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Space~Time Transmit Diversity Systems and Methods for OFDM
Applications

Related Applications

Thig application claims the benefit of 1.sS.
Provisional Patent Application No. 60/558,566 filed on April 2,
2004, U.S. Provigpional Patent No. 60/563,802 filed on April 21,
2004, and U.S. Provisgional Patent Application Application No.
60/566,009 filed on April 28, 2004.

Field of the Invention

The invention relates to space-time transmit
diversity systems and methods for OFDM (orthogonal frequency
division multiplexing) applications.

Background of the Invention

For open-~loop fading channels, diversity is often
congidered the only cholce to mitigate the fading effects and
improve the system reliability. While FEC (forward error
correction) coding provides valuable time diversity, for a slow
fading environment, space diversity/polarization proves to he
more efEfective. The obijective of the =zo-called space-time codes

is to maximize the diversity gain.

There are basically two kinds of space-time codes:
trellis codes and block codes. While trellls codep provide
additional coding gain, they have drawbacks, namely: the
decoder ig wore complex (since these codes work on the QAM
symbols), and it is difficult to concatenate trellis space-time
codes with powerful soft-decoding FEC codes, such as Turbo
codes and convelutional codes., Space-time block codes (STRBC) do
not provide coding gain, but they are simple to decode

(especially for thomse complex orthogonal design codes), and
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they can be naturally combined with other soft~decoding FEC
codes. It is for these reasons that STBC (space-time block
codes) are moxe practical and are widely adopted by numerous

standards.

The best known STBC code was invented by Alamouti and
Tarokh (US 6,185,258) where the code matrix is presented as in
Table 1 below.

Table 1 ~ The Alamouti code

Time ¢ Time (t+7)
Antenna 1 Sy 55
Antenna 2 —s) s

This code has several properties, which makes it
pexrfect for ppace diversity. The signals are orthogonal; hence
full diversity is achieved at the receiver side. The transmit
power I1s balanced between the two antennas (and the two time
slots); hence a low cost power amplifier can be used, which in
turn reduces the modem cost. Its code rate is 1; hence no
throughput is sacrificed. Its maximum likelihood decoder is
very simple, which makes the cost of an optimal decoder
negligible,

Unfortunately, it was proven later that there are no
such orthogonal codes existing for a system with more than two
transmitter antennas. Therefore, the focus was shifted to the
following two areas: designing orthogonal STBC codes with a
code rate smallexr than 1; and designing quasi-orthogonal STBC
codes to maintain the property of code rate 1. While the first
approach sacrifices the system throughput, the second approach

sacrifices signal guality due to a loss of orthogonality.
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There are several variations of the codes falling
into the above categories, with focus on other areas such as
power balancing and code rate manipulation; but no codes with
the beauty of the Alamouti have bheen found.

Table 2 below is a first example of ap STBC code for

4 transmit antennas (code-A). This is an orthogonal code
having code rate 3/4. This code strives to maintain the

orthogonality of the codes, thereby the diversity order and
gignal guality,

Table 2 - Code rate 3/4 orthogonal code (Cade-2)

Time ¢ Time Time Time

+1) (+21) (¢ -+37)
Antenna s -5 —s x
antenna S, EN X S5
Antenna 5, X sy — 5,
Antenna 4 X — 8 Sy s

With this code, each received signal has a diversity
order of 4. However, one weakness of this code is ites code rate
loss, which must be compensated in FEC codes. In other words,
dure £o the rate loss in STBC, the code rate in FEC must bhe
higher. This can cause problem for those powerful trellis codes
at higher code rate, whose coding gain loss becomes significant
when punctuation becomes excessive. Note that this code does
not achieve full power balance across transmit antennas, There
are other codes zvailabhle that are able to overcome this

weakness.
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Table 3 containg a second example of an STBC code for

4 antenna applications (Code-B) .

This is a code rate 1 non-
Thig code strives to maintain the throughput

of the system; thereby no ¢oding gain will be lost at the FEC
5 stage.

orthogonal code.

Table 3 - Code rate 1 non-orxrthogonal code (Code-B)
Time ¢ Time Time Time
| +T) (t+27) (t+37T)
Antenna 1 kS ~ 5, 85 -5
Ant en'na 2 Sy sy Sy S5
Antenna 3 5, -9, 54 -,
Antenna 4 S M 8s 5y

Since Code-B ir no longer an orthogonal code, its
determinant suffers from mutual intexference. Defining the

equivalent channel matrix Q as

10

15

4-=‘| mn.. m}; 2

then

-

where 7 =[r, vy

Q is given by

f
- ],1"
h4

—k;

F o=

Iy
hy
I

L3

hy

o5,

o -
n ], and 5=

h,
- h;
hZ
- hl'

[Sl SZ ‘S'EI ’5‘4 ]T *
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(2)

determinant of

(3)
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* [ | +‘[h4|2 . and B=2(Re(h% )+ Re(,h,)). The slement

where 4= I}fzl

of B® represents the loss due to the loss of orthogonality.

Since B’20, it always contributes negatively to the code

performance.
Summary of the Invention

According to an aspect of the present invention,
there is provided a method for mapping a rate one space-time
block code for a 2n antenna transmltter where n >=2, the method
comprising transmitting 2m transmission symbols by; during n
palrs of consecutive transmission intervals, transmitting a
respective Alamouti code block containing twe transmission
symbols on a respective pair of antermmas such that all antennas
are used duxing the n pairs of ¢onsecutive transmission
intervals’and only one pair of antenmas is active during a

given transmission interval.

According to ancother aspect of the present invention,
there is provided a method for mapping a rate one space-time
block code for a 2n antenna transmitter where n>=2, the method
comprising transmitting 2n transmission symbols on each sub-
carrier of a plurality of sub-carriers in an OFDM spectrum by
for each transmission interval: on each of n pairs of adjacent
OFDM sub-carriers, transmitting a respective Alamouti code
block containing two tramsmission symbols on a respective pair
of antennas such that all sub-carriers are used and only one
pair of antennas is active during a given transmission interval

for a given sub-carrierx.

According to another aspect of the present invention,
there is provided a method for mapping a space-tiwme block code
for a 2n antenna transmitter where n >=2, the method comprising
Eransmitting 2n transmission symbols by: during two cOnsecutive‘

transmission intervals, transmitting a respective Alamouti code
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block copntaining two transmission symbols on a respective pair

of antennasg,

According to another aspect of the present invention,
there isg provided a method for mapping a space-time block code
for a 2n antenna transmitter where n ==2, the method comprising
transmitting 2m transmission symbols by: for each transmission
interval; on a pailr of adjacent OFDM gub-carriers, transmitting
a respective Alamouti code block containing two transmission

symbols on a respective pair of antennas.

According to another aspect of the present invention,
there is provided a method for mapping a space-time block code
for a 2n+l antenna transmitter where n >=1, the method
comprising transmitting transmission symboles by: during k pairs
of consecutive transmission intervals, tramsmitting a
respective Alamouti c¢ode block containing twe transmission
symbols on a respective palr of antennas such that all antennas
are used during at least one of the k pairs of consecutive
transmission intervals and at least one transmit antenna is
used during two of the k pairs of consecutive transmission

intervals.

According to anothexr aspect of the present invention,
there is provided a method for mapping a space-time block code
for a 2n+l antenna transmitter where n >=1 adapted to trapemit
transmission symbols by: for each transmission interval: on k
pairg of sub-carriers, transmitting a respective Alamouti code
block containing two transmission symbols on a respective pair
of antennas such that all antennas are used during at least one
of the k palre of c¢cousecutive transmission intexrvals and at
least one transmit antenna is used during twe of the k pailrs of

sub-carriers.

According to another aspect of the present invention,

there is provided a method for mapping a space-time block code



WO 2005/096519 PCT/CA2005/000504

-7 -

for a 4 antenna transmitter, the method comprising selecting an
appropriate code rate ¢ode from a code set of available code
rate c¢odes, wherein the code set is:

Time r Time Time Time
t+1) (t+27) (¢ +37)
Antenma 1 | s — s; 0 0
Antenna 2 | 5, 5; 0 0
Code
Antenna 3 | 0 0 5 —
Rate = 1 ? *
Antenna 4 |0 0 8, 55
Time Time Time Time Time Time
t C+7) | (+27) | ¢+37) | ¢raT) | @+5T)
Antemnna 1 | g -5, S5 -5, 39 -8y
Antenna 2 | g, s g —sg Sy -3,
Antenna 3 | 5, -, Sq 55 S St
Code
R t = »
ate = 2 |antenna 4 | g, 55 Sy S Sp S,
or
Time ¢ Time Time Time
(+7) (e+27) (¢ +37)
Antenma 1 | g s g 83
Antenna 2 S, Sg S0 S1g
Code

Rate = 4
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According to another aspect of the present invention,

there is provided a method for mapping a space-time block code

for a 4 antenna transmitter, the method comprising selecting an

appropriate code rate code from a code set of available code

rate codes, wherein the code get ig:

