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(57) ABSTRACT

The present invention provides a method for controlling a
communication parameter in a channel through which data
1s transmitted between a transmit unit with M transmait
antennas and a receive umit with N receive antennas by
selecting from among proposed mapping schemes an
applied mapping scheme according to which the data is
converted into symbols and assigned to transmit signals TS,
p=1 . . . M, which are transmitted from the M transmit
antennas. The selection of the mapping scheme 1s based on
a metric; 1n one embodiment the metric 1S a minimum
Fuclidean distance d,,;, ... of the symbols when received, in
another embodiment the metric 1s a probability of error P(e)
in the symbol when received. The method can be employed
in communication systems using multi-antenna transmit and
receive units of various types including wireless systems,

¢.g., cellular communication systems, using multiple access
techniques such as TDMA, FDMA, CDMA and OFDMA.
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METHODS OF CONTROLLING
COMMUNICATION PARAMETERS OF
WIRELESS SYSTEMS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS

This patent application 1s a continuation-in-part of patent
application Ser. No. 09/464,372 filed on Dec. 15, 1999,
which 1s herein incorporated by reference.

FIELD OF THE INVENTION

The present invention relates generally to wireless com-
munication systems and methods, and more particularly to
controlling a communication parameter between transmit
and receive umts with multiple antennas.

BACKGROUND OF THE INVENTION

Wireless communication systems serving stationary and
mobile wireless subscribers are rapidly gaining popularity.
Numerous system layouts and communications protocols
have been developed to provide coverage 1n such wireless
communication systems.

The wireless communications channels between the trans-
mit and receive devices are inherently variable and thus their
quality fluctuates. Hence, their quality parameters also vary
in time. Under good conditions wireless channels exhibit
good communication parameters, €.g., large data capacity,
high signal quality, high spectral efliciency and throughput.
At these times significant amounts of data can be transmitted
via the channel reliably. However, as the channel changes in
time, the communication parameters also change. Under
altered conditions former data rates, coding techniques and
data formats may no longer be feasible. For example, when
the channel performance 1s degraded the transmitted data
may experience excessive corruption yielding unacceptable
communication parameters. For instance, transmitted data
can exhibit excessive bit-error rates or packet error rates.
The degradation of the channel can be due to a multitude of
factors such as general noise 1 the channel, multi-path
fading, loss of line-of-sight path, excessive Co-Channel
Interference (CCI) and other factors.

By reducing CCI the carrier-to-interference (C/I) ratio can
be improved and the spectral efliciency increased.
Specifically, improved C/I ratio yields higher per link bit
rates, enables more aggressive frequency re-use structures
and increases the coverage of the system.

It 1s also known 1n the communication art that transmit
units and receive units equipped with antenna arrays, rather
than single antennas, can improve receiver performance.
Antenna arrays can both reduce multipath fading of the
desired signal and suppress interfering signals or CCI. Such
arrays can consequently increase both the range and capacity
of wireless systems. This 1s true for wireless cellular tele-
phone and other mobile systems as well as Fixed Wireless

Access (FWA) systems.

In mobile systems, a variety ol factors cause signal
degradation and corruption. These include interference from
other cellular users within or near a given cell. Another
source of signal degradation 1s multipath fading, 1n which
the received amplitude and phase of a signal varies over
time. The fading rate can reach as much as 200 Hz for a
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mobile user traveling at 60 mph at PCS frequencies of about
1.9 GHz. In such environments, the problem 1s to cleanly
extract the signal of the user being tracked from the collec-
tion of recerved noise, CCI, and desired 1s signal portions
summed at the antennas of the array.

In FWA systems, e.g., where the receiver remains
stationary, signal fading rate 1s less than in mobile systems.
In this case, the channel coherence time or the time during
which the channel estimate remains stable 1s longer since the
recerver does not move. Still, over time, channel coherence
will be lost in FWA systems as well.

Antenna arrays enable the system designer to increase the
total recerved signal power, which makes the extraction of
the desired signal easier. Signal recovery techniques using
adaptive antenna arrays are described in detail, e.g., i the
handbook of Theodore S. Rappaport, Smart Antennas,
Adaptive Arrays, Algorithms, & Wireless Position Location;
and Paulraj, A. I et al., “Space-Time Processing for Wireless

Communications”, IEEE Signal Processing Magazine, Nov.
1997, pp. 49-83.

Prior art wireless systems have employed adaptive modu-
lation of the transmitted signals with the use of feedback
from the receiver as well as adaptive coding and receiver
teedback to adapt data transmission to changing channel
conditions. However, eflective maximization of channel
capacity with multiple transmit and receive antennas 1s not
possible only with adaptive modulation and/or coding.

In U.S. Pat. Nos. 5,592,490 to Barratt et al., 5,828,658 to
Ottersten et al., and 5,642,353 Roy III, teach about spectrally
cilicient high capacity wireless communication systems
using multiple antennas at the transmitter; here a Base
Transceiver Station (BTS) for Space Division Multiple
Access (SDMA). In these systems the users or receive units
have to be sufliciently separated 1n space and the BTS uses
its transmit antennas to form a beam directed towards each
rece1ve unit. The transmitter needs to know the channel state
information such as “spatial signatures” prior to transmis-
s10on 1n order to form the beams correctly. In this case spatial
multiplexing means that data streams are transmitted simul-
taneously to multiple users who are sufliciently spatially
separated.

=
s

The disadvantage of the beam-forming method taught by
Barratt et al., Ottersten et al., and Roy III 1s that the users
have to be spatially well separated and that their spatial
signatures have to be known. Also, the channel information
has to be available to the transmit unit ahead of time and the
varying channel conditions are not effectively taken into
account. Finally, the beams formed transmit only one stream
of data to each user and thus do not take full advantage of
times when a particular channel may exhibit very good
communication parameters and have a higher data capacity
for transmitting more data or better signal-to-noise ratio
enabling transmission of data formatted with a less robust
coding scheme.

U.S. Pat. No. 5,687,194 to Paneth et al. describes a Time
Division Multiple Access (TDMA) communication system
using multiple antennas for diversity. The proposed system
exploits the concept of adaptive transmit power and modu-
lation. The power and modulation levels are selected accord-
ing to a signal quality indicator fed back to the transmaitter.

Addressing the same problems as Paneth et al., U.S. Pat.
No. 5,914,946 to Avidor et al. teaches a system with adaptive
antenna beams. The beams are adjusted dynamically as the
channel changes. Specifically, the beams are adjusted as a
function of a received signal indicator 1n order to maximize
signal quality and reduce the system interference.
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The prior art also teaches using multiple antennas to
improve reception by transmitting the same information, 1.e.,
the same data stream from all antennas. Alternatively, the
prior art also teaches that transmission capacity can be
increased by transmitting a different data stream from each
antenna. These two approaches are commonly referred to as
antenna diversity schemes and spatial multiplexing schemes.

Adaptive modulation and/or coding in multiple antenna
systems 1nvolve mapping of data converted 1nto appropriate
symbols to the antennas of the transmit antenna array for
transmission. Prior art systems do not teach rules suitable for
determining such mappings under varying channel condi-
tions. Specifically, the prior art fails to teach eflicient meth-
ods and rules for mapping data signals to antennas 1n
systems using multiple transmit antennas and multiple
receive antennas 1n order to control one or more communi-
cations parameters under varying channel conditions. Devel-
opment of methods and rules for selecting appropriate
mapping schemes from the many possible choices would
represent a significant advance in the art.

SUMMARY

The present invention provides a metric for selecting
appropriate mapping schemes for transmitting data while
controlling a communication parameter 1 a channel
between a wireless transmit and receive unit, both using
multiple antennas. The method of the invention teaches how
to select mapping schemes based on the metric which takes
into account a quality parameter of received signals or
received data.

The method of the invention calls for controlling a
communication parameter 1n a channel through which data
1s transmitted between a transmit unit with M transmuit
antennas and a receirve unit with N receive antennas. The
method calls for providing proposed mapping schemes
according to which the data or bit stream 1s converted into
symbols and assigned to transmit signals 1S, p=1. . . M,
which are transmitted from the M transmit antennas. A
measurement of the channel at the recerver, e.g., a determi-
nation ol the channel coeflicients matrix H, 1s used to
compute a mmimum Euclidean distance d,,;,, . of the sym-
bols when received i each of the proposed mapping
schemes. This computation can be performed based on H
and the proposed mapping schemes only. In this embodi-
ment the minimum Euclidean distance d,;, .. 1s used as a
metric for selecting from the proposed mapping schemes an
applied mapping scheme to be employed for transmission of
the data. The selection of the mapping scheme based on the
mimmum Euclidean distance metric d allows one to

control the communication parameter.

