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METHODS AND APPARATUS FOR TURBO SPACE-TIME TRELLIS CODING

This invention relates to communications, for example
for a cellular wireless communications system, using a
combination of so-called turbo, space-time (8T), and trellis

5 coding (TC) or trellis coded modulation (TCM) technigues.

Backaround of the Invention

As is well known, wireless communications channels
are subject to time-varying multipath fading, and it 1is
relatively difficult to increase the quality, or decrease the
10 effective erroxr rate, of a multipath fading channel. While
various technigues are known for mitigating the effects of
multipath fading, several of these (e.qg. increasing transmitter
power or bandwidth) tend to be inconsistent with other

requirements of a wireless communications system. One

15 technigue which has been found to be advantageocus i1s antenna
diversity, using two or wmore antemnnas (or signal polarizations)

at a transmitter and/or at a receiver of the system.

In a cellular wireless communlications system, each
base station typically serves many remote (fixed or mobile)
20 units and its characteristics (e.g. size and location) are more

conducive to antenna diversity, so that it is desirable to

implement antenna diversity at least at a base station, with or

without antenna diversity at remote units. At least for

communications

from the base station in this case, this results
25 in transmit diversity, i.e. a signal is transmitted from two or

more transmit anktennas.

S. M. Alamouti, “A Simple Transmit Diversity
Technique for Wireless Communications”, IEEE Journal on
Selected Areas in Communications, Veol. 16, No. £, pages l45l-

30 1458, October 1998 describes a simple transmit diversity scheme

using space-time block coding (STBC). For the case of two

transmit antennas, complex symbols s0 and -sl* are successively
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transmitted from one antenna and simultanecusly complex symbols

sl and s0* are successively transmitted from the other antenna,
where * represents the complex conjugate. These transmitted

symbols constitute what is referred to as a space-Ttime block.

Tt is also known to use various coding schemes in
order tc enhance communications. Among such schemes, i1t has
been recognised that so-called turbo coding (parallel
concatenated convolutional coding) enables iterative decoding
methods to achieve results which are close to the Shannon limit
for AWGN (additive white Gaussian noise) communication
channels. A turbo coder uses two, typically identical,
recursive systematic convolutional (RSC) component coders,
signals to be transmitted being supplied directly to one of the
component coders and via an interleaver to the other of the

component coders. Accordingly, it would be desirable to

combine turbo and space-time coding technigques in the same

transmitter.

V. Tarckh et al., “Space-Time Codes for High Data

Rate Wireless Communication: Performance Criterion and Code

Construction”, IEEE Transactions on Information Theory, Vol.
44, No. 2, pages 744-765, March 1998 describes various
convolutional, or trellis; codes which can be used with two orx
more transmit antennas to provide the advantages of trellis

(convolutional) coding and space-time coding. Although these

codes are considered optimal for maximum diversity gain, they
are not necessarily optimal for coding gain. Furthermore,
rhese codes are non-recursive. In contrast, it is well
egtablished that the best efficiency for turbo coding is
achieved using recursive codes. Consequently, the codes

described by Tarockh et al. are not suitable for use in a turbo

coding arrangement.
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P. Robexrtson et al., “Bandwidth-Efficient Turbo
Trellis-Coded Modulation Using Puncturxed Component Codes”, IEEE
Journal on Selected Areas in Communications, Vol. 1§, No. 2,
pages 206-218, February 12938 describes a turbo coder using
Ungerboeck and multidimensional TCM component codesg, in which
the interleaver operates on groups each of m information bits.
For each step corresponding to a group of m information bits, a
gsignal mapper associlated with each component coder produces n
symbols, where n=D/2 and D is the signal set dimensionality;
for example D=2 or 4 and n=1 or 2. An n-symbol de-interleaver
de-interleaves output symbols from the second component coder,
and a selector alternately for successive steps selects gsymbols
output from the first component coder and symbols from the de-

interleaver and supplies them to a single output path. This

arrangement does not provide transmit diversity and this

document is not concerned with space-time coding.

G. Bauch, “Concaktenation of Space-Time Block Codes

and “Turbo”~-TCM”, Proceedings of the International Conference

on Communications, ICC’99, pages 1202-1206, June 1999 describes
two types of turbo trellis coded modulation (TCM) coder, whose

output is supplied to a space-time block coder, so that the

turbo-TCM and STBC arrangements are simply concatenated with

one another. One of these two types of turbo TCM.coder 1is as

described by Robertson et z2l. (to which reference is made for
details) as discussed above using Ungerboeck codes and
providing one symbol at the output of the mapping Ifunction, but
the Bauch illustration of this does not show theisymbol de-
interleaver. This Bauch publication does not discuss

multidimensional component codes.

A continuing need exists to provide further

improvements in wireless communications.
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Summary of the Invention
According to one aspect, this invention provides a

method of providing space-time diversity for information to be
transmitted from a plurality T of antennas, comprising the |
steps of: 1in each of a plurality of successive symbol
intervals, producing T symbols comprising systematic
information and parity information at outputs of each of two
recursive systematic convolutional coders, to one of which
coders input bits are supplied directly and to the other of
which coders said information bits are supplied after
interleaving of bit groups for respective symbol intervals 1n
an interleaving block; and selecting first and second different
mappings, each of T symbols from said symbols produced at the
outputs of the coders, in respective alternating symbol
intervals for supply to the T antennas to provide sald space-
time diversity, the interleaving and mappings being arranged so
that systematic information ?s~selected for all of the input

bits in the interleaving block.

Preferably the first mapping selects the T symbols

from one of the coders and the second mapping selects the T

symbols from the other of the coders.

