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(57) Abstract: A multiuser communication system comprises multiple trans-
mitters and a multiuser receiver that detects multiple transmissions via iterat-
ive soft interference cancellation. An initial acquisition module and single
user decoder module are also described. The multiuser receiver acquires and
subtracts known users in the residual signal before acquiring new users in the
residual signal, which is performed iteratively until no new users are detected
or a stopping criterion is met. To aid receiver acquisition, the transmitters in-
sert discrete tones into the transmitted signals. These allow the multiuser re-
ceiver to obtain initial estimates of the frequency, time, gain, and/or phase
offset for each user. To improve the quality of cancellation the receiver re-
fines estimates of gain, time, frequency and phase offsets for each user after
each iteration, and calculates time varying SINR estimates for each user. The
multiuser receiver may be satellite based, may be a distributed receiver, or
process users in parallel..
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1
A MULTIUSER COMMUNICATIONS SYSTEM

TECHNICAL FIELD

[0001] The present invention relates to wireless communications. In a particular form, the present invention

relates to a multiuser communications system.

BACKGROUND

[0002] In many communications systems, it is desirable for several remote terminals (transmitters) to
communicate data over a shared communications medium to a central node (receiver). For example, the
shared medium might be a portion of radio spectrum. Figure 1 shows a generic setting where & transmitters 2

are communicating via a shared medium 3 with a common receiver 4.

{0003] One challenge in such scenarios is how to efficiently share the medium between the different

transmitters. In situations where centralised control is possible, the transmitters can agree to access the

3222997
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channct using some orthogonal access scheme, such as thme division meltiple aceess or frequency
division multiple aceess. Other methods include code division multiple access and orthogonal frequency
division multiple access. Such schemes require very tight time and frequency synchronisation between alt
the transnutters in order fo mantain orthogonality botween the users' signals. This can be demanding, or

expensive o achieve.

{106]  Farthermore, i many situations of interest, the communications medivm may be dispersive in
time or frequency (or both). One example of sach a chamnel s the multipath mobile radio channel, where
relative metion of transmitters and receivers can induce Doppler offsets. Reflections of radio signals from
the environment also results in the superposition of many copies of the trangmitted waveform, cach with
its own tme delay, atienvation and phase offset. Another example of a channel which can introduce
significant time and frequency offsets 15 i the context of communication with a Tow earth orbit satellite.
In this situation, the tme-of-tlight to the satellite can vary significantly depending on the relative position
of the satelhite with respect to the transmitter. Furthermore, the high speed of the satelfite {as seen froma

fixed point on the ground) induces larpe Doppler offsets.

[0007]  In such situations, the satellite channel can impose (potentially time-varying) time, frequency
and phase offsets to each of the transmitted signals. In some situations the frequency offset may even be
time-varying, aceording to some frequency rate {measured in radians/sccond” or He/sccond). These
conditions can also ocour 1o some terresinial cases, such as when the receiver s an airborne reeeiver, or
transmitiers ave fast moving relative to the recetver (eg the transmitiers are aitbome) i which case the

communications channgl will be referred to as a satellife-like channel,

{00K]  These offscts may not be known a-priori to the transmitters, which means that attempts to
transmit wsing orthogonal access schemis ean be defated by the channel. Although the transmitted
signals are orthogonal, they may be non-orthogonal when they arrive at the receiver. This causes
mubtiple-access mterference, whereby the signals from different ransmitters mutually interfere at the

recetver. This can seriously degrade the performance of the system,

[0009]  Oue approach to address this problem is to estimate the relevant tme, frequency and phase
offsets at the reeciver and wse a feedback channel to provide these estimates to the corresponding
transmitters so that they can pre~compensate for these effects. This approach not only requires a dedicated
feedback channel, it must operate fast enough such that the channel parameters do not change too much

from when they were estiraated to when they are used.

{0010]  Apother approach 5 t0 usc geard bands and geard intervals to provide sufficient time and
frequenty separation so that no matter what otfscts are introduced by the channel, the signals from

ted

different transmitters do not interfere. This approach is simple, but still requires sufficiently aceurate



synchronisation between the transmitters. Furthermore, it is wasteful of bandwidth, which may be a

problem if a spectrally efficient system is required.

[0011] There is thus a need to provide an improved multiuser communications system that is adapted for
use in cases where there are multiple transmitters transmitting to a receiver, wherein the multiple
transmissions mutually interfere and are transmitted over a satellite or satellite-like channel to the

multiuser receiver, or to at least provide a useful alternative to existing systems.
SUMMARY

[0012] According to a first aspect, there is provided a method for operation of a multiuser receiver in a
slot based wireless communication system to detect multiple transmissions via iterative soft interference
cancellation, the method comprising:

a) obtaining an initial residual signal;

b) attempting to acquire one or more user signals in a residual signal by searching for a
predefined signal which was inserted in a complex transmit signal transmitted by a user to aid
acquisition, wherein the residual signal is the received signal from step a) if step d) has not
yet been performed, or an updated residual signal from the previous step d),, and for each
new user signal acquired, estimating a set of channel parameters for the acquired new user
signal, and adding the new user signal to a set of acquired user signals, wherein the set of
channel parameters comprises at least one of a complex gain, a time offset, a frequency
offset, a rate of change of frequency offset, and a noise variance;

¢) decoding the residual signal, for each acquired user signal in the set of acquired user signals
comprising:

generating a soft estimate of the complex transmit signal associated with the acquired
user signal; and

refining or initially estimating at least one of a time offset estimate, a frequency offset
estimate, a rate of change of frequency offset estimate, a complex gain estimate, an
interference plus noise power estimate, and a signal to interference plus noise ratio (SINR)
estimate using the soft estimate of the complex transmit signal, a previous soft estimate of the
signal contribution from the user, and the residual signal to obtain an updated set of channel
parameters for the acquired user signal and an updated soft estimate of the signal contribution
in the residual signal from the acquired user signal;

d) updating the residual signal by subtracting the updated soft estimate of the signal contribution

for each user signal obtained in step c) from the residual signal; and

CA 2920292 2019-06-26



¢) performing another iteration of steps b) to d) until a termination condition is met wherein
steps ¢) and d) may be performed serially, or step ¢) may be performed in parallel for each
user in the set of acquired users, such that the residual signal at the input for the next iteration
of steps b) to d) comprises the received signal from which the updated soft estimate of the
signal contribution for each user has been subtracted, and
during each iteration, step ¢) may be repeated for a user in the set of acquired users or step ¢)
may be skipped for one or more users in the set of acquired users in which case the previous
soft estimate of the signal contribution from the acquired user signal is used as the updated

soft estimate of the signal contribution from the acquired user signal.

{0013] According to a second aspect, there is provided a method for transmission to a multiuser receiver
in a slot based wireless communication system, the method comprising;

a) seclecting a slot for transmission;

b) generating a complex baseband signal for transmission of a data block;

¢) adding a predefined signal to aid acquisition to the complex baseband signal;

d) generating a transmission signal from the complex baseband signal; and

e) transmitting the transmission signal in the selected slot.

[0014] In a further form, a multiuser decoder is provided that is configured to implement the method of
the first aspect. Similarly in a further form a transmitter is provided that is configured to implement the
method of the second aspect. A multiuser communications system may also be provided that comprises

the multiuser decoder and a plurality of the transmitters.

[0015] According to a third aspect, there is provided an initial acquisition module for use in a multiuser
decoder configured to acquire one or more user signals in a residual signal, the initial acquisition module
comprising:

an input for receiving an oversampled residual signal;

a compensator performing an initial compensation for a Doppler rate in the received oversampled
residual signal;

a coarse frequency offset estimator for estimating an initial coarse frequency offset by searching
for a predefined signal mserted in a complex transmitted signal transmitted by a user to aid acquisition
and the coarse frequency offset estimator is configured to remove the estimated initial coarse frequency
offset from the residual signal;

a time offset estimator for estimating a time offset with respect to a nominal siot boundary;

a pulse matched filter for filtering the oversampled residual signal using the estimated time offset

from the time offset estimator to generate a symbol rate signal;
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an estimator module for estimating a complex signal gain, a fine frequency offset and frequency
rate of change from the symbol rate signal, wherein a final estimate of the frequency offset is obtained as
a sum of the initial coarse frequency offset and the fine frequency estimate; and

an acquisition signal removal module for either removing or cancelling the predefined signal

inserted into the transmitted signal by the user to aid acquisition.

[0016] According to a fourth aspect, there is provided a single user decoder module configured to
provide updated versions of a soft estimate of the signal contribution from a user signal in a signal and to
provide updated channel parameters for the user signal and hard decisions of data, the single user decoder
comprising:

an input for receiving an oversampled residual signal;

an adder for adding the previous soft estimate of the signal contribution from the current user;

a channel removal module for removing channel effects using a previous estimate of the channel
parameters;

a pulse matched filter for filtering the oversampled residual signal to generate a symbol rate
signal;

an acquisition signal removal module for either removing or cancelling a predefined signal
inserted into a transmitted signal by a user to aid acquisition from the oversampled residual signal;

a signal to interference plus noise ratio (SINR) estimator to estimate at least one of a signal
amplitude, noise plus interference power, and SINR;

a decoder for soft decoding the oversampled residual signal to generate a decoder quality metric,
a data hard decision and a data soft decision;

a soft remodulator for soft remodulating the data soft decision and generating a soft symbol
estimate for the user signal, and soft estimates of a complex transmit signal associated with the received
oversampled residual signal;

an acquisition signal adder module for adding the predefined signal to aid acquisition to the

complex transmit signal;

a channel parameter updater block configured to refine at least one of a time offset estimate, a
frequency offset estimate, a rate of change of frequency offset estimate, and a complex gain estimate, an
interference plus noise power estimate, and a signal to interference plus noise ratio (SINR) estimate using
the soft estimates of the complex transmit signal, a previous soft estimate of the signal contribution from
the user, and the residual signal to obtain updated channel parameters; and

a channel application module configured to apply the updated channel parameters to the soft
estimates of the complex transmit signal to generate a soft estimate of the signal contribution from the

user signal.

