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(57) ABSTRACT 

A method and system is described for more optimally 
managing the usage of a wideband space-time multipath 
channel. The wideband space-time multipath channel is 
decomposed into a plurality of orthogonal sub-channels, 
where the orthogonal sub-channels having the best signaling 
characteristics are used for transmitting one or more signal 
streams. For purposes of decomposing the wideband space
time multipath channel into a plurality of orthogonal sub
channels, channel estimates are determined for each signal 
propagation path. A closed-form singular value decomposi
tion of the channel corresponding to each receive antenna 
before coherent combining is utilized to obtain an orthogo
nal decomposition of the overall effective space-time chan
nel after coherent combining. By using the overall effective 
space-time channel after coherent combining rather than 
before coherent combining, the complexity and correspond
ingly the resources required for obtaining the orthogonal 
sub-channels is significantly reduced. The method and sys
tem further provide for transmit power to be allocated 
between the selected sub-channels in order to minimize the 
effective bit-error rate for a fixed average throughput or to 
maximize average throughput for a fixed minimum effective 
bit-error rate. 
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CHANNEL AWARE OPTIMAL SPACE-TIME 
SIGNALING FOR WIRELESS 

COMMUNICATION OVER WIDEBAND 
MULTIPATH CHANNELS 

This application claims the benefit of U.S. Provisional 
Application Ser. No. 60/237,626, filed Oct. 3, 2000, which 
is hereby incorporated by reference in its entirety. 

This invention was made with United States government 
support awarded by the following agencies: NSF ECS-
9979448. The United States has certain rights in this inven
tion. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to communication of one or 

more data signal streams over a wideband space-time mul
tipath channel, and more particularly to the decomposition 
and selection for use of one or more sub-channels within the 
multipath channel. 

2. Description of Related Art 
The use of wireless communications has grown signifi

cantly over the past several years. With it the need to make 
better utilization of the available spectrum, which is allo
cated for use in wireless communications, has similarly 
grown. 

In order to support multiple private two-way communi
cations, the available spectrum is generally divided into a 
plurality of minimally and/or non-interfering sub-channels 
which are then dynamically allocated between users on a per 
request basis. Several techniques have been used to improve 
the utilization of the available spectrum, including improve
ments in frequency division, signal modulation, and spatial 
division. 

2 
signal paths can result from signals which reflect off of one 
or more structures located between a particular transmitter 
and receiver as the signal radiates outward. In many 
instances the reflection of a signal can cause that portion of 

5 a signal's energy to be deflected in a manner so as to never 
be received by the receiver. In other instances a portion of 
the signal's energy could reflect off of one or more inter
fering surfaces and be redirected back towards the receiver. 
Regardless, various portions of a signal often reach their 

10 destination via one of a couple of different signal paths. A 
signal reaching its destination along different paths will 
often result in the different components of the signal arriving 
at a different angle and/or arriving at a different time. 

In the past, the reception of the same signal at different 
15 times was generally destructive in nature and seen as another 

source of noise known as inter-symbol interference Inter
symbol interference resulting from reception of the same 
signal at different times due to signal propagation along 
different paths, generally created a limit on the rate at which 

20 data symbols could be transmitted. However more recent 
techniques have recognized that this inter-symbol interfer
ence if accounted for could also be used to enhance signal 
transmissions, once the transmission characteristics between 
the two points are known. One such technique includes the 

25 use of space-time beamformer technology. 
However one of the complications associated with imple

menting a spatially distinct transmission which construc
tively combines the multipath signaling characteristics is the 
amount of computational resources required to compute the 

30 transmission requirements and reception requirements for 
establishing such a geographically discriminating commu
nication connection. The amount of computational resources 
required for maintaining a spatially distinct transmission is 
further complicated by the fact that in many wireless com-

35 munication applications, the transmitter and the receiver are 
in motion with respect to one another, and/or the objects 
against which the signal is being reflected are moving with 
respect to the transmitter and/or the receiver. Consequently, 
the transmission requirements and reception requirements 

Improvements in frequency division techniques have 
enabled a greater number of subchannels to be defined in the 
allotted spectrum by allowing the available frequency to be 
divided into narrower distinct slices or frequency bands. 
Improvements in signal modulation techniques including 
signal compression, time division multiplexing and spread 
spectrum techniques, such as code division multiple access, 
have enabled enhancements in both signal quality and 
channel capacity. Improvements in spatial division tech
niques which have traditionally included creating localized 45 

transmission areas, or cells, and other techniques for geo
graphically restricting signal transmissions, have enabled 
frequency to be reused in geographically distinct and non
adjacent areas. 

40 may need to be recalculated or updated to take into account 
the continuously changing environment within which the 
desired communications are taking place, thereby making 
even greater demands upon the computational resources 
available for maintaining the quality of communications. 

It would therefore be desirable to provide a method for 
managing the usage of a space-time channel and a channel 
state processing unit, which reduces the computational 
resources required for maintaining a spatially distinct trans
mission including those which make use of space-time 

More recently spatial division techniques have begun to 
take advantage of inherent constructive and destructive 
interfering signal patterns between similar signals originat
ing from or received by multiple spaced apart antennas to 
more narrowly define a signal region between which a signal 

50 beamformer technology. 

is being transmitted or received. In this way signal patterns 55 

can be defined in such a way so as to focus a signal 
transmission within a select portion of a given geographical 
area by maximizing the strength of the signal directed 
toward an intended recipient, while minimizing the strength 
of the signal directed toward non-intended recipients for 60 

which the signal might create unwanted interference. 

These and other objects, features, and advantages of this 
invention are evident from the following description of a 
preferred embodiment of the present invention, with refer
ence to the accompanying drawings. 

SUMMARY OF THE INVENTION 

The present invention provides a method for managing 
the usage of a space-time channel having a plurality of 
orthogonal sub-channels in a communication system. The 
system includes a transmitter having one or more transmit 
antennas, a receiver having one or more receive antennas, 
and one or more signal propagation paths between each of 
said one or more transmit antennas and each of said corre-

In addition to inherent constructive and destructive inter
fering signal patterns between signals originating from or 
received by multiple spaced apart transmitting and receiving 
antennas, constructive and destructive interfering signal 
patterns are also created by signals which travel between a 
transmitter and receiver via multiple signal paths. Multiple 

65 sponding one or more receive antennas, where channel state 
information is available at the transmitter. The method 
includes estimating the channel for each signal propagation 
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path. A closed-form orthogonal decomposition of the overall 
effective multi-input multi-output channel after coherent 
combining is used to determine one or more orthogonal 
sub-channels. The orthogonal sub-channels having preferred 
signaling characteristics from the one or more determined 5 

sub-channels are then selected for usage. 
In at least one embodiment the closed-form orthogonal 

decomposition is obtained for each of a plurality of signal 
frequencies. 