Tn an embodiment of the invention described below,
T=2 and in each symbol interval each coder produces a

systematic information symbel and a parity information symbol,

the first mapping provides the systematic information symbél
and the parity information symbol from one of the coders for
supply respectively to first and second antennas, and the
second mapping provides the systematic information symbol and
the parity information symbol from the other of the coders for
supplyv respectively to the second and the first antennas. Thus
this is:an example of a case in which T is even and in each
symbol intexrval each coder produces T/2 systematic information

symbols and T/2 parity information symbols.

4



10

15

20

25

CA 02429687 2003-05-21
WO 02/43314 PCT/RU00/00475

Alternatively, the T symbols pxoduced by each coder
in each symbol intexval can include at least one symbol

comprising systematic and parity information.

The method may also include the step of changing a

phase of symbols from the two coders relative to one another,

in particular providing a phase rotation of mn/2 for symbols at
the output of one of the coders. This can be particularly

desirable when t>2, for example when T=4.

Preferably the interleaved bit groups each comprise m
bits where m is an integer, and symbols produced at the outputs

of the coders comprise M-PSK symbols where M=2".

Another aspect of the invention provides a coding
arrangement comprising: first and second recursive systematic
convolutional coders each arranged to produce a plurality of T

symbols in each of a plurality of successive symbol intervals

from m bits supplied thereto, where m is an integer; an

interleaver arranged to interleave groups each of wm input bits

within an interleaving block with a mapping of even-to-even and
odd-to-0odd, or even-to-odd and odd-toc-even, positions; input
bits supplied to the first coder and to the interleaver, and
interleaved bits supplied from the interleaver to the second
coder; and a selector arranged to supply different ones oI the
T symbols from the coders in altermnate symbol interxvals to
respective ones of T output paths, the T symbols selected 1n

each of. the alternating symbol intervals including all of the

systematic information from a respective one of the coders.

Thus the method and coding arrangement of the

invention provide a2 desirable combination of tuxbo coding with

recursive systematic convolutional component coders and space-

time coding for transmit diversity.
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The invention alsc provideg a decoding arrangement
for iteratively decoding received symbols coded by the coding
arrangement recited above, comprising: first and second soft
output decoders for decoding the coding by said first and
second recursive systematic convolutional coders respectively,
in response to an input vector and soft input information; an
interleaver corresponding to the interleaver of the coder,
arranged to couple soft output information from the first
decoder as soft input information to the second decoder; a de-
interleaver converse to saild interleavers, arranged to couple
soft output information from the second decoder 28 soft input
information to the first decoder; and a selector arranged to
supply a received signal vector and a zero input vector
alternately in successive symbol intervals as the input vector

to the first and second decoders.

The invention further provides a method of
iteratively decoding a received signal comprising symbols coded
by the method recited above, comprising the steps of:

supplying a received signal vector and a zero input vectox

alternately in successive symbol intervals as input vectors to

two decoders for decoding the coding by said two recursive
systematic convolutional coders respectively; intexleaving, in

the same manner as in the method of coding, a soft output of

one of the decoders, corresponding to said one of the coders,
to provide a soft: input to the othexr of the decoders; and de-
interleaving, conversely to the interleaving, a soft output of

said other of the decoders to provide a soft input to said one

of the decoders.

Brief DescriEtion of the Drawings

The invention will be further undexstood from the
following description with reference to the accompanying

drawings, in which by way of example:
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Fig. 1 illustrates parts of a known space-time block
code (STRC) transmitter;

Fig. 2 illustrates a known signal point constellation

for QPSK symbols;

Fig. 3 illustrates a known turbo coder;

Fig. 4 illustrates parts of a turbo space-time

trellis coded modulation (STTCM) coding arrangement for a

transmitter using two transmit antennas, 1n accordance with an

embodiment of this invention;

Fig. 5 illustrates a general form of comvolutional or

trellis coder;

Fig. 6 illustrates a 4-state trellis coder which can

be used in the arrangement of Fig. 4;

Fig. 7 illustrates an 8-state trellis coder which can

be used in the arrangement of Fig. 4;

Fig. 8 illustrates a 1l6-state trellis coder which can

be used in the arrangement of Fig. 4;

Fig. 9 illustrates a 4-state trellis coder for use 1in

a turbo STTCM coding arrangewment for a transmitter having four

transmit antennas:

Fig. 10 illustrates parts of a coding arrangement for

a transmitter in which the coder of Fig. 9 can be used in

accordance with another embodiment of this inventlon; and

Fig. 11 illustrates parts of a receiver and decoding

arrangement for use with the arrangement of Fig. 4 or Fig. 10.
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Detailed Description

Referring to the drawings, Fig. 1 1llustrates parts
of a known space-time block code (STBC) transmitter. For
simplicity and clarity in this and other figures of the
drawings, only those parts are shown which are necessary for a
full understanding of the prior art and embodiments of this

invention.

The transmitter of Fig. 1 includes a serial-to-
parallel (S-P) converter 10, an M-PSK mapping function 12, and
a space-time block coder (STBC) 14 providing outputs, via
transmitter functions such as up-converters and power
amplifiers not shown but represented in Filg. 1 by dashed lines,
to at least two antennas 16 and 18 which provide transmit
diversity. The S-P converter 10 is supplied with input bits of

information to be communicated and produces output bits on two

or more parallel lines to the M-PSK mapping function 12, which

11l

produces from the parallel bits sequential symbols xi, X%z, .. O

an egqual-energy signal constellation.