FREFLFX

The data can be converted into symbols 1 accordance
with any suitable modulation technique. For example, the
data can be converted into symbols modulated 1n constel-
lations selected from among PSK, QAM, GMSK, FSK,
PAM, PPM, CAP, CPM or any other modulation scheme
associating data with a constellation. The mapping scheme
can 1mvolve coding the data at certain coding rates.
Furthermore, the mapping scheme can include at least one
method selected from among diversity coding and spatial
multiplexing.

When the mapping scheme includes diversity coding a
k-th order diversity coding, where k ranges from 1 to M, can
be used. The diversity coding can be selected from tech-
niques consisting of space-time block coding, transmit
antenna selection, Equal Gain Combining (EGC), Maximum
Ratio Combining (MRC) and delay diversity coding or any
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other antenna diversity scheme. Alternatively, the diversity
coding can include a random assignment of the transmit
signals TS to k of the M transmit antennas. In accordance
with yet another approach, the assignment of the transmit
signals TS to k of the M transmit antennas can be based on
a required mimimum Euclidean distance d,;,, ,couireq- 1he€
required minimum Fuclidean distance can be determined
based on 1ts relation to one or more quality parameters that
the transmitted data has to maintain. For example, the
quality parameter can be signal-to-interference noise ratio,
signal-to-noise ratio, power level, level crossing rate, level
crossing duration, bit error rate, symbol error rate, packet
error rate, and error probability.

When the mapping scheme includes spatial multiplexing,
a k-th order spatial multiplexing (where k ranges from 1 to
M) can be used. Spatial multiplexing can involve random
assignment of the transmit signals TS to k of the M transmat
antennas. Alternatively, the assignment of the transmit sig-
nals TS to k of the M transmit antennas can be based on the
required mimimum Euclidean distance d,,,;,, ..o DECESSALY
to maintain one or more of the quality parameters.

It 1s convenient to store a minimum Fuclidean distance
d,,.;n.» Of the symbols when transmitted in a database. The
database can reside 1n the transmit unit or 1n the receive unit
(or 1t can be available 1n both).

Among others, the communication parameter to be con-
trolled can include data capacity, signal quality, spectral
elliciency or throughput.

It 1s advantageous to establish a relation between the
quality parameters and the required minimum Euclidean
distances d,,,, o .ireq DECESSary to satisty the quality
parameters, 1.e., maintain the quality parameter above a
specified threshold. The relations between the minimum
FEuclidean distances d,;,, o .00 fOr all possible mapping
schemes and the corresponding quality parameters are also
conveniently stored in a database.

The method of the mvention can be employed 1 com-
munication systems such as wireless systems, e.g., cellular
communication systems, using multiple access techniques
selected from among TDMA, FDMA, CDMA and OFDMA.
In conjunction with these techniques the mapping schemes
can include diversity coding selected from techniques
including space-time block coding, transmit antenna
selection, Equal Gain Combining (EGC), Maximum Ratio
Combining (MRC) and delay diversity coding or any other
antenna diversity scheme.

In another embodiment of the mnvention the metric used 1s
the probability of error, P(e). In this case the measurement
of the channel 1s used to compute for each of the proposed
mapping schemes a probability of error P(e) 1n the symbol
when received. The applied mapping scheme 1s then selected
from the proposed mapping schemes based on the probabil-
ity of error P(e) to control the communication parameter.

The proposed mapping schemes 1n this embodiment can
include random or determined assignment of transmit sig-
nals TS, to k of the M transmit antennas as discussed above
both 1n case of diversity coding and spatial multiplexing. In
particular, the assignment can be based on a required prob-
ability of error P(e),,...

The invention further encompasses a communication sys-
tem which uses the minimum Euclidean distance d,,;,, .. of
said symbols when received, to select the applied mapping
scheme from among the proposed mapping schemes. The
invention also includes a communication system which uses
the probability of error to select the appropriate applied
mapping scheme.
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A detailed description of the invention and the preferred
and alternative embodiments 1s presented below 1n reference
to the attached drawing figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a simplified diagram illustrating a communica-
tion system 1n which the method of the invention 1s applied.

FIG. 2 1s a simplified block diagram illustrating the
transmit and recerve units according to the mvention.

FIG. 3 15 a block diagram of an exemplary transmit unit
in accordance with the mvention.

FIG. 4 1s a block diagram of an exemplary receive unit in
accordance with the ivention.

FIG. 5A1s a detailed block diagram 1llustrating a selection
block and related components involved in selecting an
applied mapping scheme from proposed mapping schemes
based on a minimum Euclidean distance metric.

FI1G. 5B 1s a detailed block diagram 1llustrating a selection
block and related components involved in selecting an

applied mapping scheme from proposed mapping schemes
based on a probability of error metric.

FIG. 6 1s a block diagram of another transmit unit in
accordance with the ivention.

DETAILED DESCRIPTION

The method and wireless systems of the mnvention will be
best understood after first considering the high-level dia-
grams of FIGS. 1 and 2. FIG. 1 1illustrates a portion of a
wireless communication system 10, e.g., a cellular wireless
system. For explanation purposes, the downlink communi-
cation will be considered where a transmit unit 12 1s a Base
Transceiver Station (BTS) and a receive unit 14 1s a mobile
or stationary wireless user device. Exemplary user devices
include mobile receive units 14A, 14B, 14C which are
portable telephones and car phones and a stationary receive
unit 14D, which can be a wireless modem unit used at a
residence or any other fixed wireless unit. Of course, the

same method can be used 1 uplink commumnication from
wireless units 14 to BTS 12.

BTS 12 has an antenna array 16 consisting of a number of

transmit antennas 18A, 18B, . .., 18M. Receive units 14 are
equipped with antenna arrays 20 of N receive antennas (for
details see FIGS. 2, 3 and 4). BTS 12 sends transmit signals
TS to all recetve units 14 via channels 22A and 22B. For
simplicity, only channels 22A, 22B between BTS 12 and
receive units 14A, 14B are indicated, although BTS 12
transmits TS signals to all units shown. In this particular case
receive units 14A, 14B are both located within one cell 24.
However, under suitable channel conditions BTS 12 can

transmit TS signals to units outside cell 24, as 1s known in
the art.

The time vaniation of channels 22A, 22B causes trans-
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attenuation, interference, multi-path fading and other del-

cterious eflects. Therefore, communication parameters of

channels 22A, 22B such as data capacity, signal quality,
spectral efliciency or throughput undergo temporal changes.
Thus, channels 22A, 22B can not at all times support
cilicient propagation of high data rate signals TS or signals
which are not formatted with a robust coding algorithm.

In accordance with the invention, antenna array 16 at BTS
12 can be used for spatial multiplexing, transmit diversity or
a combination of the two to reduce interference, increase
array gain and achieve other advantageous eflects. Antenna
arrays 20 at receive units 14 can be used for spatial

60

65

6

multiplexing, receive diversity or a combination of the two.
All of these methods improve the capacity, signal quality,
range and coverage of channels 22A, 22B. The method of
the invention finds an optimum choice or combination of
these techniques chosen adaptively with changing condi-
tions of channels 22A, 22B. The method of the invention
implements an adaptive and optimal selection of spatial
multiplexing, diversity as well as rate of coding and bit-
loading over transmit antenna array 16 to antenna array 20.

Specifically, the method of the invention addresses these
varying channel conditions by adaptively controlling one or
more communication parameters based on a metric. FIG. 2
illustrates the fundamental blocks of transmit umt 12 and
one receive unit 14 necessary to employ the method. Trans-
mit unit 12 has a control unit 26 connected to a data
processing block 28 for receiving data 30 to be converted
and mapped in the form of transmit signals TS 1n accordance
with a number of proposed mapping schemes to transmit
antennas 18A, 18B, . . ., 18M for transmission therefrom.
An up-conversion and RF amplification block 32 supplies
the transmit signals TS to antennas 18A, 18B, . . ., 18M.

On the other side of the link, receiving unit 14 has N
receive antennas 34A, 34B, . . ., 34N 1n its array 20 for
receiving receive signals RS. An RF amplification and
down-conversion block 36 processes receive signals RS and
passes them to data processing block 38. Data processing
block 38 includes a channel measurement or estimation unit
(see FIG. 4) which obtains a measurement of the channel
coellicients matrix H characterizing channel 22.