4 
FIG. 6 is an exemplary flow diagram of a method for 

receiving a stream of data transmitted as shown in FIG. 3, 
using the receiver shown in FIG. 4 according to one embodi
ment; 

FIG. 7 is a flow diagram of the method for managing the 
usage of a space-time channel including the identification 
and selection of orthogonal sub-channels for use in a com
munication system, in accordance with one embodiment of 
the present invention; 

FIG. 8 is an exemplary block diagram of a single-user 
minimum BER according to another embodiment; 

FIG. 9 is an exemplary block diagram of a single-user 
minimum BER according to another embodiment; 

In another embodiment, after the sub-channels for usage 10 

are selected, the transmit power available to the transmitter 
for transmission of one or more data streams via one or more 
corresponding selected sub-channels is allocated between 
the selected sub-channels. FIG. 10 is an exemplary illustration of sorted sub-channel 

15 SNR values according to one embodiment; In another aspect of the invention a channel state pro
cessing unit is provided for use in the communication 
system. The channel state processing unit includes a central 
processing unit, which includes means for determining 
channel state information, means for estimating the channel 
for each receive antenna, means for coherently combining 
the channel estimates for each receive antenna, means for 
obtaining a closed form orthogonal decomposition of the 
coherently combined channel estimates, and means for 
selecting usage of one or more orthogonal sub-channels. In 

FIG. 11 is an exemplary illustration of cut-off power 
according to one embodiment; 

FIGS. 12-15 are exemplary illustrations of allocation of 
power and resulting BER across sub-channels according to 

20 one embodiment; 

at least one embodiment the central processing unit includes 25 

a digital signal processor, where each of the means is a set 
of program operating instructions and corresponding pro
gram data being executed by the digital signal processor. 

By coherently combining the channel estimates across all 
the receive antennas a computationally less intensive closed 30 

form decomposition can be obtained for each receive 
antenna for determining the available orthogonal sub-chan
nels and the channel characteristics associated therewith. 
This closed-form orthogonal decomposition of the overall 
channel after coherent combining is made possible by a 35 

closed form singular value decomposition (SYD) of the 
channel for each receiver antenna before coherent combin
ing. This is opposed to systems which contain more than a 
single receive antenna and which do not coherently combine 
channel estimates. For these systems, a determination of 40 

orthogonal sub-channels needs to be computed numerically, 
which generally requires a significant amount of computing 
resources, because a closed form solution does not exist. 

Other features and advantages of the present invention 
will be apparent from the following detailed description, the 45 

accompanying drawings, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an exemplary schematic block diagram of a 50 

transmitter for transmitting a single stream of data, via a 
plurality of transmit antennas, for use in accordance with at 
least one embodiment of the present invention; 

FIG. 2 is an exemplary schematic block diagram of a 
single stream transmitter module for use in the transmitter 55 

shown in FIG. 1 according to one embodiment; 
FIG. 3 is an exemplary flow diagram of a method for 

transmitting a stream of data using the transmitter shown in 
FIG. 1 according to one embodiment; 

FIG. 4 is an exemplary schematic block diagram of a 60 

receiver for receiving a single stream of data transmitted 
from a transmitter like the one shown in FIG. 1, via a 
plurality of receive antennas, for use in accordance with at 
least one embodiment of the present invention; 

FIG. 5 is an exemplary schematic block diagram of a 65 

single stream receiver module for use in the receiver shown 
in FIG. 4; 

FIG. 16 is an exemplary illustration of an effective BER 
according to another embodiment; 

FIG. 17 is an exemplary illustration of a comparison of 
power allocation schemes; 

FIGS. 18-21 are exemplary illustrations of average rela
tive throughput and average BER; 

FIG. 22 is an exemplary block diagram of a general 
single-user multistream transmitter according to one 
embodiment; 

FIG. 23 is an exemplary block diagram of a general 
single-user multistream receiver according to one embodi
ment; 

FIG. 24 is an exemplary block diagrams of a general 
multiuser transmitter according to one embodiment; and 

FIG. 25 is an exemplary block diagram of a general 
multiuser receiver according to one embodiment. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

While the present invention is susceptible of embodiment 
in various forms, there is shown in the drawings and will 
hereinafter be described presently preferred embodiments 
with the understanding that the present disclosure is to be 
considered an exemplification of the invention and is not 
intended to limit the invention to the specific embodiments 
illustrated. 

Generally a multi-antenna framework can be defined to 
include P transmit antennas embodied within one or more 
transmitters, Q receive antennas embodied within one or 
more receivers, and L propagation paths between the respec
tive antennas. Within the multi-antenna framework, typi
cally a plurality of non-interfering sub-channels can be 
defined. Transmission via the various sub-channels can be 
controlled through the appropriate selection of the values for 
a beamformer vector and the specific value for a frequency 
index. By carefully computing or selecting the sets of values 
from which the beamformer vector and the frequency index 
are selected, substantially orthogonal and/or non-interfering 
sub-channels can be defined. 