For example, as shown in Fig. 1 the mapping function

12 may provide a CGray code mapping of in each case 2 input bits
from the S-P converter 10 to respective ones of M=4 signal
points of a QPSK (gquadrature phase shift keying) signal point
constellation as illustrated in Fig. 2, the signal points being
identified as symbols 0 to 3 respectively. For simplicity and
convenience, Gray code QPSK mapping is assumed throughout the

following description, but it can be appreciated that the

mapping function 12 can provide any desired mepping to a signal

point constellation with any desired number M of phase states;

for example M=2 (for which the S-P converter 10 1s not

required), 4, or 8.

The QPSK symbols xi, Xz, .., represented by complex

numbers, are supplied to the STBC 14; which for simplicity 1S
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shown in Fig. 1 as having two outputs for the respective

rransmit antennas 16 and 18, but may instead have more than two

outputs for a corresponding larger number of transmit antennas.
For the case of two antennas as shown, the STBC 14 forms =a
space-time block of symbols, as represented in Fig. 1, from

each succesgsive paixr of symbols x; and x, supplied to its input.

More particularly, the STBC function is represented
by a T-by-T orthogonal matrix H;, where T is the numbex oI
transmit antennas and hence symbol outputs of the STBC 14. For

the case of T=2 as represented in Flg. 1,

2] 5
_.Xz'k xl*

In accordance with this matrix Hy, for each pair of PSK symbols

Hx(xlfx2)=

%, and x, supplied to the input of the STBC 14, in a first
symbol interval the antenna 16 is supplied with the symbol Xj

and the second antenna 18 is supplied with the symbol X;, and in
a second symbol interval the first antenna 16 is supplied with
the symbol -x,* and the second antenna 18 is supplied wilith the

symbol x;%¥, where * denotes the complex conjugate. Thus both

PSK symbols in each pailir are transmitted twice in different
forms, from diffepent antennas and at different times to

provide both space and time diversity. It can be seen that

each column of the matrix Hy indicates the symbols transmitted

in successive interxvals from a respective antenna, and each row

represents a respective symbol transmission interval.

Referring to Fig. 3, a known turbo (parallel

concatenated convolutional) coder comprises two recursive

systematic convolutional (RSC) coders 20 and 22 which are

referred to as the constituent oxr component codes of the turbo

coder, an interleaver 24, and a selector 26. Input bits are
supplied to the input of one coder 20, which produces at 1its
outputs both systematic bits 81, which are the same as the

input bits, and parity bits P1. The input bits are also
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supplied to and interleaved by the interleaver 24, and the
interleaved bits are supplied to the input ¢f the other coder
22, which produces at its outputs both systematic bits S2,
which are the same as the interleaved input bits, and parity
bits P2. The outputs of the two coders 20 and 22 are supplied
to inputs of the selector 26, except that typically and as
shown in Fig. 3 the systematic bit ocutput of the coder 22 is
not connected because the interleaved bits at this output are

never selected by the selector 26.

The selector 26 gelects all of the systematic bits
S1, and some or all of the parity bits Pl and P2 from the
coders 20 and 22 respectively, and supplies them to an output
of the turbo coder as output bits. The selection of parity
bits depends upon the rate of the coder. For example, for a
rate 1/3 (32 output bits for each input bit) coder, the selector

26 can select all of the parity bits Pl and P2. Forxr a rate 1/2

(2 output bits for each input bit) codexr, the selector 26 can

prr

alternately select the parity bits Pl and P2, so that only half

of the parity bits Pl and half of the parity bits P2 are

output, this process being referxrred to as puncturing.

In the turbo-TCM arrangement (Robertson et al.)

referred to in the Background of the fnvention, the interleaver

24 operates on groups each of m bits which are mapped at the
output of each component coder (20, 22) into, for example, a
PSK symbol combining the systematic and parity information.

The symbols from the second component coder (22) are de-

interleaved by a symbol de-interleaver, and the output selector

alternately selects the symbels output from the first component

coder (20) and the de-interleaver. The interleaver (and

conseqguently also the de-interleaver) in this case must provide

an even-to-even and odd-to-odd (or even-to-odd and odd-to-even)

position mapping.

10
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In the concatenated SBRTC and turbo code (Rauch)
arrangements referred to in the Background of the Invention, in
essence the output bits of a turbo coder such as that of Fig. 3
are supplied as input bits Lo a space-time block coder such as
that of Fig. 1, orxr the output symbols from a turbo-TCM coder as
described by Robertson et al. are supplied as input symbols to

an STBC coder 14 as described above with reference to Fig. 1.

Fig. 4 illustrates parts of a turbo space-time
trellis coded modulation (STTCM) coding arrangement for a

transmitter using two transmit antennas, in accordance with an

embodiment of this invention. As in the case of Fig. 1, the
two antennas are referenced 16 and 18, and input bits of
information to be communicated are supplied to the S-P
converter 10, which is again illustrated with two outputs for
QPSK symbol transmission. The remainder of Fig. 4 represents
the turbo STTCM coding arrangement, which comprises two RSC
coder and mapping functions ™30 and 32, an interleaver 34, and =a
selector 36 having two outputs for the respective transmit
paths to the two antennas 16 and 18. Dashed lines at the

inputs to the RSC coder and mapping functions 30 and 32

indicate that these, and the interleaver 34, may have a

different number of inputs for other than QPSK symbols, as

described above.

