprises extracting a tirst calibration tone ot the at least two calibration tones ot

ditterent trequencies and subsequently extracting a second calibration tone of the at

least two calibration tones ot ditterent trequencies.
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17. A method according to claim 15 or 16, turther comprising injecting
calibration tones into the test path and wherein the at least two calibration tones ot

ditfterent trequencies comprise two calibration tones of ditterent tfrequencies at the

times of 1njection.

18. A method according to claim 17, turther comprising translating the
frequency ot the calibration tone in the test path and wherein the at least two
calibration tones ot ditferent trequencies comprise two calibration tones translated

into ditferent trequencies.

19. A method according to claim 18, turther comprising, tor a calibration tone
of a specitic injection trequency and frequency translation, sequentially selecting
each ot the paths from a group ot paths ot the plurality ot paths as the test path to

allow the phase and amplitude ot each path trom the group ot paths to be

determined.

20). A method according to claim 19, wherein the group ot paths is selected trom
all paths through a specitic input to a beam torming network or all paths through a

specific output from a beam tforming network.

21. A method according to any one ot claims 15 to 19 turther comprising
extracting a calibration tone from a reterence path of the plurality ot paths and
providing the extracted calibration tone as one ot said reterence calibration signals

for said extracted calibration tones from the test path.

22. A method according to any one of claims 15 to 20 wherein the calibration
reterence signals comprise a pure calibration tone at the trequency of one ot the

calibration tones extracted trom the test path.
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23. A method according to any one ot claims 15 to 22 turther comprising
applying a correction to the beam forming network based on the determined
phase and amplitude shifts for the at least two calibration tones of ditferent

frequencies.

24. A method according to claim 23, turther comprising
transmitting the determined phase and amplitude shifts to a ground station

and receiving said correction trom the ground station.

25. A method according to claim 24, further comprising adjusting the
determined phase and amplitude shifts and corrections determined based on the
determined phase and amplitude shifts for amplitude and phase shitts introduced by

non-linear equipment in the plurality ot paths.

26. A computer program comprising instructions that when executed by a

processor cause the processor to pertorm the method of any one of claims 15 to 25.

27. Apparatus tor calibrating a multi-beam satellite system comprising a beam
forming network providing a plurality ot signal paths, the apparatus comprising

a digital signal processor tor translating a signal in a test path ot said
plurality ot paths trom a tirst frequency to a second trequency, the signal
comprising a calibration tone;

a calibration processor tor determining the phase and amplitude shift ot the
test path by correlating a calibration tone extracted trom the test path with a
reterence calibration signal, the calibration processor being contigured to determine
the phase and amplitude shitt ot the test path for at least two calibration tones ot
ditterent trequencies and the digitals signal processor being contfigured to apply a
correction, based on the determined phase and amplitude shitts tor the at least two

calibration tones, to the test path.
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