A metric-based processing unit 40 uses matrix H and
knowledge of the proposed mapping schemes to select an
applied mapping scheme which should be used by transmut
umt 12. In particular, given a commumnication parameter
which 1s to be controlled, e¢.g., maximized or kept within a
prescribed range, umt 40 makes a decision about which of
the proposed mapping schemes should be selected as the
applied mapping scheme under prevailing conditions of
channel 22. This selection 1s fed back as indicated by dashed
line 42 to transmit unit 12. In case channel 22 i1s a time-
division duplexed (1TDD) channel, which 1s reciprocal
between the recerve and transmit units, no separate feedback
1s required. In response, unit 26 employs the applied map-
ping scheme i processing data 30. This ensures that a
selected communication parameter or parameters are con-
trolled.

An exemplary embodiment of a transmit unit 50 for
practicing the method of the invention 1s shown 1n FIG. 3.
Data 52, 1n this case 1n the form of a binary stream, has to
be transmitted. Before transmission, data 52 may be inter-
leaved and pre-coded by interleaver and pre-coder 54 1ndi-
cated 1n dashed lines. The purpose of interleaving and
pre-coding 1s to render the data more robust against errors.
Both of these techniques are well-known 1n the art.

Data 52 1s delivered to a conversion unmit, more specifi-
cally a coding and modulation block 56. Block 56 converts
data 52 into symbols at a chosen modulation rate and coding
rate. For example, data 52 can be converted into symbols
through modulation 1n a constellation selected from among
PSK, QAM, GMSK, FSK, PAM, PPM, CAP, CPM or other
suitable constellations. In this embodiment, data 52 1s modu-
lated 1n accordance with 4QAM, represented by a constel-
lation 58 with four points (the axes (Q and I stand for
quadrature and in-phase). In particular, data 52 1s 4QAM
modulated at a certain modulation rate and coding rate. The
transmission rate or throughput of data 52 will vary depend-
ing on the modulation and coding rates.
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Table 1, below, illustrates some typical modulation and
coding rates with the corresponding constellations which
can be used 1n the proposed mapping schemes. The entries
are conveniently indexed by a mapping index.

TABLE 1

Modulation Output

Mapping Rate Coding Throughput Constel-

Index  (bits/symbol) Rate (bits/s/Hz) d .« lation

1 1 1 1 4 BPSK
2 1 LoTCM 1 7.2 4 PAM
3 2 1 2 2 4 QAM
4 2 ATCM 2 4.3 & PSK
5 3 1 3 0.58 & PSK
6 3 34TCM 3 1.32 16 PSK
7 4 1 4 0.4 16 QAM
8 4 15 TCM 4 0.8 32 QAM
In this table minimum Fuclidean distances d are

FREFLIX

listed with symbol energies E_ normalized to equal 1. The
abbreviation TCM stands for Trellis Coded Modulation,

which 1s well-known 1n the art and involves the simulta-
neous application of coding and modulation. The mapping
index column can be used to more conveniently 1dentity the
proposed constellations, modulation and coding rates which
are to be used as part of the proposed mapping schemes.

Tables analogous to Table 1 for other constellations can be
casily dertved. Specifically, similar tables can be produced
for constellations GMSK, PPM, CAP, CPM and others. It

should be noted that modulation and coding are well-known
in the art.

The next to last column of Table 1 indicates a minimum
Euclidean distance d,;, . in the constellation, where the
subscript tx ndicates the transmit side. This 1s the shortest
distance between any two points in the constellation. The
mimmum Euclidean distance between two points 1n 4QAM
constellation 38 1s indicated by a solid line. A longer
distance dt, 1s also indicated 1n a dashed line. The code used
increases this minimum Euclidean distance d ,,, .. as 1s clear
from 1n Table 1. The minimum Euclidean distances for any
other can be calculated or obtained from standard tables. For
more information on the derivation of these distances see
Stephen B. Wicker, Error Control Systems for Digital Com-

munication and Storage, Prentice Hall, 19935, Chapter 14.

Once coded and modulated 1n symbols, data 52 passes to
a switch 60. Depending on 1ts setting, switch 60 routs data
52 cither to a spatial multiplexing block 62 or to a diversity
coding block 64. Both blocks 62 and 64 have a number k of
outputs, where k=, to permit order k spatial multiplexing or
order k diversity coding. A switching unit 68 1s connected to
blocks 62 and 64 for switching the k order spatially multi-
plexed or k order diversity coded signals to 1ts M outputs.
The M outputs lead to the corresponding M transmit anten-
nas 72 via an up-conversion and RF amplification stage 70
having individual digital-to-analog converters and
up-conversion/RF amplification blocks 74.

Together, switch 60, blocks 62, 64 and switching unit 68
act as an assigning unit 76 for assigming data 32 to transmuit
signals TS , where p=1. .. M, for transmission from the M
transmit antennas 72. It should be noted that for spatial
multiplexing of order k or diversity coding of order k, where
k<M, not all antennas 72 may be assigned transmit signals
I'S,. The criteria for selecting which ot antennas 72 will be
transmitting transmit signals TS, will be discussed below.

Thus, data 52 undergoes conversion into symbols and
assignment to transmit signals TS, which are transmitted
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from antennas 72. This conversion and assignment of data
52 represent a mapping scheme. Specifically, all the possible
combinations of conversions and assignments represents
possible or proposed mapping schemes which can be used
by transmitter 50 to transmit data 52 from 1ts M antennas 72
over channel 22.

Transmit unit 50 also has a controller 66 connected to
coding and modulation unit 56 and to switch 60. A database
78 of proposed mapping schemes 1s connected to controller

66. Database 78 convemently contains tables, e.g., two
tables: one for diversity coding and one for spatial
multiplexing, or one integrated table or look-up table for
both diversity coding and spatial multiplexing. The table or
tables contain modulation rates, coding rates, throughputs,
and minimum Euclidean distances for mapping schemes
employing diversity coding and for mapping schemes
employing spatial multiplexing. The tables or table can also
include a mapping index column, as does table 1, to simplity
the 1dentification of the coding and modulation rates to be
used 1n the proposed mapping schemes. In an integrated
table the mapping index can serve as a mapping scheme
index to identify all mapping parameters, 1.e., whether
diversity coding or spatial multiplexing 1s employed and at
what coding rate, modulation rate, throughput and associ-
ated minimum Euclidean distance. The convenience of
using one mapping scheme index resides in the fact that feed
back of mapping scheme index to transmit unit 50 does not
require much bandwidth.

Specifically, transmit unit 50 receives feedback denoted
Rx from receive unit 90 (see FIG. 4) via a feedback extractor
80. Feedback extractor 80 detects the mapping scheme index
and forwards it to controller 66. Controller 66 looks up the
corresponding mapping scheme which 1s to be applied 1n
database 78. In cases where channel parameters, e.g., chan-
nel coellicients matrix H, have to be known to employ the
applied mapping scheme (e.g., when the diversity coding
technique 1s Maximum Ratio Combining), receive unit 90
may also send the channel parameters to feedback extractor
80. Extractor 80 delivers the channel parameters to control-
ler 66 as well as diversity coding block 64 and spatial
multiplexing block 62. In the event of using a time-division
duplexed (TDD) channel 22, the feedback information, 1.e.,

the channel parameters are obtained during the reverse
transmission from the receive unit or remote subscriber unit,

as 1s known 1n the art, and no dedicated feedback extractor
80 1s required.

FIG. 4 illustrates receive unit 90 for receiving receive
signals RS from transmit unit 50 through channel 22 with N
receive antennas 92. Receive unit 90 has an RF amplification
and down-conversion stage 94 having individual RF
amplification/down-conversion/ and analog-to-digital con-
verter blocks 96 associated with each of the N receive
antennas 72. The N outputs of stage 94 are connected to a
block 98 which performs receive processing, signal detec-
tion and decoding functions. The N outputs of stage 94 are
also connected to a channel estimator 100. Channel estima-
tor 100 obtains a measurement of channel 22; in particular,
it determines the channel coeflicients matrix H representing
the action of channel 22 on transmit signals 1S,

Estimator 100 1s connected to block 98 to provide block
98 with matrix H for recovery of data 52. Specifically, block
98 uses matrix H to process the received signals RS prior to
reversing the operations performed on data 52 at transmit
unit 50. The output of block 98 yields the reconstructed data
stream. A demnterleaver and decoder unit 102 1s placed 1n the
data stream 11 a corresponding interleaver and coder 34 was
employed 1n transmitter 30 to recover original data 52.
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Channel estimator 100 1s also connected to a channel
parameters computation block 104. Block 104 computes the
prevailing parameters of channel 22. In particular, block 104
can compute channel parameters such as SINR, Frobenius
norms, singular values, condition of channel coeflicients
matrix H and other channel parameters. The actual compu-
tational circuits for computing these parameters are known
to a person skilled 1n the art.