Sub- Sub- Sub- Sub-
carrvier k | carrier carrier carrier
k+1 k+2 k+3
Antenna 1 | g -5 0 0
Antenna 2 Sy s{ 0 0
Code
Antenna 3 |0 0 5 -,
Rate 1 4
Antenna 4 |0 0 S, 5
7
Sub~ sub-~ Sub- sSub- Sub- Sub-
carrier | carrier | carrier | aarrie carrier | carrier
Ik T+l k42 r k+3 kw4 k+5
» L]
Antenna 1 | g -5, Ss —87 Sg =812
Antenna 2 | s, s g -5 S0 -8y
¥ L)
Antenna 3 | g, —s, S Ss Sn S0
Code
Rate
2
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Antenna 4 | g, sy Sg e 84 Sy
or
sSub- Sub- Sub- Sub-
carrier k | carrier carrier carrier
k+1 k+2 k+3
Antenna 1 | g Ss 5o 13
Antenng 2 S Sg S10 S14
Code
Antenna 3 | v s S By
Rate = ¢ 3 7 1 15

According to another aspect of the present invention,
there is provided a method for mapping a rate 3/4 space-time
block code for a 4 antenna transmittexr, the method comprising
transmitting 3 transmission symbols by: during a pair of
consecutive transmission intervals, transmitting a respective
Alamouti code block containing two transmission symbols on a
first respective pair of antennas on a given sub-carrier and
transmitting a respective Alamouti code hlock containing one
transmission symbol on a second respective pair of antennas on
a same sub-carrier such that all antennas are used during the

palr of consecutive transmission intervals.

According to another aspect of the present invention,
there is provided a method for mapping a rate one space-time
block code for a 2un antenna trangmitter where n >=2, the method
compriging transmitting 2n transmission symbols by: during a
pair of consecutive transmission intervals, transmitting a

respective Alamoutl code block containing two transmission
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symbols on a respective pair of antepmnas on a given sub-carrier
such that all antennas are used during the pair of comsecutive
transmission intervals and each pair of antennas is active on a

different sub-carrier.

According to another aspect of the present invention,
there ieg provided a method for mapping a rate one space-~time
block code for a 2n antenna transmitter where n >=2, the method
comprising transmitting 4n transmission symbols by: during a
palr of consecutive transmission intervals, transmitting a
respective Alamouti code block containing n transmission
symbols on a respective palr of antennas on a given sub-carrier
such that all antennas are used during the pair of consecutive

transmission intervals.

According to another aspect of the present invention,
there is provided a method of transmitting a MIMO OFDM signal
expressed in the form ¥Y=HF(8), where Y™ is an ocutput of a MIMO
channel, H™ ig a matrix of MIMO channel characteristics, F(s)
denotes a space-time coding matrix for a complex input symbol
S=[s, s, .. 5] which is grouped as Si=lsy sy s 5], Sa=[ss sq s, 5] and
Sp=[ss s 8 sp]. the method comprising selecting an appropriate
code for a wireless terminal adapted to receive the MIMO OFDM
gignal transmitted by a multi-antenna transmittex depending on

a2 numbey of receiver antenna at the wlreless terminal.

Other aspects and features of the present invention
will become apparent to those ordinarily skilled in the art
upon review of the following description of specific
embodiments of the invention in conjunction with the

accompanying figuresm.

Brief Description of the Drawings
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Preferred embodiments of the invention will now be

described with reference to the attached drawings in which:

Figure 1A - A schematic diagram of z 4 antenna
transmitter supporting MIMO-OFDM communication for use with

embodiments provided by the invention;

Figure 1B - A schematic diagram of a multi-antenna
Eransmitter and receiver supporting MIMO-OFDM communication For

use with embodiments provided by the invention;

Figure 1C - A schematic diagram of another multi-
antenna transmitter supporting MIMO-OFDM communication Ffor use

with embodiments provided by the invention;

Figure 1D - A schematic diagram of a Ffurther multi-
antenna transmitter supporting MIMO-OPDM communication Ffor use
with embodiments provided by the invention;

Figure 1E - A schematic diagram of yet another multi-
antemna transmitter supporting MIMO-OFDM communication Ffor use

with embodiments provided by the imvention;

Figure 2 - A schematic diagram representing
transmission of STBC blockas on multiple sub-carriers for space-

time c¢oding in the time direction;

Figure 3 - A graphical illustration of improved
performance of a code mapping embodiment provided by the

invention compared to an existing code mapping;

Figure 4 - A graphical illustration of improved high
mobility speed performance of a code mapping embodiment
provided by the invention compared to an existing code mapping;

Figure 5 — A graphical illustxation of improved low
mobility speed performance of a code mapping embodiment
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provided by the invention compared to an existing code mapping;

and

Figure 6 - A schematic diagram representing
transmission of STBC blocks on multiple sub-carriers Ffor space-

time coding in the time directilon.

Detailed Degceription of the Preferred Embodiments

In accordance with embodiments of the invention,
methods are provided for mapping users to a multi-antenna
transmit resource that enables the network to exploit the time-
frequency diversity and multi-user diversity. In addition, the
mapping also allows flexible radio resource
management/allocation and provides different QoS based
services.  Within the same framework, SISO, MISO, MIMO capable

users can be supported.

By way of overview, each user can be mapped onto a
different OFDM resource which might be a sub-channel, e.g. the
AMC sub-channel and/or a diversity sub-channel. For MIMO users,
preferably, multiple different space-time coding schemes are
supported such as SM (spatial multiplexing) and STTD (space-

time transmit diversity).

On a continuocus basis, there is a stream of OFDM
symbols associated with each transmit antenna. Each user way
be first mapped onto one or multiple OFDM symbols and each OFDM
symbol may then be mapped onte its associated antenna. Such
mapping also allows per-antenna rate control (PARC) to be

rerformed in some embodiments.

Bach OFDM symbol may be mapped onto its associlated

antenna in the sub-carrier domain. Foxr certain sgub-carriers,
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1f no specific user data is mapped, then a null assignment to

such sub-carrier maybe fed into the corresponding anteuna.

A very simple example of what might be transmitted at
a specific instant in time as a result of a particular OFDM
symbol and antenna mapping is shown in Figure 1A. Figure 1A
ghows a four antenna transmit system that, in the instance
depicted, is belng used to transmit six user packets
60,62,64,66,68,70 each of which undergoes FEC (forward error
correction) and modulation. A specific mapping of the six
packets of =ix users is shown fox a particular time instant.
over time, the number of users, and/or the manner in which the

user packets are mapped are preferably dynamically changing.

For the particular time instant, the OFDM bandwidth
is allocated in four distinct frequency bands Fl1,F2,F3,F4.
These might for example be considered AMC sub-channels. A

similar approach c¢an be emploved for diversity sub-channels.

Each packet is to be mapped onto the four antennas
using a selected mappling scheme. Various space-time mapping
schemes are described in detail below. In some embodiments,
multiple different schemes are available or a given number of
transmit antennas and receive antennas. For example, for a 2x2
system, preferably STTD or SM (BLAST - Bell Labs DLayer Space
Time) can be selected. 1In other embodiments only a single
scheme is implemented for each antenna permutation. Single
antenna users use a single input single output (8180) (which
may involwve FARC - Per-antenna rate control) tramsmission

scheme.

The first packet 60 is transmitted using only antenna
1 on band F3 implying a 1x1 SISO transmission.
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The second packet 62 ils transmitted on both antennas
1 and 2 in band F4 implying a 2x1, 2X2 oxr 2x4 MINO

transmission.

The third packet 64 1s transmitted only on antenna 2
in band F3, again implying a 1xl SIS0 transmission.

The fourth packet 66 is transmitted on band F2 over

antenna 3.

The fifth packet 68 is transmitted on band F1 on hoth

of antennas 3 and 4.

Finally, packet 70 ig transmitted on only band F2 of

antenna 4.

Generally, eac¢h packet can be mapped individually to
some or all of the antennas. This enables MIMO and non-MIMO
users to be mixed. In the above example, packets 60, 64, &5
and 70 are for non-MIMO users. Packets 62 and 64 are for MIMO

users.

Please note that the £flexible mapping of MIMO and
non~MIMO users applied both in the context of "partial
utilizationr and vfull utilization®. With partial utilization,
a given base station onply has access to part of the overall
QFDM band. 1In this case, the sub-bands F1,F2,F3,F4 defined for
the example of Figure 1A would fall within the defined part of
the overall band. With partial utilization, different base
stations that are geographically proximate may be assigned
different bands, With full utilization, each base station uses
the entire OFDM band. With such an implementation, Ffor the
particular example of Figure 1A the sub-bands Fl,F2,F3,F4 would

map to the entire band.
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For SISO users, a single band on a single antenna
will be used. For a MIMO user the configuration is denoted as
Ny X Ng.

The flexible structure illustrated by way of example
in Figure 1A can be used for both STID and BLAST., For example,
the packet 62 may be transmitted using the band F4 on antennas
1 and 2 using either BLAST or STID.