The bits supplied in parallel from the S-P convertexr
10 are’interleavéd in groups (in this case, in pairs) by the
interleaver 34. The non-interleaved bit pairs supplied to the
function 30, and the interleaved bit pairs supplied to the
function 32, are coded and mapped into QPSK symbols by these

functions as described further below. Consegquently, the
function 30 produces at iks two cutputs QPSK symbels SS1 which

represent systematic information corresponding to the input
bits, and QPSK symbols PS1l which represent parity information

produced by the recursive convolutional coding of the function

11
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30. Similarly, the functiom 32 produces at i1its two outputs
QPSK symbols S82 which represent systematic information
corresponding to the input bits as interleaved 1n bit pailrs by
the interleaver 34, and QPSK symbols PS2 which represent parity
information produced by the recursive convolutlonal coding of
the function 32 from the interleaved input bit pairs. Although
it is assumed here foxr convenience and simplicity that the RSC
coding and mapping functions 30 and 32 are identical, as 1is
typically the case for the component coders of a turbo coder as
described above with reference to Fig. 3, this need not

necessarxily be the case and these functions could instead

differ from one another.

The selector 36 is controlled by a control signal of
alternating ones and zeros (1010... as illustrated) at the
symbol (bit pair) rate, and performs selection and puncturing
functions as represented in Fig. 4 by switches within the

selector 36. In a first state of the control signal, for

example when the control signal is a binary 1, the switches of

the selector 36 have the states illustrated in Fig. 4 in which

the systematic symbol SS1 and the parity symbol PS1 from the
RSC coder and mapping function 30 are supplied to the output
paths to the transmit antennas 16 ‘and 18 respectively, and the
outputs SS2 and PS2 of the function 32 zre not used. In a
second state of the control signal, for example when the
control signal ig a binary 0, the switches of the selector 36
have their opposite states in which the systematic symbol 552
;nd thérparity symbol PS2 from the RSC coder and wapping
function 32 are supplied to the output paths to the transmit

antennas 18 and 16 respectively, and the outputs SS1 and PS1 of

the function 30 are not used.

It can be appreciated that, with the selector 38
alternately selecting the non-interleaved systematic symbols

8s1 and the interleaved systematic symbols S$S2, 1n order to

12
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ensure that all of the systematic information 1s transmitted it
1s necessary for the interleaver 34 to map even positions at
its input to even positions at its output, and odd positions at
its input to odd positions rat its output (oxr, alternatively,
even-to-odd and odd-to-even position mapping), as in the case
of the Robertson et al. arrangement discussed above. The

interleaver 34 is arranged to provide such mapping accordingly.

From the above description and from Fig. 4 it can be

appreciated that the units 30, 32, 34, and 36 are arxranged 1in

the manner of a turbc c¢oder, for which the functions 30 and 32
provide recursive convolutional coding as is desired for a
turbo cader, and the selector 36 combines the selection and
puncturing functions of a turbo coder with the functions of a

space-time block coder for transmit diversity using the two

antennas 16 and 18. The even-to-even and odd-to-odd (or even-

to~odd and odd-to-even) position mapping by the interleaver 34
ensures fhat systeqatic symbols representing all of the input
bits are transmitted over time (i.e. in each intexleaving
block), despite the puncturing that is applied to the
systematic symbols SS1 and 5S2 individually. Thus the units

30, 32, 34, and 36 provide the combined functions of turbo

coding, recursive trellis coded modulation, and space-time

coding.

It is necessary to determine desirable recursive
trellis or convoiutional codes, and hence forms of the
functions 30 and 32, for use in the arrangement described above
with reference to Fig. 4. The encoding process can be
described in various ways, one of which, adopted below, is by

codexr state and output matrices.

For a coder having N states and supplied with input

symbols with M possible values (e.g. in this description M=4

for the paired input bits for QPSK), a coder state matrix B is
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an N by M matrix (N rows and M columns) whose elements B(i,])
determine the codex state for the next symbol, depending upon
the current state represented by i, which is an integer from O
to N-1, and the current input symbol represented by j, which is
an integer from 0 to M-1. A coder output matxix C is also an N
by M matrix whose elements C(i,]) determine the output symbol
produced when, similarly, the current coder state and the

current input symbol are represented by i and j respectively.

For a coder having T output paths for supplying a
corresponding number of antennas, a further coder output matrix
7 1gs defined which is also an N by M matrix, derived from the
matrix C, with elements Z(i,j) where i and j are as defined
above. Each element Z(i,j) consists of T Q~a£y symbols which
identify the signal supplied to the respective antennas, where
0 is determined by the modulation type and for example Q=4 for
OPSK. Thus each element consists of T Q-ary symbols 2z.(1,])
identifying the signal supplied to the antenna t, where t is an

integer fxrom 0 to T-1.

The encoding process is further described by a
mapping function from the coder ocutputs to the signal point
constellations used for transmissicon. For simplicity and
convenience, throughout the following description this mapping
function is assumed to be as described above with reference to

Fig. 2, i.e. a Gray code mapping for QPSK symbols.

Although an encoding process can be fully described
for implementation in the manner outlined above, this 1is not
sufficient to classify a code. For the latter purpose, &
convolutional code can be described by a coder state matrix
equatilon:

C;y, =WR; ®CU;

and a coder output matrix eguation:

7z, =H, ©, ®H_ U,

14
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where ®; is an n-dimensioned binary vectoxr of the current coderx

state and n=log, (N), U; is an m-dimensioned binary input vector

and m=log; (M), 2Z; is a p-dimensioned binary output vector, and
p=log, (P) and P=Q%, @® represents modulo-2 addition (oz,

equivalently, an exclusive-ox function), and G, W, H,, and Hu

are respective gain or weighting factor binary matrices.

