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(57) Abstract: Information is detected in a signal received from a transmission over a MIMO channel from a plurality of transmit
antennas. The information is encoded as QAM symbols over space and time and/or frequency. A method of detection is provided,

comprising arranging the available QAM symbols into a hierarchical tree structure, each level of the tree structure providing a greater
& level of granularity than the previous and, for each level of the tree structure from the least specific onwards, for each selected branch
& of the tree structure in the level, determining a branch likelihood measure, representing the approximated likelihood of a received
signal containing a symbol in the branch, selecting one or more of the branches on the basis of their branch likelihood measures,
the selected branches being selected for consideration in the next level of the tree structure, such that, at a last level, wherein each
branch thereof corresponds to a symbol, the branch likelihood measure for a branch corresponds to a likelihood of the received signal
containing the corresponding symbol. Corresponding detector apparatus is further provided.
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DESCRIPTTION

DECODER FOR WIRELESS COMMUNICATION SYSTEM

Technical Field

The invention relates to decoding a transmission
from a multiplexing transmitter, particularly but not
exclusively in a spatially multiplexed MIMO system.

Background Art

MIMO communication involves detection at the
receiver of symbols borne on the MIMO channel. One
popular way of achieving this is by means of a Sphere
Decoder (SD).  The principle of operation of a sphere
decoder is disclosed in "Improved methods for
calculating vectors of short lengths in a lattice,
including a complexity analysis," (U. Fincke and M.
Pohét, Mathematics of Computation, Vol. 44, No. 3,
pp. 463-471, Apr. 1985).

The complexity of the SD is highly affected by the
wireless channel and thus the technique is undesirable
for a practical application which allocates fixed
memory and computing resources for the detection
process.

Another efficient state-of-the-art method is the
sequential Gaussian approximation (SGA) algorithm.
This has been demonstrated to achieve near optimal

performance with the practical constraints of fixed
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complexity and memory requirements. The key step of
the SGA algorithm, which identifies the M most
significant symbol combinations, requires the
computation and sorting of MNNp symbol probabilities
for a MIMO system with Ny antennas and N-QAM
modulation. Although the complexity of the SGA
algorithm is less than that of 8D, a practical
implementation of SGA algorithm for MIMO system with
large constellation size (e.g. 160QAM, 640AM) still
involves significant computational cost.

Larger constellation exhibit a multilevel
structure, of which use has been made in the past for
complexity reduction, in a variety of situations, for
instance in D. Guo, X. Wang, and R. Chen, “Multilevel
mixture kalman filter,” (EURASIP Journal of Applied
Signal Processing, Vol. 15, pp. 2255-2266, Nov 2004),
Y.L.C.de Jong and T.J. Willink, “Iterative tree search
detection for MIMO wireless systems” (Vol. 53, No. 6

pp. 930-935, Jun. 2005. IEEE Trans. On Wireless

Communications) and Y.L.C.de Jong and T.J. Willink,

“Iterative trellis search detection for asynchronous
MIMO systems” (In proc. IEEE VTC’ 2003, pp503-507, Oct.
2003) .
Disclosure of Invention
Whereas the original SGA algorithm computes MN

approximated symbol probabilities of pseudo symbol

4combinations and selects M of these with the highest
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probabilities for Ny antennas, a first aspect of the

‘invention computes 4M approximated symbol probabilities

of pseudo symbol combinations and selects M of these
with the highest probabilities for log4(N) stages for
each antenna in the first iteration.

It will be appreciated that the invention can be
embodied by a computer apparatus configured by a
computer program executed thereby, to perform any of -
the methods of the invention, and/or to become
configured as apparatus of any aspect of the invention.

In that case, the computer program can be
introduced by any practical means, such as by optical
or magnetic storage media, by signal received such as
through a download implemented by means of the
internet, by smartcard, flash memory or other
integrated circuit storage means, or by configuration
using application specific hardware such as an ASIC.