The particular example shown in Figure 1A i1s designed
to show the co-existence of SISO and MIMO be it STTD and/or
BLAST. Of course the number of sub-bands, and their shape,
gize, location, etc., within the OFDM band are implementation
specilfic details. The mapping can be done on a per OFDM symbol
basis, oxr for multiple OFDM symbols.

Detalls of a method of pexrforming transmittiné Exrom a
plurality of antennas are defined in applidants’ co-pending
application no. <attorney docket 71493-1330 entitled >
hereby incorporated hy reference in its entirety. The method

generally involves:

dividing an available OFDM bandwidth of each antenna

into sub-channels;

defining a plurality of regions, each region beilng
defined by a respective set of sub-channels and a defined
number of OFDM symbols;

defining a resgpective antenna mapping for sach region
and selecting one ox more of the plurality of antennas to use
for the region, the antenna mappings including at least one

MIMO mapping;

mapping content fox at leasgt one user te each of the

regions using the regpective antenna mapping;
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transmitting each region on the one or more antenuas

selected for the region.

Ancther way to think of this is that each time-
Erequency block that is defined can have its own matrix. Once
the matrix is specified, the number of antennas at the output
is defined. For example, a 2x2 matrix regquires two antennas; a
4x4 matrix reguires four antemnas. The matrix alsc deternmines,
not necegsarily unidquely, the number of different users that
can be mapped. Particular examples are gilven in the tables

below.

The content for multiple users of course needs to be
mapped in a manner that is consistent and non-conflicting.
Also, each user needs to be informed of where/when its content
will be transmitted.

For sach imndividual user, the antenna mapping emables
STTD, SM and PARC transmissions for elther the AMC sub-channel
or the diversity sub-channel. In one embodiment, any one of pix
different mapping configurations can be applled to each
individual user there including three 4-transmit antenna
mappings, 2-transmit antenna mappings and a single antenna

mapping.

The uplink way include, for example, two modes: (1)
STTD for dual transmit antenna capable 8§ and (2) Virtual-MIMO

for single tramsmit antenna capable SS.

Referring now to Figures 1B,1C,1D and 1E shown are
gpecific transmitter configurations. 1In a preferred
embodiment, the transmitter is dymamically reconfigurable to
enable transmission to multiple users using respective
transmission formats. The particular examples of Figures
1B,1d¢,1D, and 1E below can be considered “snapshotsg” of such a

reconfigurable transmitter. These configuration= can also
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exist gimultaneously for different sub-bands of an overall OFDM
band that is being employed. For example, the configuration of
Figure 1B might be used for a first gset of sub-channels or a
first OFDM band and assoclated user(s); the configuration qf
Figure 1C might be used for a second set of sub-channels or a
second OFDM band and associated user(s) and so on. Of course,
many of the components that are shown as being replicated would
not need to be physically replicated, For example, a single
IFFTY and associlated transmit circuitry can be used per antenna
with the different mappings being performed and then input to
appropriate sub-carriers of the IFFT.

Figure 1B shows an example configurabtion with a
matrix that performs STTD encoding based on a single input
gtream, and with horizontal encoding for two, three or four
transmit antennas. An input stream 1000 is encoded and
modulated and then S8TC encoded in space time encoder 1002
having two, three or four outputs that are then fed to
respective transmit chains and transmitted. A corresponding
recelver structure is indicated gemexally at 1004. In this

case, matrix F,,or F,., defined below can be used for four
transmit antennas, depending upon receivexr capabilities, or Ay,

defined below can be used for two transmit antennas. These are
all STTD matrices, that might for example he employed; other

matrices are possible.

Flgure 1C shows an example configuration with a
matrix that performs STTD encoding for multiple input streams,
and with horizontal encoding for two, three or four transmib
antennas, Input gtreams 1006,1008 (conly two shown, more
possible) are encoded and modulated and then STC encoded in
space time encoder 1010 having two, three or four outputs that
are then fed to respective transmit chains and transmitted. In

thls case, matrix F,,or F,, defined below can be used for four



10

15

20

25

WO 2005/096519 PCT/CA2005/000504

- 18 =

transmit antennas, depending upon recelver capabilities, or A,
defined below can be used for two transmit antennas. These are
all STTD matrices, that might for example be employed; other

matrices are possible,

Figure 1D ghows an example configuration with a
matrix that performs $M (e.dg. BLAST) encoding for a single
input stream, Input stream 1012 is encoded and modulated and
then demultiplexed into two, three or four streams 1012,1014
that are fed to respective transmit chailns and transmitted. In

this case, matrix F,, might be used for four transmit antennas
or Fyaa..4 for two transmit antennas, both defined below, both of

which are SM matrices, that might for example be employed;
other matrices are possible., Thig iz an example of so-called
“vartical encoding” where the input symbols of a given input
stream are vertically distributed fi,e. gimultaneous in time)

between the multiple antennas.

Figure 1E shows an example configuration with a
matrix that performs SM (é.g. BLAST) encoding for multiple
input streams. Input streams 1020, 1022 {only two shown, moxre
possible) are encoded and modulated fed to respective transmit
chains and transmitted. In this case, matrix F,, might be used
For four transmit antennas or F,,,, for two transmit antemnas,
both defined below, both of which are SM matrices, that might
for example be employed; other matrices are possible. This is
an exanmple of so-called “horizontal encoding” where the input
symbolsg of a given input stream are horizontally distributed

(i.e. sequentially in time) on a single antenna.

Speclfic Antenna Mapping Example
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A more specific example of a quasi-Orthogonal Space-
Time Coding Flexible mode Agsignment for 3I80, STTD and SM

based on the above will now be detaliled.

Downlink open loop transmission with multiple
antennas at a base station (BS) can be configured by several
transmission modes. Assuming that Ny is the number of transmit
antennas at the BS and Nk is the number of receive antennas at a
terminal gubgcriber station (SS), a MIMO configuration is
denoted as NpxNp., Note that for SISO transmissions only one of
the available transmit antennas is used. Any existing SISO

code structure can be employed.

Index 1 2 3 4 3]
FEC R=1/5 | R=1/3 |R=1/2 | R=2/3 | R=4/5
Modulation |QPSK 16 64

QAM QOAM

For MIMO down link transmission, space-time coding is
preferably employed. In one ewbodiment, a 4x4 quasi-orthogonal
space-time transmit diversity (QOSTID) code is used as a mother
code for space-time coding, and can be punctured in time to
optimize for different receive antenna conflgurations. The MIMO
transmission and reception camn be expressed by Y=HF(S), where
YR is the output of the MIMO channel, H™?T is a matrix of MIMO
channel characteristics, F(s) denotes the space-time coding
matrix for a complex input. symbol =[5, s, .. s;] Which is grouped
as 51=[31 2 S 54]"92'"'[55 S5 &7 Sa] and ‘5'5:[59 Sle w"'u]' and the rows of
coding matrix F(s) are the individual antenna transmission

outputs.
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A code suitable for a 4x1 configuration is: (STC Code

Rate = 1)
L L] LJ L] » .
S| T8y om0 8 85 —8 TSy & Sy —8m —8, &y
s2008" =8t =sy s s ow s s —e s s
- 2 — — - - Y - L4
F4.=1(Sls32xss)" 1 . f 3 [ 8. 7 R $ 10 1: 91 12
§3 =84 S =8 $ 85 =8 =8 &y &y Sz ¥y
» L] » - L "
LR Sa S 8 =Sg S5 =87 S & =S TS

A code puitable 4x2 configuration (8TC Code Rate = 2,
5 STTD), in-time puncturing the columns 3&4, 7&8 and 11&12 of
Fya(S;:8;,5;) gives:

L ] [ L}

51 TS S5 TSy Sy TS
- » -
5 s S ¥ 5 -8 .
-F4,z'.’(Sl=SZ:SB)= 2 1 . 6 sm 10 11
S =8 5§ 05 Su S

L]
g 5 Sy =8 Sz S

A code suitable a 4x4 configuration (STC Code Rate =
4, spatial multiplexing), columms 1, 3 and 5 0f£F,,(5,5,,5,), are

10 preferably punctured, gives:

5 S5 Jy
Fipq(51:52,53) =

Sz Sy &y
sS4 Sg Sz

In a four transmit antenna system, an 885 is
preferably configured to receive the transmission of space-time

coding of 4xLl, 4x2 ox 4x4 confilgurations (F,, F,.F,,, given

15 above being specific examples) with respect to different
receive antenna capabilities of the 88 classes. These three
modes c¢an be applied to the AMC sub-channel and diversity sub-
¢hannel. In addition, a fast feedback channel to support the
mode selection and adaptation for both the DL and UL is

20 preferably provided.
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For two transmit antenmnas, two transmission modes are
preferably supported: space-time transmit divergity and spatial
multiplexing.

For a 2x1 configuration the following is an example
of a code structure; (STC Code Rate = 1)

n

Fhm3u30={:‘ i:2 iS ijg}, which is the Alamouti space-time
2 5 s

transmit divergity (STTID).