CA 2920292 2019-06-26
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BRIEF DESCRIPTION OF DRAWINGS

[0017] Embodiments of the present invention will be discussed with reference to the accompanying

drawings wherein;

[0018] Figure 1 is a schematic diagram of a multiple access communications system according to an

embodiment;
[0019] Figure 2 is a block diagram of a baseband transmitter according to an embodiment;

[0020] Figure 3 is a block diagram of a multiuser receiver that performs serial processing according to an

embodiment;

[0021] Figure 4 is a block diagram of a of a multiuser receiver that performs parallel processing

according to an embodiment;
[0022] Figure S is a flowchart of the multiuser receiver according to an embodiment;

[0023] Figure 6 is a flowchart of single user decoder process in a multiuser receiver according to an

embodiment;

[0024] Figure 7 is a block diagram of a module for performing initial acquisition of a transmitted signal

according to an embodiment;

[0025] Figure 8 is a block diagram of a single user decoder module in a receiver according to an

embodiment;

[0026] Figure 9 is a block diagram of a single user decoder module with modified SINR estimation in a

receiver according to an embodiment;

[0027] Figure 10 is a schematic diagram of a multiple access communications with distributed receiver

processing according to an embodiment;

[0028] Figure 11 is a schematic diagram of a multiple access communications with distributed receiver

processing and multiple first stages according to an embodiment;
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ancancelied, or even miscancelled) interforence as seen by the user of iterest. Thas SINR may even vary
with time, as the signal frem a particular user of interest may overlap in time with different interferers due

to thelr relative time offsets.

[0036] Highly accurate cstimates of each user's channgt parameters are also reguired for the process of
soft interfercnce cancellation. This is due to the fact that the cancellation has (o take into account the
effect of the channel when subtracting a signal esttmate from the received signal. This canecllation
process must re-intreduce these channel effects prioy 1o sebiraction. Tnatcwrate estiraates of frequency,

phase, time or gain could result in this process adding interference rather than cancelling it

{1371 Embodiments of a multtuser recgiver discussed below address these problems and provide the
following advantages. First, implementation can by in g distributed manner. This allows for a low-
complexity reweote front end (cg on board a satellite) which forwards received samples to a more capable
precessing unit (eg located ata satcllite ground station). Second, the implomentation is highly
paratlelisable as the main processing task for cach transmitter's signal can be performed in parailel. Thind,
the receiver oxploits special structure {a predefined signal for coarse acquisition) mtroduced into the
transiitted signals to facilitate the receiver In obtain tutial (coarse) ostimates of gam and time, frequeney
and phase offsets, even in the presence of multiple access interference. These estimates are obtained using
low complexity algorithms. Fourth. the reeciver computes aceurate, time-varying SIMR estimates for each
user. Following the soft decoding for eache user, the recetver refives #ts estimates of gain and time,
frequency and phase offsets. This greatly improves the guality of the cancellation process and delivers

better convergencs properties compared to previous approaches.

{1HI3&]  Several embodiments will be discussed below. To assist in understanding the invention{(s), a
specific embodiment will be deseribed in which many ground terminals wish to communicate data to 3
payload aboard a Tow earth orbit satellite, using relatively narrow channels (eg 20 kHz) in the VHF or
UHF band. An tmplementation example 1s also described below. However, 1t is to be understood that the
system could also be used in other scenarios where the communications channe! from the transmiticr to
the receiver is satelbite bike (ie there are sygaficant frequency shitis, frequency sate of change or tune
delays) or in cases where there are multiple interfering transmissions that are uncoordinated i time and

frequeney.

J0039] The transmitter architecture will first be discussed. As shown in Figure 1, the system 1 consists
of a plurality of transmitters 2 which communicate over a shared medium (the channel) 3, t0 a common
multiuser veeeiver 4. In this embodiment channe access is slotted. Each transnutter has a sufficicntly
aecurate tine reference to enable slotted transmission. This reference could be provided for example by a
frec-running clock, or via a plobal positioning system (GPR) reegiver, However, more generally it is o be

understood that slots are wnderstood o the widest possible sense, as discussed 1n PCT/AU2013/, ie these
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slots may be time slots, frequency slos or any other more general channchsation such as obtaned through

the use of spreading sequences.

{0040]  In this example, embodiment the slots are time slots. Time slots are generally preferable in
mplementations where thete are a large number of transmitiers in the system, Each transmitter selects a
slot for ransmission. Slot selection may be performed randomly, as needed, or according (o 8 pre~defined
schedule, or based on geogrphic position as described in PCT/AU2013/000895, In ong embodiment, the

slots are tmie slots that are 250 ms long.

{0041]  In one embodiment. time slots are pronped into frames where the leneth of a frame is equal o
the trangnyt repeat interval, The frame samber 13 a globally determinable count of the number of frame
periods that bave elapsed sinee epoch. Scheduling is performed by allocating one transmission por
terminal, per frame, choosing the slot within the frame. The sclection of the slot may be made by the
terminal using a pscude-random sequenice. The terminal identificr and frame nnnber may be used fo seed
the sequence. The sequence may bave range greater than the nuanber of slots per frame. T this case the

slot may be sclected as the sequence output modulo the frame length in slots,

[0042] We do not require that the transmitters bave the ability to reccive signals from the common
recetver. However, system performance may be improved if such a foeedback channel 15 available, using
any of the methods described in PCT/AU2013/001079. Transmitters may algo be instructed on new

scheduling parameters, such as a new frame length.

{0043] The baschand signal to be ransmitted in the chosen sket 1s generated according to the schematic
block diagram in Figoere 2. We omit details of slot selection (examples of which can be found in
PCT/AUZG3/000895) and the optional feedback channel and assoctated processing (which can be found
in PCT/AUXH3/001079),

{0044] With reference to Figure 2, binary data from a data source 21 is first scrambled 22 and then input
to an ervor control encoder 23. The encoded data is then tuterbeaved 24 after which pilot data 25 is then
inserted. The resulting signal is then modulated 26 and a series of samples for ranspiission are generated
using a pulse filter 27. Prior {o transnussion, acquisition signal adder module 28a s used to add a
predefined signal 28 (o aid acgquisition to the signal.. In this cimbodiment, the predefined signal s 2
discrete tone having a sinusoidal form (and the term discrete tone will be used as a shorthand reference fo
the predefined signal to aid acquistiion @ the signal}. The resulting complex baseband signal 2¢ is then
provided for transnission using standard transmigssion components which are not shown eg digital-to-
analog conversion, filtering and modulation onfo the selected carrier. As would be enderstood by the

person skilled in the art, the various components can be omitted or varted depending upon the
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mnplementation defails {eg froquency, bandvwidth) and expected channel conditions (cy fading,

interfercnce).

J00453] The data sowrce module 21 produces blocks of digital data for transmission. Framing and
segimentation of data can also be performed in the dats source but is outside the scope of this document:

In one embodiment, the data is a sequence of 232 binary digits (bits).

{0046] Tho scrambler 22 1s arate-1 code which is used to romove any structure that might be present in
the original source data (op long runs of zeros or ones). As would be known by the person skilled m the
art scrambling is standard practice in digital communications to assist with timing recovery and to
decouple the spectral properties of the signal from the actual data. In onge embodiment, the scrambler is
additive, whereby the data sequence 1s added modulo-2 with the output of a linear fredback shift register

with polynomial x° + ¥'31.

{B047]  An ervor control encoder 23 is used to introduce redundancy to provide protection against noise
during transmission. The error control code assists the process of multiuser decoding, allowing the
receivar o partially (soff) decode a user's signal in the presence of residual multiple access interference
from other users. In one embodiment, the ervor control code 1s a rate 172 systenatic irregular repent
accumulate code, where the degree sequence of the code is chosen ustng standard EXTT chart methods o
avilitate conrvergenee of the maltiuser recriver, The encoder may alser insert eng or-move known bits into
the data sequence prior to encoding (also called doping). This can assist the early iterations of the
musftiuser decoding. In another ong embodiment, the error control code is a low density gencrator matrix
code. In this case, the optional interleaver may be omitied and the modulation may be sclected as a
recursive modelation, aceording fo any of the methods deseribed m PCT/AU2 3748 501 In an
smbodinent whore the input data was length 232, a rate 1/2 encoder would produce an encoded sequence

of 464 bits.

[IKME] The mterleaver 24 ¥s optional and is used to interleave or re-order (permute} the sutput of the

wacoder. This permintation s known to the receiver, and may be cithier the same, or differcat for each user.

{0tde] The pilet insertion module 23 tnserts pilot data into the data sequence to facilitate tial
acquisition at the regeiver. Thig pilot data is known to the recsiver and may be the same, ot different for
cach user. In one embodiment, pilet data may be distributed throwghout the data sequence. Tn one
erabodiment, the pitot data 1s a contiguous block of bits, prepended to the encoded (and interleaved) data
sequence. In one embodument, the pilot data is 28 bits long and consists of the following sequence:

O L00T IO0001 IO 1T001I00101107. In an embodiment where the encoded data s 464 bits, this vesulis

in an output scquence of 492 hits,
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0050} The modulator 26 maps bits, or groups of bits onto a signalling constellation, which is a finite set
of complex numbers, o produce symbols. The modulator can use a range of modulation such as those
based apon quadrature amplitude modulation (QAM) or phase shift keyving (PSK) as would be known to
the person skalled m the art. To one embodiment, the modudator s a Gray-mapped quatemary phase shift

keved modulator.

{KI51] "The pulse filter 27 18 used to shape the waveform for each syiobol in order to obtain suitable
spectral properties. I one embodiment, the pulse filter is 4 ropt-raised-cosing filterwith roll-off =105,
In one embodiment, the root-raised-cosine filter is implemented using a fnite dwration impalse response

with Tength L= 7 symbols.