To assist in an understanding in this respect, Fig. 5
illustrates a general form of convolutional or trellis coder
which corresponds to the last two equations above. Referring
to Fig. 5, this coder cowprises multipliers 40 to 43 which are
supplied with the respective gain or weighting factors. Each

input symbol U; is supplied to the multipliers 40 and 43, and

the current coder state @; is supplied to the multipliers 41
and 42. The outputs of the multipliers 40 and 41 are combined

in a modulo-2 adder 44 in accordance with the first of the two
equationg above, the outputwoﬁ which adder is delayed by one
symbol interval D in a delay unit 46 to provide the next coder
state. The outputs of the multipliers 42 and 43 are combined
in a modulo-2 adder 45 in accorxrdance with the second of the two
equations above, the output of which adder is supplied to a
mapping function 47 which performs the QPSK mapping as
described above. Multiple paths for vectors of dimension m, n,

and p are denoted for some paths in Fig. 5 in conventional

manner by bars on these paths.

A convolutional or‘trellis code can be classified

using the matrix W and a matrix H=[H, H,J. In particular, 1f
each row of the matrix W contains no more than one “17, then

rhe code is non-recursive, otherwise the code is recursive.

Also, if the matrix Hy has a column with a single non-zero

element at the j-th row position and the elements of the j-th

row of the matrix H, are all “0”, the code contains a systematic

component for the j-th bit of the input sequence.

15
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As discussed above, the codes described in the publication by
Tarokh et al. referred to above are non-recursive and
accordingly are unsuitable for providing an efficient turbo

coder arrangement as illustrated in Fig. 4. For small numbers

of coder states, the elements of the gain matrices that provide
+he best codes can be determined by computer searching and
simulation, but this becomes impractical for coders with a
large number of (e.g. more than 8) coder states, and other

methods must be adopted. The codes desgcribed below were

determined by selecfing a2 prototype binary recursive
convolutional code for transmission via a single antenna, Uusing
this to construct a trellis for space-time coding using the
desired number of antennas, and then modifying the result to

Other codes, including codes arrived at

improve it for QPSK.

in other ways, may alternatively be used, and the following

codes are provided only by way of example.

For a 4-state RSC coder and QPSK mapping functlon

which can be used in the transmitter of Fig. 4, the matrices B,

c, Z, W, G, H, and H, can be as follows:

0 3 2 1] 0 13 10| 00 13 31 22
2 1 0 3 - 3 14 9 03 10 32 21
3 0 1 2 2 15 8 02 11 33 20
12 3 0 1 12 11 01 12 30 23
0 © 1 1
i 1 0 0 1
W G = H, = H =
1 11 1 0 1 1
!
11 1 0

An implementation of such a coder and its mapping

functions, which can be used to form each of the functions 30

and 32 in the arrangement of Fig. 4, is illustrated in Fig. 6.

Referring to Fig. 6, the coder comprises modulo-2

adders 50 to 54, two delay elements 55 and 56 each providing a

16
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delay of cne symbol (bit pzir) intexrval D, and two mapping
functions 57 and 58 each of which provides Gray code mapping of
two bits supplied to its inputs to a QPSK symbol at its output,

as described above with reference to Fig. 2.

A pair of input bits, supplied from the S-P converter
10 in the case of the function 30 or from the intexleaver 34 in
the case of the function 32 as described above with referernce
to Fig. 4, is supplied to inputs of the coder of Fig. 6 in each

gymbol interval. These bits are supplied to inputs of the

adder 50, the output of which adder, and a2 lower one (as
illustrated) of the bit inputs to the c¢oder, are supplied to
the mapping function 57, which produces at its output a Gray

code QPSK mapped.systematic symbol which represents the input

bit pair.

The upper one (as illustrated) of:the bit inputs to
the coder of Fig. 6 is also supplied to an input of each of the
adders 51 to 54, and the lower bit input to the coder is also
supplied to another input of each of the adders 52 and 53. The
output of the adder 51 is supplied to the delay element 55,

whose output is supplied to another input of each of the adders
52 to 54. The output of the adder 52 is supplied to the delay
element 56, whose output is supplied to another input of each
of the adders 51, 52, and 54. It can be seen that the
arrangement of thg adders 51 to 54 and delay elements 55 and 56

of Pig. 6 implements the coder matrices described above; foX

example, there are three feedback paths from the delay elements

55 and 56 to inputs of the adders 51 and 52 configured
according to the three ones in the matrix W given above, the
two delay elements providing the four states of the codexr. The
outputs of the adders 532 and 54 constitute the inputs to the

mapping function 58, which accordingly produces at 1ts output a

Gray code QPSK mapped parity symbol in accordance with the code

given by the above equations.

17
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For an 8-state RSC coder and QPSK mapping function

which can be used in the transmitter of Fig. 4, the matrices B,

cC, z, W, G, Hy, and Hy, can be as follows:

ey

e

0 3 1 2 § 6 15 S 00 12 33 21
7 4 6 5 1 7 14 8 01 13 32 20
1 2 0 3 1 7 14 8 01 13 32 20
5§ 5 7 4 0 § 15 O ; 00 12 33 21
3 0 2 1 13 5 12 10 03 11 30 22
6 7 5 6 2 4 13 11 02 10 31 23
> 1 3 0 2 4 13 11 02 10 31 23
5 6 4 7] 3 5 12 10| 03 11 30 22
i - . 0 0 O 1 1]
1 1 1 1 1
0 0 O 0 1
W=|1 0 1 c=|1 o H, = H, =
T . 1 1 1 0 1
- - - - 0 0 1 1 1]

An implementation of such a coder and its mapping

functions, which can be used to Form each of the functions 30

and 32 in the arrangement ofoFig. 4, is illustrated in Filg. 7.

From a comparison of the equations given above ‘for this 8-state

coder and the circuit of Fig. 7 (in which there are three delay
elements to provide the 8 states), it can be seen that this

circuit implements the recursive systematic convolutional

coding of these equations.