For 2x2, 2x4 configuration: (STC Code Rate = 2),

puncturxing the even columns of F,; gives:

S 9

}ﬁﬂgw¢5b53)=[s ]. This is the spatial multiplexing (a.k.a.

2 84

BLAST) .

In a preferred embodiment, the SS is configured to
receive transmission of space-time codimg of 2x1, 2x2 or 2x4

configurations, (Fy,, Fy.., 9iven above being specific

examples) with respect to different receive antenna
capabilities of 88 classes. These two modes can be applied to
the AMC sub-channel and diversity sub-channel. In addition, a
fast feedback channel to support mode selection and adaptation
for both the DL and UL is preferably provided.

Details of the above codes and of example
lmplementations of the fast feedback channel can be found in
Applicant's co-pending application <« Attorney Docket 71493-
1329 filed , entitled "Methods for Supporting MIMO
Transmlisslon Iin OFDM Applications" hereby incorporated by

reference in its entirety.

A first embodiment of the invention provides a code

rate 1 OFDM-STBC mapping for 4 Trangmit aAntennas. To overcome
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the iunnate weakness of the above twe kinds of codes, a new
class of STBC codes is provided which is partilcularly suited
for OFDM applications, although other applications are also
contemplated. In OFDM applications, these codes exploit the
properties of OFDM and FEC codes to substantially maintailn the
advantages of Alamouti coedeg. Furthermore, while the detailed
examples given here focus on four antenna applications, they

can be easgily extended to systems with more than four antennas.

One property of FEC cades isg thelr diversity effect
within the code block, With this knowledge, the diversity ordex
on each Quadrature Amplitude modulation (QAM) symbol can be
relaxed to within one cade block. Code rate 1 orthogonal STBC
code designs need to achieve full diversity per QAM symbol,
something which is difficult, if not impossible for a larger
number of antennas than two. However, this is not necessary
when the system is concatenated with soft-decoding based FEC

coder.

Therefore, new STBC codes are provided so as to
provide a diversity ordexr of two per QAM symbol, while still
achieving full diversgity with the help of FEC codes. Diversity
order two meang that each QAM symbol txavels through two
independently (multipath) fading channels. An example of a new
STRC code is presehted in Table 4 below (Code-C).

Table 4 OFDNM-STBC code rate 1 orthogonal code (Code C)
(Antenna Hopping Pattern-1)

Time 7 Time Time Time
t+7) (¢ +27) (¢ +37)
Antenna 1 8§ — 8, 0 0

Antenna 2 5, S 0 0
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Antenna 3 0 8] S - s;
Antenna 4 0 Q 5 s,

In Table 5A, another arrangement of an altexrnative

antenna hopping pattern different than
Antenna hopping refers to a reordering
the same coding iz pexformed, but that
by different antennas. For example, in

1 shown in Table 4 above, Antenna 2 is

Table 4 1s shown.

of the mapping such that
symbols are transmitted
antenna hopping pattern

asslgned s; at time L,

s.% at time t+T and a null assignment at times t+2T and t+37,

However, in antenna hopping pattern 2 in Table 5A belaw,

Antenna 3 1s assigned s; at time t, s:* at time t+T and a null

assignment at times t+2T and t+3T. It is to be understood that

thege are two examples of antenna hopping patterns, but there

are others that are valid and considered to be within the scope

of the inventioen as well, Table 5B shows a further alternative

code mapping.

Table 5A - QOFDM-8TRBC cade rate 1 orxthogonal code (Code C)
(Antenna Hopping Pattern-2)

Time ¢ Time Time Time

¢+7T) (¢+27) (¢t +37)
Antenna 1 s, _S; 0 0
Antenna 2 0 0 L ~ s,
Antenna 3 5y s; 0 0
Antenna 4 0 0 84 55
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Table 5B - OFDM-STBC code rate 1 orthogonal code (Code C)
(Antenna Hopplng Pattern-3)

Time ¢ Time Time Time

¢+7) (t +27) (¢ +37)
Antenna 1 8 ~ 5 0 0
Antenna 2 0 0 S, -5,
Antenna 3 | 0 0 5, E)
Antenuna 4 83 s, 0 0

In a preferred embodiment, multiple different
patterns are employed over time, such as Lthe above-introduced
“hopping pattern-17 and “hopplng pattern-27. The effect of
this 18 that for each group of symbols 83,83, 83,83, the anteina

nged for s; for example, changes over time.

Preferably, for the abhove embodiment, the mappings

are used on a per OFDM sub-carrier bagis.

With Alamouti codes hopping across the transmit
antennas, sach QAM symbol hag a diversity order of 2; with FREC
coding being applied across all the STBC blocks, full divexsity
order ig achieved. The STBC code rate is one, and each cods
STBC block is oxrthegonal.

In oxder to achieve power ipbalance foxr all the
transmit antenna in time-domain, from Table 4, it can be
noticed that at each instant only two transmitters are
transmitting, which means for a congtant power of P, each power

amplifier (PA) can be designed to have 3 dB more dynamic range
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than when power balanced codes are used. Here, properties of

OFDM can be employed.

Preferably, different patterns are used for different
sub-carriers such that an overall power balancing is achieved.
This 1s detailed further below. For the specific example
above, a first set of sub-carriers could be used to transmit
pattexn-1, and a second set of sub-carriers used to transmit

pattern-2 at the same time.

An OFDM signal has multiple sub-carriers, with each
sub-carriler being treated as a £f£lat fading channel. Filgure 2 is
an illustrative example of an OFDM signal wherein the sub-
carriers are indicated in the frequency domain in columns
k, k+l,k+2,k+3. .., k+{n-2) ,k+ (n-2) ,k+(n-1) ,k+n and time intervals
are indicated in the time dowaln in rxows t,t+T,t+27,t+3T 1n
which STBC blocks 20 are represented.

After IFFT processing occurs, of the type described
in the examples of'Figures 1A-E above, energy of each sub-
carrier 1s superimposed in the time domain, which is then
amplified by a respective power amplifier. For sub-carrier k,
at time t and t+7T, only Antenmas 1 and 2 are used for
transmission and for sub-carrier k+l, at the same time, only
Antenna 3 and 4 are used for transmission. In other words, when
looked at from the time domain, 211 the antennas are
transmitting simultaneougly, but for different sub-carriers.
Thus the average transmitting power per antenna is in fact

balanced. This concept is illustrated in Figure 2.

In Figure 2, each vertical set of four symbols iam
transmitted on a single sub-carrier over four tranamission
intervals, and represents two STBC blocks 20 as defined in
Table 4. During the first two transmit intervals, t and t+T,
Antennas 1 and 2 transmit an Alamouti block on the sub-carrier,

k+l, and during the next two transmit intexvals, t+2T and t+3T,
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Aptennas 3 and 4 transmit an Alamouti block. This structure is
then repeated for multiple sub-carriers (the horizontal

direction in Figure 2).

In some enbodiments, the mapping code on a first set
of sub-carriers have the mapping described above and a second
get of sub-carriers willl have a mapping that is an inverxse of
the described mapping, that is the location of the Alamouti
blocks switch location in the time interval/antenna mapping
shown in Tables 4, 5A and 5B, For example, on a first sub-
carrier, during the first two transmit iantervals, t and t+T,
Antennas 1 and 2 transmit an Alamouti block and during the next
two transmit intervals, L4+2T and t+3T, antennasg 3 and 4
transmit an Alamouti block. On a second sub-carrxier, auring the
firat two tramswmit intervals, t and t+T, Apntennas 3 and 4
transmit an Alamouti bleek and during the next two transmit
intervals, t+27 and t+37, Apntennas 1 and 2 transmit an Alamouti
block. '

In the illustrated example, during a given pair of
transmit intexrvals, all of the odd sub-carriers k,k+2,...,k+(n-
3) ,k+(n-1) of one pair of antennas are active, and all of the
even sub-carriexrs k+1,k+3,...,k+(n-2){k+n of the other pair of
antennas are active. This then reverses for the following pair
of transmission intexvals. This is only one way to map the

single sub-caxrrier solution onto a set of sub-carriers.

In some embodiments different antennas are used for
different sub-carriers (in frequency) to achleve power
balancing in the time domain. This is OFDM specific, and is one
of the reasons that the new code designs are attractive fox

practical implementation.

A performance advantage in terms of SNR gain of OFDM-
STBC Code-C is provided in some embodiments is shown in Figure
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3 over the prior art non-orthogeomnal, code rate 1 Code-B

described previously.

In addition to performance improvements achieved by
the new codes, they also possess otheyr additional mexits. In
some embodiments, the sgolution is particularly adaptable to
OFDM arrangements, but may be suitable for other systems 1f the
resulting power imbalance is acceptable. In some embodiments,
such a construction is optimum and can be generalized to 2n
transmit antenmnas (no other R=1 full diversity code is known to
date). This code also utilizes soft-decoding FEC codes to
realize f£ull diversity £for the whole FEC code block. It is from
STBC code-rate 1, full orthogonality of each STEC code block,
and full diversity of the whole FEC c¢ode block point of view,
that optimality is achieved. It was proven that the optimum
code with code-rate 1, full orthogonality of each STBC code
block, and full diversity for each transmitted symbol does not
exist. In some embodiments, since in OFDM applications there
are now three dimensions to map the Alamouti structure
(essentially a 2 dimensiomal mapping), the time span for
Alamouti wmapping can be reduced by alternating the antenna or

frequency dimension.