{3521 The acquisifion signal adder module 28 s used 1o add a predefined signal o atd acquisition by the
reeeiver. The performance of the multtuser recciver will often depend upon the rate that the receiver is
able to obtain inttial estimates of the frequency and time offset for each user. As will be discussed belew
onge a coarse estinate is obtained, the receiver can generally guickly refine the coarse estimates to
identify the signal contribution from the user, Thas, in the case where there are multiple interfering
transmissions of various power, the faster a user can mitially be identified, then the faster the signal
contribution can be estimated and subtracted from the overall signal to allow a search for additional users
to be performed. Thus, the faster the receiver can obtatn eoarse estimates then the greater the performance
of the system will be i terms of throwehput and proeessing efficioncy (and ta power). In the context of
4 low earth orbit satellite system, the frequency oiffset may be relativély Targe. In ovder to facilitate initial
gstimation of this frequency offset, a predefined signal to aid acquisition is added to the modulated signal,
In one cmbodiment this predefined signal 28 is a discrete tone such as a sinusoidal signal. In one
embodiment, the phase of the {one i3 locked to the phase of the modulated signal. In one embodiment, the
discrete tong s at {§ Hz of the bascband signal. In another one embodiment where the modulated signal
has bandwidth | kHe, the tone has frequency 640 Hz relative {o the centre of the bascband signal and is
attenuated -7 dB with respect 1 the data signal. This froquency is chosen to He w the roll-off portion of

the signal spectrum.

{0033] Alternatively, the predefined signal to aid acquisition may be a different sequense known o the
transmitter and receiver such as a particutar spread-spectrum sequence, for example an m-sequence.
Optionally, the predefined signal to aid acquisition nway be different for cach user (g a differcnt smusoid,
gr different m-sequence) or different for different groups of users (such as based upon geouraphic
location). In some embodiments, the predetined signal 1o aid acquisition does not overiap with the data
carrying signal and instead, the predefined signal to aid acquisition is added before and/or after the data
carrying signal, such as the stagt andfor end of a slot or in a separate slot. In the context of the
specification, the e disercte tone will be used, although it is to beunderstond that a disereie tone can

be replaced with avother predefined signal to aid acquisition 28,
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[00534] Signals from terminals io elose geopraphic vicinity may experience similar channe! congitions
such as propagation delay, frequency offset, frequency rate of change and signal attenuation. To
courtteract strong mutual interference at the receiver, terminals may apply offsets to the transmit signal,

&g, bme, frequency, frequency rate of change and/or transoit power,

{00535]  In one embodiment, these offsets are chosen based upon the position of the transoitier in the
ficld of view of the receiver ag deseribed in PCTYAU2013/000895, In one entbodiment, these offsets are
choson randomly within a spesificd rangs. I one embodinient, the introdueed offsets are quantised o a
finite number of values within 3 specified range. In one embodiment, a random frequency offset within a
speeific range iz applied. For example, the frequency offsets could be quantised info large steps with sizes
considerably greater than the expected offser dug to a channel effect o allow rapid estimation of the
frequency offset due to the chamnel. For example, the frequency offsets could be S0NHz steps. Ifa
receiver estimatos a frequency offset of 520Hz, the recetver can partition the frequency offset based into

an offset due to the known quantisation step of 500Hz and a channel offset of 20Hz,

{0056] A multiuser decoder 30 13 used in the multiuser recetver 3 and operates on the principle of soft
merference cancellation. Enmboduments of the multiuser decoder described herein ase several innovative
aspects in order to address the problems described above.

{0057] Figure 3 shows a schematic reprosentation of an embodimest of a receiver with a multivser
decoder 34, illustrating the signal flow between the various processing modules. The initial acgusition
component 40 15 shown in more detail in Figure 7, while the operation of the single gser decoder module
70 is ¢laborated in Figure 8. The recetver operates ona slot-by-slot basis. Slotted operation allows each
slot to be decaded mdependently of other slots, and facilitates a parallel implementation in which multiple

instances of the maltiuser decoder arg run on differcat slots.

{MISK] We describe the operation of the reeeiver for a particular slot. The receciver operates iteratively.
I cach iteration, the receiver starts with the residital signal rof the previous iteration and processes the
prestously acquired users in a serial maaner. Intuadly, the set of proviously acquired users 1s empty (with

k= {} members} and the residual signal is the received signal.

{591 For each previously acquired user, the single user decodeor 70 i execuled and an updated rosidual
signal is forned. Each stugle user decoder uses 10s residual signal, 10s previous soft esizmate and the
current cstimates of the chamnel parameters {intttally, these are the estimates provided by the initial
aequisition module 40) to produce an updated soft estimate of its signal contribution £ It also updates
it’s estimates of its channel parameters. For example, the first user 1s processed 31 using a first instance of

a smgie user decoder module 71 o obtain a first updated restdual signal, which s provided as taput to the
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next single user decoder module and the process is repeated. Eventually the &1 user is processed 32

using the & 1™ instance of single user decoder medule 72 to senerate the residual signal 33.

J0060]  After processing the sef of previously acquired &1 users, the recelver atterpts to acquire a new
user & using an instance of an initial acquisition module 41 on the residual signal output from the k-1°
instance of single user decoder module 72 in block 34. That 1s, the tntial acquisition is performed on the
residual signal after removal of the hest estimate of the signal contribution for all of the &1 currently
known users (tromsmitters). For cach newly acquired user, we spawn a new mstance of the single user
decoder module (for that user), and provide 1t with the iitial channel parameter estimates from the initial
acquisition module. This now user Is then added to the set of previvusly acquired yscrs and a soft estimate
of the newly acquired user is subtracted to form an updated the residual signal for the next dteration 35, I
70 new user is acquired, then the output of the last element of the set of previously acquired users is used

axs the residual signal for the next ftoration (e sigpal 35 = signal 33}

[0061] In one embodirnent, the recetver’s decision whether to aequire a new user s based on the devoder
qualsty meiree of all previously acquired users. The arder in which the set of previously acquired users 1s
processed is based on some paramceters. In one embodiment, the set of previously acguired users are
processed in the order in which they were acquired. In one embodiment, the set of previously acquired
users arg progessed in decreasing order of their estimated signal strength. In one embodiment, the setof
previously acquired users are processed m decreasing order of their estimated signal-to-noise ratio. In one
embodiment, the set of previcusty acquived users are processed in a random order that is changed in every
muktiuser leration. In ong embediment, the recetver may choose to skip processing of a single user
decoder and use the previous soft estimate as the updated soft estimate €. This decision may depend on a
deending quality metric. In one embodincnt, the recciver skips processing a single user decoder whea the
decoding quality metric exceeds a predetermined threshold. In one embodiment, the receiver may
repeatedly activate a single user decoder with updated channel parameters and updated soft estimates
before procecding o the next member of the sct of previously acquired users. In one embodiment, the
receiver may process the whole set of active users based on the residual signal and then subtract all
updated soft gstimates from the received signal to form the residual stgnal for the next iteration. In this
¢ase, processing of the single user devoders can be performed in parallel. An embodiment of & multiuser
decoder with a parallel mplementation 36 is shown in Figure 4 in which the paraliel block 37 comprises
k-1 instances of single user decoders 70 each of which produce a soff estinwate of the signal contributions
from the associated user which is subtracted from the previous residual signal to produce an updated
residual sipnal 38, After each tevation an instance of an initial acquisition module 41 iswsed to search for
additional signals, and i a now user is acquired, the user is added to the set of users and decoding is

bEITY

performed in parallel block 37. The “previous chanael parameters”™, “updated channel parameters and
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decoder quality motric” and “previous soft estfimate™ as input and cufput of the single user decodess are

omitted. In one embodiment, the receiver may combing suy of the methods above

{0062] Figure § provides a top-level flow chart 54 for the multiuser deceder that implements a method
for oporation of a multiuser receiver in a slof based wircless communication system to detect pultiple
{fransmaissions via Herative sofl interference cancellation. Figure 5 focuses on the control flow and details
of the dequisition process itsclf are described later. At step 51 an initial signal is received in the current
slot. The acguisition process then starts 52 with the first acquired user in the set of acguired users usmy
the received signal as the tnitial residual signal. Atstep 53 3 test is performed to determing that all
aequired users Bave boen processed. In the first rieration the sof of all acguired users 1s the empty set, and
thus all acquired users have been processed. However, in some embodiments die set of acquired users
could be populated with a set of expected users, for example based on slot scheduling information and
previous channel estimate information. In the cases that all acquired users have been processed (YES
outcome of block 53) then an initial sequisiiton process is performed 58 which attempts to acquire one or
more as vet undetected users from the residual signal. Acquisition of a new user requires cstimation of the
channel parameters 3% roquired to commence decoding of that user, and these parameters may include the
time offset 1, frequency offsct e, frequency rate v, complex gain o and noise variance o°. where all
estinmates correspond to the newly acquived user & If a new user is acquired (YES of block &(1), then the
new user is then added to the set of acquired users, and a new single user decoder is spawned to process
the now user 61 At block 62 the single aser decoder uses the current set of channel parameters for the
user {estimated in block 59) to generate a soft estimate of the signal contribution of the selected user (ie
an interference estimate). Updated channel parameter estinates and decoder quality metrics can also be
obtuned. The soft cstinate of the signal contribution of the uscr 15 then subtracted from the cwrrent
residual signal to obtain an updated residual signal 63 A check 1s then made to see if # termination
condition 64 has been reached or not. This point 15 also reached m the case that no new yser was deteeted
i the acquisition stage (NO of block #11), If the termaination condition is not vet met {NO of block 64}

then the next iteration of the iterative decoding is performed 63 using the current residual signal,

{00631 Thus, of the emination condition was not met, and/or all acquered users have not bees processed
(MO of block 53), then a processing loop is performed over the set of all acquived users. This is illustrated
in Figure 5. A user in the set of acquired psers is sclecied and processed at step 54, This processing
comprises decoding the current residual signal using 55 to generate a soft estimnate of the signal
contribution of the selected user (ic an interference estimate), Updated channel parameter estimates and
decoder quality metrics can also be obtamed. The soft cstimatz of the sigaal contribution of the uscr is
then subtracted from the current residual signal to obtain an updated residual signal 56, and a new user in
the set of acquired users is selected. This loap process (blocks 54, 35, 56 and 57} continues ungl all

acquired users have been processed and there are no morg acquired users 1o be processed (YES of block
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533 A further mutial acquisition process 38 13 then performed o aticmpt fo acquire ong 07 1OTE Bsers i
the current residual signal (ie after processing the currentdy known users and removing estimates of thew

signal contributions to produce a residual signal with reduced interference).

