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Description

Method for processing a data signal, data processing unit and

computer program product

The present application claims the benefit of United States
provisional application 60/774,251, filed 16 February 2006,
the entire contents of which is incorporated herein by

reference for all purposes.

The invention relates to a method for processing a data
signal, a data processing unit for processing a data signal

and a computer program product. .

Space time block coding (STBC) 1is a technique for
transmitting data used in wireless communication systems
where multiple copies of the same data stream are sent using
a plurality of antennas. In a group space time block coding
(GSTRBC) system, there are groups of antennas wherein each
group of antennas transmits one data stream and the antennas
of oné group transmit the same data stream. At the expense of
using more transmit antennas a performance improvement in
terms of packet error rate (PER) may be achieved compared to
multiple input multiple output (MIMO) systems where also a
plurality of data streams are transmitted in parallel but one

data stream is only transmitted using a single antenna.

For example, a GSTBC system with a two dimensional (2D)
interleaver outperforms the OFDM system according to IEEE
802.11la when the SNR (signal to noise ratio) is greater“than

-+

26 dB even with a data rate that is 3 times higher.
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However, the complexity of a receiver for a GSTBC system is
significantly laxrger as compared to a conventional single

antenna system even when linear detectors are employed.

An object of the invention is to provide an improved method
for detecting data signals received via a communication

channel.

The object is achieved by a method for processing a data
signal, a data processing unit for processing a data signal
and a computer program product with the features according to

the independent claims.

A method for processing a data signal received via a
communication channel is provided, comprising
e determining a first matrix comprising components
describing characteristics of the communication channel
e inverting fhe first matrix by
o sub-dividing the first matrix into at least four
sub matrices
o inverting a first sub matrix of the four sub
matrices
o generating a second matrix by multiplying a second
sub matrix of the four sub matrices with the
inverted first matrix and a third sub matrix of the
four sub matrices
o determining the difference matrix between the
second matrix and a fourth sub matrix of the four
sub matrices
o inverting the difference matrix
o calculating the inverted matrix based on the

inverted difference matrix
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s processing the data signal using the inverted first

matrix.

Further, a data processing unit for processing a data signal
and a computer program product according to the method for

processing a data signal described above are provided.

Illustratively, for generating a matrix for processing the
received data signal, for example for generating a filter
matrix, the first matrix characterizing the communication
channel, for example a channel matrix comprising components
characterizing the transmission characteristics of the

communication channel, is inverted using a matrix inversion

- approach that allows to reduce the number of multiplications

necessary for matrix inversion and signal processing compared

with conventional methods.

The data processing unit is for example used in a receiver,
for example the receiver of a 6x3 (6 transmit antennas, 3
receivef antennas) MIMO {multiple input multiple output) WLAN
(wireless local area network) system. The data signal may for
example be transmitted and received via a communication
system according to WLAN 1lla, WLAN 1lg, WLAN 1ln, Super 3G,
BIPERLAN 2, WIMAX (Worldwide Interoperability for Microwave

Access) and B3G (beyond 3G) or other communication systems.

Embodiments of the invention emerge from the dependent

claims. The embodiments which are described in the context of
the method for processing a data signal are analogously valid
for the data processing unit for processing a data signal and

the computer program product.
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In one embodiment of the invention, the first matrix is

inverted according to Strassen's method for matrix inversion.

The communication channel is for example a radio
communication channel. The received data signal is for
example processed for estimating a sent data signal that was
received as the received data signal. In one embodiment, the
sent data signal is transmitted using a plurality of transmit
antennas. For example, the sent data signal is transmitted
according to Groupwise Space Time Block Code. The sent data

signal may be transmitted using OFDM modulation.

In one embodiment, at least one of the four sub matrices has
Alamouti structure. For example, the first matrix consists of
sub matrices having Alamouti structure. A sub matrix having
Alamouti structure can be easily inverted and allows a
further decrease of complexity compared to a direct approach
for matrix inversion for example by solving a linear equation

system.

In one embodiment, the inverted matrix is used for performing
a filter operation on the received déta signal. The received
data signal is for example linearly filtered using the
inverted matrix. The received data signal may be filtered
according to a zero forcing interference suppression method,
a linear minimum mean squared error detection method or an

interference cancellation method.

The first matrix is for example generated from a channel
matrix modelling the transmission characteristics of the
communication channel. The first matrix may for example be
sub matrix of the channel matrix or the first matrix may be

the channel matrix itself. The first matrix may alsc be a
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product of matrices with one factor being the channel matrix

or the hermitian of the channel matrix.

Illustrative embodiments of the invention are explained below

with reference to the drawings.

Figure 1 shows a communication system according to an

embodiment of the invention.

Figure 2 shows a processor element according to an embodiment

of the invention.

Figure 3 shows a flow diagram according to an embodiment of

the invention.

Fig.l shows a communication system 100 according to an
embodiment of the invention. The communication system 100

comprises a transmitter 101 and a receiver 102.