It i3 noted that one basic assumption of STRC is that
the channel does not change from one transmission to the next
transmission. For the prior art codes describe above, each QAM
symbol is txansmitted four times, and this can cause
performance loss in the case of mébility, whexre the basgic
assumption becomes less and less true, Obviously, the longer
the time (or frequency) that elapses between the E£lrst and the
last transmission, the greater the loss that will be resulted
in. The new codes are well suited for this case, for each QAM

symbel 1s only transmitted twice, .consecutively.
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Flgures 4 and 5 show that the performance of
embodiments of OFDM-STBC code-C is consistently better than the
prior art codes presented above pertaining to performance for
high mobility speed and performance for low mobility speed,
respectively.

The above described code mappings are examples
resulting from of a more general method for mapping a rate one
space-time block code for a 2n antenma transmitter where n »>=2,
2n transmission symbols are transmitted during n pairs of
consecutive transmission intervals, by transmitting a
respective Alamouti code block containing two trangmission
gymbols on a respective palr of antennas such that all antennas
are used during the n paixs of congecutive transmission
intervals and only one pair of antenmad ig active during a
given transmission interval. In come embodiments, this method
is performed on a per-OFDM sub-carrier basis., Furthermore, the
different antenna hopping pattermns generally sexrve to map
transmission symbols to the antennas using different patterns

for different transmission periods.

CODE RATE 2 OFDM-STBC FOR 4 TRANSMIT ANTENNAS

The fully orthogonal structure for a four antenna
transmit case does not exist when the space-time coding xrate is
2. However, a sub-optimal code structure can be constructed, as
gshown in Table 6. Table 72 and Table 7B provide alternative
antenna hopping variants. Furthermore, while the detailed
examples given here focus on four antenna applications, they

can be eapgily extended to systems with more than four antennas.

Table 6 - QOFDM-STBC code rate 2 orthogonal code (Code-D)
(Antenna Hopping Pattexrn-1)

Time ¢ Time
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t+7)
Antenmna 1 5 —S;
Antenna 2 S, s,
Antenna 3 Sq _3;
Antenna 4 5, 33’

Table 7A - OFDM-STBC code rate 2 orthogonal code (Code-D)
(Antenna Hopping Pattern-2)

Time ¢ Time

C+1)

Antenna 1 s _ 33*
Antenna 2 Sy _ 54"
Antenna 3 33 s
‘Antenna 4 54 s;

Table 7B ~ OFDM-STBC code rate 2 orthogonal code (Code-D)

(Antenna Hoppilng Pattern-3)

Time ¢ Time

t+T)

Antenna 1 5 - Sq‘

Antenna 2 55 - 53-
Antenna 3 Sa s,
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Antenna 4 S4 s;

The above described code mappings are examples
regulting from cf a more general method for mapping a space-
time block code foxr a 2n antenna transmitter where n »>=2., 2n
transmission symbols are transmitted during two consecutive
transmigsion intervals, by transmitting a respective Alamouti
code block containing two transmission symbols on a respective

pair of antennas,

The three code rate 2 “hopping pattern” codes can be

combined in various different ways to form a code set.

EXTENSION TO THE FREQUENCY DIRECTION MAPPING

The above STBC code comstruction is provided in the
form that meps the Alamoutl structure in the time direction,
however, such an arrangement can be also mapped onto the

frequency direction.,

Similar to the mapping in the time direction, an
example of a power balance arxangement'for the mapping for the
frequency direction is shown in Figure 6, In PFigure 6, the sub-
carriexrs are indicated in the fregquency domain in columns
k, kel , k+2,k+3, ..., k+(-3)k+(n-2) ,k+(n-1) ,k+n and time intexrvals
are indicated in the time domain in rows t,t+T,t+2T,t+3T in
which STBC blocks 30 are represented. During the first two sub-

‘carriers, k and k+1l, Antennas 1 and 2 transmit an Alamouti

block on the time intexrval £, and during the next two sub-
carriers, k+2 and k+3, Antennas 3 and 4 transmit an Alamouti
block., This structure is then repeated for subsequent time
intexrvals (the vertical dirxection in Figure 6). 1In the
illustrated example, on a given pair of sub-carriers, during
the odd time intervals t,t+2T,...,E+(M-1)T one pair of antennas
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is active, and during the even time intervals t«+T,t+3T,...,t+mT
the other pair of antennas 1s active. This then reverses for
the following pair of sub-carriers. This is only one of many
ways to map the single sub-carxrriler solution onto a set of sub-

carriers.

Examples of STBC codes for mapping the Alamouti
structure in the frequency direction are listed in Table 8,
Table 2A and Table 9B for code rate 1 and Table 10 and Table 11

are foxr code rate 2.

Furthermore, while the detailed examples given here
focus on four antenna applications, they can be easily extended

to gystems with more than four antennas.

Table 8 - OFDM-STBC code rate 1 orthogonal code
(Antenna Hopping Patter-1)

Sub- Sub-~carriexr Sub«-carrier sub-
carxrler k k+1 k2 carrier
k+3
Antenna 1 S bs; 0 0
Antenna 2 S, s; 0 0
Antenna 3 0 0 83 _S;
Antenna 4 0 0 S, 5,

Table 9A - OFDM-STBC code rate 1 orthogonal code
(Antenna Hopping Pattern-2)

Sub- Sub-carrier | Sub-carrier Sub-
carrier k k+1 k+2 carriexr
k+3
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Antenna 1 Sy -3, 0 0

Antenna 2 0 0 84 -5

Antenna 3 8, sy 0 0
0 0 *

Antenna 4 S, 5

Table 9B - OFDM-STBC code rate 1 orthogonal code
(Antenna Hopping Pattern-3)

Sub- Sub-carrier Sub-carrier Sub-
carriexr k k+1 ka2 carrier
k+3
Antenna 1 s, —s: 0 0
Antenna 2 0 0 5y -5y
Antenma 3 0 0 S, S5
Antenna 4 ER s 0 0

The above described code mapplngs are examples
regsulting from of a more general method for mapping a rate one
space-time block code for a 2n antenna transmitter where n s=2.
2n transmission symbols are transmitted on each sub-c¢axrrier of
a plurality of sub-carriers in an OFDM spectrum, for each
transmission interval, on each of n pairs of adjacent OFDM sub-
carriers, by transmitting a respective Alamouti code block
containing two tramsmission symbols on a respective pair of
antennas such that all sub-carriers are used and only one pairxr
of antennas ig active during a given transmission intexval for

a given sub-carriexr. In some embodiments, during a given
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transmit interval, sub-carriers are active in palrs,
alternating between pairs of transmit antennas. Furthermore,
the different antenna hopping patterns generally serve to map
transmission symbols teo the antennas using different patterns

for different sub-carriers.

Table 10 - OFDM-STBC code rate 2 orthogonal code
(Antenna Hopplng Pattern-1)

Sub- Sub-carrier
carrier k k+1
Antenna 1 8, -3,
Antenna 2 Sy s
Antenna 3 83 -t
. 4
Antenna 4 Sy 53"

Table 11A - OFDM-STBC code rate 2 orthogonal code
(Antenna Hopping Pattern-2)

Sub- Sub-carrier

carrier k kel
tenna 1 #
An s, s
Antenna 2 —
32 34

Antenna 3 8y 5
Antenna 4 N 55
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Table 11B - OFDM-STBC code rate 2 orthogeonal code
(Antenna Hopping Pattern-3) ‘

sub- Sub-carrier
carrier k k+1
Antenna 1 5 -3,
Antenna 2 5, —s;
Antenna 3 53 55
Antenna 4 S, g;

[

The above described code mappings are examples
resulting ﬁrom of a more general method for mapping a space-
time block code for a 2n antenna transmitter where n >=2. 2n
transmigasion symbols are transmitted for each transmission
interval on a palr of adjacent OFDM sub-carriers, by
transmitting a respective Alamouti code block containing two

transmission symbols on a respective pair of ankennas.

Extension to 3 transmit antennas

The new cdodes can be extended to odd numbers of

transmit antennas as well. Table 12 and Table 13 are

embodiments of the transmit antenna OFDM-STEC code in the time

direction and in frequency direction, xesgpectively for amn

example with three antennas. In these embodiments the code rate

is reduced to 2/3, however, however full orthogonality is

achieved.