FIG. 1 illustrates an exemplary schematic block diagram 
of a transmitter 10 for transmitting a single stream of data 
12, via a plurality of transmit antennas 14. The data stream 
12 typically comes from the output of an encoder combined 
with a modulator. The encoder corresponds to a certain 
error-correcting code, such as block code, convolutional 
code, concatenated code, Turbo code, or any other kinds. 
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The modulator is a device that maps a binary data stream 
( composed of zeros and ones) onto a signal constellation. 
Examples of modulation scheme are phase shift keying 
(PSK), pulse amplitude modulation (PAM), quadrature 
amplitude modulation (QAM). The transmitter 10 includes a 5 

channel state processing unit 16 and at least one single 
stream transmitter module 18 coupled to the channel state 
processing unit 16. The channel state processing unit 16 
incorporates a channel state information estimator 20 which 
identifies a set of available orthogonal sub-channels within 10 

the channel space by analyzing the inherent gain associated 
with each signal path between each of a set of one or more 
transmit antennas 14 and each of a set of one or more 
corresponding receive antennas 22, as shown in FIG. 4. The 
channel state processing unit 16 additionally incorporates 15 

sub-channel selection circuitry 24 and a transmit power 
allocator 26, both of which are coupled to the channel state 
information estimator 20. The sub-channel selection cir
cuitry 24 selects for usage one or more sub-channels for use 

6 
signal stream in accordance with the chip waveform. The 
modulated signal stream is then coupled to each of the 
transmit antennas (1, 2, ... P) 14 after being appropriately 
weighted by the corresponding value (W1 , W 2 , ... WP) from 
the weight vector. Where multiple single stream transmitter 
modules 18 are used, each of the weighted signal streams for 
a particular antenna 14 are summed together before being 
coupled to the corresponding antenna 14. 

An exemplary corresponding flow diagram is shown in 
FIG. 3, which outlines a method 100 for transmitting a 
stream of data using the transmitter 10 shown in FIG. 1 and 
is consistent with the signal flow discussed in connection 
with the single stream transmitter module 16 shown in FIG. 
2. 

by one or more signal stream transmitter modules. 
The sub-channels are typically selected based upon the 

sub-channel having preferred signaling characteristics as 
determined through an analysis of the channel state infor
mation. In connection with selecting a sub-channel, a fre
quency index is selected and a corresponding set of beam
former weights are determined, both of which are 
respectively identified by a frequency index selector 28 and 

More specifically, the method 100 for transmitting a 
stream of data, shown in FIG. 3, includes, in step 105, 
receiving an index frequency, a weight vector, and a stream 
of data. The stream of data is applied to an inverse discrete 
Fourier transformation circuit as a specific coefficient based 

20 upon the index frequency received in step 110, thereby 
producing a time domain signal. The time domain signal is 
then serialized in step 115. The method 100 further provides 
for modulating the serialized time domain signal with the 
chip waveform in step 120. The modulated signal is then 

25 weighted with each corresponding element of the weight 
vector in step 125. Each of the weighted signals is then 
coupled to the corresponding transmit antenna in step 130 
for transmitting the same. a beamformer weight determiner 30. Once selected, the 

frequency index and the set of beamformer weights are 
passed on to the single stream transmitter module 18. The 
single stream transmitter module 18 additionally receives a 
stream of data 12, often after the signal strength of the 
stream of data 12 has been modulated by a power amplifi
cation factor. The power amplification factor is determined 

30 
FIG. 4 illustrates an exemplary schematic block diagram 

of a receiver 40 for receiving a single stream of data 
transmitted from a transmitter 10 having multiple transmit 
antennas 14 like the one shown in FIG. 1. Like the trans
mitter 10, the receiver 40 includes a channel state processing 

by the transmit power allocator 26 as part of the channel 35 

state processing unit 16. 
While the transmitter 10 in FIG. 1 has been shown using 

one single stream transmitter module 18, it will be readily 
apparent to one skilled in the art that multiple single stream 
transmitter modules 18 could be coupled in parallel. Each 40 

single stream transmitter module 18 would receive its own 
frequency index and set ofbeamformer weights correspond
ing to the unique sub-channel selected and receive a unique 
data stream for transmission. Where multiple single stream 
transmitter modules 18 are used, the signal outputs from 45 

each transmitter module 18 corresponding to the same 
antenna 14 would be summed together prior to transmission 
by the specific antenna 14. 

The single stream transmitter module 18, which is illus
trated in greater detail in FIG. 2, includes a 1-to-N demul- 50 

tiplexer 32 which receives the data stream via the single 
input and selectively routes the data stream to one of N 
outputs based upon the value of a frequency index (n) 
received. The N outputs, including the one through which 
the data stream is being routed, are received as a set of signal 55 

coefficients by an inverse discrete Fourier transformation 
circuit 34. The inverse discrete Fourier transformation cir
cuit 34 then converts the signal coefficients into N time 
varying output samples which define a sinusoidal signal 
having a frequency corresponding to the particular coeffi- 60 

cient for which the signal stream is received and an ampli
tude corresponding to the received value of the signal 
stream. The output of the inverse discrete Fourier transfor
mation circuit 34 is then coupled to a parallel to serial shift 
register 36 which serializes the data into a time converted 65 

signal stream. The time converted signal stream is then 
coupled to a signal modulator 38, which modulates the 

unit 42 and a corresponding channel state information 
estimator 44, which similarly identifies a set of orthogonal 
sub-channels within the channel space by analyzing the 
transmission characteristics associated with each signal path 
between each of a set of one or more transmit antennas 14 
shown in FIG. 1 and each of a set of one or more corre
sponding receive antennas 22. In some instances, the chan
nel state information is determined by directly monitoring 
the characteristics of the signals received. In other instances, 
the already determined and/or partially processed channel 
state information is otherwise communicated between the 
transmitter 10 and the receiver 40. 

The channel state processing unit 42 additionally incor
porates sub-channel selection circuitry 46, which is coupled 
to the channel state information estimator 44. The sub
channel selection circuitry 46 includes a frequency index 
selector 48 and a beamformer weight determiner 50. Similar 
to the channel state information, in some instances the 
frequency index, and the corresponding set of beamformer 
weights or beamformer weight vector are determined 
directly in both the transmitter 10 and receiver 40. In other 
instances, the frequency index and the beamformer vector 
are determined in one and are communicated to the other. 

The channel state information, frequency index, and 
beamformer weight vector are supplied to a single stream 
receiver module 52, which is coupled to the channel state 
processing unit 42. Using the channel state information, the 
frequency index, and the beamformer weight vector, the 
single stream receiver module 52 isolates the signal being 
transmitted on the indicated sub-channel received via the 
plurality of receive antennas 22. The isolated signal is then 
coupled to a demodulator/detector 54 which converts the 
signal into a stream of data symbols. 
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available orthogonal sub-channels, and the corresponding 
selection of the frequency index and the beamformer weight 
vector. However, as noted previously, the determination, 
selection, and maintenance of a plurality of orthogonal 

The receiver 40 can include additional single stream 
receiver modules 52, similar to the transmitter 10 and the 
corresponding single stream transmitter module 18 shown in 
FIG. 1, where each single stream receiver module 52 is 
commonly coupled to the plurality of receive antennas 22, 
but is also coupled to its own demodulator/detector 54. In 
this way a plurality of data streams transmitted along a 
plurality of corresponding sub-channels can be received. 