Block 104 1s further connected to a selection block 106.
Block 106 analyzes receirved constellation 108 which cor-
responds to transmitted constellation 58 after being sub-
jected to the action of the channel 22, 1.e., after channel
coellicients matrix H 1s applied. Block 106 selects from the
proposed mapping schemes an applied mapping scheme
which 1s to be used 1n mapping data 52 to transmit antennas
72 of transmit unit 50.

In another embodiment, mimmimum FEuclidean distance
d,.;... COmputed for symbols received 1s used as the metric
tor controlling the communication parameter. FIG. 5A 1llus-
trates a detailed block diagram showing selection block 106
and related components mvolved 1n selecting the applied
mapping scheme based on minimum Euclidean distance
d,,.i, - Block 106 contains a database 108 of the minimum
Euclidean distances dzmm!gx; here these are the distance
values squared, for all constellations 58 in the proposed
mapping schemes on the transmit side. The distance 1nfor-
mation 1 database 108 1s associated with the respective
proposed mapping schemes and can be ordered in tables for
diversity coding and spatial multiplexing with the associated
constellations, modulation rates and coding rates 1n a similar
form as 1n database 78 discussed above. In fact, like database
78, database 108 may contain a copy of an integrated table
or look-up table as discussed above. For mathematical
reasons, 1t 1s convenient to work with the square values of
the minimum Euclidean distances and the embodiments

described herein shall take advantage of this fact.

Database 108 1s connected to a computing block 110.
Computing block 110 computes a minimum Euclidean dis-
tance d,,,, . for received symbols based on matrix H of
channel 22. Due to the action of channel 22 minimum
Euclidean distance dzmm’m for the symbols transmitted from
transmit unit 50 will have changed 1n the recerved symbols.
In other words, dzmmﬂmdzmmﬂ because of the action of
channel coeflicients matrix H. The actual change i the
mimmum FEuclidean distance between the transmitted and
received constellations will depend not only on the
constellation, modulation rate and coding rate but also on the
assignment of data 52 to transmit signals TS for transmis-
sion from transmit antennas 72. In other words, the mini-
mum distance depends on the entire proposed mapping
scheme. Therefore, computing block 110 has a sub-block
112 for computing d°, . Diversiry 10T received symbols which
are diversity coded and sub-block 114 for computing
d?,...sar for received signals which are spatially multi-
plexed. Both sub-blocks 112, 114 obtain the value of d*

from database 108.

The diversity coding methods can include techniques such
as space-time block coding, transmit antenna selection,
Equal Gain Combiming, Maximum Ratio Combining and
delay diversity coding. All of these coding methods are
described 1n the prior art. Alternatively, a random assign-
ment of transmit signals TS ) to k of transmit antennas 72 can
be made. This 1s especially useful when transmit unit 50 1s
initially turned on, since no stable information about channel
22 may be available at that time. The order of the diversity
coding methods 1s k, where 2=k=M. Let us designate the
throughput at order k=M diversity coding to be r bits/s/Hz.

FREFLLSX
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When k<M—fewer than all M transmit antennas 72 are
being used for diversity—the throughput remains at r bits/
s/Hz. Sub-block 112 uses the channel coellicients matrix H
and dzmm:m from database 108 to compute d°,_ . Diversizy 1O
evaluate diversity coding methods listed above. The math-
ematics involved in these computations will be addressed
below. Sub-block 112 then selects ifrom among the
d> Diversiny Values the largest one for each data rate r. This
1s the best selection since it ensures the lowest probability of
data corruption or error.

Spatial multiplexing methods are known 1n the art. Spatial
multiplexing in the present mvention can involve a pre-
scribed or a random assignment of transmit signals TS to k
of transmit antennas 72. Random transmit antenna assign-
ment 1s especially useful when transmit unit 50 1s 1nitially
turned on, since no stable information about channel 22 may
be available at that time. The order of spatial multiplexing 1s
k, where 2=k=M. Let us designate the throughput per
antenna 72 at k-th order spatial multiplexing to be r/k
bits/s/Hz. When k<M then M-k transmit antennas 72 are
used for diversity.

Sub-block 114 uses the channel coeflicients matrix H and
dzmm!zx from database 108 to compute dzmm! -, Tor the spatial
multiplexing methods. The mathematics involved 1n these
computations will be addressed below. Sub-block 114 then
selects from among the dzmz‘n,SM values the largest one for
cach data rate r. This 1s the best selection since it ensures the
lowest probability of data corruption or error.

Computing block 110 1s 1n communication with a decision
making circuit 116. Both sub-blocks 112, 114 deliver their

choices of the largest d°_ . Diversity and dzmm: s for each data

rate r respectively to decision making circuit 116.

In accordance with another embodiment and as indicated
in FIG. 5A, decision making block 116 1s also connected to
a block 122 whose function 1s to determine a required
minimum Euclidean distance dzmm:rewmd. Block 122 1s 1n
communication with communication parameters computa-
tion block 104 and with a data quality parameter block 124.

Block 124 informs block 122 of a quality parameter, e.g.,
acceptable bit error rate (BER) or other threshold, which has
to be observed. In fact, the quality parameter can be any of
the following: signal-to-interference noise ratio, signal-to-
noise ratio, power level, level crossing rate, level crossing
duration, bit error rate, symbol error rate, packet error rate,
and error probability. The quality parameter selected can be
dictated by the type of service, e.g., fixed rate service,
between transmit umt 50 and recerve unit 90, or by other
requirements placed on data 52 or any other aspect of the
communication link. As an example, a fixed BER 1s chosen
as the quality parameter 1 this embodiment. The BER 1s
translated into a corresponding probability of error P(e) and
supplied to block 122; here P(e) 1s specifically the probabil-
ity of symbol error.

Block 104 provides block 122 with the channel
parameters, €.g., channel coethicients matrix H. The channel
parameters are included 1n the derivation of dzmmﬁ quired~ 1
the present embodiment, d*,,, .. qirea 18 derived directly
from the required P(e) using an established relationship:

3

/
Esdlzm'n required

P(e) =« N_Q| \/ ~ 1

\ 7 )

where N 1s the number of nearest neighbors 1n the constel-
lation and can be found for each proposed mapping scheme
based on the channel coeflicients matrix H, Q(x)=Y2erfc(x/
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v2), where erfc is the complementary error function, E_ is the
symbol energy and N_ 1s the noise variance.

When other quality parameters are used, dzmz’n,re uired Call
be dernived from other relationships involving different
parameters from among those delivered from block 124 and
from block 104. In any event, the relation between the
quality parameter and d°,, . suireq NECESSATY to satisty the
quality parameter should be established.

The value of d°,,, .. Lairea 18 SUpplied to decision making
circuit 116 and the choice between d° . Diversiry and
dzmmﬂ <« 18 made such that the value which exceeds
A2, re Juireq A Which supports the maximum data rate r 1s
selected. For example, when both values comply with data
rate r and are larger than d®,,, . qirea then the larger of the
two 1s chosen. If neither dzmm: Diversizy OF d‘zmm: cas 18
satisfactory, then additional proposed mapping schemes are
evaluated by sub-blocks 112, 114 until either one produces
a value of d°, . which exceeds dzmmﬁmmd and then this
value 1s chosen.

It should also be noted, that when either diversity coding
or spatial multiplexing 1s employed 1n the proposed mapping
schemes, the assignment of transmit signals TS, to k of the
M antennas 72 can be made based on dzmmﬁqwﬂ. This
assignment can be made by choosing the subset k of M
transmit antennas 72 which provides the maximum data rate
r for the given d°,,,, eoirea:

During operation recetve unit 90 repeats the computation
of d_ . as channel 22 changes. In the case of a moving
receiver 90, e.g., a cellular telephone, this recalculation
should be performed more frequently, since the channel
coherence time 1s short. In case of a stationary receiver 90,
¢.g., a wireless modem, the coherence time 1s longer and
d_. can be recomputed at longer intervals.