Table 12 - OFDM-STBC code rate 2/3 orthogomnal code
(Antenna Hoppilng Pattern-1)
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Time 7 Time Time Time

¢+71) (+27) (z+3T)
Antenna 1 5 ~5 0 0
Antenna 2 A s Sy -
Antenna 3 0 0 3, #

Table 13 - OFDM-STBC code rate 2/3 orthogonal code
(Antenna Hopping Pattern-2)

Sub- Sub-carrier | Sub-carrier | Sub-carrier
carrier k k+1 k+2 k+3
Antenna 1 s —s; 0 0
Antenmna 2 Sy sy Sy -5,
Antenna 3 0 0 S, sy
CODRE RATE 4 OFDM~STBC FOR 4 TRANSMIT ANTENNAS

Code rate 4 arrangements become the typical parallel

spatial multiplexing known as BLAST., In Table 14 and Table 15

embodiments of a mapping of 4 transmit antenna BLAST in time

and in frequency are listed. Furthermore, while the detailed

examples given here focus on four antenna applications, they

can be easily extended to systems with more than Ffour antennas.

Table 14 - OFDM-STBC code rate 4 orthogonal code

Time 1

Time
¢+1)
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Antenna 1 8§ Ss
Antenna 2 S5 L
Antenna 3 84 S;
Antenna 4 Sy Sq

Table 15 - OFDPM-STBC code rate 4 orthogonal code

sub- Sub-carrier

carrier k kK+1,
Antenna 1 s Ss
Antenna 2 Sy Sg
Antenna 3 Sy 8
Antenna 4 54 2

PCT/CA2005/000504

OFDM-STBC CODE SETS WITH ANTENNA HOPPING

Variocus embodiments of 4 antemnna transmit ODFM-STBC

code gets,

are listed in Tables 163,

16EB,

and 1l6C,

Code
Rate = 1

Takle 16A - Code Seb Rate 1
Time 1 Time Time Time
@+1) (+271) (t+37T)
Antenna 1 CH —s; 0 0
Antenna 2 5, s; 0 0
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Antenna 3 o "] N _53
Antenna 4 0 0 S, 55
Table 16B - Code Set Rate 2
Time Time Time Time Time Time
4 (¢+1) | ¢+27) | ¢+37) | (+47) | (¢+5T)
Antenna 1 o -8, 3 —s; o =8
Antenna 2 S, ey Sg _3; sy s
Antenna 3 85 _SJ L ¢ Su S10
Code
Rate = 2 | Antenna 4 S, 55 N e Sz 85
Table 16C - Code Set Rate 4
r Antenna 1 8 Ss Sy Sy3
Antenna 2 Sa 86 S0 S14
Code Ant 3
enna ¥ Ky g g
Rate = 4 : ! " ®
Antenna 4 54 Sq 85 S16

Tables 16A, 16B, and 16C are embodiments of code sets
for space-time mappings in the time direction. gimilaxly, the
5 pgpace-time mappings could be expressed in the frequency
direction as well, as shown in Tables 16D, 16E, and 16F.

Table 16D - Code Set Rate 1

sub- Sub-~- Sub-~ sub-
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-1 carrier k| carrier carrier carrier
kel k+2 k+3
Antenna 1 8y -3 Q 0
Antenna 2 S, s 0 0
Code
Antenna 3 0 0 85 -8,
Rate = 1 A
Antenna 4 a g Sq S;
Table 16E - Code Set Rate 2
sub- Subh-~ Sub~ sub- sub- Sulb~
carrier | carrier | carrier | carrier| carrier | carriex
k e+l k+2 k+3 kw4 k+5
Antenna 1 8 — 5, s —-s.,* Sy ‘“31:-
—1
Anktenna 2 5, s Sg —sg* S10 —8n
Antenna 3 S5y _34"' S 53 511 Sio
Code
Rate = Antenna 4 54 Sy Sg S S S,
2
Table 16F - Code Set Rate 4
sub- Sub-~ Sub- Sub-
carrier k carriex carrier carriex
k4l k2 k3
Antenna 1 5 K 89 83
Antenna 2 Sy S¢ S0 T4
Code
Rate = 4
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Antenna 3 Sy s, Sy

Antenna 4 54 S S 56

A specific Alamouti coded has been used in the
examples. It is to be understood that any code having the
Alamouti structure can be employed.

DECODER COMRLEXTTY

A decoder complexity for the 4 transmit STBC of Code-
C compared with the prior art codes is listed in Table 17. It
can be seen that the complexity of the OFDM-STRC Code-~C is 16
times less than the prior art codes.

Table 17 - Complexity Comparison

Code~-A Code-B Code-C
Rate = 1 Rate = 1 Rate = 1], Rate = 2
Complexity 64 64 4 64

Space-Time Frequency Mapping for Multiple Transmit Anteunas

As described above, the space-time coding can be
mapped onto eithexr the time direction or the frequency
direction. In other embodiments, a mapping is provided that
utlizes both time and frequency mapping, while providing for
the entire antenna transmission on esach sub-carrier based on
the code format. Advantages of thilis combined time-£frequency
mapping include minimizing the time-freguency span to ensure
the space-time code span is within both a coherent-time and
coherent -frequency range. The following examples are provided

in particular for 4 transmit antennas, but it is te be '
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understood that the space-time freguency mapping approach can
be generalized for systems with a diffexent number of transmit

antennas.

Table 18 - OFDM-Space-Time Frequency BC code rate 3/4

Time t Time t+T Time t Time t+T
Sub- Sub-carriexr Sub-caxrrier Sub-
carrier Xk k k+1, carriex
k+1
Antenna 8 — 5, —~8; x
Antenna Sy 8 X 55
Antenna Sy x s, - s;
Antenna x — 5, 8y 5

Tahle 19 - OFDM-Space-Time Fredquency BC code ratbe 1

(Antenna Hoppilng Pattern~1)

—
Time t Time t+T Time t Time t+T
Sub- Sub-carriexr Sub-carrier sSub-
carrier k k k+d carrier
kel
Antenna 8 — s; 0 0
Antenna S, S;’ 0 0
Antenna 0 0 5 ~ 55
Antenna a 0 s, Sa
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Table 20 - OFDM-Space-Time Fredquency BC code rate 1

(Antenna Hopping Pattern-2)

L

Time € Time t+T Time t Time tL4+T
sSub- Sub-carrier | Sub-carrier Sub-
carrier k k K4l carrier
k+1
Antenna 5 -, 0 0
Antenna 0 0 85 _S;
Antenna 0 0 3, Ss
Antenna N = g7 0 0

Table 21 - OFDM-Space-Time Frequency BC code rate 1

{Antenna Hopping Pattern-3)

—
Time t Time t+T Time t Time £+T
sub-~ gub-carrier | Sub-carrier sub~
carrier k k k+1 carrier
XK+1
Antenna 5, — S; 0 0
Antenna 0 0 Sy —_ s;
Ant enna ,5‘2 S; 0 0
b
Antenna 0 0 S, s
_

Table 22 - OFDM-Space-Time Frequency BC code rate 2

(Antenna Hopping Pattern-1)
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Time t Time t+T Time & Time t+T<j
Suh- Sub-carrier | Sub-carrier Sub-
carrier k K k+1 carrier

S

Antenna 1 5, ~ 8 55 -5

Antenna 2 5, s 56 -
Antenna 3 85 _54"' Sy 5;
Antenna 4 84 _93"' Sg s;

Table 23 - OFDM-Space-Time Frequency BC code rate 2

{(Antenna Hopping Pattern-2)

Time t Time t4+T Time t Time t+T
SuB- Sub-carrier Sub-carriexr Sub-~
carrier k k k1l carrier
k+1
Antenna 1 5 -.s,:, Ss __S7-u
Antenna 2 8, 3; Sy S;
Antenna 3 55 -s S -5
Antenna 4 Sy 33‘ Sg 52
Table 24 - OFDM-Space-Time Frequency BC code rate 4
Time t Time L+T Time b Time t+T
Sub- Sub-caryier Sub-carriex sub-
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carriler k k k+1 carrier
kel
Antenna 1 3 55 Sy 13
Antenna 2 55 Sg S0 S1a
Antenna 3 8y §q 11 o8
Antenna 4 S, Sq $2 S16

Numerous modifications and variations of the present
invention are possible in light of the above teachings. It is
therefore to be understood that within the scope of the
appended claims, the invention may be practised otherwise than

as spec¢ifically dercribed hexeiln.
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CLAIMS:

1. A method for wappihg & rate one space-time block code
for a 2n antenns transmitter where m >=2, the method comprising

transmitting 2n transmission symbols by:

during n palrs of congecutive transmimsion intervals,
transwmitting a respective Alamouti code block containing two
tranemission symbols on a respective pair of antennas such that
all antennas are used during the n pairs of consecutive
rransmission intervals and only one palr of antennas is active

during a given transmission intexval.
2, The method.of claim 1 further comprising:

mapping transmission symhols to the antennas using at
least two different patterns for different transmission

periods.

3. The method of claim 1 wherein the mapping achleves a
diversity order 2 per transmigsion symbol, the method further

comprising performing FEC coding before the mapping such that

between the FEC coding and the mapping a full diversity is

provided.

4. The method of claim 1 applied in an OFDM transmitter

on a per-OFDM sub-carrier bhasig.
5. The method of claim 4 further comprising:

mapping transmission symbols to the antennas uging at
least two different patterns for different transmission

pericds.
6. The method of claim 1 wherein n=2.