The transmitter 101 is a GSTBC (Groupwise space time block
coding)} transmitter comprising a plurality of STBC
transmitter groups 103, 104, 105, in this example a first
STBC transmitter group 103, a second STBC transmitter group
104 and a third STBC transmitter group 105. The number of
STBC transmitter groups 103, 104, 105 is denoted by Lg. In

this example Lg = 3,

The transmitter 101 comprises a plurality of transmit
antennas 106. The number of transmit antennas 106 is denoted

by Ly. In this embodiment, each STBC transmitter group uses
Ly/Lg transmit antennas 106. It is not necessary that each

S3TBC transmitter groups uses the same number of transmit
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antennas. In other embodiments, the STBC transmitter groups

use different numbers of transmit antennas.

The first STBC transmitter group 103 receives as input a
first data stream 107, generates STBC codewords from the
first data stream 107 and sends the STBC codewords using OFDM

(orthogonal frequency division multiplexing) and using Lt/Lg

transmit antennas 106. Each antenna used by the first STBC

transmitter group 103 sends the same signal.

The second STBC transmitter group 104 receives as input a
second data stream 108, generates STBC codewords from the
second data stream 108 and sends the STBC codewords using'
OFDM (orthogonal frequency division multiplexihg) and using

Lt/Lg transmit antennas 106. Each antenna used by the second

STBC transmitter group 104 sends the same signal.

The third STBC transmitter group 105 receives as input a
third data stream 109, generates STBC codewords from the
third data stream 109 and sends the STBC codewords using OFDM
(orthogonal frequency division multiplexing) and using Lt/Lg
transmit antennas 106. Each antenna used by the third STBC

transmitter group 105 sends the same signal.

In this way, the first data stream 107, the second data
stream 108 and the third data stream 109 are sent in
parallel. Altogether, the STBC transmitter groups 103, 104,
105 send data 110 being separated into the data streams 107,
108, 109. For example, each data stream 107, 108, 109
corresponds to a different user that wants to transmit the

respective data stream 107, 108, 1009.
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In one embodiment, the transmitter 101 comprises one or more
coded modulation units for encoding the data 110 such that
the data streams 107, 108, 109 are, for example
convolutionally encoded, bit~interleaved, and modulated to
MQAM (M-order quadrature amplitude modulation) signals. The
data streams 107, 108, 109 may be bit streams, e.g. to be
transmitted using BPSK (binary phase-shift keying) or streams
of symbols, e.g. to be transmitted using QPSK (quadrature
phase-shift keying) or QAM (quadrature amplitude modulation).

The receiver 102 comprises receive antennas 111. The number

of receive antennas 111 is denoted by Ly. In one embodiment
Ly 2 Lg. In the following, it is assumed that Ly = Lg such

that the minimum number of receive antennas 111, in this
example 3, is used. This is for example of advantage if the
receiver 102 should be kept small, for example when the
receiver 102 is integrated in a mobile device, such as a cell

phone.

The signals received by the receive antennas 111 are fed into
a filter unit 112 which generates filtered bit streams that
are respectively fed into a first OFDM decoder 113, a second
OFDM decoder 114 and a third OFDM decoder 115. The first OFDM
decoder 113 generates a first received bit stream 116, The
second OFDM decoder 114 generates a second received bit
stream 117 and the third OFDM decoder 115 generates a third

received bit stream 118.

In the embodiment described in the following, an Alamouti's

code is used. Therefore, Lt/Lg = 2 and full rate transmission

is achieved. More antennas can be employed to allow further
diversity and higher system performance. The embodiment

described in the following can be extended to such cases.
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form the respective data stream 107, 108, 109. A data vector
formed by one STBC transmitter group 103, 104, 105 from the
respective bit streams 107, 108, 109 is denoted by

0
X
g = g* where g = 1,...01g is the number of the

—.Xg
respective STBC transmitter group 103, 104, 105. When Xg has
been transmitted (in one transmission step), as will be
explained in the following, the STBC transmitter group 103,
104, 105 forms the next data vector.

The data vectors data vectors xg can be written together in

X1
the form of the vector x = | : which corresponds to the

§Lg

data transmitted in one transmission step by the STBC

transmitter groups 103, 104, 105.

The data received by the receiver 102 in one transmission

step, i.e. when the vector x is transmitted, is written as

‘ r
r = where 5 =
~RL*
g

The relation between the sent data vector x and the received

data vector r can be modelled as

r =Hg +n (1)

= =
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where n models independent average white Gaussian noise

2

(AWGN) with zero mean and with variance op. The matrix H is

called channel matrix and is defined by

Biz - Hioy
. 9 ﬂgr Eér
.I-.I. = . . r Egr = Hl* Ho* .(2)
. —22gr =gr

where ﬂgr {(t=0,1 for the two antennas of each STBC

transmitter group 103, 104, 105) models the transmission

characteristics of the (frequency domain) channel between the
tth antenna 106 of the gth STBC transmitter group 103, 104,

105 and the rtR receive antenna 111.