This selection 1s delivered to a feedback 118, which
passes the choice on to a transmitter 120 of the receive unit
90. Transmitter 120 sends the choice of the applied mapping
scheme characterized by the largest d°, . at the desired data
rate r back to transmit umt 50. Conveniently, transmaitter 120
can send the mapping scheme index identifying enabling
transmit unit 50 to locate and retrieve the applied mapping
scheme from database 78.

The applied mapping scheme includes the modulation rate
and coding rate, as well as a choice of the diversity method
or spatial multiplexing method which yielded that largest
d* . wvalue picked at decision making block 116.
Advantageously, feedback 118 1s also connected to channel
parameters computation block 104, as shown, to additionally
transmit back to transmit unit 30 the parameters of channel
22, ¢.g., the channel coellicients matrix H, determined at
receiver 90.

FIG. 5B illustrates an alternative embodiment of the
invention 1 which a selection block 150 relies on the
probability or error P(e) as a metric to select the applied
mapping scheme Ifrom the proposed mapping schemes.
Analogous blocks 1n this embodiment retain the reference
numbers from FIG. SA. In particular a computing block 152
has two sub-blocks 154, 156 for computing the probability
of error for diversity coding P(€)p,, ., and probability of
error for spatial multiplexing P(e).,, for each data rate r.

Sub-blocks 154, 156 are connected to a decision making
circuit 158. Of the P(e)p;, 051 and P(€)s;,, values circuit 158
chooses the one which 1s the lowest from the proposed
mapping schemes and supports the highest data rate r. This
choice 1s fed back via transmitter 120 to transmit unit 50 as
in the above-described embodiment.

Preferably, a block 160 provides the dzmmﬁwﬁ,d value
based on a quality parameter, e.g., a desired BER 1n the case
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of fixed BER service, to a block 162 for computing the
required probability of error P(e) Once again, the
relationship:

required®

Ple) = N.Q

4 3
\/ E’S dlzﬂ_'ill,[tql_]i[‘td
2N,

\ /

can be used 1n this computation. Block 162 used
< suireq @ Well as channel parameters from communi-
cation parameters computation block 104 to compute P(e)
required. This computed value ot P(e),,, ;... 18 then supplied

to decision making circuit 158 to select the suitable value
from among the P(€)p;, ., and P(e)s,, values for the
proposed mapping schemes. In this case the lowest value of
P(e) 1s selected.

It should be noted that in the event transmit unit 50
receives feedback of channel information, whether using
TDD or simple feedback, 1t could make the selection of
applied mapping scheme on 1ts own. In other words, trans-
mit unit 30 can select the mapping scheme index and apply
the corresponding mapping scheme from database 78. This
alternative approach would be convenient when receive unit
90 does not have suflicient resources or power to evaluate
the proposed mapping schemes. Of course, transmit unit 50
would then contain all the corresponding computation and
decision-making blocks contained i1n receive umt 90 as
described above.

FIG. 6 1llustrates another embodiment of a transmit unit
200. Corresponding parts have been labeled with the same
reference numbers as 1n FIG. 3. In this case, data 52 to be
transmitted 1s first delivered to a switch 202. Depending on
the setting of switch 202 data 52 1s passed either to a coding
and modulation block 204 and spatial multiplexing block
206 or to a space-time coding block 208. In this embodiment
space-time coding block 208 assumes all the functions of
coding, modulating and applying a diversity technique to
data 52. Meanwhile, blocks 204 and 206 implement coding,
modulation and spatial multiplexing respectively.

Both blocks 206 and 208 have a number k of outputs,
where k=M, to permit order k spatial multiplexing or order
k diversity coding respectively. Switching unit 68 1s con-
nected to blocks 206 and 208 for switching the k order
spatially multiplexed or k order diversity coded signals to 1ts
M outputs. The M outputs lead to the corresponding M
transmit antennas 72 via up-conversion and RF amplifica-
tion stage 70 having individual digital-to-analog converters
and up-conversion/RF amplification blocks 74.

Together, switch 202, blocks 204, 206, 208 and switching
unit 68 act as an assigning unit 210 for assigning data 52 to
transmit signals T'S ), where p=1. . . M, for transmission from
the M transmit antennas 72. As in transmit unit 50, the
criteria for selecting the applied mapping scheme will dic-
tate the setting of switch 202 and operation of blocks 206,
208, 68. In other words, the applied mapping scheme will be
used to set all parameters of assigning unit 210. As before,
this function 1s achieved with the aid of feedback denoted Rx
from receive unit 90 (see FIG. 4) via a feedback extractor 80.
Feedback extractor 80 detects the mapping scheme index
and forwards it to controller 66. Controller 66 looks up the
corresponding mapping scheme which i1s to be applied 1n
database 78. In cases where channel parameters, ¢.g., chan-
nel coethcients matrix H, have to be known to employ the
applied mapping scheme receive unit 90 may also send the
channel parameters. Extractor 80 delivers the channel
parameters to controller 66 as well as spatial multiplexing
block 206 and space-time coding block 208. Once again, in
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the event of using a time-division duplexed (TDD) channel
22, the feedback information, 1.e., the channel parameters
are obtained during the reverse transmission from the
recelve unit or remote subscriber unit, as 1s known 1n the art,
and no dedicated feedback extractor 80 1s required.

The above embodiments will provide a person of average
skill 1n the art with the necessary information to use the two
metrics, mimmum FEuclidean distance and probability of
error for making the appropriate selection of applied map-
ping scheme 1n communications systems with various multi-
antenna transmit and receive units. In addition, the below
examples suggest some specific implementations to further
clarify the details to a person of average skill in the art. The
transmit diversity coding in these examples includes space-
time block coding, selection of k transmit antennas, equal
gain combimng and maximum ratio combining. The spatial
multiplexing 1n these examples includes spatial multiplexing,
using a maximum likelihood (ML) recerver, spatial multi-
plexing with a linear receiver such as a zero-forcing equal-
izer (ZFE) receiver and minimum mean square error
(MMSE) receiver and spatial multiplexing with successive
canceling receiver.

At a data transfer rate r and minimum Euclidean distance
dzmmm of the transmitted constellation, the minimum
Fuclidean distance for space-time block coding (stbc) is
d*,.insme ON the receive end and is expressed in terms of
channel coeflicients matrix H. H 1s an M_xM., matrix where
M 1s the number of receive antennas 92 and M, is the

F

number of transmit antennas 72 known to the receiver with
the Frobenius norm defined as:

min(M; My )
YA
k=1

where A\, are the squared singular values. This allows us to
write:

M

My
Hilg =,/ X 2 Ihgl® =
k=1 m=1

Il
O
I

Clearly, performance 1s sensitive only to the power in H
averaged by the number of transmit antennas 72, 1i.e.,
[H||»*|M,. The computations can be carried out, e.g., in
computing block 110, and more specifically 1in sub-block
114, after it 1s supplied with the channel H from communi-

cation parameters computation block 104 and d° from
database 108.

FRIIFL L SX

In selection diversity one (k=1) of the M transmit anten-
nas 72 can be chosen to maximize a quality parameter such
as received SNR. In this case, when data 1s transmitted at
rate r and the mimmimum Euclidean distance dzmm:_qez of the
constellation has another expression at the receive end. Let
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h, be the k-th column of H. Then the mimimum Euclidean
distance d*,,,, ..; in can be written as:

Zdz

min, tx -

dz

min,sel — m]?xllhkll

It should be noted that dzmmzmidzmmﬁbc since the maxi-

mum norm of one column 1s always greater than the average
of the norms of all the columns. Using formalisms known 1n
the art a more direct relationship can be written as:

A2 (H)d?

max min,t

dz
- Mt

min sel =

min (MM, )

2. N
k=1
= dmin
M, o

and also

dzminﬁsef{:: Mr}“mﬂxz(H)dzm i ix

From the above it 1s clear that selection diversity 1s always
better than space-time block coding for a given channel.
Typically, antenna selection should be employed when at
least some partial knowledge of H 1s available while space-
time block coding can be used at system start-up when little
or no knowledge of H 1s available.

For generalized transmit equal gain combining, one finds
an optimal transmit vector which maximizes a quality
parameter, ¢.g., SNR, under the constraint that the vector
consists purely of phase coeflicients. This vector, w, with 1ts
components corresponding to transmit signals, can be

defined as:

w=[1e™!, . . "V 1YVM,

The solution 1s found by solving for ¢,, . . . ¢, such that
w'H'Hw 1s maximized. This can be done by optimization

techniques well-known 1n the art. It 1s useful to recognize
that:

<d?