Brief Description of Drawings

FIG. 1 illustrates a schematic diagram of a MIMO
data communications system in accordance with a
specific embodiment of the invention;

FIG. 2 illustrates a method of identifying
significant symbol combinations in accordance with SGA;

FIG. 3 illustrates a hierarchical tree arranged
QBRM constellation in accordance with an exemplary
embodiment of the invention;

FIG. 4 illustrates the tree structure of the QAM
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constellation illustrated in figure 3 in further
detail;

FIG. 5 illustrates a multilevel set of pseudo
symbols in accordance with a further exemplary
embodiment of the invention;

FIG. 6 illustrates a multilevel identification
procedure in accordance with the described embodiment
of the invention;

FIG. 7 illustrates modelled performance
characteristics for examples of use of the described
embodiment of the invention; and

FIG. 8 illustrates a process performed in
identification of significant symbol combinations in
accordance with the described embodiment of the
invention.

Best Mode for Carrying Out the Invention

A specific embodiment of the invention will now be
described, by way of example only and with reference to
the accompanying drawings.

FIG. 1 illustrates a MIMO data communications
system 10 comprising a transmitter device 12 and a
receiver device 14. The transmitter device 12
comprises a data source 16, which provides data
(comprising information pbits or symbols) to a channel
encoder 18. The channel encoder 18 in this example
comprises a convolutional coder such as a recursive

systematic convolutional (RSC) encoder. The channel
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encoder 18 operates such that more bits are output from
the éncoder than are presented to its input, and
typically the rate is one half or one third.

The channel encoder presents the encoded bits to a
channel interleaver 20, in the illustrated embodiment,
a space-time encoder 22. The channel interleaver 20
interleaves the bits into symbols in a manner that
ensures that errors do not arise due to repeated
transmission of a bit in a certain position in a data
frame from the same antenna, or that adjacent bits are
separated so that errors due to breaks in transmission
are possibly capable of being fecovered.

The space-time encoder 22 encodes an incoming
symbol or symbols as a plurality of code symbols for
simultaneous transmission from a transmitter antenna
array 24 comprising a plurality of transmit antennas
55. In this illustrated example, three transmit
antennas 25 are provided. In the general case, the
number of transmit antennas is designated N;.

The encoded transmitted signals propagate through
a MIMO channel 28 defined between the transmit antenna
array 24 and a corresponding receive antenna array 26
of the receiver device 16. The receive antenna array
26 comprises N, receive antennas 27 which provide a
plurality of inputs to a space-time (and/or frequency)
decoder 30 of the receiver device 16. In this specific

embodiment, the receive antenna array 26 comprises
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three receive antennas 27.

In the general case, it is merely a condition of
operability that Np=N;.

The space-time decoder 30 is operable to remove
the efféct of the encoder 22. The receiver 14 of the
specific embodiment is configured with the transmitter
12 in mind. The output of the space-time decoder 30
comprises a plurality of signal streams, one for each
transmit antenna 25, each carrying so—-called soft or
likelihood data on the probability of a transmitted
symbol having a particular value. This data is
provided to a channel de-interleaver 32 which reverses
the effect of the channel interleaver 20 and outputs
convolutional code on the basis of the likelihood data
provided by the space-time decoder 30.

The convolutional code output by the channel de-
interleaver 32 is then presented to a channel decoder
34. 1In this example, the channel decoder 34 is a
Viterbi decoder, which is operable to decode the
convolutional code.

The channel decoder 34 is a SISO (soft-in soft-
out) decoder, that is operable to receive symbol (or
pit) likelihood data and to provide similar likelihood
data as an output rather than, say, data on which a
hard decision has been made. The output of channel
decoder 34 is provided to a data sink 36, for further

processing of the data in any desired manner.
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The channel decoder 34 further presents its output
to a further channel interleaver 38, of equivalent
design to the channel interleaver 20 of the transmitter
12, and thus interleaves the decoded received data in
the same manner as the original data had been
interleaved in the transmitter 12. This interleaved
received data is then presented back to the space-time
decoder 30, as a priori data for use in the space-time
decoding process.

Operation of the space-time decoder 30 will now be
described with reference to figure 2 of the drawings.
The operation of the space-time decoder 30 enables the
decoding of signals modulated using relatively high
order modulation schemes, using an average level of
complexity associated with a sphere decoder as
described and reference above.

For reasons of clarity, the method is described
with reference to the general case, with N, transmit
antennas 25 and N, receive antennas 27. From this
description of the general example, operation of the
specific illustrated example with three transmit
antennas 25 and three receive antennas 27 will be
understood.