The sub matrices Hygy of matrix H are called channel sub

matrices. They have a special structure given by

hg hi
* % (3)
—~h1 hg

where hg, h] are complex numbers. A matrix having such a

structure is called Alamouti matrix in the following. For an
Alamouti matrix H, a vector h can be defined according to the

following correspondence:

ho M h
H= x x| S h= [ 0] (4)
-h1 hg hi
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The vector h holds the same information as the matrix H and
is introduced for notational convenience. It allows the

orthogonality of the matrix H to be written as
s = mn? = 1 (5)

where |h]| denotes the norm of the vector h and I is the

identity matrix of the appropriate dimension (2 x 2 in this

case).

The result of adding and multiplying Alamouti matrices as
well as of taking the inverse of an Alamouti matrix is still
an Alamouti matrix. This means that the set of all Alamouti
matrices is closed under addition, multiplication and

inversion. This can be seen when these operations are written

down explicitly. If A and B are Alamouti matrices,
a+ec b+d
b+d @+

a b C d ac—-bd* ad-%bc*
XB = X e | = (6)
¥ e ¥ | | —(ad+be*)*  (ac—ba*)”

a b T 1 a -b
" o laf [v* a

This allows to simplify the detection process.

o
+
os]

I
—
tl)_m

*
ﬂi*b_.
—_
+
1
I O

Q.

e
0

* 0,
[

il

(3

(g
it

In one embodiment, the filter unit 112 carries out a general
zero forcing interference suppression (ZFIS) algorithm. This

is a linear filter algorithm applied to the received data
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vector r =| ! such that for a STBC transmitter group 103,

g
104, 105, the interference from the other STBC transmitter

groups 103, 104, 105 in the received signal is suppressed.

The linear filter used is given by the matrix

Gi1 - §1Lg
} . ) o

{np!
il

G e 3
=Lgl =Lglg
where each sub matrix G;j4 has to be determined based on the

transmission characteristics. Filtering the received data

vector r using the matrix G gives the filtered received data

i}
vector E = | : according to
ng
£=06r =CGHx+Gn = fx+41 (8)
where fi = Gn. The matrix G is chosen such that
B o 0
" 0 0
0 0 - Hyg

such that in the filtered received data vector EZ, there is

no interference between the data sent by different STBC

transmitter groups 103, 104, 105. It can be seen from (9)
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that after filtering according to (8) the data transmitted by
a STBC transmitter group 103, 104, 105 can be processed
independently of the data transmitted by the other STBC
transmitter groups 103, 104, 105 since all interference from

the other STBC transmitter groups 103, 104, 105 has been

removed. The channel model for the gth STBC transmitter group
103, 104, 105 can then be written as

&y = Hgxg + fg (10)

where };kggkgkg = Eg and the noise component figy is bi-

variate complex Gaussian distributed with zero mean and

correlation matrix 0'1% (Zk l[_g_gkuzj I.

The generality of this formulation results in some
flexibility in implementation. The matrix G has Lg x 2 x 2
degrees of freedom which are not all used for fulfilling (9).
Therefore, in one embodiment a first constraint (denoted by
constraint A) is used and in another embodiment, a second
constraint (denoted by constraint B) is used such that the
matrix G is uniquely defined by equation (9) and the
respective constraint. These two embodiments are equivalent
in the sense that the same results are given for coded and
uncoded systems. The different choice of the constraint for
matrix G allows different hardware architectures to be used

which may be more appropriate for different scenarios.

Constraint A is given by Gj; = I where i = 1,...,Lg. When
Giy = I, the sub matrices Gjj with i =3 (i =1,...,0g) can

be uniquely determined using (9).
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Constraint B is given by H; = I where i = l,...,Lg. When

fim

3 = 1, the sub matrices Gjy with 1 #j (1 =1,...,Ly) can

be uniquely determined using (9). In this case, G = g"l.

In an .uncoded system, based on (10), for unbiased estimation,

the data transmitted by the gth STBRC transmitter group 103,
104, 105 is estimated by

xg,z8 = B3'E = g + Bi6g / [Bo]- (11)

A slicer is used to determine the corresponding transmitted
symbols based on this estimation. As will be explained below,

the estimation Xq,2F is also used for computing the metric

for soft decoding a forward error control (FEC) code as well.

Instead of using two filter steps in the linear filtexr 112,
namely the filter steps according to (8) and (11), the linear

filter 112 may also generate Xq,2F in one filter step which

is a combination of these two filter steps according to

#1 E{l 0 +«« O
32 0 IR .
Bgp =|: |=|: - - o |E=€C& (12)
&, 0 o g1
gl | HLgJ

where
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Hi"Gy11 ... Hy §1Lg
G = : : . (13)

=1 -
H.~G v H.7G

In a FEC-coded system, for example when the bit streams 107,
108, 109 are convolutionally encoded, the data received from
each STBC transmitter groups 103, 104, 105 can be processed

independently based on (10). Since the noise variance of fig

is ), the optimal metric used for soft decoding

1
7 (S bk

is given as

i

oA (Zk Hggkuz

)"‘-:’g - figxg| = )“§g,ZF -z . 1w

1
oh [Zk Higknz

The second form of metric calculation, i.e. the right hand

. 2
side of (14), is more desirable since "gg'zp —-gg“ can be

computed easily element by element for a fixed constellation
of a transmitted symbol. Therefore, in one embodiment, this

form is used for metric calculation.