{0064} In the case a fernination condition was nwt {YES of blogk 64), then the acquisition process for
this slot 1s stopped 66 and processing of this slot 1s erniinated. Tn one cobodiynent, the teemination
condition is satistied if the mumber of iterations of the multiuser decoder excceds a threshold. Tn oue
eatbodiment, the termination condition 1$ satisfied if the eneroy of the residual signal drops below a
threshold. In one embodiment, the termination condition is satisfied if a maximum nuniber of users arg
aequired. In onc embodiment, the teemination eondition is based on the paramcter estimates of the iitial
acquisttion module. For example. g confidence interval can be associated with cach channel parameter {or
other parameter) estimated. If one or more of these confidence intervals exceeds a threshold, or is outside
of & predefined range such that it is unltkely that a signal 15 present then the iteration can be terminated. In

one embodiment, 4 combination of the conditions above is used.

{0065] Figure 6 provides a flow chart for one instance of the single user decoding module 68, for
example spawned at block 61 (or in use at block 54). A restdual signal 67 {cp from bloeks 63 or 36
Figure 5) is provided as input to the instance of the single user decoder module 68. The single user
decoder miodule uses channel paranicter cstirmates 62 to gencrate a soft estimaie of the signal contribution
of the sclected user 69 (i an mterference estimate) and generates updated channel parameter estimates
and decoder quality metrics 62. The generation process can be performed Herativelv. The stgnal
gontribution can be subtracted from the resicdhual signal 67 to obtain an updased residual stunal 63 (or 56 in
the casc of block 54). There is one instance of the single user decoder module for cach member of the

crwrrent active set. The detatled operation of the simele user decoder module is described later below.
[0066]  Initial Acguisition

{671 Figure 7 wrovides a block diagram for the mitial acquisition module 40, which at each steration
takes as mput the oversamypled residual signal 1 In some crabodiments, Doppler rate compensation 41 i
performed. In some applications, a range of possible Doppler rates (Hz/serond) is known a-priori. For
example, in a low carth orbit sateliite application, the Doppler rate ts always negative, with known
maxium magnitude. In other seenartos, this rate 15 unknown, or is assemed to be zero. Insuch cases, the
initial Doppler rate compensation can be omitted. Let ¥ be an indicative value of the Doppler rate
¢Hae/second). This value may for example be the midpoint of the range of Doppler rate, or some othey
vatue. As a first step, s Doppler rate is removed 41 from the received signal, by multiplying the
received samples with a corplex exponential e~/ /2 where the time index ¢ takes values corresponding

to the sample instances.
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[0068] Following this initial compensation for Doppler rate 41, an initial, coarse frequency offset
estimate re,radians/second 18 computed by coarse freguency estimator 42. This coarse offset is removed
43 via wultiplication by e™/#<%, Optionally, the diserete tone 28 may be removed by a non-coherent filter
44. The resultng signal is then fed into a time offset estimatords, which estimates the temporal offset 7
with respect (o the nominal slot boundary. The signal is then fed nto o filter 46 which 1s matched to the

wransnuission pulse. The sample instance of this filter is set according to the time offset £,

{0069]  The resulting symbol-rate signal is then used to find cstimates of the complex signal gain &,
refinements to the frequency offset (fine frequency offset dip), and the frequency rate of change ¥y by
Estimator 47. Then the final estimate of the frequency offsct is obtained as the sum of the inttial coarse
frequency offset and the fine frequency estimate 48, The final estimate of the frequency vate of change is
obtained as the sum of the initial coarse frequency tate of change and the fine frequency rate of change

estimate 49,

{0070} In one embodiment, the aequisition coberently removes the discrete tone 28 after obtaining all
estimates. In this case, the block Filter Tone 44 1s disabled and affer estimation, the tone 1s cancelied

coherently at scample level from the signal at point B or af symbol level from the signal at point C.

{U871] In avother embodunent, estimation of complex gain, fine frequency and frequency wte is

performed iteratively by estimator 47 swith the coberent cancellation of the discrete tone 28,

{00721 As discussed previously the coarse frequency estimator 42 searches for the predefined signal 28
inseried by a transmitter {or user) to anl acquisition of the transmitter (or uscr) and thus increase the

throughput and efficiency of the system.

{073 In one embodiment, i which the predelined signal to aid acquisition 28 is a discrete tong, the
coarse frequency cstimator is implemented via maximisation of the periodogram of the signal at point A
in Figare 7. This 15 facilitated by the presence of the discrete tone 28 which was added at the transmitter.
The periodogram may be implemented via a zero-padded discrete Fourier transform, where the amouwnt of
zero padding is chosen to improve the frequeney resolution (by providing narrower frequency bins in the
Fogrier transform). The transform may be implemented directly, or using a fast Fourier transform or may
even exploit the zero-padding to achieve g further complexity reduction. The maxinusation may be
performed in two steps, first obtaining the bin of the pertodogram with largest absolute value, and

secondly performing a numerical optunisation {eg Newton's method) 1o the region of that frequency.

{0074} The coarse frequency sstimate &, is obtained from the frequency corresponding to the maximaon:
absolute value of the periodogram by subtracting the frequency of the discrete tone 28, In one

embodiment, the frequency range fior the maximisation may be westricted o allow for acquisttion
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specific frequency mtervals or avord acquisition In specific frequeney intervals, In one embodinent, this
approach is used 1o gxclude ong ormore frequency intervals within which the nmltiuser decoder is not
making sufficient progress. For example, two or more users raay overlap significantly in tiroe and
froqueriov such that the multiuser decoder 1s unable 1o decode any of those users. In this case the residual
signal may stll contain significant energy in the corresponding time-frequeney tiferval. As a result, ene
or mote weaker users in other time-frequency intervals may not be acquired by the initial acquisition
stage, which instcad re-acquires onc of the uncancelled, but non-decodable users. In the embodiment, one
or more frequency mtervals are excluded by excluding the eorresponding bins of the pertodogram from

the maximisation when obtaining a coarse frequency estimate 42 as described above.

{00751 In onc embodiment, where the signalling eonstellation is any form of phase shift keving, the time
offset estimator is implemented vsing any of the methods described m PCT/ALIRZO 4400001 39, taking the
signal at point B i Figure 7 as inpat. This method wses both the known pilot data, and the ynkeown data

portion of the signal to provide an estimate of the time offset.
{G076] Gain, Phase, Fine Froquency, Froguency Bate Estimator 47,

{077] In one embodiment, the complex signal sain, as well as a refinement of the frequeney offset and
the rate of change of the fraguency offset are estimated from the sigral at point C in Figure 7 by estimator

47 as follows.

{781 A two-dimensional grid of frequency offset values and frogquency rate values ispre-defined. This
grid may beuniform or non-umiform, The mintmen/maximum and spacing of this grid in cach of the
dimensions is chosen ahead of time, and may be dofermined by experiment. For each grid point wp, vy the
signal from C is adjusted by multiphication by e 7@/ */2 where ¢ is now the symbol timing. This
compensated signal is then provided to any of the slponthres from PCT/AUZ013001064. This returns
gstimates of the gain and phase of the signal. 3s well as the corresponding squared ervor. If this squared
ervor s lower than any of the squared ervors resulting from previous grid points, then the complex gain
estimate & 15 set to this current estimate. The value of the squared error 15 also stored as the best value
seen so far. The fine frequency estimate & and frequency rate estimate ¥ are set to the corresponding
vatucs for that grid point, The algorithm then procesds to the next grid point, When all grid points bave

been considered, the process concludes, and the algorithm outputs the values &, di, ¥y
[0079] Explastation of Chanoel Paramecter Comrelation.

{008G] The channel parameters, eg, complex gain, thme offset, frequency offset and frequency rate of

change, may be correlated due to the uwnderlying mechamisms of the ehanne! that include the propagation
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charactoristics and geometrical properties of the propagation channel, This correlation can be exploited
for complexity reduciion and/or improved estimation accuracy i the initial acguisition stage, particularly
in the case where the system is under heavy loads. For the example of a ground-based transmitter and 2
satelbte-based recerver, the parameters ime offsed, frequency offsct and frequency rate pught be
completely determined by the position of the terminal relative to the satellite. Hence, notall combinations
of channel parameters are possible, which can be explotted to reduce the search range of acquisition

algorithms or to ioprove the estimation accuracy.

{0081] Packet data may be used to generate one or more poiniers to oflier packets transomtted from: the
same ferpnnal, A pointer myy imply paramcters such as slot schedule and transnutior applied offscts (as
described abave) for future and/or past fransmissions. The reeeiver may exploit this information for
complexity reduction and‘or improved estimation accuracy during acquisition. Packet pointers may be
carrisd within the fransnutied data, either explivitly or in a compact form, or they may be dertved. In one
embodiment, the packet transmit schedule andfor wansmitter applied offsets are chosen using a pscudo-
random sequence that was sceded using a munber identifying the mansmitter, as described in the
transmitter section. The state of the pseado-random sequence is caleulated for a received packet, using the
terminal identificr, frarse munber and slot pumber at time of reception. The sequence state is then used to
derive future and/or past states and hence the schedule for future and/or past wansnussions. In another

embodiment, the packet data contains the state of the pscudo-random sequence,

{821 Recetve processing may also combine information derived from packet pointers with knowledge
of systern dynamics, such as transinitter and teceiver position and speed. For example, a packet pointer
may iply a scheduled slot in which another packet from the same transmitter will appear, along with the
vatne of a ansmitter applied frequency offset. In order to aid acquisition of the packet, the value of
channct parameters atf the scheduoled stof (such as gain, time offset, frequency ofiset and frequency rate of
change) may be estimated based on knowledge of the system dyoamics. The transnitter applied
frequency offset obtained fromi the packet pomnter information may be added to the estimated channel

frequency offsct.
{0083]  Smngle User Decoder Module

{0084] The smgleuser decoder module 70 is shown in Figure 8. It provides updated versions of the soft
. - . ] - o PS ~ ~ 2 ] 4 < s 2
estimate £, and the channel parameters of the current user Ty, g, Ve, @5, 0y and the hard decisions of the

data dy, (in figure & the user subscripts & has been dropped fur clarity).