By way of background information, the manner in
which MIMO communication operates will now be
described, along with the manner in which symbols are

transferred through the MIMO channel 28.
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As noted above, in general terms, the spatial

multiplexing MIMO system of the embodiment has Ny

, > .
transmit antennas 25 and A%"A% receive antennas 27.
def

At each time instant, Ny symbols XF:b”x”'"xMJT (where
[*]T indicates the transpose of a vector or matrix),
taken from a modulation constellation
A = {al,az,...,aN}, are transmitted from each
transmit antenna 25 of the transmit antenna array Z24.
NR observations yif[yl,yz,m,yNR]T are
correspondingly obtained at the receive antenna array
26. The relationship between X and y is:
y=Hx+n (1)

N, x N;

where H is the channel matrix with h(,Jj)

as its (i,j)-th entry. The quantity h(, ) represents the

channel gain from transmit antenna j to recelve antenna

Ny x1 oro-mean complex circular
0_2

symmetric Gaussian noise with covariance matrix °

i. Vector m is an

In the following analysis, the notation Eﬂ* and
hf’ will be used to denote the conjugate and transpose
conjugate of a matrix or vector respectively.

The task of the space-time decoder 30 is to
estimate the transmitted symbol X from the observation
y given the channel state information H. More
precisely, the margiﬁal posterior distribution p(ley,H)
for j =12,..,N, 1is desired. 1In the following
description, conditioning on H is assumed to be

implicit, and is therefore omitted for the clarity of
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the analysis.

As previously disclosed in UK Patent Application
0426486.7, the SGA algorithm allows approximation of
the marginal posterior distributions p(x;|y) - Exact
computation of these reguires an exhaustive search of
all the possible symbol combinations, and this can be
efficiently approximated via M most significant symbol
combilnations:

p(x;|y)= Zl;p(x_p xy) ~ Z;p(x””’ X, x Ly, (2)

€D, o

where x_; refers to all the antennas except
antenna 3 and [Lj is the set which contains the
Nerpossible values of X_;.

The method by which this is achieved, in
accordance with the previously disclosed patent
application referred to above, will now be briefly
described. It will be appreciated that the selection
of these M most significant symbol combinations would
in principle require the computation of all the
possible symbol combinations and has a prohibitive
computation cost which exponentially grows with the
number of transmit antennas.

Tn the SGA algorithm, the selection for ® 1is
decomposed into Ny steps where M most significant

symbol combinations arte identified to obtain

0, = {x,ox)m=1,. .M} for j=12...Ny .

In each step, the MN approximated likelihoods
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meﬁ) of all possible combinations

Kﬁm,n @ijlm 1,. AijeA} are computed.

Then, M most significant symbol combinations with
the largest meﬁ) are selected for ®;. On the final
iteration, when j =N, , ®=0, is the obtained result.

The step of identifying significant symbol
combinations in the described SGA algorithm will now
pe demonstrated by way of example as illustrated in
FIG. 2. In this example, a lattice representation is
illustrated for four possible symbols in a
constellation A={a,,a,,a;,a,}, on three transmit antennas
(1, 2, 3). Hence Nt = 3, and it is assumed that
Ng 2 3. The objective 1is to identify the M = 2 most
significant symbol combinations from the 64
possibilities. The possible symbol combinations are
represented by lines in a trellis in FIG. 2(a): the two
thick lines indicate the two most significant symbol

combinations, i.e. (aa, a4, aa) and (a1, a3z, ai) .

'
In a first step, where Jj = 1, the approximated
likelihood ¢%Cn) is calculated for x, €4 while antennas

2 and 3 are assumed to have transmitted x,=0.
Assuming that ¢%Q%) and Wb@h) are the two largest ¢%(m)
for x, €4, then O, = &y¢u}. This step is illustrated
in FIG. 2(b).

In the second step, where J = 2, the eight

possible values of meh) are computed for m = 1,2 and

x, € Awhile x, 1is assumed transmitted by antenna 3.
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Assuming that ¢q@%)and wﬁﬁu) are the two largest values
among the eight possibilities, ®2i5$ﬁtoﬁaua4lﬁq¢g».
This step is illustrated in FIG. 2({(c). This procedure
is again repeated as shown in FIG. 2(d) in order to
identify @, asequalto {(a4,a4,a4),(a1,a3,a1)} .

The complexity of the identification step of this
SGA algorithm depends on the constellation size N: the
computation and sorting of the MN likelihoods for Nt
steps.