For a 1l6-state RSC coder and QPSK mapping function

which can be used in the transmitter of Fig. 4, the matrices B,

c, Z, W, G, H, and Hy can be as follows:
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"0 3 1 2| [0 7 10 13 oo 13 22 31]
7 4 6 5 3 4 9 14 03 10 21 32
g8 11 9 10 2 5 8 15 02 11 20 .33
15 12 14 13 |1 6 11 12 01 12 23 30
1 2 0 3 1. 6 11 12 01 12 23 30
6 5 7 4 i2 5 8 15 02 11 20 33
S 10 8 11 3 4 9 14 03 10 21 32
o 14 13 15 12 - 0 7 10 13 , 00 13 22 31
3 0 2 2 5 8 15 02 11 20 33
4 7 5 1 6 11 12 01 12 23 30
11 8 10 0 7 10 13 00 13 22 31
12 15 13 14 3 4 9 14 03 10 21 32
2 1 3 3 4 9 14 03 10 21 32
5 6 4 7 0 7 10 13 00 13 22 31
10 9 11 ' 1 6 11 12 01 12 23 30
13 14 12 15) 2 5 8 15] |02 11 20 33
1 0 1 1] (1 1] 0 0 0 0 1 0
w:lOOlr G:lo HSa:oooo HuzOI
1 0 0 O 0 O 1 0 1 O 1 0
H_o 1 0 0) 10 0 1 1 0 1] 1 1]
An implementation of such a coder and its mapping
functions, which can be used to form each of the functions 30

)

and 32 in the arrangement of Fig. 4, is illustrated in Fig. 8.
. From a comparison of the eguations given above for this 16-

state coder and the circuit of Fig. 8 (in which thexe are four

delay elements to provide the 16 states), i1t can be geen that

this circuit implements the recursive systematic convolutional

coding .of these egquations.

It can be appreciated from the above description of

the coding arrangement of Fig. 4 and the encoders of Figs. & to

8 that in each case, for QPSK symbols as described, there are

two input bits in one symbol intexrval, resulting in four bits

(two systematic information bits and two parity bits) being

supplied to the QPSK mapping functions of each of the two

coders in the turbo coding arrangement. These elight bits are
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mapped into four QPSK symbols by the mapping functions, and
over two successive symbol intervals half of the QPSK symbols
are punctured by the selector 36 so that two symbols are
transmitted from the two antennas 16 and 18 in each symbol
interval. The selector arrangement is such that in a first
symbol interval the two antennas transmit systematic and parity
information from the coder 30 supplied with non-interleaved

input bits, and in a second symbol interval the two antennas

transmit systematic and parity information from the other coder
32 supplied with interleaved input bits, space-time diversity
being enhanced by the transmission from each antenna of
systematic information and parity information symbols

alternately in successive symbol intexvals.

In the arrangements described above, the mapping
functions are arranged so that each QPSK symbol is produced

entirely from systematic information or entirely from parity

bits. However, this need not be the case, and alternative

arrangements are possible in which, for example, each QPSK

symbol is instead produced from one systematic information bit

and one parity bit. In other words, the inputs to the mapping

functions (e.g. 56 and 57 in Fig. 6) for each coder can be

rearranged.

This is the case for the coder described by way of

example below with reference toO Fig. 9, for use in a turbo

STTCM coding arréngement for use in a transmitter having four
transmit antennas. By way of example, this is a 4-state
rrellis coder for QPSK symbols. In two successive symbol
intervals for space-time diversity a total of eight symbols are

rransmitted from the four antennas, so that with 50% puncturing

there are eight QPSK symbols provided by the mapping functions

of the two component coders of the turbo coder arrangement, and
consequently in each symbol interval each coder provides four

QPSK symbols from its mapping functions. These four QPSK

20
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symbols represent four systematlc bits and four parity bits, SO

that in this case there axe four input bit lines to the coder.

- Referring to Fig.ﬁS, the fouxr input bit lines,
collectively referenced 60,'are connected each to a first input
of four QPSK mapping functions 61 to 64 which provide CGray code
mapping to QPSK symbols as described above with relference to
Fig. 2. The coder also comprises two delay elements 65 and 66
each providing a delay D of one symbol interval, thereby
determining the four states of the coder, and modulo-2 adders
§7 to 72. The outputs of the modulo-2 adders 69 Tto 72 are
connected each to a second input of the mapping functions 61 to
64, respectively. Thus the QPSK mapping functions 61 to 64 are
each supplied with one systematic information bit and one
parity. bit, and produce QPSK symbols SP-1 to 3SP-4 respectively

which combine this systematic and parity information.

The lines 60, delay elements 65 and 66, and modulo-2

sdders 67 to 72 are otherwise interconnected as 1llustrated in

Fig. 9 in a2 manner which implements the following matrices W,

In this example the matrices B, C, and Z are not

G, Hp, and Hy.
provided because of their large size (for example, 2 1s a 4 by

§4 matrix), but these can be derived from the 11lustcration in

Fig. 9 or from the following matrices:
0 o] 1 0 0 0]
1 0 1 1 1 ©
0 O 0 1 0 O
(1 0] 1 1 0 1 0 0 1 1
W= G = H, = H. =
1 0] 0 1 0 0 O 0 0 1 0
) 1 1 0 0 0 1
0 O 0 0 0 1
1 0] 0 0 0 1

Again, it should be appreciated that the connections

to the mapping functions 61 to 64 in Fig. 9 are provided by way

of example and can be rearranged for other codes and othex
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circumstances. TFor example, the four systematic bits could

instead be supplied to two of the mapping functions, and the

four parity bits could be supplied to the remaining two mapping
functions. As another example, one of the mapping functions
could be supplied with two systematic bits, another with two
parity bits, and the remaining two each with one systematic and
one parity bit. However, the particuiar arrangement of Fig. 9

is assumed for the further description below.