Each single stream receiver module 52, in accordance 
with the illustrated embodiment shown in FIG. 5, includes a 
plurality of sample and hold circuits 56. Each sample and 
hold circuit 56 is coupled to a corresponding receive antenna 
22. The sample and hold circuits 56 each sequentially stores 
the N time domain signal samples received via the receive 
antenna 22 coupled thereto. The N time domain signal 
samples are then sent to a respective discrete Fourier trans
formation circuit 58, which is coupled to each of the sample 
and hold circuits 56. The discrete Fourier transformation 

5 sub-channels can require a considerable amount of compu
tational resources. FIG. 7 illustrates an exemplary flow 
diagram of a method 300 for managing the usage of a 
space-time channel. The method 300 represents an approach 
which reduces the amount of computational resources 

10 required for managing the usage of a space-time channel. 
More specifically, the present approach enables a closed 
form solution to be developed for systems containing more 
than one receive antennas. Where previous systems identi
fied available sub-channels through the computation of the 

15 singular value decomposition of the channel estimator for 
the overall space-time channel, the present method 300 
obtains a closed-form orthogonal decomposition of the 
space-time channel from the overall effective channel after 

circuit 56 then converts the N time domain signal samples 
into N frequency domain signal coefficients. Each discrete 20 

Fourier transformation circuit 58 is additionally coupled to 

coherent combining. 

Initially the method 300 provides for estimating the 
overall channel by determining the signaling characteristics 
for each signal propagation path in step 305. In at least one 
embodiment, the channel estimate is determined by trans
mitting a series of training symbol sequences from each of 

25 the one or more transmit antennas 14. The training symbol 
sequences are then received at each of the one or more 
receive antennas 22 and a signal gain (which includes 
amplitude and phase) and path delay for each signal path is 

a respective N-to-1 multiplexer 60, which receives the N 
frequency domain signal coefficients. Each of the N-to-1 
multiplexers 60 also receives the frequency index signal for 
selecting the signal frequency coefficient of interest. The 
selected signal frequency coefficient for each of the receive 
antennas 22 is then modulated with a corresponding beam 
decoder weight value, and the resulting modulated signal 
frequency coefficient values are sUlllilled together with the 
other modulated signal frequency coefficient values for each 30 

of the receive antennas 22. 
A received data stream value is determined from the sum 

determined. 
The channel estimates are coherently combined in step 

310, and a closed-form orthogonal decomposition of the 
coherently combined channel estimates is obtained in step 
315. From the closed-form orthogonal decomposition one or 

of the modulated signal frequency coefficient values. The 
beam decoder weight values used in determining the modu
lated signal frequency coefficient values are determined by 35 

more orthogonal sub-channels are determined in step 320, 
and the orthogonal sub-channels having favorable signaling 
characteristics are selected for usage in step 325. 

a beam decoder circuit 62. The beam decoder circuit 62 
determines the beam decoder weight values based upon an 
analysis of the beamformer weight vector (W) and the 
channel state information (CSI). The single stream receiver 
module 52 uses each sequence of received N time domain 40 

signal samples for determining the subsequent data values in 
the data stream received. 

As noted above, in at least one embodiment, the overall 
channel including the signaling characteristics for each 
signal propagation path can be determined through an analy
sis of the transmission and reception of one or more 
sequences of training samples. For example signal gain and 
signal propagation delay can be determined for signals 
transmitted between each of the corresponding transmit 

Similar to the transmitter 10 shown in FIGS. 1 and 2 and 
corresponding method 100 illustrated in FIG. 3, an exem
plary corresponding flow diagram which outlines a method 
200 for receiving a stream of data using the receiver 40 
shown in FIG. 4, and corresponding single stream receiver 
module 52 shown in FIG. 5, is shown in FIG. 6. 

45 antennas 14 and receive antennas 22. In at least some 
embodiments, the observed signal propagation delays are 
used to help define the one or more signal propagation paths. 

More specifically, the method 200 for receiving a stream 
of data, shown in FIG. 6, includes receiving a signal at each 50 

of a plurality of receive antennas, an index frequency, a 
weight vector, and channel rate information in step 205. For 
each receive antenna, a finite number of samples are cycli
cally sampled and held in step 210. The signal samples are 
then applied to a discrete Fourier transformation circuit, 55 

which produces a set of frequency coefficients in step 215. 
One or more of the produced frequency coefficients are 
selected, based upon the index frequency received in step 
220. The value of the selected frequency coefficient for each 
antenna is then weighted with a determined beam decoding 60 

value in step 225. The weighted value for each antenna is 
then combined by s=ing the weighted values to produce 
a single received signal in step 230. 

Central to the transmission and reception of one or more 
data streams via the one or more sub-channels in a wideband 65 

space-time multipath channel is the determination of the 
channel state information, the identification of a set of 

The exemplary embodiment isolates the gain associated 
with the transmission between a specific transmit antenna 
and a specific receive antenna by transmitting a symbol 
sequence from one of the transmit antennas, and measuring 
the strength and arrival time of the various components of 
the signal received at each of the receive antennas. The 
transmitted training symbols are selected so as to be readily 
distinguished from other transmission sequences from other 
transmission sources. Knowledge of the transmitted signal 
strength and the corresponding received signal strength, 
analyzed separately for each of the receive antennas, is then 
used to determine the signal gain (h) for each path (I) 
between the corresponding receive antenna ( q) and transmit 
antenna (p). Similarly, the signal propagation delay (t) for 
each of the paths between each of the transmit antennas and 
receive antennas can be determined by comparing the 
known transmit time with a determined reception time, 
again analyzing the determined reception time( s) for each of 
the receive antennas separately. This same or similar training 
process is performed for each of the transmit antennas 14. 
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For a more efficient determination of the overall channel, 
the signaling characteristics for signals originating from 
different transmit antennas 14 can sometimes be performed 
at the same time by simultaneously transmitting distinguish
able training symbol sequences from each of two or more of 5 

the multiple transmit antennas 14. In at least one embodi
ment, the simultaneously transmitted sets of training symbol 
sequences are transmitted at separate frequencies. The mul
tiple frequencies provide sufficiently distinct transmissions, 
which enable the circuitry associated with the receiving 10 

antennas 22 to sufficiently distinguish the portions of the 
received signal attributable to the signals transmitted at each 