Higher order N-QAM constellations are widely used
in the modern communication system to improve the
pandwidth efficiency. In such cases, the complexity of
the SGA algorithm may become undesirably high, although
it will be appreciated that this algorithm will still
present lower complexity than that of the SD algorithm.

Fortunately, higher order N-QAM constellations
naturally exhibit a multilevel structure which has been
used for complexity reduction in different processing
stages. For instance, “Multilevel mixture Kalman
Filter” (D. Guo, X. Wang and R. Chen, EURASIP Journal
of Applied Signal Processing, special issue onf
pParticule Filtering in Singal Processing, Vol. 15,
pp. 2255-2266, Nov. 2004) uses this multilevel
structure in the context of joint channel estimation
and detection for a single user system.

Moreover, “Iterative tree search detection for

MIMO wireless systems” (Yvo L. C. de Jong and Tricia
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J. Willink, Proc. IEEE VTC 2003, pp. 503-507, Oct 2003)
and. “Iterative trellis search detection for
asynchronous MIMO systems” (Yvo L. C. de Jong and
Tricia J. Willink, IEEE Trans. Wireless Commun.,

Vol. 53, No. 6, pp. 930-935, Jun 2005) use this in
iterative tree search based symbol detection for a MIMO
system. However, the ITS decoder does not considér the
effect of replacing the true symbol with a pseudo
symbol in the calculation of the likelihood. In the
described specific embodiment, a penalty term is
derived from Gaussian approximation to compensate the
mismatching between the pseudo symbols and the true
symbols.

The specific embodiment of the invention provides
use of the multilevel structure of an N-QAM
constellation, as will now be described.

In general terms an N-QAM (N = 42,42,m)
constellation can be considered with 1 = 1,..,L levels
where Ltﬁong. It should be noted that, by this
approach, the lowest level (when 1 = 1) is A. For
example, the 64QAM constellation has three levels of
hierarchy as illustrated in figure 3.

FIG. 4 sets out an example of the hierarchical
structure of 640AM. The pseudo symbol ds, in the
highest (third) level is the mean value Of a3, Qy4r Qo

and a,; in the level below, and so on.
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For the l-th level, the constellation A is divided

def
into N,=N4" subsets i where:

Ukz,k =A and
z,’”ﬂz," =0,
where m,n = 1,..,N3 m # n.

This example therefore has 64, 16 and 4 subsets

for 1 = 1, 2, 3 respectively.

1=1:

lagl, ko= 1,.., 64,

1=2:

L = {a1,ap,89,a10}, 13 = {a3,34,211,3121}s
{ag,a6,31378141}, lg = {a7,28,215,216!}"

1; = {a17,218,825/3261}¢ 15 = {a19,az0,227,3281},
{ap1,a22,229,830}, 12 = {ap3,a24,831,232}y
{a33,a34,241,842}, 15 = 1a35,336,343,344},
{a37,a38,a45,246}, Vi = {239,340,247,348}

B = {ag9,a50,257,358}s 12 = {ag1,a52,359,2601}

— {as3,asasaglrag2ls V» = (a55,256:2631364}

1=3:

1 = {alla2ra9ralora5ra6ralBIal4ra17ral8r
ap5,226,819,820,22778281

1§ = {a3,a4,a11,a12,a5,a6,a13,a14,a21,a22,
ang,a30,a23,224,831,232},

1} = {a33,a34,841,242/,335,336,343/344/349
as0,a57,858,851,252,259,8601

1 = {a37,a38,a45,a46,a39,a40,a47,a48,a53,

asg, 861,362,255, 256/36372641
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The pseudo symbols aj, s and their pseudo prior

information p(ay,s) for each subset 1], where 1 = 1,..,L,
‘s =1,.,N1, are defined as follows:
al,s = 41-1 Z a,
5 ay en (3)
p(al,s): Zp(ak)
agel
and A} & {ay,1,.., aj,N!lias the 1-th level pseudo
symbol set.
10 The set Aj can also be decomposed into Nj4+1

subsets 4f, such that
Uk Af =A and

15 AltnﬂA;?:@, for m,n = 1,.,Nj41, m # Iy for

1=1,.,L - 1.
The s-th element a,,, €4, 1is also the centre of

the elements in the corresponding subset:

1, =0.25 Za,,k

20 a,‘,ceA,s
For the 64QAM constellation, the above analysis
therefore becomes:
16
4 =\J4f =A
k=1
25
A,k = zé‘, k=1.16
* k
4, =UA2 = {az,l:--vaz,ls}
k=1
and therefore
30