7. The method of claim 1, wherein the mapping is one of;
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Time ¢ Time Time Time
t+1) (t+21) (¢ +37)
Antenna 1 8 — s, 0 b)
Antenna 2 5y ,5-]' 0 0
Antenna 3 0 0 Sy -3
Antenna 4 0 0 5, S5
Time ¢ Time Time Time
(1) (¢ +27) (r+37)
Antenna 1 8 — 5 0 0
Antenna 2 0 0 5 -~
Antenna 3 8, sr' 0 ¢
Antenna. 4 0 0 s, 55
oxr
Time r Time Time Time
t+7T) (t+27) (r+37)
Antenna 1 8 -5, 0 0
Antenna 2 0 0 S5 - s;
Antenna 3 0 0 S, 85
Antenna 4 S, s; 0 0
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8. The method of claim 4, wherein power balancing is
achieved by mapping the Alamouti blocks to sub-carriers such
that during a given transmission interval, each antenna has 3

subptantially similar number of active sub-carriers.

9. The method of claim 8, wherein during each pair of
transmission intervals for a first met of sub-carriers a Ffirst
mapping ie employed, and for a second set of sub-carriers a

gecond mapping is employed that is the inverse of that first

mapping,
10. The method of claim ®, wherein the firat mapping is
one of:
Time ! Time Time Time
¢+T) (t+27) (r+37)
Antenna 1 8, -8 0 0
Antenna 2 8, S: 0 0
Antenna 3 0 0 53 ‘3;
Antenna‘4 Q Q 5, Q
Time ¢ Time Time Time
@+7) (¢ +27) (£ +37)
Antenna 1 S| -5, 0 0
Antenna 2 a 0 S5 -8,
Antenna 3 KN s; 0 0
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Antenna 4 0 0 5 s
ox

Time ! Time Time Time

@¢+1) (t+27) (t+37)
Antenna 1 5, — 5] 0 0
Antenna 2 0 ‘ 0 55 —s;
Antenna 3 U 0 84 55
Antenna 4 85 S; 0 i}

1%. The method of claim 9, wherein the first set of sub-

carriers are odd sub-carriers ox even gub-carriers and the

second sek of sub-carriers are the remaining sub-carriers.

12. The method of claim 4, wherein the active antennas of

a given sub-carrier alternate every transmission interval.

13. A method for mapplng a rate one space-time block code
for a 2n antenna transmitter where n>=2, the method comprising
transmitting 2n transmission symbols on each sub-carrier of a

pluralicty of aub-carriers in an OFDM spectrum by:
foxr each transmission iaterval:

on each of n pairs of adjacent OFDM gsub-carriers,
transmitting 2 respective Alamouti c¢ode block containing two
transmission sgymbols on a respective pair of antennas such that
all sub-carriers are used and only one pair of antennas ig
active during a given transmission interval Ffor a given sub-

carrier.
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14. The method of claim 13, wherein during a given
transmit interval, sub~carriers are active in pairs,

alternating between pairs of tranemit antennas.

15. The method of claim 14, wherein there are four
transmit antennas, and during a given transmit interval even
pairs of gub-carxriers ave active on a first palr of tranemit
antennas, and odd pairs of sub-carriers are active on a second

paitr of transmit antennas.

16. The method of claim 15, wherein in each transmit
intexval, the acrive sub-carriers are switched between the

pairs of antennas.

17, The method of claim 15, wherein the active antennas

of a given sub-carrier alternate every transmigsion interval.
18. The method of claim 13 further comprising:

mapping transmission symbols to the antennas using at

least two different patterns for different active sub-carriers.

19, The method of claim 13, wherein the mapping is one
of:
Sub- Sub-caxrier | Sub-carrvier Sub-
carrier k kel k+2 carrier
k+3
Antenna 1 8, —~ 55 0 0
Antenna 2 55 5 0 0
Antenna 3 0 0 LA -8,
Antenna 4 0 0 3, 3;
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Sub- Sub-carrier Sub~carrier Sub-
carrier k k+1 k+2 carrier
k+3
Antenna 1 s, -5, 0 0
Antenna 2 0 0 54 _5;
Antenna 3 Sa 5 0 0
Antenna 4 0 0 S, s,
or
Sub- Sub-carrier Sub-carrier Sub-~
carrier k k+1 k+2 caryxier
K43
Antenna 1 s, -5, 0 0
Antenna 2 0 0 e -5,
0 -
Antenna 3 0 Sy s;
Antenna 4 S, 5 0 0.
20. The method of claim 14, wherein for each pair of sub-

carriers for a firxst pair of time intexvals a firet mapping is

amployed,

and forx a second pair of time intervals a second

mapping is employed that is the inverse of that firet mapping.

21. The method of claim 20, wherein the first wapping is
one of;
sSub- Sub-caxryrier Sub-carrier Sub-
carrier k k+l k+2 carrier
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k+3
Antenna 5 — 5, 0 0
Antenna 5, s 0 0
Antenna 0 0 e -5
Antenna 0] 0 8, s;

Sub-~ Sub-caxrier Sub-carrier Sub-
carrier k k+1 k+2 carrier

k+3
Antenna 5 - 3; 0 0
Antenna 0 0 55 -5,
Antenna 8, s 0 0

—
Antenna 0 0 4 55
4
xr
Sub- sub-carrier | Sub-carrier Sub-
carrier k k+1 k+2 carrier

k+3
Antenna 8, -8, 0 g
Antenna 0 Q 84 -5y
Antenna 0 0 Sq 55

* 0 0

Antenna 5, 5y
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22, A method for mapping a space-time block code for a 2n
antenna transmitter where n >=2, the method comprising

transmitting 2n transmission symbols by:

during two consecutive transmission intervals,
transmitting a respective Alamouti code block containing two

transmission symbols on a respective pair of antennas.

23. The method of claim 22 applied in an OFDM transmitter

on a per-OFDM pub-carrier basis.
24, The method of claim 22 further comprising;

mapping transmission symbols to the antennas using at

least two different patterns for different transmission

pericods.
25. The method of claim 22, wherein the mapping is one
of: '
Time ¢ Time
t+7)
Antenna 1 8§ — 8
Antenna 2 Sy s;
Antenna 3 *
SS - 95'4.
Antenna 4 *
fq S3
Time ¢ Time
e+1)
tenna 1 . "
An Sl - ,53
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Antenna 2 55 - -5'4.'
Antenna 3 53 . SI'
Antenna 4 84 S;
or
Time ¢ Time
¢+T)
Antenna 1 5 —sf
Antenna 2 8, _S;
Antenna 3 5 s
Antenna 4 S4 S:
26. A method for mapping a space-time block code for a 2n

antenna transmitter where n >=2, the method comprising

transmitting 2n transmission pymbols by:
for each transmission interval;

on a pair of adjacent OFDM sub-carriers, transmitting
a respective Alamouti code hlock containing two transmission

symbols on a respective palr of antennas.
27. The method of claim 26, further comprising:

mapping transmission symbols to the antennas using ab
least two different pattexns for different transmission

periods.

28, The method of ¢laim 26, wherein the mapplng is one
of;
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Sub- Sub~carrier
carrier k ki1
Antenna 5 ...._g;
Antenna Sy N
Antenna 5y __34*
Antenna 84 33"
Sub- Sub-carrier
carrier k k+1
Antenna 5, _ 53*
Antenna Sa _ 54'
Antenna 84 Sr
Anteuna 8y 59
Sub- Sub-carrier
carrier k e+l
Antenna 85 — 5.4’
Antenna 2, -y
Antenna 53 5,
Antenna S4 51’
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29, A method for mapping a space-time block code for a
2n+l antenna transmitter where n >=1, the method comprising

transmitting transmission aymbols by:

during k paire of consecutive transmission intervals,
transmitting a respective Alamouti code block containing two
transmigsion symbolg on a regpective pair of antennas such that
all antennas are used during at least one of the k pairs of
congecutive transmisgion intervals and at least one transmit
antenna is used during two of the k pairs of consecutive

transmission intcervals.

30. The method of claim 29 applied on a per-sub-carrier

bagis to an OFDM application.

31. The method of claim 25, wherein the mapping is:
Time ¢ Time Time Time
G+T) @t - 27) (¢ +37)
Antenna 1 5 _g; Q 0
Antenna 2 IR 57 . 84 - 8
Antenna 3 0 0 8y Sy
32, A method for mapping a space-time block code fox a

2n+l antenna tranemitter where n »>=1 adapted to transmit

transmission symbols by:
for each transmission intexval:

on k pairs of sub-carriers, transmitting a xespective
Alamouti code block containing two transmission symbals on a

regpective pair of antennas such that all ancennas are used
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during at least one of the k paira of CCumcvuisve Ll GLLLS L 2 5 L DL,
intexvals and at least one transmit antenna is used during two

of the k pailrs of sub-carriers.