In this case xqg,sr and the channel normalization factor

defined as

.
o] (15)

"7 & (Sl

is explicitly calculated.
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The remaining required operations according to (14) can be
carried out by standard computation and the results can be

passed as soft input to a Viterbi decoder.

The detection according to (11) (denoted by ZFIS Option 1)
and (12) (denoted by ZFIS Option 2) are based on constraint
A. When the detection is based on constraint B, and G is
calculated as the inverse of H (denoted by 2ZFIS Option 3), a
matrix inversion of H is required. In this case, the
complexity can be reduced if the matrix H is inverted

efficiently.

In the specific case Ly = Lg = 3, the channel matrix H is a

6 X 6 matrix which consists of nine Alamouti matrices.
Additions can be carried out much faster than multiplications
and, in view of a hardware implementation, less silicon area
or chip space is required to implement additions than
multiplications. Therefore, when considering complexity only
the number of multiplicationé and divisions is taken into
account. It is differentiated between the number of real
operations and complex operations. In terms of complexity and
necessary hardware, each complex multiplication can be
expressed as a multiple of a real multiplication, usually a

multiple to 3 or 4.

The ZFIS algorithms introduced above require matrix
additions, matrix multiplications and matrix inversions.
Since Alamouti matrices are closed under addition and
multiplication, when these operations are carried out for two
Alamouti matrices, only the first row of the resulting matrix
needs to be calculated. The second row can be obtained by

sign change and/or conjugate operations. Therefore, for a
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multiplication of two 2 x 2 Alamouti matrices, only 4 complex

multiplications are required.

From (6), it can be seen that a matrix inversion of a 2 x 2

Alamouti matrix can be done by scaling and reordering of

a
matrix elements. If a = [b}' the norm of a is given by

laff = a8 +af + pg + bf (16)

where the subscript R denotes the real part of the respective

complex number and I denotes the imaginary part of the

respective complex number. HQF can therefore be computed

using 4 real multiplications. Taking the reciprocal of HQF

1
requires 1 real division. For multiplying T]E with the real
a

parts and imaginary parts of the first row of the matrix

*
a -b .
to get the first row of the inverse matrix (the

b* a

second row can be, as mentioned above, be calculated without
further multiplications) 4 real multiplications are
additionally needed. For a multiplication of a matrix A with
the identity matrix, no operations are required since

AL = IA = A.

The channel matrix H is estimated in a channel training
phase. Subsequently, the receiver 101 receives the data
vector r which is filtered to reconstruct the sent data

vector X.
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In one embodiment, the detection method is divided into two
stages, a pre-computatlon stage {(before the r has been
received or is processed) and a filtering stage (when the

vector r is processed).

In the pre-computation stage, pg is calculated according to

{15) and all computations are carried out that allow the
calculation of xgq,gp according to (11) or (12) respectively
as soon as the vector r is available. Specifically, in the
pre-computation stage, (after the channel has been estimated
and the matrix H has been generated), the following steps are

carried out:

{a) The matrix G and leggkuz are calculated
k

. o . ~ 512
(b) The matrices gg and ﬁgl and "hg“ are calculated

1

(c) The matrix G’ is calculated (this requires G and Ea and

is only done when ZFIS Option 2 1s used)

(d) Pg is calculated according to (15)

ZFIS Option 1 requires less pre-computation than ZFIS

Option 1 but uses a two-step filter instead of a one-step

filter.

In the filtering stage in case of ZFIS Option 1, the

following step is carriled out

o~

(al) £ = Gr and Xq,2F = _}igl_fg are calculated.

In the filtering stage in case of ZFIS Option 2, the
following step is carried out

(a2) xgp = G'r is calculated.
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In the example with Ly = Ly = 3, the ZFIS filter matrix G has

the form

G11 G2 G13
G =621 G22 G23i- (17)
G31 G322 G33

where Gyqg = I (g = 1,2,3) and the other 2 x 2 square sub

matrices are calculated according to (9) by

G1p = | By a2 — it | [poncd - poeas [
=12 213833 7 21283 || 822837 T 8223833
P— -1 -1 1Tt
613 = |Bisiy} - Hioy) || Haoph - HasHp] |
Gp1 = |HpaHal - Hpql [y et - myausl]
G21 = | Hao3H33 — HpiHay | [Hii1Hz7 — HisHs3 (18)
~ - ' ! —1
-1 ~1 -1 —1
G23 = [H23H;3 — H21Hy 7 |[H31H17 — H33H 3
- -r -1
- -1 - -
G31 = |H3pHy3 — H31Hy7 ||H11Hy] — HioHys
- 1 -1
-1 -1 —~ -1
G32 = |H32H{5; — H31Hy .1112151:1L — HpoH,

The terxrms for ﬁij (i # j according to (18)) consist of two

factors (enclosed in square factors). They are denoted by
left side factor and right side factor according to the order

in which they are written in (18). Since ggg =1 (g=1,2,3)

the matrices Ggg do not need to be calculated.

The right side factors of all Gi4 can be calculated first

using the matrices given in the second column of table 1. The
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left side factors can be calculated subseguently using the

matrices in the second column and the third column.