1 2
4, = {az,vaz,z:az,s:az,s} y Ay = {a2,3!a2,4’a2.7’a2‘8} ’
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3 4 .
4, = {a2,9:a2,10:a2.13,a2,14} and 4, = {az.waz,12:a2,15:a2,16}'

and

4, = {a3’1,...,a3'4}

As explained in de Jong et al. (1), the above
partition produces squared subsets with minimum
Fuclidean distance. Using the multilevel structure of
the 640QAM modulation, the selection step in SGA is
decomposed into 3 steps where only 4M symbols are
searched in each step. In the first step, all the
third level pseudo symbols %gy”qqm} will be searched
and some will be selected for next step. In the second
step only 4M second level pseudo symbols which are
related to the selected higher level ones are
considered.

In the next step, if, in the previous step, d;,
were selected, then only the pseudo symbols
%hyazwaw¢%3} are considered. In this step, only 4M
symbols which are related to the selected second level
ones are considered.

Then, in the next step, if a,; were selected in
the previous step, then only the symbols {aya@%yam} are
considered. As a result, the number of computations is
reduced from 64M to 12M via a multilevel strategy which
will be explained below.

gimilarly, a set of multilevel pseudo symbols can

be constructed for 160AM as shown in FIG. 5:

ﬁ=&hkk=LJ6
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) = {a1,ap,a5,236}, 12 = {a3,as,27,281)/

3

2 = {ag,aig,a13,a14}, 13 = {a11,312,215/316}

4
A =4a={J4 Af=5, k=1..4

k=1

4, = {az,lwvaz,zi}

For a multilevel sequential Gaussian
approximation, the initial focus is on obtaining @, for
the j-th identification step. It should be noted that
in the SGA algorithm, it is necessary to compute and
sort MN likelihoods.

In contrast, with the multilevel structure of the
N-QOAM constellation, this step is decomposed further
into 1 = logyN,..,1 stages. At each stage, the M most

significant pseudo symbol combinations are identified

to obtain @)= &ﬂm,“qxﬁﬂxﬁflm=1ynhﬂx%)eAJ for
1 =15L,.,1.

Tnitially, the 4M approximated likelihoods me@L)
of all possible combinations of M elements in @, and
four symbols in Ajp, are computed according to equation
5 as set out below. Then, the M most significant
pseudo symbol combinations @5 with the largest
likelihoods y@k&i) are selected. Then, the process
moves down until the lowest modulation level 1 = 1 is
reached.

Tt will be noted that, at each level 1, only 4M

(m)

pseudo symbol combinations (n yeeer X

rwxu) are

considered where x,, €4 such that the mean of the
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(m) .

elements in 4'is x,j:

025 .x;, =X\

xp e

form = 1,..,M.

At the last stage, where 1 = 1, the set of M most
significant symbol combinations ©;= &ﬂ“%”quolm=d,uﬂl}
is obtained.

FIG. 6 shows an example of the multilevel
identification procedure, assuming that the symbols for
antenna 1 have been identified as ®1 = {a3, aiss a5/
ajg, 1} for M = 4 and 64QAM case. The multilevel
identification procedure is to be performed for the ond
antenna to obtain ©;.

Tnstead of computing and sorting 4 x 64
approximated likelihoods yp(x2) for symbol combinations
(a3, @il (a3, ag4) (@15, @1)res (a10,264) « which
would be required in the SGA algorithm, the MSGA
algorithm only involves the computation and sorting of
4AM approximated 1ikelihoods for three steps as follows.

For the first stage where 1 = 3, the 16 guantities
Y (%2,3) are calculated for (a3,x2,3). (a15,%2,3) s
(a5, x2,3) (a10,%2,3) where x2,3 € A3. It is assumed
that Wl(a3,1),W3(a3,1),W4(a3,1), and yg4(az,2) are the
four largest quantities, and then @ = {(a3,a3,1),
(ag,a3,1) s (a10r@3,1) (a1pr23,2)} is obtained. In the
next level (1 = 2), the 16 guantities wm(x2,3) are
calculated, for (as3,x2,2) (a15,%2,2) (a10,%2,2) and