{00831 The remove chaniel block 72 removes the (estimated) effect of the conwnunications channet for

the user of interest from the residual signal. Considering user k, the estimated ({ime varving} Doppler
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offset and phasc offset is removed by multiplying the residual signal r[t] by the complex sinusoid to

obtain:

Equation 1

where the diserete thoe index ¢ indexes samples. In one embodiment. compensation for complex gain is
performed in fwo steps, first rotating samples to obtain '[t] @ /4% where £y, is the phase of &, The
rotated samples are then output from the channel removal block. The second step is performed at the
output of the pulse matched flter, where symbols are divided by the magattude of the complex gan

estimate, 16 .

{U086] The estimated thine offset F, can be regarded as consisting of two components: an integer
number of sample periods and a fractional (sub-sample) offsct. The integer mumber of sample periods is
removed via a re-indexing of the time index. The remaining feactional offset is accounted for in the

sample timing of the pulsc matched filter,

{{{187] The remove tone block {or remove predefined signal for coarse acquisition block) 73 removes
the discrete tone at the sarople rate. by one embodiment, the discrete tone 1s removed via a pon-coberent
filter. In another one embodiment, the diserete tone is subtracted cohierently {cancellation). The remove

tone block is optional.

{0088] The pulse matched filter 74 couverts the signal to one sample per svmbaol, It 1s a dagital filier
matched (Impulse response is the time-reversed complex conjugate) to the pulse shape chosen by the
transputier. The sampling nstance is chosen according to the fractional offset component of .. In the
first itcration for a particular uscr {first activation of the single user module afier nstantiation}, some
compmitation can be saved by using the pulse-matched filter output from point € in Figure 7 (singe no
previous user eontribution needs o be added back in). Tn subscequent fterations the pulse matched {ilter is

stit] required.

{0089] It the discrete tone has not been removed before the Pulse Matched Filter (e via remove tone
block 73), it can be removed at a symbol lovel by coherent cancellation esing the Cancel Tong block 75,

This reduces the complexity compared to a coherent cancellation at the sample rate.

{0090} The cutput of the Pulse Matched Filter 74 {optionally after tone cancellation) s vsed to estimate
the signal-to-interference-plus-noise ratio (SINR) in the estimate SINR block 76. As described above, the

transomtted signal cavries pitots and data. Lot P be the sct of indices describing the positions of the pilot
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symbols and lef T be the set of posttion ndices that correspond to the data symbols, The transmitted

svinbols are therefore estimated as

pli], ieP
afi] =48, (€D Equation 2
{, otherwise,

where pli] are the pilot symbols known to the receiver and §f¢] are the hard decisions for the vaost recent

soft symbol estimates §[i]. The sets P and D are disjoint, ie P 0D = ¢§ and the union F U D contains all

those indices where symbaols are transmitted.

{0091} The SINR is estimated at syinbol level after removing the effect of the data modulation
¢modulation stripping). Modulation stripping is achieved by multiplying the symbol sequence at the

output of the Pulse Matched Filter v[f] with the conples conjugaie of #1]1]. The SINR estimate, denoted

¥, 1s then obtained as

()

a

e

7= Equation 3

where /1 and 42 are estimates of the mean and variance of the modulation-stripped signal y[{]d"[i] and

arc given by
.1 - :
fi= mz;eg wa"[£] Eequation 4

6% = L Ties WIIET - 4l Equation 5

where § © P UD. That 1s, a subsct or all pilot and data symbols may be used.

{0092] In other embodiments, the SINR. estimator ¥ may be replaced by any SINR estimator known from
the biterature. In another embodiment, a single user decoder 70 with a modified SINR estimator 76" as
shown in Figure 9 is used. In this architecture, the signal power is estinated form the most recent soft
syiohol estimates 5[] and the interference-plus-noise power is gstimated front the residual signal at the
output of the Pulss Matched Filter z[f] {optionally after tone cancellation). For symbol position 1, an

SINR estimate P[] is obtained as

pliy == Equation 6
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where B[i] and #%[i] are estimates of the signal power and interference-plus-noise power for symbol

position [, and are given by

o,

- 1 T . . .
Kl = v Zgespy S Hquation 7

Y

a2, 1 OE ~ . &
S = s Lgesiar 120117 Equation §

[0093] Here, §[i] is the sct of symbol positions taken into account when estimating 7{i]. The set S|} is
an arbitrary subset of all symbol positions, that is §{{] € P U D. In one embodiment, §[i] = i. In another
embodiment, S{i] ={i — L, ..,i— 1L i, i+ 1,..,1 + L}, ie a contiguous block of 2L + 1 symbols centred
about syrabol index § ix used. In another pbodiment, S[i] = 8§ =P U D forall i € P U D, In this case,

the entire set of symbols is used for all positions { such that Fli] = P forall i e P U D,

{094] In one embodiment, the SINR estinwator from Equation 3 ar any of the SINR estimators known
form the Literature are used in the early erations of mulliuser decoding. In later dterations, the

architecture then switches to the SINR estimator from Eguation 6,

{0G85] The soft decoder 77 performs the stops of removing pilats, demodulating, deinterleaving, forward
error carrection, Decoder Quality Metric {DOQM), interleaving and insertion of pilots. Any pilot sequence
introduced tn the transnit sequence {se¢ above) will be removed by deleting the pilot positions. The
demodulator then computes soft decisions {log-likelihood ratiosy of the comesponding bits based on the
complex recetved svinbol and the modulation schere (see above). These computations can be performed,
¢, using the naximum-aposteriori (MAP) algorithm or any approximation of this alporithm.
Detnterleaving of the sequence of soft decistons 1s then performed where the detiterleaver is the inverse
of the intorleaver described above. Forward ervor carrgetion is porforned to decode the forward ortor
correcting code using a soft-input soft-output decoding algorithm which msy inclede byt is not limited to
the sum-product algorithm, the BCIR algorithm or any of their approximations. In oneembodiment, the
soft-outputs of the decoder ave extrinsic log-tikelihood ratios (or any other representation, eg,
probabilitics). In another embodument, the soft-outputs of the decoder are a-posterion log-likelthood
ratios or a function of extrinsic and a-posteriori log-likelihood ratios. The decoder also provides hard-
decistons of the data dy, after deserambling. A decoder quality metric (RDQM) ar “decoder state” is
derived from the decoding results that can be used by the multi-user deteetor. In one embodiment, the
DOM is based on the average magnitude of the log-likelihood ratios. In another one embodiment, the
DOM 15 bascd on the number of unsatisficd parity-check cquations of the error correcting code. The

iterleaver re-tnterleaves the soft-outputs of the output of the decoder as deseribed above and the pilet
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mserier reinserts the pilot sequence as desenbed above. As the pilot sequence 15 knowa to the recciver,

the soft-cstimates for the pilets contain no uncertaimy.

{{K196] The soft-remodulator 78 converts the soft-decisions d of the output of the soft decoder
Fiiincluding pilots and interdeaving) to soft-cstimates of complox transmit samples §. The tnput to the
soft remodulator i3 g vector of soft-estimates from the soft decoder where each soft-estimate correésponds

1o one bit,

[0097] LotoA denote the set of constellation points, The sofi-cstimates fronuthe soft decoder are
partitioned in groups of size log.|«4|. Each group of sofi-estimates corresponds to one symibol. A soft-

syiabod is computed as:

§lk] = Yoo {a ﬂiig]‘lﬂl Prib;[k] = s,)} Egaation 9

where b;[k] denotes bit i in group & and s; denotes position { of the binary sequence mapped to symbol s,

{98 The sofi-symbols s, are then passed through the pulse-shape filter and the output of the pulse-

shape filter forma the owtput of the soft remodutator.

[0099] A discrete tone (or the predefined symbol used for coarse acquisition) is added to the soft-

estimates of the complex transnut samples as described above by discrete tone adder module 79.

{00100] The channel gstimates are then refined by channgl parametor updater block 80, The soft-
estimates of the complex transoit samples (including the discrefe tone) are used to refine the estimates of

eain, phase, frequency and frequency rate.

{00101] A two-dimensional grid of time offset values ¥ and frequency rate values ¥ is pre-
defined. The muimum/maximum and step size of this grid in cach of the dimensions is chosen ahead of
time, amd may be determined by experiment, For each grid point (F, #), the soft transrtt samples are
shifted in time by £ seconds. The time shift ¥ can be regarded as consisting of integer and fractional
offsets (see above). The mteger offset 1s applicd by a re-indexing of the tune index. The fractional offset
may be acldeved by means of interpolation or, in the preferred smbodiment, by using a transinit pulse
filter that is shifted by the fractional time offset when remodulating the signal in the block Soft

Remodulator.

{00102} In one embodoment, the two-dimensional grid is reduced to one dimension by considering

ontyv a single time offset value . In mne embodiment, ¥ is set 0 the most recent time offset estimate for
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the current aser, 1e € = 1y, Let the soft ransmit samples after the time shaft by ¥ seconds be denoted by
X¢[t], where the diserete-time index ¢ mdexes samples, For each grid point (£, 7), the residual signal
samples r[t] are muliplied with the gomplex conjugate of x:[t] and are adjusted by nwltiplication with

e V2 Maximisation of the periodogram of the resulting signal;

rltlas [t]e“ﬁtz»’z Eguation 10

then vields a frequency estimate &, which corresponds to the hin of the periodagram with Targest value.