33. The method of claim 32, wherein the mapping is:
Sub- Sub-caryrier | Sub-carrier | Sub-carrier
carrieyr k k+1l k+2 k+3
Aritenna 1 s, _{ 0 0
Antenna 2 5, 5 S5 —S,
Antenna 3 0 o Sy 55
34. A method for mapping a space-time block code for a 4

antenna transmitter, the method comprimsing selecting an
appropriate code rate code from a code set of available code
rate codes, wherein the available code rate codes are generated

uging any one of claims 1-28,

35. A method for mapping a space-time bhlock code for a 4
antenna transmitter, the method comprising selecting an
appropriate code rate code from a code set of available code

rate codes, wherein the code set is one of:

Time r Time Time Time
t+1) (r+271) (z +37)
Antenna 1 s —s; 0 0
Antenna 2 8y 8 0 0
Code
Antenna 3 0 0 Sy -
Rate = 1 4
Antenna 4 0 0 8y s
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Time Time Time Time Time Time
r @+7) | @+27) | (+37) | (+47) | (r+57)
Antenna 5 — 5, S5 ~s; 5 _Su.
Antenna 2 5 s; S - 55 5 -5
Antenna 3 53 -5, 5, 55 11 S50
Code
Rate = 2 | antenna 4 A g Sg Se Sia 5
or
Time ¢ Time Time Time
t+T) (r+27) (¢-~3T)
Antenna 1 5 S5 5o 513
Antenna 2 5y Sg S1p 514
Code 3
Antenna S s s s
Rate = 4 3 7 11 15
Antenna 4 Sq Sg 2 S16
36. A method for mapping a space-time block code for a 4

antenna transmitter, the method comprising selecting an

appropriate code rate code fxom a code set of available code

rate codes,

wherein the code set is one of:

Sub-

carrier k

Sub-
carrier

k+1

Sub-
carrier
k+2

Sub-
carrier
k+3
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Ancenna 1 8 — 84 0 0
Antenna 2 8a _y; 0 0
Code
Antenna 3 0 0 55 -5
Rate = 1 4
Antenna 4 0 0 S, S,
Sub- Sub- Sub- Bub- Sub- Sub-
carrier | carrier | carvier | carrier| carrier | carrier
hid w1 k+2 k43 k+d k+5
Antenna 1 s -5 84 -, 5, -S5p
Antenna 2 Sa s Sg _ss" S10 _s“'
v
Antenna 3 84 _54“ Sy s; R Sto
Code
Rate = | Antenna 4 s, g Sg Sg 51 S5
2
or
Sub- Sub- Sub- Sub-
carrier k carrier carrier carriey
k+1 k+2 k+3
Antenna 1 5 g Sg 813
Code . 5
Antenna S S s o
Rate = 4 3 7 1 \s
Antenna 4 A Sq S12 S16
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37. A method for mapping a rate 3/4 space-time block code
for a 4 antenna transmitter, the method comprising tranemitting

3 transmission symbols by:

during a pair of comnsecutive transmiggion intervals,
transmitting a respective Alamouti code block containing two
transmission symbols on a first respective pair of antennas on
a given sub-~garrier and transmitting a respective Alamouti code
block contaiming one transmission symbol on a second respective
pair of antennas on a same gub-carrier such that all antennas

are used during the pair of consecutive transmisesion intervals.

38. The method of claim 37, wherein the mapping is:
Time t Time t+T Time ¢ Time t+T
sub- Sub-carrier | Sub-carriex Bub-
carrier k k k+1 carrierxr
k+1
Antenna 1 8 _g; _5; b
Antenna 2 5, s X 5
—]
Antenna 3 A S X 3]’ » -5
Antenna 4 X -8, Sa 5
39, A method for mapping a rate one space-time block code

for a 2n antenna transmitter whexe n >=2, the method comprising

transmitting 2n transmission symbols by:

during a pair of consecutive transmission intervals,
rransmitting a respective Alamouti code block containing two
tranesmission symbols on a regpective pair of antennas on a

given sub-carrier guch that all antennas are used during the
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pair of consecutive transmission interva.s ano edacn palr On

antennas is active on a different sub-carrier.

40. The method of claim 32, wherein the mapping is one
of:
Time t Time t+T Time Time t+T
Sub- Bub-carrieaxr Sub-carrier Sub-
carrier k k k+1 carrier
k+1
Antenna s —s; 0 0
Antenna S5, Sl‘ 0 0
Antema 0 0 S, — 5
Antenna 0 a 5, Q
Time t Time t+T Time t Time t+T
Sub- Sub-carrier Bub-carrier Sub-
carrier k k k+l carrier
k+1
Antenna s, -5, Q 0
Antenna 0 0 55 _S;
Antenna 0 0 Sy s;
Antenna S, s) o] 0

oxr
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Time ¢ Time t+T Time t - Time c©+T
Sub-~- Sub-carxyxier | Sub-carrier Sub-
carrier k k le+1 carrier
k1
Antenna 1 5, _S; 4] 0
Antenna 2 0 0 85 —s;
Antennas 3 S, s 0 0
Antenna 4 0 0 5, kN
41. A method for mapping a rate one gpace-time block code

for a 2n antenna transmitter where n >=2, the method comprising

transmitting 4n transmission symbols by:

during a pair of conmsecutive transmission intervals,

tranamitting a reepective Alamouti code block containing n

transmisgion symboleg on a respective pair of antennas on a

given gub-carrier such that all antennas are used during the

palr of consecutive transmission intervals,

42. The method of claim 41, wherein the mapping is one
of:
Time © Time t+T Time €t Time t+T
Sub- Sub-carriex Sub-carrier Suh-
carrier k k k+1 carxrier
k+1
Antenna 1 s ._.S; Ss __57"
Antenna 2 S, Sl- ¢ '—ng
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Antenna 3 53 s, 89 se
Antenna 4 5 o' Sg 5
or
Time t Time t+T Time t Time t+T
Sub- Sub-carrier | Sub-carrier Sub-
carriexr K k k+1 carrier
kel
Antenna 1 s -5, 85 -5y
Antenna 2 Sy A . 3]' 8, _5:;
Antenna 3 3 — 5, S -sg
Antenna 4 84 5 53 S
43, A method of transmitting a MIMO OFDM mpignal expressed

in the forxm Y=HF(S), where Y is an output of a MIMO channel,
™ ig g matrix of MIMO channel characteristica, F(sg) denotes a
space-time coding matrix for a complex input symbol

S=[s, # .. s5;] which is grouped as § =l s s &/ S=[y & & 5| and
Ss=[s, s s, 5], the method comprising selecting an appropriate
code for a wireless terminal adapted to receive the MIMO OFDM
signal transmitted by a multi-antenna transmitter depending on

8 number of receiver antenna at the wirelegs terminal.

44 . ‘ The method of claim 43, wherein a STC code rate 1
code guiltable for a 4 tranemitter antenna, 1 receiver antenna

(4x1) configuration is:
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L . - L Y L]
SiomSh =& 8 S5 =8 =8 55 8y =S8, =85 oy
. L] ~ * - *
Sa b -5 —8y S5 &y g 8 5 -3 8 -8
qul (Sl,S!,Sa)= | . .? 3 . 7 . 5 10 l: 9. 12
Sy~ 8 T A S A T Sz Sy
¢ ¥ L] - v .
Sy 5 S L B ek T R IR N —Sn o =y
45, The mecthod of claim 43, wherein a STC code rate 2

code suitable for a 4 transmitter antenna, 2 receiver antenna

(4x2) configuration ig:

- L} -
i I T T
—[fz & S5 8y S =4y
Foss($1,52.85) = R n
B =Sq & S5 &,y Sy

- - "

&y Sq Ty - 35 Spa

£y

46. The method of claim 43, wherein a STC Code Rate 4,
code suitable for a 4 transmitter antenna, 4 receiver antenna

(4x4) configuration ig:

5 55 5

& Ly &
Fipa(51,85,8)=|"t "6 Tl
s (81582, 83) & 5 8
5S¢ Sg 8
47. The method of claim 43, wherein a STC Code Rate 1

code guitable for a 2 transmitter antenna, 1 receiver antenna

(2x1) configuration is:

g -3 ' Y’ — ¥ )
szl(SpS:):’: TR s T }
S22 08 S 0N
48, The method of claim 43, wherein a STC Code Rate 2
code suitable for a 2 tranamitter antenna, 2 or 4 receiver

antenna (2x2,2x4) configuration is:

5 5
F2x2‘2x4<6’1x$'3)=[ ! 3} .

Sy S
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49, The method of any preceding claim further comprising
employing an FEC code across a code block such that at a
receiver, full diversity for the whole FEC code blcck is

achieved.

50. The method of any preceding claim wherein each pair

of antennas is spatially adjacent,

51. The methad of any preceding claim wherein each pair

of antennas is not spatially adjacent.

52. A coder for performing the method of any preceding
claim,
53. A transmitter for an OFDM communications system

comprising a coder for performing the method of any preceding

claim.

54. An OFDM communication system comprising a transmitter

adapted to perform the method of any preceding claim.

55. An OFDM communication system comprising a
transmitter, the transmitter comprising a coder adapted to

perform the wmethod of any praceding claim.
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