(alo,x;z), where xp 2 € A, and x%z e AZ. It will be
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néted by the skilled practitioner, that a3z, 1 is the
mean of all elements in A} and a3,2 is the mean of all
the elements in Ajrespectively.
Then the selection is repeated and ®i= {(a3,a2,1)
5 (ag,a2,1) s (a10,22,1) (a10r22,4)} is obtained.
Finally, the above calculation and selection procedure
is again repeated in order to identify ©,= {(az,a1).
(a5, ag9), (a1p,21), (210/27)1}-
The described multilevel approach involves the
10 computation and sorting of 4M approximated likelihoods
for logyN levels, which is only 1/2 and 3/16 of that of
the selection procedure in the SGA algorithm for 16QAM
and 640AM modulation constellations respectively. The
approach 1is exemplified below in general terms with
15 reference to figure 8. |
A. Initialization
In step S1-2, the zero forcing output ¥, variance
matrix A, the variance of the pseudo symbol alphabet Aj
vy1, for 1 =1,..,1loggN and the variance of A are
20 computed as follows:
g = (ufH)~lnfly

A= o (nin) 1

yp = 41 Y lag - a1,11?

ageq

y = 1/N Z ‘ak|2

aed

25

and the set of symbol combinations ®, is

initialised as an empty set, with M =0 and L = loggN.
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B. Multilevel identification step for j = 1,.,Np
In step S1-4, wp(x4,1) is computed according
to equation (5) below for X9, L € A, and m = 1,..M,
then M = min(M,4(j'1)L+1) symbol combinations
5 are selected which have the largest Wm(Xj’L) for set

@ﬁ = {(x",., xyﬂ, x%?),m = 1,.,M}:

W (%50) = eXP((W(fm) J rwe - 2m(p(x, )+ b, [T, - /({'?))P(x 1 p6)

10
oty ~(Jpe] -2l ) b 71 Jt 4l
j-1
wiD =5 - 3 xme,
Je=1
Ny
15 I, =A+y D e
k=j+1
ﬁym =(w§”)HI1fej
The probabilities p(Xj) are the prior information
for j = 1,.,Np. The vector ek is, a column vectorlwhose
20 elements are all zeroes, put the k-th which is 1. R(x)
means the real part of a complex number. [Ilf]jj
means the j-th diagonal element of matrix II?.
It should be noted that the penalty term my? is
derived from Gaussian approximation to compensate the
25 mismatching between the multilevel pseudo symbols X5 1

e A7 and the actual transmitted symbols which takes

value in A.

a) For 1 =1L - 1,.,1, compute Wm(Xj,l) according
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to Eg. (5), for xq,1 € A’such that 0.25 §:xﬂ==x%L for

x; 4"

b) Select the M = min(M,4jL‘l+1) symbol
combinations which have the largest wm(Xj,l) for ®3.

C. Computation of marginal symbol probabilities
for 3 = 1,.,Np

In step S1-6, marginal symbol probabilities are

computed for the symbols x5.

1) For m = 1,..,M and Xy € A compute

$m(x3) = exp(-(Hv)HAv/o)p (%) [T p (=) (6)
k=

with v = § - [x{" . ng,Xj, x%{P", x%? 1T

2) Compute the symbol probabilities for x4 € A,
p(xgly) = D #m(xy) | > fmixg)-

In simulations of implementation of these methods,
it has been observed that both of the algorithms
achieve the near optical performance (Max-Log APP)
where the complexity of Multilevel SGA is only around
70% and 30% of that of the original SGA algorithm for
16Q0AM and 64QAM modulation MIMO system (Np = Nr = 4)
respectively. This is illustrated in figure 7.

Tt will be appreciated that, in many
circumstances, a wireless communications device will be
provided with the facilities of a transmitter and a
receiver in combination but, for this example, the

devices have been illustrated as one way communications
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devices for reasons of simplicity.

The specific modulation scheme used in the
illustrated example is not described, as the number of
possible symbols, and the relationship between the
symbols (which determines the manner in which symbols
are distinguished), are not relevant to the performance
of this invention. However, itlwill be appreciated
that the described embodiment can employ BPSK or QPSK,
put also the present invention can be applied to higher
order modulation schemes with little degradation of
performance or computational complexity.

Whereas the present invention has been described
with reference to a convolutional channel encoder, it
will be appreciated that the invention can be
implemented with regard to a stronger encoder such as a
so-called turbo encoder (which includes an
interleaver) .