{00103} If this maxitaum value of the periodegram is larger than any of the maximum values
resulting from previous grid points, then the refined dme offset estimate Ty, and frequency rate estimate
¥ are set to thecurrent grid pomt values (F, 9}, The frequency offset estimate &, is set to the
corresponding value @. The madinmm value of the periodogram is also stored as the best valuge seen 50
far. The algovithm then proceeds to the next grid point. When sl grid points have been considered, the

process concludes, and the algorithm outputs the values Ty, &y, Ty

(111047 The periodogram may be mplemented in any of the wavs deseribed above, In the
preferred embodiment, the estimates &y and Ty are further refined via a numerical optimisation of the
peradegram (o via Nowton's incthod) i the region of the current estupates. Finally, o refined complex

gatn estimate is obtained as

oF oy S -
cPrTed e AN OV E S Y
E’."it,!x-‘i‘kitle ARV RE

= Equation 11

] 2
o fre Il

{$3105] Sumilar to the initial acquisition stage, the refinement stape may expleit the correlation
between the pararseters o be estimtated for complexity reduction andfor improved acowracy of the

estinmates (see above).

{00106] In the final step, the updated channe] estimates Ty, Gy, ¥y and @), arc applicd 81 to the
soft-estimates of the complex transmit signal 1o obtain an updated soft-estimate of this user's contribution

to the received signal £,

JO0107] The receiver may be mmplemented in a distributed masner. Figare 10 shows one
embodiment in which recetver processing of the mudtiple transmissions from the plurality of transmitters
2 1s sepmented inko two stages, where the outputs of the fivst stage 3 feed a second stage 7 via some
network 6. In the one embodiment the fivst stage of recetve processing 18 conducted onboard a satelbite

and the second is coniducied on the ground using outcomes forwarded from the fivst stage.
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{00108] In one embodiment the first stage of processing conprises a front end which samples the
recetved channel and then forwards the samples to complets the reecive processing at the sccond stage. In
ancther embodiment the first stage of processing comprises a front end which saiples the received
channel and a winltivwer receiver that cau support a Hmited nursber of usors, ey 4 single user recelver.
Samples may be compressed privr to forwarding to the second progessing stage, cg by removing
sugcessfully decoded slots and enpty slots. Acknowledgements may be provided based on decoder
suecess, a8 desertbed in PCT/AUZ013/001079, In another embodiment the first stage of processing
comprises a front end and acquusition stage. Based on acquasition results the samples may be compressed
prior to forwarding to the second processing stage, cg by removing empty slots. Acquisition results may
beused o drive predictive acknowledgements, as deseribed in PCT/AURG13:001079. In another
entbodimeiit the first stage of processing compriges a front end, acquisition and low-complexity multiuser
decoder stage. Intermal valoes of the multiuser decoder may be forwarded to the second processing stage.
Early cxarmnation of intornal multivser decoder parameters may be used to drive prodictve

acknewlcdgements, as described 1n PCT/AU2013/601079,

{11109} Other embodiments include combinations of the approaches described above. For
example, a satellite first stage proveossor comprising a front end, acquisttion and low-complexity multiuser
decoder may be used to decode packets apd forward themy opportunistically via a newrby low data rate
gateway for Tow latency delivery, Reccived channe samples may then be forwarded via a high data rate

link fo a ground station at a later point in ime and processed on the ground.

{001 10] The second stage of processing may be collocared with the fiest and separated in time, og
allowing a satellite to complete the second processing stage in times of Bghter load over regions with lew
terminal population. In other embodiments the distributed receiver may include multiple receive anteanas
amnd first stage processors, Figure 11 shows a one embodiment which comprises hwir first stage reeetve
processors, A and B. The distributed processing approach described here may be extended 1o
acconmmodate more than two first stages. The antennas and first stage processors may be collogated or

mity be on separate devices.

{00111} The receiver second stage may operate on inputs coning from the multiple first stapes in
series or in parallel. In a one embodiment the first stages include antennas having different polarisations.
The receiver second stage decodes packets from each first stage independently and then generates the set

of al] packets decoded as the umon of the two decoder ouicomes.

{0112} In another embodiment, the second stage receive processor operates iferatively, feeding
outputs dertved from fivst stage A nfo processing of first stage B, and vice versa. Channel pacameters

associated with packets recetved from flrst processing stage A are used for complexity reduction and/or
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advantage tor low implementation eomplexity, where i1 not necessary fon the transmitter deviees o be

able to also receive signals.

|00 18] The multiuser receiver discussed above provides the following advantages. Furst, i can
be implemented in a distributed manuer, This allows for a low-complexity remote front end (eg on board
a satellite) which foreards reecived samples to a more capable processing unit (cg located at a satellie
ground station). Seeond, it is highly parallelisable. The main processing task for each transmitter's sigaal
can be performed in paraliel. Third, it exploits special structure (1e predefined signals such as a diserete
tone) introduced in the transmitied signals to obtain initial estimates of gain and time, frequency and
phase offsets, oven in the presenge of multiple access interforence. These estimates are vbtamed ysing fow
complexity algorithms. Fourth, the recetver computes accurate, time-varying SINR estimates for cach
user. Fifth, following the soft decoding for each user, the recetver refines its estimates of gain and time,
frequeney, frequeney rate and phase offsets. This greatly improves the quality of the cancellation process

and dehivers better convergence properiics compared to previous approaches.

{00119] The methods described herein may be a computer implemented using one or more
computing devices. The computing device may comprise a processor and a memory, and once Or more
input or output devices. The memory may comprise instructions to cause the processor to execute a
method described here (and the processor may be configuted 16 execute these mstruetion), These
mstructions may be stored a8 compiter codes, which are loaded and executed. The computing doeviee maay
be 3 standard computing devicg, such as a deskiop computer, server or portable computing device such as
2 laptop computer, or thoy may by included 1n a customised devige or system, or the computing device
may be specialised high performance orreal time computing device. The computing device may bea
unitary computing or programmable device, or a distributed device comprising several components
operatively (or tunctionally) conneefed via wired or wircless connections. An embodiment of a
computing device 100 is illustrated in Figure 13 and comprises a central processing unit (CPU) 110, a8
memory 120, an optionally a display apparatus 130 and an input device 140 such as kevboard, mouse, ete.
Thie CPU 110 comprises an Input/Outpat Interface 112, an Arithmetic and Logic Unit (ALUY 114 and g
Contral Unit and Program Cowter clement 116 which is in commumication with mput and output devices
{eg ivput device 140 and display apparatus 130) through the Input/Output Interface. The Input/Output
Interface may comprige a network interface and/or communications module for communicating with an
equivalent communications module in another device using a predefined communications protocol {eg
Bluetooth, Zighee, IEEE 802,13, IEEE 30211, TCP/AP, UDP, eic). A graphical processing anit (GPU)
smay also be mehuded. The display apparatus may comprise a flat screen display {eg LCD, LED, plasmmg,
touch screen, ete), a projector, CRT, cte. The computing device may comprise a single CPU {core) or
multiple CPU’s {(multiple cove). The computing device may use a parallel processor, 8 voetor processor,

or be a distnbuted computing device. The memory is operatively coupled to the processor(s) and may
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comprise BAM and ROM components, and may be provided within or external to the device. The
memary may be used to store the operating system and additional software modules that can be loaded

and executed by the processor(s).

{60120 Those of skill in the art would enderstand that information and signals may be
represented using any of a variety of technologies and technigues. For example, data, instructions,
commands, inforination, signals, bits, symbols, and chips may be reforenced throughout the gbove
deseription may be represented by voltages, currents, clectromnagnetic waves, magnetie ficlds or particles,

optical fields or particles, or any combination thereof.

{211 Those of skill i theart would further appreciate that the various lastravive Togical
blocks, modules, circutts, and algonithm steps described In connection with the cimbediments disclosed
herein may be implemented as electronic hardware, computer software, or combinations of both. To
plearly ilustrate this interchangeability of hardware and software, various illestrative components, blocks,
miodules, cirenits, and steps have heen described above generally in terms of thew functionality. Whether
sueh functionality is implemented as hardware or software depends upon the particular application and
design constramts vaposcd on the overall system. SkiHed artisans may implement the described
functionality in varying ways for each particular application, but such inplerentation decisions should

not be nterpreied as causing a departure froni the scope of the present invention,

[00122] The steps of a method or algorithm described in connection with the embodiments
disclosed herein may be embodied divectly in hardware, in.a sofiware module executed by a procgssor, or
in a combination of the two. For a hardware impleraentation, processing may be implemented within one
or wore application specific integrated circuits (ASICs), digital signal processors (DSPs), dipital signal
processing devices (DSPDyY, programimable logic devices (PLDR), field programumable gate arrays
{FPGASs), progessors, controliers, micro-controdlers, microprocessors, other clectrame units designedto
perform the functions described herein, or a combination thereof. Software modules, also known as
compuler programs, computer codes, or instractions, may contain a number of source code or object code
segments or mstructions, and may reside w any computer readable medinmm such as a RAM memory,
flash memory, ROM memory, EPROM memory, registers, hard disk, a removable disk, a CD-ROM, a
DVD-ROM or anv other form of computer readable medium. In the altermative, the computer readable
mediom may be ttegral {o the processor. The processor and the compuder readable medium may reside in
an ASIC or related device, The softwate codes may be stored in 2 memory unit and executed by a
processor. The memory unit may be implemented within the processor or external to the processor, in

which ease it can be communicatively coupled fo the processor via various means as is known in the art.

{00123 Throughout the gpecification and the claims that follow, anless the context requires

otherwise, the words “comprise” and “include” and variations such as “comprising” and “including”™ will
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be undorstood fo imply the inchusion of a stated infeger or group of integers, but not the exclusion of any
other imteger or group of integers. B should be understood that any reference te an clemeat herein using a
designation such as “first.” “second,” and so forth does not generally limit the quantity or order of those
clements. Rather, these designations may be wsed horem as a convenient method of distinguishing
hebween two or more clements or instanees of an clement. Thus, a veference to Hirst and second clements
dises not macan that osly two clements may be cimployed there or that the first element must precede the
second clement in some manner. Also, usless stated otherwise a set of clements may conyprise ong or
more elements. In addition, terminology of the form “at least one of! A, B, or C7 used in the description
or the claims means “A or B or C or any combination of these clements (A and B, A and C, Band C, A
and B and €37 In addition, the articles “a” and “an” as used in this application and the appended claims
should generally be construed to mean “one or more”™ unless specified otherwise or clear from context to

be directed to a sinpgular form.