2 —
d minege d

mingnre

*(H),

,mz’n,ﬂ:}“ma}c

where mrc stands for maximum ratio combining as
described below. In practice, one can set these two minimum
Euclidean distances as approximately equal (d°,,, ...~
dzmz'ﬂ:,mﬂ:) and therefore use techniques developed for maxi-
mum ratio combining.

For generalized transmit maximum ratio combining, one
can find an optimal transmit vector which maximizes a
quality parameter, e.g., SNR. It should be noted that this 1s
usually the best of such linear techmiques. This vector, once
again denoted w, is normalized such that |[w|[*=1 and is found
by maximizing E w'H'Hw/N_ subject to this normalization
condition. The solution, found through linear algebra, is
w=w___ the correct singular vector corresponding to the
maximum singular value. Given this one can write d°

dS.

FRIFLFC

w'H' Hw=d’

IR LEX

It should be noted that d*

&2 d2 2(H).

MIn .,.rx}‘“mﬂx

=d-° = d*hd min,sel’

min,mrc— - min.ege —

IR Rre
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When employing spatial multiplexing the computations
can be carried out, e.g., by sub-block 112 1n computing block
110. In spatial multiplexing the type of receirve unit 90 1s
important.

In the first example receive unit 90 1s of the ML type. Let
s and s be the transmitted and hypothesized (received)
vectors, respectively, both of dimensions M x1. The coetli-
cients 1n these vectors come from the selected QAM con-
stellation (with |A| points) which is assumed the same for
cach of transmit antennas 72. The average power of the
per-antenna constellation 1s taken to be one. Let dzmmﬁ
denote the mimmimum distance of this per antenna constella-
tion. Let S denote the set of all |A[*” possible s vectors. Then
we can write the minimum Euclidean distance d*
the received constellation as:

minsm—ml

 |His - 9|7

2 —
dm_'in,sm—m] = atg II}'[II M
5,525 t

Using well-known mathematical techniques bounds and
approximations can be used to simplify this expression. For
example, the upper bound ond® ,, .. .., can be defined by
denoting E as the space of error vectors € where E={s—$=0|s,
SeS}, and E as the space of error vectors with some of the
error vectors removed therefrom as follows:

. ||He|l?

< are min
Im g ,
ecE Mt

d2

min,sm—

where e is an element of E. Alternatively, a lower bound on
d®,.insm_m1 can be defined as follows:

A2 (H)d2

min,s
d? ’
M

min,sm—ml =

The upper bound 1s optimistic, meamng that 1t will tend
to predict a minmimum Euclidean distance which may be
greater than it actually 1s 1n practice. The lower bound 1is
pessimistic, meaning that 1t will tend to predict a minimum
Euclidean distance which may be smaller than 1n practice. A
person of average skill in the art will appreciate that,
depending on the required reliability of the communication
system either bound can be used. Alternatively, the two
bounds can be averaged or used together in some other
manner to yield the minimum Euclidean distance 1n spatial
multiplexing with ML receive unit 90.

In another example receive unit 90 1s a successive
receiver, which estimates a single data stream, subtracts that
stream out, estimates the next data stream, subtracts 1t out
and so on. The performance of this type of receiver 1is
computed based on the following algorithm:

1) start with M, data streams and let H.=H;

2) find G, which 1s a ZE/MMSE mverse of H;

3) let g, be the row of G with the minimum norm, 1.¢.,
;" =gl for all j=i:

4) apply g, to H to estimate the 1-th stream of data;

5) subtract out the 1-th stream of data and remove the 1-th
column of H to form a new channel coeflicients matrix
H, ,:

6) repeat the above steps using the new (reduced) channel
coellicients matrix H,_,.

Let {g.} _,'' be the sequence of linear equalizers with
results from the above recursion. Then we can estimate the
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performance of recetve unit 90 (assuming no feedback
errors) as follows:

2 2
dm_'in,-::nc = arg min ZM
M, llgll"M;
(2; }1':1

The performance 1s essentially determined by linear receiver
g which has the highest norm. When receive unit 90 1s a ZF
receiver, then the above expression simplifies to:

d2

. min,s

v e EM,
M .

G Sl

d? = arg

min,cnc

In yet another example, receive unit 90 1s a linear receiver
which first separates all the data streams using a linear
equalizer (not shown) and then detects each stream inde-
pendently. Let G be a linear recerver. For example, 1n the ZF
case G=H" or in the MMSE case G=[HH'+I/SNR[~'H". Let
g. be the 1-th column of G. Then the minimum Euclidean
distance of the receiver can be written as:

2 2
) . dnun,sllnglll
Gminin = 818 TN 1
(8 iy

Once again, when receive unit 90 1s a ZF receiver this
equation can be rewritten as:

d2
) . min,s
dipin 1 = @rg min VR
M, lg Il Mg
(8 )i=]

where the performance depends on the largest magnitude of
g . Using a well-known property from linear algebra, namely
max || |*=1/A, ., “(H) the above equation can used to derive
a lower bound as follows:

(A2 (H))min Oorin <

2. | =
M,

min,Iln =

In this case, the performance will be mfluenced by the
minimum singular value of H.

When the selection between diversity coding and spatial
multiplexing 1s performed based on the mimmum Euclidean
distance metric as described above 1t 1s advantageous to
observe the following procedure. Once the estimate of H 1s
available and fixed transmission rate r 1s given the mode of
operation yielding the best performance 1s selected by:

1) computing d? for the desired diversity cod-

min, Diversity

Ing;

2) computing dzmm:SM for the desired spatial multiplex-
Ing;

3) c}mosing diversity coding if d* . }DI-UEHW::"dEWmSM

otherwise choosing spatial multiplexing.

Communication systems employing the metrics of the
invention to select applied mapped schemes from proposed
mapping schemes can be based on any multiple access
technique including TDMA, FDMA, CDMA and OFDMA.

It will be clear to one skilled 1n the art that the above
embodiment may be altered 1n many ways without departing
from the scope of the invention. Accordingly, the scope of
the invention should be determined by the following claims
and their legal equivalents.
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What 1s claimed 1s:

1. A method of controlling a communication parameter of
a channel for transmitting data between a transmit unit
having a number M of transmit antennas and a receive unit
having a number N of receive antennas, said method com-
prising;:

a) providing proposed mapping schemes for converting
saild data into symbols and assigning said data to
transmit signals TS , where p=1 ... M, for transmission
from said M transmit antennas;

b) obtaining a measurement of said channel at said
recelver;

¢) using said measurement to compute for each of said
proposed mapping schemes a minimum Fuclidean dis-
tance d_ .  _ of said symbols when received; and

d) selecting an applied mapping scheme from said pro-

posed mapping schemes based on said minimum

Euclidean distance d,,,, ... thereby controlling said
communication parameter.

2. The method of claim 1, wherein said proposed mapping

schemes comprise modulating said data 1n a constellation

selected from the group consisting of PSK, QAM, GMSK,
FSK, PAM, PPM, CAP, CPM.

3. The method of claim 1, wherein said proposed mapping,
schemes comprise coding said data at predetermined coding
rates.

4. The method of claim 1, wherein said proposed mapping
schemes comprise at least one method selected from the
group consisting of diversity coding and spatial multiplex-
ng.

5. The method of claim 4, wherein said at least one

method comprises diversity coding of order k ranging from
1 to M.

6. The method of claim 5, wherein said diversity coding
1s selected from the techmiques consisting of space-time
block coding, transmit antenna selection, Equal Gain
Combining, Maximum Ratio Combining and delay diversity
coding.

7. The method of claim 5, wherein said proposed mapping
scheme comprises a random assignment of said transmait
signals TS, to a number k ot said M antennas.

8. The method of claim 5, wherein said proposed mapping
scheme comprises an assignment of said transmit signals
TS, to a number k of said M antennas based on a required
minimum Huclidean distance d, . 00

9. The method of claim 8, wherein said required minimum
Euclidean distance d, . .., 18 related to a quality param-
cter of said data.

10. The method of claim 4, wherein said at least one
method comprises spatial multiplexing of order k ranging
from 1 to M.

11. The method of claim 10, wherein said spatial multi-
plexing comprises a random assignment of said transmit
signals 1S, to a number k of said M antennas.

12. The method of claim 10, wherein said spatial multi-
plexing comprises an assignment of said transmit signals
I'S, to a number k of said M antennas based on a required
minimum Euclidean distance d,, ., ... eq

13. The method of claim 12, wherein said required
mimmum Fuclidean distance d 1s related to a
quality parameter of said data.