Group Computation for right and Computation for
(value of left side factor left side factor
index 1)
1 H H H

HosHzg, HaolHso Hi3Hs3
2 H H H

HisH33, H3iHpq HpiH3q
3 H H H

HioHso, HoiHyq HzoHq 5

Table 1

The required complexity (for 9 Eﬁgﬁ terms) 1is:

9 x 4

J

36 complex multiplications for gig?

36 real multiplications for |h|?

10 TFor example, the sub matrix Gis is calculated according to

Gi2 =

where
15

g:

I _ - -1
_3.13&5% - 3.125.3%] l:.lizzﬂa% ~ Hp 3213%]
i 2 2
H 1 H 1 _ |h33| b2
HysH33 ~ HioHzp [ x €7 % (19)
 |nas) Ins2l? lef?
T 1
wI|_1132||2 Hq3his — [b33f? 3125.13?2] x ¢ x W
Ihssf? HooHyp — In32lP 23833 (20)

The required (for 6 Gij terms where i # j) complexity is:




10

15

20

25

20

6 X 4 x 4 = 96 real multiplications for the real scalar-

multiplications written in square brackets in (19)

6 x 4 = 24 real multiplications for‘ﬂgf

6 x 1 real divisions for reciprocal of "QF
6 x 4 = 24 complex multiplications for the matrix

multiplications
6 x 4 = 24 real multiplications for real scalar-matrix

normalization

For the calculation of }:“ggkr in step (a) in the case
k

2
Ly = Lg = 3, i.e. for the calculation of 6 "ggk" terms with

g # k (since "gmﬂf =1) 6 x 4 = 24 real multiplications are

reguired.

These terms are combined according to

2
1+ faf + o]

> Jauff
k

2
Hﬁzl"z + 1+ |az3] (21)

> Jozf”
k

2
Slaaef -l + s +2

In stage (b),

g = 3 Ggdixg (22)
k

is calculated. For example, when Ly = Ly = 3
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2! Hyj + GyoHpy + G13H31

b
I

Hp = GpiHjo + Hpo + Gp3H3o (23)

A3 = G31H13 + G3oHp3 + H33

This requires 3 x 2 x 4 = 24 complex multiplications (for the

three Hy terms.

. P ~ 2
Further, in step (b), the matrix ﬁgl and the value "hg" need

10 to be calculated. For Ly = Ly = 3, this requires

3 x 4 =12 real multiplications for 3 “Egﬂz terms

~ 12
3 x 1 = 3 real divisions for the reciprocals ofthg"

1§

3 x 4

multiplications.

12 real multiplications for 3 scalar-matrix

15

In step (¢), G is calculated, in case Ly = Lg = 3 this is

- |
i 0 0

=1 I G2 G13
¢ =| o0 H* o0|le; I &3

0 0 ggl G31 G32 1L
1 1 1 (24)
Hy Hy"G12 HEy7G13

o1 a1
= |Hy"Go1 Hp H,"Go3
1 ~—1 =1

H37G31 Hy"G3z Hy

20 This requires 6 x 4 = 24 complex multiplications.

As mentioned above, this is not done in ZFIS Option 1.
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In step (d) (15) is calculated. This requires 3 real
multiplications if Ly = Lg = 3.

In the filtering step according to ZFIS Option 1,

3 x 8 + 18 =42 complex multiplications are required for

(51}
1

Gr may be simplified.

[[p1]
it

In the filtering step according to ZFIS Option 2,
6 2 6 = 36 complex multiplications are regquired for

%gFp = Gr if Ly = Lg = 3.

The complexity of ZFIS Options 1 and 2 are summarized in
tables 2 and 3 for Lp = Lg = 3.

term multiplications diviéions
"ll.j 2 . Eiﬁgl 36 complex, 36 real -
Gij (1 = 3) 24 complex, 144 real 6
2 24 real ~
o]
By = Zk Ggkkg 24 complex Z
~—1 = 2 24 real 3
By [Bg|
g 24 complex =
~ 12 - 3
Jiq
2
2k Ilggkn _
xgp = Gz 36 complex -
total 144 complex, 228 real 23

Table 2
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texm multiplications " | divisions
Hhﬂf rHiE? 36 complex, 36 real -
Gij (3 # 3) 24 complex, 144 real 6
2 . 24 real -
"ﬁgku
Eg - Zk GokHxg 24 complex -
=1 = |2 24 real 3
55" B
~ 12 - 3
|5
2
D nggk”
£ =Gr 24 complex Z
2F,g = gg # 18 complex _
X7F, By
total 126 complex, 228 real 12

Table 3

In one embodiment where ZFIS Option 3 is used, the inversion
of the matrix H is carried out according to a fast matrix
multiplication approach discovered by Strassen in 1968 (see

[1]) which uses a divide and congquer approach.