{00124} The reference to any prior art in this specification 1s not, and should not be taken as, an
acknowledgement of any fornt of suggestion that such prior art forms part of the common gencral

knowledge.

[00125] It will be appreciated by those skilled in the art that the invention is not restricted in its
use to the particular application deseribed. Neither is the present invention restricted in its one
cmbodiment with regard to the particular clements and/or fearures described or depicted herein. It will be
appreciated that the mvention is not limifed to the embodiment or embodiments disclosed. but is capable
of mumerous rearrangements, modifications and substitutions without departing from the scope of the

mvention as set forth and defined by the following claims.
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1. A method for operation of a multiuser receiver in a slot based wireless communication system to

detect multiple transmissions via iterative soft interference cancellation, the method comprising:

a)
b)

d

¢)

receiving a signal in a slot;
attempting to acquire one or more user signals in a residual signal by searching for a predefined
signal which was inserted in a complex transmit signal transmitted by a user to aid acquisition,
wherein the residual signal is the received signal from step a) if step d) has not yet been
performed, or an updated residual signal from the previous step d), and for each new user signal
acquired, estimating a set of channel parameters for the acquired new user signal, and adding the
acquired new user signhal to a set of acquired users signals, wherein the set of channel parameters
comprises at least one of a complex gain, a time offset, a frequency offset, a rate of change of
frequency offset, and a noise variance;
decoding the residual signal, for cach acquired user signal in the set of acquired user signals
comprising:

generating a soft estimate of the complex transmit signal associated with the acquired user
signal; and

refining or initially estimating at least one of a time offset estimate, a frequency offset
estimate, a rate of change of frequency offset estimate, a complex gain estimate, an interference
plus noise power estimate, and a signal to interference plus noise ratio (SINR) estimate using the
soft estimate of the complex transmit signal, a previous soft estimate of the signal contribution
from the user, and the residual signal to obtain an updated set of channel parameters for the
acquired user signal and an updated soft estimate of the signal contribution in the residual signal
from the acquired user signal;
updating the residual signal by subtracting the updated soft estimate of the signal contribution for
each user signal obtained in step ¢) from the residual signal; and
performing another iteration of steps b) to d) until a termination condition is met,
wherein steps ¢) and d) may be performed serially, or step ¢) may be performed i parallel for
each user in the set of acquired users, such that the residual signal at the input for the next
iteration of steps b) to d) comprises the received signal from which the updated soft estimate of
the signal contribution for each user has been subtracted, and
during each iteration, step ¢) may be repeated for a user in the set of acquired users or step ¢) may

be skipped for one or more users in the set of acquired users in which case the previous soft
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estimate of the signal contribution from the acquired user signal is used as the updated soft

estimate of the signal contribution from the acquired user signal.

2. The method as claimed in claim 1, wherein in step b) searching for the predefined signal comprises
using a coarse frequency estimator to obtain a coarse frequency estimate, and estimating the set of channel
parameters for the acquired new user signal comprises performing fine frequency estimation to obtain an
estimate of the frequency offset for the new user signal by adding the coarse frequency estimate and the fine

frequency estimate.

3. The method as claimed in claim 2, wherein the predefined signal to aid acquisition is a discrete tone,
and the coarse frequency estimator maximises a periodogram over a frequency range wherein the frequency
range for the maximisation is restricted to allow for acquisition in specific frequency intervals or avoid
acquisition in specific frequency intervals, and the coarse frequency offset is obtained from the frequency
corresponding to the maximum absolute value of the periodogram by subtracting the frequency of the discrete

tone.

4. The method as claimed in any one of claims 1, 2 or 3, wherein in step b) estimation of the set of
channel parameters for the acquired new user signal takes into account that channel parameter values are

correlated as a result of propagation mechanisms of a channel.

5. The method as claimed in any one of claims 1 to 4, wherein prior to performing step a), a packet
transmitted by a first user was received and decoded, and in step b) attempting to acquire one or more user
signals comprises using information obtained from the previously received and decoded packet transmitted

by the first user to acquire the first user as a new user signal in the residual signal.

6. The method as claimed in any one of claims 1 to 4, wherein prior to performing step a), a packet
transmitted by a first user was received and decoded, and in step b) attempting to acquire one or more user
signals comprises using a knowledge of the system dynamics for the first user determined using the
previously received and decoded packet transmitted by a first user to acquire the first user as a new user

signal in the residual signal..

7. The method as claimed in any one of claims 1 to 6, wherein in step b) attempting to acquire the one
or more user signals in the residual signal comprises:
receiving an oversampled residual signal;

performing an initial compensation for a Doppler rate in the received oversampled residual signal;
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estimating an initial coarse frequency offset using the predefined signal inserted in a transmitted
signal by one of the one or more users to aid acquisition and removing an estimated coarse frequency offset
from the oversampled residual signal;

estimating a time offset with respect to a nominal slot boundary;

filtering the oversampled residual signal using a pulse matched filter using the estimated time offset
to generate a symbol rate signal;

estimating a complex signal gain, a fine frequency offset and frequency rate of change, wherein a
final estimate of the frequency offset is obtained as the sum of the initial coarse frequency offset and the fine
frequency estimate; and

removing or cancelling the predefined signal.

8. The method as claimed in any one of claims 1 to 7, wherein for each new user signal acquired in step
b), a new instance of a single user decoder module is spawned, and in step ¢) decoding of the residual signal
for the acquired user signal is performed by the instantiated single user decoder module for the acquired user
signal and the single user decoder module generates an updated soft estimate and the channel parameters of a
current user signal and a hard decision of the data and comprises the following steps:

receiving an oversampled residual signal;

adding a previous soft estimate of the signal contribution from the current user signal to the
oversampled residual signal;

removing an estimated effect of a communications channel on the current user signal by applying a
previous estimate of the channel parameters for the current user signal to the received oversampled residual
signal;

filtering the oversampled residual signal using a pulse matched filter to generate a symbol rate signal;

cancelling or removing the predefined signal;

estimating at least one of a signal amplitude, noise plus interference power, and signal to interference
plus noise ratio (SINR);

soft decoding the symbol rate signal to generate a decoder quality metric, a data hard decision and a
data soft decision;

soft remodulating data soft decisions and generating a soft symbol estimate for the user signal, and
soft estimates of complex transmit signal;

adding the predefined signal to the complex transmit signal;

refining at least one of a time offset estimate, a frequency offset estimate, a rate of change of
frequency offset estimate, a complex gain estimate, an interference plus noise power estimate, and a signal to

iterference plus noise ratio (SINR) estimate using the soft estimates of the complex transmit signal, the
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previous soft estimate of the signal contribution from the user, and the residual signal to obtain an updated set
of channel parameters for the acquired user; and
applying the updated set of channel parameters to the soft estimate of the complex transmit signal to

generate an updated soft estimate of the signal contribution from the user signal.

9. The method as claimed in claim 8, wherein the SINR is estimated by estimating a signal power from
a most recent soft symbol estimate and an interference-plus-noise power is estimated from a symbol rate

residual signal at the output of the pulse matched filter.

10. The method as claimed in claim 8 or 9, wherein the refining step comprises defining a search grid
over one or more of the channel parameters and obtaining a frequency estimate at each grid point, and a best
result over all grid points is used as a starting point for a numerical optimisation method to obtain an

optimised channel parameter estimates for estimating the complex gain of the channel.

11. The method as claimed in claim 8, 9 or 10, wherein the single user decoder module also generates a
decoder quality metric, and in step ¢), if the decoder quality metric obtained in a previous iteration exceeds a
predetermined threshold, then processing of the oversampled residual signal is skipped and the previous soft

estimate of the signal contribution is output as the updated soft estimate of the signal contribution.

12. The method as claimed in any one of claims 1 to 11, wherein decoding the residual signal, for each
user signal in the set of acquired user signals, also generates a decoder quality metric for each user signal, and
step b) further includes deciding whether to acquire a new user signal based on the decoder quality metrics of

all previously acquired user signals.

13. The method as claimed in any one of claims 1 to 12, wherein in step ¢) the termination condition is

met if a confidence interval for an estimated channel parameter obtained in step b) exceeds a threshold range.

14. The method as claimed in any one of claims 1 to 13, wherein the multiuser receiver is implemented
as a distributed receiver, wherein processing is segmented into two stages, where the outputs of the first stage

feed a second stage via a network.

15. The method as claimed in claim 14, wherein the distributed receiver comprises multiple receive
antennas and first stage processors, and the receiver second stage operates for one or more iterations on

mputs coming from multiple first stages in series or in parallel.
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16. The method as claimed in any one of claims 1 to 15, wherein the multiuser receiver is located on a
satellite and the multiple transmission are over a satellite channel with significant frequency shifts, frequency

rate of change or time delays compared to a terrestrial channel.