Fig. 10 illustrates parts of a turbo STTCM coding
arrangement for a transmitter having four transmit antennas, 1in
which the coder of Fig. 9 is used to constitute each of the two
component coder and mapping function units 80 and 82 of the
turbo coding arrangement. An S-P converter 84 is supplied with
input bits and converts these into groups of four bits, which
are supplied directly as the input bits of the unit 80 and via
an interleaver 36 to the unit 82. The interleavexr 86
interleaves groups of four bits, maintaining an even-to-even
and odd-to-odd, or an even-to-odd and odd-to-even, position

mapping as described above. The systematic and parity symbol

outputs of the unit 80, collectively referenced SPl, are
coupled to a first set of inputs of a selector 88, and the
systematic and parity symbol outputs of the unit 82,

collectively referenced SP2, are coupled via an optional phase

rotation unit 90 to a second set of inputs of the selector §8.

The selector 88 is controlled by an alternating sequence of one

and zero bits to couple its first and second sets of inputs
slternately in successive symbol intervals to four output paths

to the four antennas, referenced 92.

The optional phase rotation unit 90 provides a phase

rotation of each aymbol by n/2, and can comprise four

multipliers each arranged to multiply a respective one of the

OPSK symbols supplied to it by a signal el ™2  this having been

found to improve performance in some situations, in particular

22
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in a transmitter using four antennas. This phase rotation unit
can be omitted, a similar phase rotation unit can if desired Dbe
provided in a coding arrangement fox a transmitteXr using only

rwo a2nternas as described above, and/or phase rotatiomns can be

provided for some but not all of the QPSK symbols.

Thus it can be seen that the selectoxr 88 couples TO

its outputs the systematic and parity information QPSK symbols
from the unit 80 supplied with non-interleaved input bilts 1in a
first one of each two successive symbol intervals, and couples
to its outputs the systematic and parity information QPSK
symbols from the unit 82hsupplied'with interleaved input bits

in a second one of each two successive symbol intervals.

Fig. 11 illustrates parts of a receiver and decoding

arrangement for use with the arrangement of Fig. 4 or Fig. 10.

As illustrated in Fig. 11, the receiver comprises two antennas
100 and 101 signals from which are coupled to and comblned in a
maximum ratio combiner (MRC) 102 to produce at 1ts output on a

line 103 a signal for decoding. For simplicity othexr known

parts of the receiver, such as down converters and signal

amplifiers and sawplers, are not shown in Fig. 1l but are

represented by dashed lines in the paths Irom the antennas 100

and 101 to the MRC 102. Although Fig. 11 illustrates the

receiver as having two antennas, it may alternatively have only

one antenna or more than two antennas, 2nd methods cother than
naximum ratio combining may be used to produce the signal for

decoding on the line 103.

The decoding arrangement comprises a de-puncturing

selector 104, two soft trellis code decoders 105 and 106, an

interleaver 107 which operates in the same manner as the

interleaver of the turbo coding arrangement in the transmitter,

e.g. the interleaver 34 in the arrangement of Fig. 4, and a

de-interleaver 108 which operates in the converse manner to the
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interleaver 107. The units 105 to 108 are arranged in a mannex
generally known 1in the art of turbo code decoders, with the
first decoder 105 producing a soft output (probability vector)
that is interleaved by the interleaver 107 and supplied as a
soft input to the second decoder 106, which also produces a
soft output which is de-interleaved by the de-interleaver 108
and supplied as a soft input to the First decoder in an
iterative arrangement, with the first decoder 105 operating on
a non-interleaved input vector and the second decoder 106
operating on an interleaved input vector, the input vectors
being derived f£rom the signal to be decoded on the line 103.
Aftar a desired number of iterations, an oubtput is derived from
the decoding arrangement, for example from the output.of the

de-interleaver 108 as illustrated in Fig. 11.

Tt will be recalled from the description above that
the coding arrangement of Fig. 4 or Fig. 10 provides symbols
derived from non-interleaved bits and symbols derived fxom
interleaved input bits alternately in successive symbol
intervals. Correspondingly, the selector 104 is controlled, by
a control signal of alternating ones and zeros as illustrated
in Fig. 11, to have each of two states alternately in
successive symbol intervals. In a first one of these two

states, in which the selector is represented by switches having

the states as shown in Fig. 11 and corresponding to the
transmission of symbols derived ILrom non-interleaved input
bits, the selectoxr 104 supplies the signal on the line 103 as
the input vector to the first decoder 105 and supplies a zero
input vector to the second decoder 106. Conversely, 1n a
second one of these two states, in which the selector is
represented by switches having the states opposite to those
shown in Fig. 11 and corresponding to the transmission of
symbols derived from interleaved input bits, the selector 104

supplies a zero input vector to the first decoder 105 and
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supplies the signal on the line 103 as the input vector to the
second decoder 106. Thus the first decoder 105 operates on
non-interleaved data, and the second decoder 106 operates on
interleaved data, as is desired. The complexity of the
decoders is simplified by the supply of the zero input vectors

+o these decoders in the alternating symbol intexrvals.