For inverting a matrix H having the structure

' -1
a & C
§ = { 11 12] _ [ 11 012] (25)

ap1 apz| |c21 22 :

where ajy and cjj can be scalars or sub matrices of

appropriate dimensions, the following computations are

carried out:
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Ry = (@11)7"
Ry = ag1 X Ry
R3 = Ry xa1p

Rg = az1 X R3

Rg = Rq —app

Rg = (Rg) * (26)
c12 = R3 X Rg

c21 = Rg X Rp

R7 = R3 X cg1

c11 = R1 - Ry

c22 = —Rg

This can be done for a matrix of any dimension having the
structure according to (25). However, the above operations

have to be carried out serially.

For example, in the case Ly = Lg = 3, the channel matrix H is
a 6 x 6 matrix consisting of 9 sub matrices Hij (1,3 = 1,2,3)

which may be divided such that into the structure (25)

according to

H11 Hiz His [B11] [E12 E13]
H = |Hp1 Hpp Hp3| = [521] [Ezz _1123] (27)
H33 Hzz H33 H3g H3p H33

For higher numbers of Ly and Ly, H can be partitioned in such

a way that the lower-right submatrix of H, app, in this

Hp2 H23
example
H3p H33

], has the largest possible dimension (being

a power of 2) such that the STBC matrix Hjj1 is not

partitioned.
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If needed for higher numbers of Ly and Ly, the partitioning

can be done recursively such that there is one sub-matrix

(e.g. agp) with the largest possible dimension (being a power
of 2) making sure that the STBC matrix Hij is not

partitioned. This sub-matrix can then be partitioned itself

and inverted according to the inverting scheme above.

In the example L, = Ly = 3, another partitioning is possible,
r g p g

for example by forming a 2 ¥ 2 sub matrix in the upper left
of H. It can be seen that when equations (26) are applied to
this partitioning of H, the matrices generated by the
equations and multiplied according to the equations (26) have
the correct dimensions such that no impossible multiplication
has to be carried out in terms of matrix dimensions (a 4 x 4

matrix with a 2 x 2 matrix for example.) The inversion of

Hoo Hp3

the lower right 4 x 4 matrix gpp = [ ] may also be done
H32 H33

according to the equations (26). Since the Eij‘(i,j = 1,2,3)
have Alamouti structure (and these are closed under
multiplication, addition and invérsion), only the first rows
of the matrices need to be coméuted. Further, simplifications
for calculation of inverse matrices of 2 x 2 matrices and

calculation of determinants of 2 x 2 matrices can be used.

With G = H!, the filtered channel matrixz A is an identity

~ 2
igg" needs not to be computed.

matrix. In this case,

The complexity of ZFIS Option 3 1s summarized in table 4 for

L, = Lyg = 3. It inveolves all the necessary computations to
r g

generating the estimate X7F, g (g = 1,2,3) and the channel



10

15

20

26

normalization factor according to (14) for the decoder (for

example Viterbi decoder).

term multiplications divisions
le 96 complex, 24 real 3
"g kr 36 real -
29
”ﬁ r 0 real -
g

fif” ] i

2
2 e
x7F,q = Ealfg 36 complex -
total 132 complex, 60 real 6
Table 4

The 2FIS algorithm is a generalization of the zero-forcing
(ZF) detector. A minimum mean squared error (MMSE) detector
can also be used by the filter unit 112. In this case, the

filter matrix is given by
H 2. T 1
CMMSE = [ﬂ H+ Gn;li.] H (28)

As in the case G = H‘l, the inverse of a matrix needs to be

calculated. Since [§H§,+ c%;] also consists of Alamouti sub

matrices, the method explained above for low-complexity

matrix inversion can be used as well.

In the following, an example is given for the inversion of a
6 % 6 matrix comprising 2 x 2 matrices with Alamouti

structure. The matrix to be inverted is given by
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aly b1l aip b1z a3 bi3
* * * * * *

-b11 aii -bio2 aiz2 -bi3 ais _
m m

ag1 b2l apz koo ap3  b23 M1 W12 M3
mpy m22 mp3| (29)

m331 @m32 MmM33

% * % * * *
—bp1 ag1 -—bpo agy -—b23 a3
a3l b3l azpy b3z az3z b3i

* * * * * *
|—-b31 @31 -b3p a3z -b33 a3z

The objective is to compute

911 912 913 ;i1 M2 m13
G = |g21 922 923 mo1 Mmoo m23 (30)
931 932 933 m3] m32 033

I

, . 112 b1 1 [ap b2
Given two matrices 8| = — + x| @and S = — *

represented as § = {a1, b1, ki}and S = {ap, by, kp}, the

10 following rules are used:

+ Sy = {kzal + kiaz, kpb1 + kibp, klkZ}

Lt_l‘)

$1— % = {kpay ~ kjap, kob1 — k1bo, kiko}

$1® Sy {3132 - blbg, ajbo + bla;, klkZ} : (31)
o *
15 st o= {klal, kb1, ag B + | by 12}
-8 = {-a1, b1, k}
The solution to the 6x6 matrix inversion is obtained by first

performing matrix inversion on the 4x4 matrix

20
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mp1 m22 21

corresponding to (26) according to the eguations:

Eguations (26) are then iteratively used a second time such

that the final solution is calculated according to

Q2,11a = m31® c11
Q2,11b = m32® c21
92,11 = 92,11a+ 92,11b
Q,12a = m31® c12
92,12b = m32® cp2
92,12 = Q2,12a+ 2,12b
93,11a = ©11® m13
03,11b = £12® m23