10 
The specific orthogonal vectors corresponding to the 

non-interfering sub-channels can be determined by comput
ing the value of the singular value decomposition of matrix 
H. The resulting inherently orthogonal eigenvectors can then 
be used to derive the set of appropriate weights for forming 
the necessary beamformer vectors for transmitting and 
receiving signals via the orthogonal sub-channels. Assuming 
the channel coefficients are not perfectly correlated, the 
number of space-time channels (i.e. non-interfering sub
channels) is typically equal to N multiplied by the minimum 
of the number of transmitting antennas (P) or receiving 
antennas (Q). 

However as noted previously one of the difficulties with 
space-time channels having greater than one receive antenna 

of the transmit antennas 14. As a result, the training of 
multiple transmit antennas 14 are enabled to occur simul
taneously. 15 is that a closed form solution for the singular value decom

position (SYD) of matrix H can not be obtained. Conse
quently, the SYD needs to be computed numerically. 
Because the number of samples per symbol N for wideband 

The determined channel characteristics (h1 ) for the 
available signal paths of the multiple-input multiple-output 
space-time channel is combined to form a single matrix H, 
which represents the overall channel. An analysis of the 
matrix H can then be performed to determine the parameters 20 

for a list of appropriate sub-channels. One aspect of analysis 
of matrix H enables the number of orthogonal space-time 
dimensions to be determined. The number of orthogonal 
space-time dimensions corresponds to the degrees of free
dom or the number of available non-interfering sub-chan- 25 

nels. The number of space-time dimensions, also generally 
corresponds to the rank of matrix H. One of the preferred 
features of the present invention is to provide a method/ 
system, which is capable of accessing all available space-
time dimensions and/or all degrees of freedom. 30 

In the analysis of the transmitted and received signals, it 

applications is typically relatively large, numerical compu
tation of the singular value decomposition is generally 
prohibitive in practice, due to the corresponding complexity 
of the determination for a relatively large matrix. Addition
ally, the problem is further compounded by the fact that the 
determination needs to be repeated, sometimes rather fre
quently, to account for relative movement of the transmitter 
and the receiver, and/or to account for a constantly changing 
environment. 

The present inventors have recognized an alternative to 
attempting to analyze the multiple-input multiple-output 
space-time channel by determining the singular value 
decomposition for the matrix H. First, the inventors realize 
that there exists a closed form singular value decomposition 
(SYD) of Hq (the channel corresponding to the q-th receive 
antenna before coherent combining). This closed-form SYD 

35 of Hq can then be used to obtain a closed-form orthogonal 
decomposition of the overall effective space-time channel 
after coherent combining, namely: 

is often convenient to analyze the signals by sampling the 
signals at discrete time intervals. Dividing the signals into 
discrete signal samples enhances the ability to apply digital 
signal processing techniques to the transmitted and received 
signals. Generally, the signals are already inherently subdi
vided as a sequence of symbols, where each symbol has a 
corresponding symbol interval. Symbols can be representa
tive of individual binary encoded bits, or any other conve-

40 
nient data representation. In at least one embodiment the rate 
at which the symbols are transmitted is limited so as to 
provide for a symbol interval duration (T), which is appre
ciably larger than the largest transmission delay (t) typically 
associated with the longest meaningful signal propagation 
path between the transmit and receive antennas. 

45 This alternative approach is capable of similarly provid
ing access to all degrees of freedom (i.e. all of the available 
non-interfering sub-channels). Once the channel estimates 
have been coherently combined across all of the receive 
antennas, the most computationally complex operation in 

It is often times also convenient, for purposes of signal 
analysis, to further subdivide the symbol interval into a 
plurality (N) of chip intervals (1/B). The chip interval, 
correspondingly, generally defines the rate at which the 
transmitted and received signals are sampled. Ideally the 
chip interval will be selected so that the path delays (t) can 
be conveniently represented as an integer multiple of the 
chip interval. 

50 finding the available orthogonal sub-channels is finding the 
eigenvectors for N matrices, each having a size of PxP. This 
is generally much less computationally complex than com
puting the eigenvectors of one matrix having a size NQxNP, 
since in practice for wideband applications the number of 

55 samples per symbol N is generally relatively large and 
number of transmit antennas Pis generally relatively small. 

As a result of sampling each symbol N times, a channel 
characteristic can be determined for each chip interval. This 
results in a matrix H, where the number of rows and colunms 
are similarly multiplied by the number of samples for a 
given symbol interval, N, and which enables constructive 
and/or destructive interfering signals resulting from signal 
propagation delays via multiple alternative signal paths to be 
accounted for. In the illustrated embodiment, the matrix H 
representing the channel characteristics of the space-time 
channel includes NxQ rows and NxP colunms. As noted 
previously the number of non-interfering sub-channels cor- 65 

responds to the number of orthogonal space-time dimen-
sions. 

In at least one embodiment coherently combining the 
channel estimates across all receive antennas includes devel
oping a space-time channel matrix Hq for each receive 

60 antenna by multiplying a time-shift matrix corresponding to 
all of the path delays by the Kronecker product of the 
transpose of a matrix containing the channel estimates for a 
single receive antenna and an identity matrix 
(Hq =ll(HqT ®IN)). 

Coherently combining the received signal in accordance 
with the channel estimates across all receive antennas fur
ther includes determining the conjugate transpose (Hq H) of 
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the space-time channel matrix (Hq) for each of the receive 
antennas and multiplying it by the respective signal received 
at each of the corresponding receive antennas. The products 
determined for each of the receive antennas ( q) are then 
summed together. In equation form, coherently combining 5 

the channel estimates across all receive antennas can be 
represented as: 

Q 
~ d,f '\' HH 
r = L..... q rq 

(1) 10 

q=l 

12 

N-! 