The performance of a coding and decoding arrangemernt
2s described above in accordance with an embodiment of this
invention can usefully be compared with that of a concatenated
rurbo-TCM and STBC arrangement known from the prior art (Bauch)
referred to in the Background of the Invention. In each case
with two transmit antennas, two receive antennas, an
interleaver block length of 1000 bits (500 symbols), and a
Doppler frequency of 256 Hz, arrangements in accordance with
rhe invention as described above have been found to provide a

significant improvement, compared wilth the Bauch concatenated

arrangement, in terms of bit" error rate of about 0.75 to 1.1 4

over a range of signal (energy per information bit) to nolise

+ratios from 1 to 4 dB.

Although particular embodiments of the invention are

described in detail above, it can be appreciated that numerous
modifications, variations, and adaptations may be made within

the scope of the invention as defined in the claims.
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WHAT IS CLAIMED IS:

1. A method of providing spaée—time diversity forx
information to be transmitted from a plurality T or antennas,
comprising the steps of:

in each of a plurality of successive symbol
intervals, producing T symbols comprising systematic
information and parity information at outputs of each of two
recursive systematic convolutiomnal coders, to one of which
coders input bits are supplied directly and to the other of
which coders said information bits are supplied afterx
interleaving of bit groups for respective symbol intervals in

an interleaving block; and

selecting first and second different mappings, each
of T symbols from said symbols produced at the outputs of the

coders, in respective alternating symbol intervals for supply

+o the T antennas to provide said space-time diversity, the

interleaving and mappings being arranged so that systematic

information is selected for all of the input bits in the

interleaving block.

2. A method as claimed in claim 1 wherein the first
mapping selects the T symbols from one of the coders and the

second mapping selects the T symbols from the other of the

i

coders.

3. A method as claimed in claim 2 wherein T=2 and in

each symbol intexrval each coder produces a systematic

information symbol and a parity information symbol, wherein the

first mapping provides the systematic information symbol and

the parity information symbol from one of the coders for supply

respectively to first and second antennas, and the second

mapping provides the systematic information sympbol and the
parity information symbol from the other of the coders for

supply respectively to the second and the First antennas.
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4. A method as claimed in claim 1 or 2 wherein T 1s even
and in each symbol interval each coder produces T/2 systematic

information symbols and T/2 parity information symbols.

5. u A method as claimed in claim 1 or 2 wherein the T
symbols produced by each coder in each symbol intexval include

at least one symbol comprising systematic and parity

information.
5. A method as claimed in claim 1, 2, 4, or 5 whereiln
T=2

A method as claimed in claim 1, 2, 4, or 5 wherein

8 . A method as claimed in any of claims 1 to 7 and

including the step of changing a phase of symbols from the two

coders relative to one another.

0. A method as claimed in any of claims 1 to 8 wherein
the interleaved bit groups each comprise m bits whexre m 1is an

integer, and symbols produced at the outputs of the coders

comprise M-PSK symbols where M=2".

10. A coding arrangement cComprising:

first and second recursive systematilc convolutional

coders each arranged to produce a plurality of T symbols in

cach of a plurality of successive symbol intervals from m bits

supplied thereto, where m 1s an integer;

an interleaver arranged to interleave groups each of

m input bits within an interleaving block with a mapping of

even-to-even and odd-to-odd, or even-to-odd and odd-to-even,

positilons;
input bits supplied to the first coder and to the

interleaver, and interleaved bits supplied from the interleaver

to the second coder; and

3 selector arranged to supplyv different ones of the T
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symbols from the coders in alternate symbol intexrvals to
respective ones of T output paths, the T symbols selected in
cach of the alternating symbol intervals including all of the

systematic information from:a respective one of the coders.

11. A coding arrangement as claimed in clalm 10 wherein

each coder produces M-PSK symbols where M=2".

iz. A coding arrangement as claimed in claim 10 or 11
wherein T is even and in each symbol interval each coder

produces T/2 systeﬁatic information symbols and T/2 parxity
information symbols, and the selector is arranged to supply

each output path with a systematic information symbol and a

parity information symbol alternately in successive symbol

intervals.

13. A coding arrangement as claimed in claim 10 or 11
wherein in each symbol interval each coder produces at least
one symbol comprising systematic information and parity

information.

14 . A coding arrangement as claimed 1n any of claims 10

to 13 wherein T=2.

15. A coding arrangement as claimed in any of claims 10

tro 13 wherein T=4.

16. A coding arrangement as claimed 1in any of claims 10

to 15 and including a phase rotator fox providing a n/2 phase

rotation of symbols produced by one of the two coders.

17. A decoding arrangement for iteratively decoding
received symbols coded by the coding arrangement of claim 10,
comprising: |

First and second soft output decoders for decoding
the coding by séid first and second recﬁrsive gystematic

convolutional coders respectively, in response to an ilnput
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vector and soft input informatiomn;

n interleaver corresponding to the interleaver of
rhe coder, arranged to couple soft output information from the
first decoder as soft input information to the second decoder;

| a2 de-interleaver converse to said interleavers,
arranged to couple soft output information from the second
decoder as soft input information to the first decoder; and

52 gelector arranged to supply a received signal

vector and a zero input vector alternately in succeggive symbol

intervals as the ihput'vector ro the first and second decoders.

18. 2 method of iteratively decoding a received signal

comprising symbols coded Dby the method of claim 1, comprising

(P

the steps of:
supplying a received signal vector and a zero input

vectoxr af%ernately in successive symbol intervals asg input
vectors to two decoders for decoding the coding by sald two

recursive systematic convolltional coders respectively;

interleaving, in the same manner as 1in the method of
coding, a soft ocutput of one of the decoders, corresponding to

<2id one of the coders, to provide a soft input €O the other of

the decoders; and

de-interleaving, conversely to the interleaving, a
soft output of said other of the decoders to provide a soft

input to said one of the decoders.
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