14. The method of claim 10, wherein said receive unit 1s
selected from the group consisting of maximum likelithood
receivers, zero forcing equalizer receivers, successive can-
cellation receivers and mimmum mean square error receiv-
ers.

15. The method of claim 1, wherein a minimum Euclidean
distance d,,,,, .. 0f said symbols when transmitted 1s stored in

a database.
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16. The method of claim 15, wherein said database 1s
located 1n a unit selected from the group consisting of said
transmit unmit and said receive unit.

17. The method of claim 1, wherein said communication
parameter 1s selected from the group consisting of data
capacity, signal quality, spectral efliciency and throughput.

18. The method of claim 1, further comprising:

a) determining a quality parameter of said data;

b) establishing a relation between said quality parameter
and a required minimum FEuclidean distance
A, requireq NECESSArY 10 satisty said quality parameter.

it

19. The method of claim 18, wherein said quality param-
cter 1s selected from the group consisting of signal-to-

interference noise ratio, signal-to-noise ratio, power level,
level crossing rate, level crossing duration, bit error rate,
symbol error rate, packet error rate, and error probability.

20. The method of claim 1, wherein said transmit unit and
said recerve unit operate 1n accordance with at least one
multiple access technique selected from the group consisting
of TDMA, FDMA, CDMA, OFDMA.

21. The method of claim 20, wherein said proposed
mapping schemes comprise diversity coding selected from
the group consisting of space-time block coding, transmit
antenna selection, Equal Gain Combining, Maximum Ratio
Combining and delay diversity coding.

22. A method of controlling a communication parameter
of a channel for transmitting data between a transmit unit
having a number M of transmit antennas and a receive unit
having a number N of recetve antennas, said method com-
prising;:

a) providing proposed mapping schemes for converting
said data mnto symbols and assigning said data to
transmit signals TS , where p=1 ... M, for transmission
from said M transmit antennas;

b) obtamning a measurement of said channel at said
recelver;

¢) using said measurement to compute for each of said

proposed mapping schemes a probability of error P(e)
in said symbols when received; and

d) selecting an applied mapping scheme from said pro-
posed mapping schemes based on said probability of
error P(e), thereby controlling said communication
parameter.

23. The method of claim 22, wherein said proposed
mapping schemes comprise modulating said data in a con-
stellation selected from the group consisting of PSK, QAM,
GMSK, FSK, PAM, PPM, CAP, CPM.

24. The method of claam 22, wherein said proposed
mapping schemes comprise coding said data at predeter-
mined coding rates.

25. The method of claam 22, wherein said proposed
mapping schemes comprise at least one method selected
from the group consisting of diversity coding and spatial
multiplexing.

26. The method of claim 25, wherein said at least one
method comprises diversity coding of order k ranging from
1 to M.

277. The method of claim 26, wherein said diversity coding,
1s selected from the techmiques consisting of space-time
block coding, transmit antenna selection, Equal Gain
Combining, Maximum Ratio Combining and delay diversity
coding.

28. The method of claam 26, wherein said proposed
mapping scheme comprises a random assignment of said
transmit signals TS, to a number k of said M antennas.

29. The method of claam 26, wherein said proposed
mapping scheme comprises an assignment of said transmit
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signals TS to a number k of said M antennas based on a
required probability of error P(e),,, .

30. The method of claim 25, wherein said at least one
method comprises spatial multiplexing of order k ranging
from 1 to M.

31. The method of claim 30, wherein said spatial multi-
plexing comprises a random assignment of said transmit
signals TS, to a number k of said M antennas.

32. The method of claim 30, wherein said spatial multi-
plexing comprises an assignment of said transmit signals
I'S, to a number k of said M antennas based on a required
probability of error P(e),,,,.

33. The method of claim 30, wherein said receive unit 1s
selected from the group consisting of maximum likelihood
receivers, zero forcing equalizer receivers, successive can-
cellation receivers and mimimum mean square €rror receiv-
ers.

34. The method of claim 22, wherein a minimum Euclid-
ean distance d,,, . of said symbols when transmitted is

stored 1n a database.

35. The method of claim 34, wherein said database 1s
located 1n a unit selected from the group consisting of said
transmit unit and said receive unit.

36. The method of claim 22, wherein said communication
parameter 1s selected from the group consisting of data
capacity, signal quality, spectral efliciency and throughput.

37. The method of claim 22, wherein said transmit unit
and said receive unit operate in accordance with at least one
multiple access technique selected from the group consisting
of TDMA, FDMA, CDMA, OFDMA.

38. The method of claim 37, wherein said proposed
mapping schemes comprise diversity coding selected from
the group consisting of space-time block coding, transmit
antenna selection, Equal Gain Combining, Maximum Ratio
Combining and delay diversity coding.

39. A communication system with a controlled commu-
nication parameter of a channel for transmitting data
between a transmit unit having a number M of transmit
antennas and a receive unit having a number N of receive
antennas, said transmit unit having a mapping circuit coms-
prising;:

a) a conversion unit for converting said data into symbols;

b) an assigning unit for assigning said data to transmit
signals TS , where p=1 . . . M, for transmission from
said M transmit antennas, said converting and said
assigning being in accordance with proposed mapping
schemes:;

said receive unit comprising:

a) a channel estimator for obtaining a measurement of
sald channel;

b) a computing block for computing for each of said
proposed mapping schemes a minimum Fuclidean dis-
tance d of said symbols when recerved; and

c) a selection block for selecting an applied mapping
scheme from said proposed mapping schemes based on
said minimum Euclidean distance d,,,;,, ,.., thereby con-
trolling said communication parameter.

40. The communication system of claim 39, wherein said
assigning unit comprises a diversity coding block and a
spatial multiplexing block.

41. The commumnication system of claim 40, wherein said
diversity coding block comprises at least one block selected
from the group consisting of a space-time coding block, a
transmit antenna selection block, Equal Gain Channel cod-
ing block, Maximum Ratio Channel coding block and delay
diversity coding block.
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42. The communication system of claim 40, wherein said
receive unit 1s selected from the group consisting of maxi-
mum likelihood recervers, zero forcing equalizer receivers,
successive cancellation recervers and minimum mean square
CITOr recelvers.

43. The communication system of claim 39, further com-
prising a database for storing a minimum Euclidean distance
d,,,in 5 tOr said symbols when transmitted.

44. The communication system of claim 39, wherein said
computing block i1s selected from the group consisting of
blocks for computing data capacity, signal quality, spectral
clliciency and throughput.

45. The communication system of claim 44, further com-
prising a quality parameter computation block for determin-
ing a quality parameter of said data, said quality parameter
being selected from the group consisting ol signal-to-
interference noise ratio, signal-to-noise ratio, power level,
level crossing rate, level crossing duration, bit error rate,
symbol error rate, packet error rate, and error probability.

46. The communication system of claim 43, further com-
prising an assessment block for establishing a correlation
between said quality parameter and a required minimum
Euclidean distance d,;,, ..ireq-

47. The communication system of claim 39, said com-
munication system operating in accordance with at least one
multiple access technique selected from the group consisting
of TDMA, FDMA, CDMA, OFDMA.

48. A communication system with a controlled commu-
nication parameter of a channel for transmitting data
between a transmit unit having a number M of transmit
antennas and a receive unit having a number N of receive
antennas, said transmit unit having a mapping circuit coms-
prising:

a) a conversion unit for converting said data into symbols;

b) an assigming unit for assigning said data to transmait
signals 1S , where p=1 . . . M, for transmission from
said M transmit antennas, said converting and said
assigning being in accordance with proposed mapping
schemes:;

said receive unit comprising:

a) a channel estimator for obtaiming a measurement of
said channel:

b) a computing block for computing for each of said
proposed mapping schemes a probability of error P(e)
of said symbols when received; and

c) a selection block for selecting an applied mapping
scheme from said proposed mapping schemes based on
said probability of error P(e), thereby controlling said
communication parameter.

49. The communication system of claim 48, wherein said
assigning unit comprises a diversity coding block and a
spatial multiplexing block.

50. The communication system of claim 49, wherein said
receive unit 1s selected from the group consisting of maxi-
mum likelithood receivers, zero forcing equalizer receivers,
successive cancellation recervers and minimum mean square
CrTor receivers.

51. The communication system of claim 48, wherein said
diversity coding block comprises at least one block selected
from the group consisting of a space-time coding block, a
transmit antenna selection block, Equal Gain Channel cod-
ing block, Maximum Ratio Channel coding block and delay
diversity coding block.