While the present invention has peen described in
terms of hardware providing transmitter and receiver
functions respectively, it will be appreciated that
some, or all, of the apparatus to perform and/or
provide the invention may be implemented by means of
software directing the operation of a general purpose
computer, perhaps suitably configured by hardware to
establish wireless communication.

Software to provide implementation of the

invention may be provided as a software product, to be
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loaded onto suitable apparatus to provide the
invention. The software product may comprise a data
carrier, which may include a magnetic storage device,
e.g. a disk or tape, an optical storage device, e.g. an
optical disk, for example a Compact Disk or DVD format,
or a signal carrying data, e.g. from a storage location
remotely accessed and in communication with a device to

which the signal is directed, such as via the internet.
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CLAIMS

1. A method of detecting information carried in a
signal received from a transmission over a MIMO channel
from a plurality of transmit antennas, the information
being encoded as QAM symbols over space and time and/or
frequency, the method comprising the steps of:

arranging the available QAM symbols into a
hierarchical tree structure, each level of the tree
structure providing a greater level of granularity than
the previous and, for each level of the tree structure
from the least specific onwards:

for each selected branch of the tree structure in
said level, determining a branch likelihood measure,
representing the approximated l1ikelihood of a received
signal containing a symbol in said branch, selecting
one or more of said branches on the basis of their
branch likelihood measures, said selected branches
being selected for consideration in the next level of
the tree structure;

such that, at a last level, wherein each branch
thereof corresponds to a symbol, said branch likelihood
measure for a branch corresponds to a likelihood of
said received signal containing the corresponding
symbol.

2. A method in accordance with claim 1, wherein
the step of determining a branch likelihood measure

comprises determining the likelihood of said received
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signal containing a branch pseudo symbol, a branch
pseudo symbol for a branch being a function of the
symbols represented by said branch.

3. A method in accordance with claim 2, wherein a
branch pseudo symbol is the mean of the symbols
represented by said branch.

4. A method in accordance with any one of
claims 1 to 3, wherein the step of selecting one Or
more branches comprises selecting a plurality of said
branches, said plurality being less than the total
number of branches under consideration.

5. A method in accordance with any one of
claims 1 to 4, wherein the step of selecting comprises
selecting branches having the highest branch likelihood
measure of the branch likelihood measures determined in
said determining step.

6. 1A method of communicating information in a
MIMO system, comprising a transmitter having a
plurality of fransmit antennas and a receiver
comprising a plurality of receive antennas, comprising
encoding information as symbols, each symbol being a
member of a set of permitted symbols, and transmitting
the symbols at the transmit antennas modulated in
accordance with space and time and/or frequency, then
decoding the information at the receiver in accordance
with the method of detecting information of any of

claims 1 to 5.
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7. A decoder for decoding information borne on a
signal received from a transmission over a MIMO channel
from a plurality of transmit antennas, the signal being
received on a plurality of receive antennas, the
information being encoded as a string of QAM symbols
over space and time and/or frequency, comprising:

means for storing a hierarchical tree structure of
the available QAM symbols, each level of the tree
structure providing a greater level of granularity than
the previous:

means for determining, for each level in the tree
and for each selected branch of the tree structure in
said level, a branch likelihood measure, representing
the approximated 1ikelihood of a received signal
containing a symbol in said branch, and

means for selecting one or more of said branches
on the basis of their branch likelihood measures, said
selected branches being selected for consideration in
the next level of the tree structure;

such that, at a last level, wherein each branch
thereof corresponds to a symbol, said branch likelihood
measure for a branch corresponds to a likelihood of
said received signal containing the corresponding
symbols, said selecting means thereby selecting one or
more symbols for consideration and for determination of
a likelihood measure.

g§. A MIMO communications system, comprising a



WO 2008/010611
PCT/JP2007/064719

26

transmitter having a plurality of transmit antennas
operable to encode information as symbols, each symbol
being a member of a set of permitted symbols, and to
transmitting the symbols at the transmit antennas
modulated in accordance with space and time and/or
frequency, and a receiver comprising a plurality of
receive antennas, operable to decoding the information,
and the receiver comprising a decoder in accordance
with claim 7.

9. A computer program product storing computer
readable instructions, operable to cause a general
purpose computer communication apparatus toO become
configured to perform a method in accordance with any

one of claims 1 to 6.
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