Xp(t) = ,Ip b I sp[i]w(t- i/ B), 0:;; t < T 
i=O 

(6) 

where w(t) is the (unit-energy) chip waveform of duration 
1/B, p is the transmit power, and the number of samples per 
symbol (N) corresponds to the symbol period (T) divided by 
the duration (1/B) of the chip waveform (N=TB). Here sP[i], 
i=O, 1, ... , N-1 represents the signature sequence trans-
mitted through the p-th antenna. The signature sequence (sP) 
can readily be represented as a signature code including a 

15 
vector or sequence of samples. The matrix containing the channel estimates for a single 

receive antenna (Hq) includes the determined channel esti
mates (hzqp) between the receive antenna and each of the 
transmit antennas for each of the signal propagation paths. 
An analysis which illustrates the ability of the above 
described alternative approach to access all degree of free- 20 

dom is as follows. 

For purposes of the present analysis, the transmitted 
signal is defined as a time varying signal x(t) within which 
one or more data symbols are encoded. Because the trans
mitted signal can be transmitted from each of the one or 
more P transmit antennas, the transmitted signal x(t) is 
identified to include the sum of transmit signal components 

sp d'J [sp[0], sp[l], ... , sp[N - l]f 
(7) 

Such a representation is possible without loss of infor
mation, because the number of samples per symbol (N) have 
been selected so that the path delays (t) are integer multiples 
of the duration (1/B) of the chip waveform. By combining 

25 
the signature sequences (sp) for all of the transmit antennas 
(P), a matrix S having N rows and P colunms can be formed. 

x 1 (t), xit), ... , xp(t) representative of the signal compo
nents being transmitted by each of the multiple transmit 30 

sd'l [s1 ... sp] 
(8) 

antennas. 

(2) 
Similarly, the signal received at the receive antenna ( q) is 
sampled at the rate (1/B) to enable discrete-time processing 
of the received signal without loss of information. By 

35 sampling the received signal at a signal resolution corre
sponding to the chip interval over one symbol duration, 
produces a vector or sequence of samples at the q-th antenna 
in the following form. 

Conversely, the composite received signal over one sym
bol interval, including signal components from each of the 
receive antennas, is equal to the transmitted signal appro
priately time shifted to account for the propagation signal 
path delay (t) multiplied by the inherent signal gain/loss (h) 
between the respective transmit and receive antennas 
summed across each signal path (1) plus a noise component 40 

(n(t)). In equation form the received signal is equal to: rq d'J [rq(O), rq(l / B), ... , rq((N - 1) / B)f 
(9) 

I 
r1(t) I L hiJ 

,(t)= , = L , 
rQ(t) ,~1 hiQ 

x(t-'7)+n(t) 

(3) 

hiq = [ htql ... htqP]. (4) 

The signal received at each receive antenna ( q) can be 
written as: 

L 

rq(t) = I hiq x (t-'7) + nq(t) 
l=l 

(5) 

The same transmitted and received signals, when repre
sented as a discretely sampled signal, viewed at a resolution 
corresponding to the chip interval can be alternatively 
represented as follows. Specifically, a portion of the signal 
waveform representative of a single symbol and transmitted 
at one of the transmit antennas, when viewed at a signal 
resolution corresponding to the chip interval has the follow
ing form. 

Defining the chip interval so that the path delays can be 
45 represented as integer multiples of the chip interval addi

tionally makes it conveniently possible to construct a time 
shift matrix (lld1) for each signal path. By assuming the 
corresponding path delay (t) to be cyclic, lldz can be repre
sented as a circulant matrix having N rows and N columns. 

50 Each row of the time shift matrix (lld1) includes a single 
entry corresponding to one of the colunms having a value of 
one. The entries of the row corresponding to the other 
columns have a value of zero. The specific entry having the 
value of one in the first row of the time shift matrix (lld1) 

55 depends on the value of the integer multiple of the chip 
interval, which is equivalent to the delay. The specific 
column containing the value of one, corresponds to the 
column that is one plus the value of the integer multiple. 

In subsequent rows of the time shift matrix (lld1), the 
60 column containing the value of one is shifted to the right by 

one colunm with respect to the location of the one in the 
immediately preceding row. Where the value of one appears 
in the last colunm in the preceding row, the value of one 
appears in the first colunm of the immediately subsequent 

65 row. 
The time shift matrices (lld1) corresponding to each of the 

separate paths (L) can be combined to form a single time 
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shift matrix. The single combined time shift matrix is 
formed by expanding the number of colunms through the 
concatenation of the individual matrices. The single com
bined matrix (ti.), in equation form, can be represented as 
follows: 5 

14 

-continued 

<Tn.q = II gn.q II, Vn.q = II~:.: II 0Cn 
(16) 

(10) 

By taking into account the transmitted waveform viewed 
at a signal resolution corresponding to the chip interval and 
the corresponding relationship between the transmitted and 
the received signals, the received signal can be represented 
as: 

The left singular vectors { Cn}n~oN-l are independent of q 
since they are associated with temporal channel character
istics. Also, the p-th row of gn,q is the complex conjugate of 

10 the frequency response of the channel between the q-th 
receive and the p-th transmit antenna at frequency 

15 

(11) rq=✓pM(h ©asS)hq+nq 

Here, hq is a vector formed by stacking the colunms of the 
matrix Hq, which includes the channel estimates for a single 
receive antenna, and n!j represents the noise component. 

Defining Hf'. =li.(Hq @IN) and applying the identity 
vec(AXB)=(B ®A)vec(X) twice, results in: 

Consider implementing the maximum likelihood or maxi
mum ratio combining (MRC) receiver for the data b. The 
MRC receiver may be decomposed into two stages: front-

20 end matched filtering with only the channel coefficients and 
combining across all received antennas, as denoted by 

(12) 

where nq-NJO, a2IN]. 25 
For space-time channel decomposition, the overall space

time channel may be represented as 

Q 
_d,f °\' HH 
r = L..... q rq, 

q=l 

followed by matched filtering with the signature code s. The 
30 NP-dimensional vector r is studied as it contains the channel 

coefficients. Substitute for rq to obtain 

(17) 

Now apply Theorem and identify 

The number of available space-time dimensions, Ndim' is 
precisely the rank ofH. Since the channel coefficients {hzqp} 35 
are generally not perfectly correlated, Nd,m =Nxmin(P, Q). 
The goal is to design transceivers that access all Nd,m 
degrees of freedom in a way that different channel modes do 
not interfere with one another. This goal can be accom
plished when a singular value decomposition (SYD) of His 
available. This SYD has to be computed numerically since 
for Q>l, a closed-form SYD for H can not be obtained. 
Numerical computation is prohibitive in practice since N is 
usually large for wideband applications (~32). 