€12
€22

|

28

(32)

(33)
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Q3,11 = 23,11a* 23,11b
Q3,21a = ©21® m13

93,21p = £22® m23
Q3,21 = 93,21a* 93,21b

Q4s = m31® Q311

Qap = m32® 0321

Q4

i

Q4a+ Qb
Q5 = Q4— W33 (34)

Qs

I
©
ai

913 = 23,11% Q6
923 = 23,219 Q6
g31 = 2%6® 9,11
932 = Q6® Q2,12
97,11 = 93,11® g31
97,12 = 93,119 g32
97,21 = 23,21® g31
Q7,22 = 23,21® g32
g11 = €11~ 97,11
giz = ¢12— 97,12
g21 = @21~ 97,21
922 = 22— 97,22

933 = —Qp

Divisions are only required when the matrices are recovered

to their final form from the notation {aj, by, k1} to

1]a " , .
— + %]+ All operations above are operations on 2 x 2
K1 |-b1 a1

matrices.
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The reciprocal computation can be done using the Newton
Raphson method. This is based on the method to obtain a zero
of a function £ (the value of x for which £(x) = 0). A guess
for a zero x[3j], i.e. an approximation of a zero of the

function, is iteratively enhanced by
®[3+1] = x[31 - £(x[31) / £ (x[3]) (35)
where f'(x[j]) is evaluated at x[j].

This can be applied to the function £(R) = 1/R — k which has
a zero at 1/k for computing the inverse of the value k. The

iterative formula is in this case given by
R[j+1] = R[J] (2 - R[3]k) (36)

where R[0] is an initial guess, i.e. the initial

approximation. The iterative formula can be re~written as
R[j+1] = R[] + R[j] - (R[JIk)R[]] (37)

for computation using a RISC-like architecture. Quadratic
convergence can be achieved, the better the initial guess,
the faster the convergence. Multiple initial guesses can be

used for different ranges of the value of k.

Since only one division at the end of the procedure is
necessary, hardware implementation is facilitated. This also
enlarges the range of the values that appear in course of the
procedure. Numeric simulations show that bit widths of some
intermediate result may exceed more than 20 bits. Therefore,

in one embodiment, intermediate data is dynamically scaled.
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In the following, a possible hardware architecture for
carrying out the inversion process described above is

described with reference to fig.2.

Fig.2 shows a processor element 200 according to an

embodiment of the invention.

The processor element 200 comprises a dual-port memory 201
for storing the input and output, two hardware multipliers
202 for multiplying two words, two adding/subtracting units
203 for adding/subtracting, a dynamic scale unit comprising a
first scale unit 204, a second scale unit 205 and a scale
function unit 206, pipeline registers to store intermediate
results, a plurality of multiplexers 208 to direct the data

flow and initial guess selection units 209.

Since the memory 201 is a dual-port memory, data stored at
the same address can be simultaneously accessed at two output
ports. Therefore, operations on the same two complex numbers
(multiplication, addition, subtraction) are possible as well
as operations on one complex number (squaring, determination
of absolute value). The memory is for example operated at
80MHz, wherein the read cycles and write cycles are

alternated (and thus are each clocked at 40MHz).

The multiplexers denoted by RMUXO0, IMUX0, RMUX1, IMUX1 in
fig.2 route the real parts and imaginary parts of complex
numbers stored in the memory 201 to the multipliers 202. They
can be controlled such that each combination (i.e. real part
of first complex number x real part of second complex number,
real part of first complex number x imaginary part of second

complex number, imaginary part of first complex number x
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imaginary part of second complex number, imaginary part of
first complex number x real part of second complex number)
can be multiplied using the multipliers 201. Therefore, when
two complex numbers need to be multiplied, only the two
multipliers 201 and two clock cycles are necessary to perform

the required four multiplications.

The inversion method based on the Newton Raphson method as
explained above is used for reciprocal calculation. When the
first iteration is to be initiated, the signal denoted by
INIT in figure 2 is set to 1. In the subsequent iterations
the signal INIT is set to 0 since the result of the previous

iteration is used as guess for the next iteration.

Since there are two independent multipliers 201, the
reciprocal of two numbers can simultaneously calculated using
the iterative Newton Raphson method. This allows an efficient

use of hardware resources.

The processing element 200 is for example used for each sub
carrier of an OFDM system, for example, in case of 48 sub
carriers as it is commonly used, 48 processing elements 260
are used in parallel. The processing element has a RISC-like
architecture and is optimized for the 5 basic matrix
operations and reciprocal calculation. It can be implemented
with high speed (e.g. in ASIC) for a low latency or for
allowing processing of more than one sub carrier by the same
processing element 200. The scaling decreases the risk of

numerical underflow or overflow during the processing.

In the following, a processing flow for detection according

to one embodiment of the invention is described.
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Fig.3 shows a flow diagram 300 according to an embodiment of

the invention.

In step 301, a first matrix comprising components describing
characteristics of the communication channel is determined.