17. A multiuser decoder configured to implement the method of any one of claims 1 to 16.

18. A multiuser decoder for use in a multiuser receiver in a slot based wireless communication system,
the multiuser decoder configured to decode multiple transmissions in a residual signal received in a slot using
iterative soft interference cancellation, the multiuser decoder comprising:

an initial acquisition module configured to acquire one or more user signals in a residual signal by
searching for a predefined signal which was inserted in a complex transmit signal transmitted by a user to aid
acquisition, and to estimate a set of channel parameters for each acquired user signal, wherein the set of
channel parameters comprises at least one of a complex gain, a time offset, a frequency offset, a rate of
change of frequency offset, and a noise variance; and

one or more single user decoder modules wherein each single user decoder is configured to generate
a soft estimate of the signal contribution from an acquired user signal in the residual signal and to update the
set of channel parameters for the acquired user signal comprising:

a signal to interference plus noise ratio (SINR) estimator to estimate at least one of a signal
amplitude, noise plus interference power, and SINR;

a soft decoder;

a soft remodulator configured to generate soft estimates of a complex transmit signal
associated with the acquired user signal;

a channel parameter updater block configured to refine or initially estimate at least one of a
time offset estimate, a frequency offset estimate, a rate of change of frequency offset estimate, and a complex
gain estimate, an interference plus noise power estimate, and a signal to interference plus noise ratio (SINR)
estimate using the soft estimates of the complex transmit signal, a previous soft estimate of the signal
contribution from the user, and the residual signal to obtain the updated set of channel parameters;

a channel application module configured to apply the updated channel parameters to the soft
estimates of the complex transmit signal to generate a soft estimate of the signal contribution in the residual
signal from the acquired user signal; and

wherein the multiuser decoder is configured to iteratively generate an updated residual signal until a
termination condition is met wherein each iteration comprises acquiring the one or more user signals in the
residual signal using the initial acquisition module, and for each acquired user signal, spawning an instance of

a single user decoder module, and then for each acquired user signal, the respective single user decoder
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generates the soft estimate of the signal contribution from the acquired user signal, and then generating the
updated residual signal by subtracting the soft estimate of the signal contribution for cach acquired user
signal obtained from each single user decoder from the residual signal, and in the first iteration the residual
signal provided to the initial acquisition module is a received signal and in subsequent iterations the residual
signal provided to the initial acquisition module is the updated residual signal, wherein

the one or more single user decoder modules may be configured serially or in parallel, and during
each iteration, a single user decoder module for a user in the set of acquired users may be repeatedly activated
or may be skipped in which case the previous soft estimate of the signal contribution from the acquired user

signal is used as the updated soft estimate of the signal contribution from the acquired user signal.

19. An initial acquisition module for use in a multiuser decoder configured to acquire one or more user
signals in a residual signal, the initial acquisition module comprising:

an input for receiving an oversampled residual signal;

a compensator performing an initial compensation for a Doppler rate in the received oversampled
residual signal;

a coarse frequency offset estimator for estimating an initial coarse frequency offset by searching for a
a predefined signal inserted in a complex transmitted signal transmitted by a user to aid acquisition and the
coarse frequency offset estimator is configured to remove the estimated initial coarse frequency offset from
the residual signal;

a time offset estimator for estimating a time offset with respect to a nominal slot boundary;

a pulse matched filter for filtering the oversampled residual signal using the estimated time offset
from the time offset estimator to generate a symbol rate signal;

an estimator module for estimating a complex signal gain, a fine frequency offset and frequency rate
of change from the symbol rate signal, wherein a final estimate of the frequency offset is obtained as a sum of
the initial coarse frequency offset and a fine frequency estimate; and

an acquisition signal removal module for either removing or cancelling the predefined signal inserted

into the transmitted signal by the user to aid acquisition.

20. A single user decoder module configured to provide updated versions of a soft estimate of the signal
contribution from a user signal in a signal and to provide updated channel parameters for the user signal and
hard decisions of data, the single user decoder comprising:

an input for receiving an oversampled residual signal;

an adder for adding a previous soft estimate of the signal contribution from the user signal;
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a channel removal module for removing channel effects using a previous estimate of the channel
parameters;

a pulse matched filter for filtering the oversampled residual signal to generate a symbol rate signal;

an acquisition signal removal module for either removing or cancelling a predefined signal inserted
into a transmitted signal by a user to aid acquisition from the oversampled residual signal;

a signal to interference plus noise ratio (SINR) estimator to estimate at least one of a signal
amplitude, noise plus interference power, and SINR;

a decoder for soft decoding the oversampled residual signal to generate a decoder quality metric, a
data hard decision and a data soft decision;

a soft remodulator for soft remodulating the data soft decision and generating a soft symbol estimate
for the user signal, and soft estimates of a complex transmit signal associated with the received oversampled
residual signal;

an acquisition signal adder module for adding the predefined signal to aid acquisition to the complex

transmit signal;

a channel parameter updater block configured to refine at least one of a time offset estimate, a
frequency offset estimate, a rate of change of frequency offset estimate, and a complex gain estimate, an
interference plus noise power estimate, and a signal to interference plus noise ratio (SINR) estimate using the
soft estimates of the complex transmit signal, a previous soft estimate of the signal contribution from the user,
and the residual signal to obtain updated channel parameters; and

a channel application module configured to apply the updated channel parameters to the soft
estimates of the complex transmit signal to generate a soft estimate of the signal contribution from the user

signal.

21. A method for transmission of a radio frequency transmission signal by a transmitter to a multiuser
recetver in a slot based wireless communication system, the method comprising:
a) selecting a slot for transmission of a radio frequency transmission signal;
b) generating a complex baseband signal for transmission of a data block, wherein generating a
complex baseband signal comprises inserting pilot symbols;
¢) adding a predefined signal to aid acquisition of the radio frequency transmission signal to the
complex baseband signal comprising adding the predefined signal to the complex baseband
signal or inserting the predefined signal into the complex baseband signal;
d) generating the radio frequency transmission signal from the complex baseband signal; and

¢) transmitting the radio frequency transmission signal in the selected slot.
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22. The method as claimed in claim 21, wherein in step a) the slot is a time based slot, and the
communication system groups time slots into a plurality of frames, where the length of a frame is equal to a
transmit repeat interval, and scheduling is performed by allocating one transmission per transmitter per
frame, and the transmitter chooses the slot within the frame using a pseudorandom sequence seeded by a

transmitter identifier and a frame number.

23. The method as claimed in claim 21, wherein generating a complex baseband signal comprises
receiving a binary sequence, and then scrambling, encoding, interleaving, inserting the pilot symbols,

modulating and pulse filtering the received binary sequence.

24. The method as claimed in claim 21, 22 or 23, wherein the predefined signal to aid acquisition is a

discrete tone.

25. The method as claimed in claim 24, wherein the frequency of the discrete tone is chosen to liein a

roll-off portion of a signal spectrum.

26. The method as claimed in claim 25, wherein the complex baseband signal is a modulated signal with
a bandwidth of 1 kHz, the discrete tone has frequency 640 Hz relative to the centre of the complex baseband

signal and is attenuated -7 dB with respect to the complex baseband signal.

27. The method as claimed in any one of claims 21 to 26, wherein the predefined signal to aid acquisition
is a different predefined signal from the predefined signal used by at least one other transmitter in the

communications system.

28. The method as claimed in claim 21, wherein the predefined signal to aid acquisition is a sequence.

29. The method as claimed in any one of claims 21 to 28, further comprising adding an offset comprising

one of more of a time, a frequency, a frequency rate, a gain or a phase offset to the transmission signal.

30. The method as claimed in claimed in claim 29, wherein the offset is one of a randomly chosen offset

within a specified range, a quantised offset chosen from a finite number of values within a specified range.

31. The method as claimed in claim 30, wherein the applied offset is a random frequency offset within a

specific range.
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32. A transmitter apparatus configured to transmit a radio frequency transmission signal to a multiuser
receiver in a slot based wireless communication system, the transmitter apparatus comprising a plurality of
modules configured to generate a complex baseband signal, the plurality of modules comprising a pilot
msertion module, and an acquisition signal adder module configured to add a predefined signal to aid
acquisition of the radio frequency transmission signal to the complex baseband signal or insert a predefined
signal to aid acquisition of the radio frequency transmission signal from the transmitter apparatus into the
complex baseband signal, and one or more radio frequency transmission components are configured to
generate and transmit the radio frequency transmission signal, wherein the transmitter is configured to

implement the method of any one of claims 21 to 31.

33. The transmitter apparatus as claimed in claim 32, wherein the plurality of modules further comprises
a scrambler module, an encoder, an interleaver, , a modulator, and a pulse filter, and the acquisition signal
adder module is configured to add the predefined signal to aid acquisition to the complex baseband signal
generated from the pulse filter, and the resulting signal is provided to the one or more radio frequency

transmission components to generate and transmit the radio frequency transmission signal.

34. A multiuser communications system a plurality of transmitters each according to claim 32 or 33, and
a multiuser decoder comprising:
an initial acquisition module configured to acquire one or more user signals in a residual signal by
searching for a predefined signal inserted in a complex transmit signal transmitted by a user to aid
acquisition, and to estimate a set of channel parameters for each acquired user signal, wherein the set of
channel parameters comprises at least one of a complex gain, a time offset, a frequency offsct, a rate of
change of frequency offset, or a noise variance; and
one or more single user decoder modules wherein each single user decoder is configured to generate
a soft estimate of the signal contribution from an acquired user signal in the residual signal and to update the
set of channel parameters for the acquired user signal, and comprising:
a signal to interference plus noise ratio (SINR) estimator to estimate at least one of a signal
amplitude, noise plus interference power, and SINR;
a soft decoder;
a soft remodulator configured to generate soft estimates of a complex transmit signal
associated with the acquired user signal;
a channel parameter updater block configured to refine or initially estimate at least one of a
time offset estimate, a frequency offset estimate, a rate of change of frequency offset estimate, and a complex

gain estimate, an interference plus noise power estimate, or a signal to interference plus noise ratio (SINR)
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estimate using the soft estimates of the complex transmit signal, a previous soft estimate of the signal
contribution from the user, and the residual signal to obtain the updated set of channel parameters;

a channel application module configured to apply the updated channel parameters to the soft
estimates of the complex transmit signal to generate a soft estimate of the signal contribution in the residual
signal from the acquired user signal; and

wherein the multiuser decoder is configured to iteratively generate an updated residual signal until a
termination condition is met wherein each iteration comprises acquiring the one or more user signals in the
residual signal using the initial acquisition module, and for each acquired user signal, spawning an instance of
a single user decoder module, and then for each acquired user signal, the respective single user decoder
generates the soft estimate of the signal contribution from the acquired user signal, and then generating the
updated residual signal by subtracting the soft estimate of the signal contribution for each acquired user
signal obtained from cach single user decoder from the residual signal, and in the first leration the residual
signal provided to the initial acquisition module is a received signal and in subsequent iterations the residual
signal provided to the initial acquisition module is the updated residual signal,

wherein the one or more single user decoder modules may be configured serially or in parallel, and
during each iteration, a single user decoder module for a user in the set of acquired users may be repeatedly
activated or may be skipped in which case the previous soft estimate of the signal contribution from the
acquired user signal is used as the updated soft estimate of the signal contribution from the acquired user

signal.
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