40 cY1®Y2 )=X1Y1®X2Y2 to show 

To overcome this problem, instead of using an SYD for H, 45 

a closed-form SYD for Hq is derived. Then, via appropriate 
signaling and receiver designs, all Nd,m degrees of freedom 
can be accessed via non-interfering modes. The circulant 
structure of ti.dz is exploited to obtain a closed-form SYD for 
the q-th receive antenna space-time channel matrix Hq in 50 

equation (12). 
Theorem 1 is then established by defining: 

C = _l_ [leJ2Hn/N eJ2H(N-!)n/N] TE CN 
n yN ... , 

(13) 55 

Q N-! 

°\' HH H = °\' r 0c CHE cPNxPN 
L....,.qqL....,.n nn 
q=l n=O 

where 

Q 

r n = I gn,qg:qE cPxP 

q=l 

is the overall spatial mode matrix at frequency 

(18) 

(19) 

Since the rank ofrn in equation (19) is min (P,Q), it is clear (14) 

Then, HqECNxNP admits the following SYD: 
60 from equation (18) that ~q~I Q1;r HHq is of rank Nd,m =Nxmin 

(PxQ). Also, ~q~I QH HHq =H H is the Grammian of H, 
hence rank (~q~I QH/YHq)=rank (H). It is easy to verify that 
the Nd,m eigenvectors of (~q~I QHq HHq) are 

N-! 

Hq= I 
(15) 

n=O 
65 

wW-l)N+n)i8)cn,nE{0,l, ... , N-1}, i D{l,2, ... , 
min(P,Q)} (20) 
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with the corresponding eigenvalues Yc,-i)N+n+l=AJI'nl• 
These Nd,m eigenrnodes represent all the available non
interfering space-time sub-channels for any MRC based 
receiver. While a single data stream was assumed to moti
vate the MRC receiver structure, in general Nd,m non- 5 

interfering data stream can be transmitted in parallel using 
the Nd,m eigenrnodes of CLq~IQHqHHq). Each of these 
streams can be demodulated using the MRC receiver 
described above. This issue will also be discussed below. 

16 
Choosing s=w©c,, with w defined in equation (22) maxi
mizes the argument of Q (✓.) and therefore the BER 1s 
minimized. The effective SNR is 

Notice that to compute all the eigenvectors in equation 
(20), the most costly operation is finding the eigenvectors of 

10 so A1[I';;] is the gain of the dominant sub-channel. 

N matrices, each with the size of PxP. This is much less 
complex than computing the singular modes of the NQxNP 
matrix H since N is typically large (~32) and Pis typically 
small ( currently 2) in practice. 

For a minimum BER single-user system, minimum BER 
is obtained by transmitting only a single data stream via the 
most dominant sub-channel. In this case, 

The values of {gn_q}, ii, and w are generally available at 
both the transmitter and receiver. In practice, theis avail
ability can depend on the system constraints. For TDD 
systems, {gn_q}, ii, and w can be computed at the transmitter 

15 and signaled to the receiver by exploiting reciprocity. Alter
natively, ii, and w can be computed at the receiver for 
front-end processing. In FDD systems, reciprocity does not 
hold, hence CSI needs to be signaled to the transmitter via 

(21) 20 
a feedback channel. In order to reduce feedback overhead, 
the receiver may computer ii, and w and feed them back to 
the transmitter rather than feeding back CSL where 

w=ev1[rn],n=arg max A1[rnJ. 
n=O, ... ,N-1 

(22) 25 

For high throughput single-user systems, since a fixed 
modulation scheme can be assumed, the throughput of the 
systems is determined by the number of streams transmitted 
simultaneously. To transmit M data streams via the channel, 
we choose a transmitted signal of the form: 

That is, ii is the frequency of the spatial mode matrix r n with 
the largest dominant eigenvalue and w is the corresponding 

30 
dominant eigenvector. Notice that only one dimension is 
used in any one symbol duration to achieve minimum BER. 
This signaling scheme can be implemented as shown in FIG. 

M 

L, y'p; bms(m), 

m=l 

(26) 

8 with n=ii. 

For receiver design, assume BPSK modulation (bE{ ±1} ), 
although extension to other modulation schemes is straight
forward. The MRC receiver computes r in equation (17) and 
then correlates r with s=w©c,, to obtain the decision statistic 
Z for b. To simplify receiver complexity, exploit Theorem 1 

where the signature codes { sCm)} are chosen to be a subset 
35 of the eigenvectors of 

as follows. Using the identity (X1 ©X2 ) 40 
(Y1 ©Y2 )=X1Y 1 ©X2Y2 and the orthogonality of {cJn~oN-l 
that 

Hence, Z can be written as follows: 

Q Q 

Z= (w©cn)HL,H:rq = L,(~gn_q)c~rq. 
q=l q=l 

(23) 

(24) 

given in equation (20). Define the relative throughput of a 
system as the total system throughput relative to the 

45 throughput of a one-stream system with the same modula
tion scheme. The relative throughput Mis bounded by Ndim' 
the maximum number of parallel sub-channels. Without loss 
of generality, assume that a 2=1 for present analysis. That is, 
Pm is the transmit power for them-th stream normalized with 

50 respect to the noise variance ( a2. At the receiver, different 
streams are easily separated due to the orthoginality of 
{ sCm)}. The transmitter and receiver for this maximum 
throughput scheme may be implemented as shown in FIGS. This can be implemented as shown in FIG. 9 with n=ii. Note 

that {gn_q}, which represents the CSI, and the transmit 
beamformer w need to be known at the receiver. For BPSK 55 

8 and 9, respectively, for each data stream with n and w 
chosen accordingly. 

modulation, the maximum likelihood detector is B=sgn (Re 
{Z} ). In this case, according to 