This may be the channel matrix H itself or another matrix,

-1
for example the matrix [ﬂHﬁ + 02;] for use in an MMSE

filter.

The first matrix is inverted by the following steps. In step
302, the first matrix is sub-divided into at least four sub
matrices. For example, the matrix is written according to

equation (25).

In step 303, a first sub matrix of the four sub matrices is
inverted. In the example using the formulas (26), the first

sub matrix would be aq; which is inverted to get RI1.

In step 304, a second matrix (R4 in the example using (26))
is generated by multiplying a second sub matrix (ajs in the
example using of (26)) of the four sub matrices with the
inverted first matrix and a third sub matrix of the four sub

matrices (ajp in the example using (26)).

In step 305, the difference matrix (R5 in the example using

(26)) between the second matrix and a fourth sub matrix (asg

in the example using (26)) of the four sub matrices is

determined.

In step 306, the difference matrix is inverted (the result

would be R6 in the example using (26)).
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In step 307, the inverted matrix is calculated based on the
inverted difference matrix and the data signal 1s processed
using the inverted first matrix. The inverted first matrix is
for example used as a part of a filter matrix or a filter
matrix is generated from the inverted first matrix for

filtering the received data signal.
In this document, the following publication is cited:

[1] V. Strassen, “Gaussian Elimination is not Optimal,”
Numerische Mathematik, vol 13, pp. 354-356, 1069
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Claims

1. Method for processing a data signal received via a
communication channel, comprising
e determining a first matrix comprising components

describing characteristics of the communication channel

e inverting the first matrix by

o sub-dividing the first matrix into at least four
sub matrices

o inverting a first sub matrix of the four sub
matrices

o generating a second matrix by multiplying a second
sub matrix of the four sub matrices with the
inverted first matrix and a third sub matrix of the
four sub matrices

o determining the difference matrix between the
second matrix and a fourth sub matrix of the four
sub matrices

o inverting the difference matrix

o calculating the inverted matrix based on the

inverted difference matrix
» processing the data signal using the inverted first

matrix.

2. Method according to claim 1, wherein the first matrix is

inverted according to Strassen's method for matrix inversion.

3. Method according to claim 1 or 2, wherein the

communication channel is a radio communication channel.

4. Method according to any one of the claims 1 to 3, wherein
the received data signal is processed for estimating a sent

data signal that was received as the received data signal.
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5. Method according to claim 4, wherein the sent data signal

is transmitted using a plurality of transmit antennas.

6. Method according to claim 5, wherein the sent data signal
is transmitted according to Groupwise Space Time Block

Coding.

7. Method according to any one of the claims 4 to 6, wherein

the sent data signal is transmitted using OFDM modulation.

8. Method according to any one of the claims 1 to 7, wherein

at least one of the four sub matrices has Alamouti structure.

9. Method according to claim 8, wherein the first matrix

consists of sub matrices having Alamouti structure.

10. Method according to any one of the claims 1 to 9, wherein
the inverted matrix is used for performing a filter operation

on the received data signal.

11. Method according to claim 10, wherein the received data

signal is linearly filtered using the inverted matrix.

12. Method according to claim 11, wherein the received data
gignal is filtered according to a zero forcing interference
gsuppression method, a linear mean squared error detection

method or an interference cancellation method.

13. Method according to any one of the claims 1 to 12,
wherein the first matrix is generated from a channel matrix
modelling the transmission characteristics of the

communication channel.
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Method according to claim 13, wherein the first matrix is

a sub matrix of the channel matrix.

15. Method according to claim 13, wherein the first matrix is

the channel matrix.

16. Method according to claim 13, wherein the first matrix is

a product of matrices, one factor being the channel matrix or

the hermitian of the channel matrix.

17. Data processing unit for processing a data signal

received via a communication channel,

comprising a determining unit configured to determine a

first matrix comprising components describing

characteristics of the communication channel

comprising an inverting unit configured to invert the

first matrix by

O

sub-dividing the first matrix into at least four
sub matrices

inverting a first sub matrix of the four sub
matrices

generating a second matrix by multiplying a second
sub matrix of the four sub matrices with the
inverted first matrix and a third sub matrix of the
four sub matrices

determining the difference matrix between the
second matrix and a fourth sub matrix of the four
sub matrices

inverting the difference matrix

calculating the inverted matrix based on the

inverted difference matrix
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¢ wherein the data processing unit is configured to

process the data signal using the inverted first matrix.

18. A computer program product, which, when executed by a

computer, makes the computer perform a method for processing

a data signal received via a communication channel,

comprising

* determining a first matrix comprising components

describing characteristics of the communication channel

e inverting the first matrix by

o sub-dividing the first matrix into at least four
sub matrices

o inverting a first sub matrix of the four sub
matrices

o generating a second matrix by multiplying a second
sub matrix of the four sub matrices with the
inverted first matrix and a third sub matrix of the
four sub matrices

0 determining the difference matrix between the
second matrix and a fourth sub matrix of the four
sub matrices

o inverting the difference matrix

o calculating the inverted matrix based on the
inverted difference matrix

. processing the data signal using the inverted first

matrix.