52. The communication system of claim 48, turther com-
prising a database for storing a required probability of error

P(e)

req”
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53. The communication system of claim 48, wherein said
computing block 1s selected from the group consisting of
blocks for computing data capacity, signal quality, spectral
clliciency and throughput.

54. The communication system of claim 53, further com-
prising a quality parameter computation block for determin-
ing a quality parameter of said data, said quality parameter
being selected from the group consisting ol signal-to-
interference noise ratio, signal-to-noise ratio, power level,
level crossing rate, level crossing duration, bit error rate,
symbol error rate, packet error rate, and error probability.

55. The communication system of claim 48, said com-
munication system operating in accordance with at least one

multiple access technique selected from the group consisting,
of TDMA, FDMA, CDMA, OFDMA.

56. A wireless communication device comprising.

a channel estimator responsive to one or more antennas,
to receive a plurality of signals associated with a
communication channel, and to obtain a measurement
of the communication channel;

a processing element, responsive to the channel estimator,
to compute for a plurality of proposed mapping
schemes a minimum Fuclidean distance between sym-
bols of the received signal(s) based, at least in part, on
the channel measurement; and

a selection block, responsive to at the processing element,
to select a mapping scheme from the proposed mapping
schemes based, at least in part, on the computed
Fuclidean distance with the Oommunieationohannel,
wherein the selected mapping scheme denotes how
content at a remote communications device is to be
applied to one or more antenna(s) associated with the
remote communications device, and wherein the wire-
less communication device is able to provide an indi-
cation of the selected mapping scheme to the remote
communications device.

57. A wireless communication device according to claim
56, wherein the performance parvameter is one ov move of a
measure of receive signal strength, a measure of
interference, a signal-to-noise ratio (SNR), a signal-to-
interference and noise ratio (SINR), a bit-error rate (BER),
a packet-error rate (PER).

58. A wireless communication device according to claim
56, wherein the channel estimator obtains a measurement of
the channel coefficients matvix H characterizing the com-
munication channel.

59. A wireless communication device according to claim
58, wherein selection block selects an applied mapping
scheme for use by a vemote transmitter of the communica-
tion channel from a plurality of potential mapping schemes
based, at least in part, on the measurement of the channel
coefficient matrix H.

60. A wireless communication device according to claim
58, further comprising:

a local transmitter, vesponsive to the selection block, to
provide the indication of the selected mapping scheme
to the remote communication device for application to
subsequent transmission via the communication chan-
nel.

61. A wireless communication device according to claim

56, wherein the proposed mapping schemes include one or
movre of modulating said data in a constellation selected

from the group consisting of PSK, OQAM, GMSK, FSK, PAM,
PPM, CAP, CPM.

62. A wireless communication device according to claim
56, wherein the wireless communication device is a wireless

station in a wireless network including one or more antenna
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(e) through which downlink signals are received from remote
wireless access point.

63. A wireless communication device according to claim
56, further comprising:

a memory system to stove content including executable
content; and

one or more processor element(s), coupled with the
memory system, to selectively access and execute at
least a subset of the stoved content to implement one or
movre of the channel estimator, computing block and
selection block

64. A wireless communication device comprising:

a channel estimator, responsive to one or more antennas,
to receive a plurality of signals associated with a
communication channel, and to obtain a measurement
of the communication channel;

a processing element, vesponsive to the channel estimator,
to compute for a plurality of proposed mapping
schemes a probability of ervor of the received signal(s);,
and

a selection block, vesponsive to the processing element, to
select a mapping scheme from the proposed mapping
schemes based, at least in part, on the computed
probability of error, wherein the selected mapping
scheme denotes how content at a vemote communica-
tions device is to be applied to one or more antenna(s)
associated with the remote communications device, and
whevrein the wireless communication device is able to
provide an indication of the selected mapping scheme
to the remote communications device.

65. A wireless communication device according to claim
64, wherein the performance metric is one or more of a
measure of receive signal strength, a measure of
interference, a signal-to-noise ratio (SNR), a signal-to-
interference and noise ratio (SINK), a bit-error rate (BER),
a packet-error rate (PER).

66. A wireless communication device according to claim
64, wherein the channel estimator obtains a measurement of
the channel coefficients matvix H characterizing the com-
munication channel.

67. A wireless communication device according to claim
64, further comprising:

a local transmitter, responsive to the selection block, to
communicate the select applied mapping scheme to a
remote transmitter of the communication channel for
application to subsegquent via the communication chan-
nel.

68. A wireless communication device according to claim

64, wherein the proposed mapping schemes include one or
movre of modulating said data in a constellation selected

from the group consisting of PSK, OQAM, GMSK, FSK, PAM,
PPM, CAP, CPM.

69. A wireless communication device according to claim
64, further comprising:

a memory system to stove content including executable
content; and one or more processor element(s),
coupled with the memory system, to selectively access
and execute at least a subset of the stoved content to
implement one or move of the channel estimator, com-
puting block and selection block.

70. A wireless communication device comprising:

a conversion unit, to receive data for wireless transmis-
sion to a remote device and to convert the received data
into symbols;

an assignment unit, responsive to the conversion unit, to
assign the symbols to transmit signals 1S, of the
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communication channel, wheve p=I . . . M, for trans-
mission from M transmit antennas; and

a receive element, coupled with the conversion unit and
the assignment unit, to receive an indication of a
selected mapping scheme from a plurality of possible >
mapping schemes from a remote communication unit,
wherein the conversion and assignment ave performed
in accordance with the select mapping scheme.

71. A wireless communication device according to claim
70, wherein the indication of the selected mapping scheme 19
is received from a rvemote wireless communication device
and is selected based, at least in part, on a minimum
Fuclidean distance of symbols in the received signals 185,

72. A wireless communication device according to claim
70, wherein the indication of the selected mapping scheme 15
is received from a vemote wireless communication device
and is selected based, at least in part, on a probability of
error of said symbols in the received signals 18,

73. A wireless communication device comprising.

two or more omnidirvectional antenna(e) through which 20

signals associated with a communication channel are
received;

a channel estimator, vesponsive to at least a subset of the
antennas, to obtain a measurvement of the received

. _ 25
communication channel:

a processing element, vesponsive to the channel estimator,
to compute for a plurality of proposed mapping
schemes a minimum FEuclidean distance between sym-
bols of the received signal(s) based, at least in part, on 3
the channel measurement; and

a selection block, responsive to estimator and the pro-
cessing element, to select a mapping scheme from the
proposed mapping schemes based, at least in part, on
the computed minimum Fuclidean distance to, whervein 35
the selected mapping scheme denotes how content at a
remote communications device is to be applied to one
or more antenna(s) associated with the remote com-
munications device, and wherein the wireless commu-
nication device is able to provide an indication of the 40
selected mapping scheme to the remote communica-
tions device.

74. A communication device according to claim 73,

COmprising:

a local transmitter, vesponsive to the selection block, to 4

provide the indication of the selected mapping scheme

24

to the remote communication device for application to

subsequent transmission via the communication chan-
nel.

75. A wireless communication device according to claim
74, whevrein the proposed mapping schemes include one or
movre of modulating said data in a constellation selected
from the group consisting of PSK, OQAM, GMSK, FSK, PAM,
PPM, CAP, CPM.

76. A wireless communication device comprising:

two or morve omnidirectional antenna(e) through which
signals associated with a communication channel are
received;

a channel estimator, vesponsive to at least a subset of the
antennas, to obtain a measurement of the rveceived
communication channel;

a processing element, vesponsive to the channel estimator,
to compute for a plurality of proposed mapping
schemes a probability of error of the symbols of the
received signal(s); and

a selection block, respomnsive to and the processing
element, to select a mapping scheme from the proposed
mapping schemes based, at least in part, on the com-
puted probability of error, wherein the selected map-
ping scheme denotes how content at a remote commu-
nications device is to be applied to omne or more
antenna(s) associated with the remote communications
device, and wherein the wireless communication device
is able to provide an indication of the selected mapping
scheme to the remote communications device.

77. A communications device according to claim 76,

Jurther comprising:

a local transmitter, responsive to the selection block, to
communicate the select applied mapping scheme to a
remote transmitter of the communication channel for
application to subsequent transmission via the commu-
nication channel.

78. A wireless communication device according to claim

76, wherein the proposed mapping schemes include one or
movre of modulating said data in a constellation selected

from the group consisting of PSK, OQAM, GMSK, FSK, PAM,

PPM, CAP, CPM.
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