1 Jo 
Q(x)= ~ X 

(25) 60 

Throughput is maximized by using all the Nd,m spatio
temporal dimensions for data transmission as discussed 
above. However, for a fixed total transmitted power, this 
comes at the expense of BER since the power has to be 
distributed between Nd,m streams. Hence there is a trade-off 
between throughput and BER. Throughput may be traded for 
lower BER by choosing to transmit with M<Nd,m data 
streams. Since perfect CSI is available at the transmitter, the 
sub-channel gains (eigenvalues) {ym}m~INJ;m defined above 

65 can be determined. Without loss of generality, assume that: 

(27) 
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where the non-zero gain assumption is achieved. Clearly, 
the most power efficient way to achieve a relative throughput 
of M is to use the M sub-channels with the highest gains. 
The effective BER of an M-stream system is defined as: 

(M) def 1 M 
(28) 

18 
where Pm satisfies: 

(34) 
xexp(-Pm?'m) = µ, m = 1, ... , M 

m 

BER,ff = ML. BER(pm Yml-
m=l andµ is chosen such that ~m~I~m=Pror· Furthermore, for 

a given total transmit power Pror and sub-channel SNR 
10 values {ym}m~iNdim' the minimum effective BER power allo

cation results in: where PmYm is the received SNR corresponding to them-th 
stream. BER(pm y m) is a strictly decreasing function of the 
received SNR, and depends on the chosen modulation 
scheme. The effective BER reflects the average system 
performance across M sub-channels. The transmit power 
allocated for all streams {pm}m~iM is assumed to satisfy the 
constraint ~m~i MPm =pror· In general, Pm is chosen based on 
the sub-channel gains {ym}m~iM· To achieve relative 
throughput ofM, Pm>O is required for all mE{l,2, ... , M}. 20 

BERe)Ml;c;BEReff(M+l)_ (35) 

provided that { cm} m~IM 1s a constant or decreasing 
15 

A power allocation scheme that minimizes the effective 
BER for a fixed throughput (M) is disclosed below. This 
scheme further leads to a strategy to maximize the instan
taneous throughput for a given worst-case BER requirement. 

Assume BPSK or QPSK modulation, so that BER(pm y m)= 25 

_2.( ✓-2j5;;;-ym). The results presented below can be extended to 
other modulation schemes. For a given relative throughput 

sequence. 
Hence, to maintain a relative throughput ofM for different 

channel realizations, the total power Pror may need to be 
adjusted accordingly. The property represented by equation 
(35) demonstrates the trade-off between BER and through
put. That is, higher throughput results in higher effective 
BER. Although this property is intuitively pleasing, it is 
generally not true for arbitrary power allocation schemes. 

The solution of equation (34) must be obtained numeri
cally. An iterative procedure may be used to obtain the 
solution of equations (33) and (34). Starting with an arbi
traryµ, equation (34) is solved numerically for {pm} m~i M_ A 
unique solution is guaranteed for any value ofµ. If 

M 

L,Pm > PTOT, 
m=l 

of M, choose {pm}m~IM to minimize BERe)MJ. Since the 
effective BER reflects the average performance over all 
sub-channels, it may result in some sub-channels with 30 

extremely high and some with extremely low received SNR 
PmYm being used for data transmission. This effect is more 
pronounced when the total transmit power Pror is low. To 
prevent this, impose a worst-case SNR constraint resulting 

35 µ is increased to reduce each Pm· Similarly, if ~m~IM 
Pm~Pror, µ is lowered to increase each Pm· This procedure 
is repeated until ~m~i MPm =pror is satisfied within a pre
scribed numerical tolerance. 

in the following optimization problem: 

(29) 

M 

S·t· L,Pm = PTOT, 

(30) 

m=l 

(31) 

The constant cm is chosen such that .2- ( ✓Tc;;;-) is the worst
case BER for sub-channel m. 

An approximate solution can be obtained by replacing the 
40 exact BER for each sub-channel in equation (29) with its 

Chernoff bound. In this case, we minimize the following 
upper bound on the effective BER: 

45 (Ml 1 M 
BER,11 :;; 

2
M L, exp(-Pm?'m)-

m=l 

The above optimization problem can be solved via Kuhn- 50 

Tucker conditions. Thus, a solution exists if and only if: 

This approximation is accurate for sufficiently large Pror· 
Again, using Kuhn-Tucker conditions the following closed
form solution is obtained for Pm,m=l, ... ,M assuming 
equation (32) holds: 

M 
°\' Cm 

PTOT :2::: Pco,M, Pco,M = L....,. -
m=l ?'m 

(32) 

55 _ rnax(cm, logym - µ) (36) 
Pm= 

Ym 

where p co M denotes the cut-off transmit power for a relative 
throughpu't ofM. When equation (32) is met, the solution is 60 
unique and characterized by: 

where µ is chosen to satisfy the power constraint ~m~i M 

p =pror This solution is termed the Chernoff-based power 
allocation. Analogous to the exact solution, it can be shown 

(33) 

that BERe)MJ~BERe)M+l) holds in this case as well. 
When Pror is sufficiently large, it is easy to see that the 

worst-case sub-channel BER constraint in equation (31) is 
65 not active. In this case, the exact solution to equation (29) is 

Pm=Pm for all m, where Pm is given in equation (34). The 
Chernoff-based solution is 
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simply p = logym - µ. 
m Ym 

Another simple sub-optimal power allocation scheme that 
satisfies the constraints in equations (30) and (31), assuming 
equation (32) holds, can be obtained as follows: 

(37) 

That is, after satisfying the minimum SNR constraint in each 
sub-channel, the remaining power is distributed equally for 
all sub-channels. This scheme is termed uniform power 
allocation. It is easy to see that BERe)Ml ~ BERe)M+l) holds 
for uniform power allocation. 

For maximum throughput criterion, now consider an 
adaptive throughput scheme where the instantaneous rela
tive throughput is maximized subject to constraints in equa
tions (30) and (31). Let the set of "allowable" relative 

throughput be .;,f__{with 0E.J.f..f. This is intended to allow 
"no-transmission" when the channel undergoes such deep 
fades that the BER requirement cannot be achieved for a 
given ProT· The solution of this problem is simply choosing 
the largest M such that: 

20 
allocation schemes is small when PWT is close to the 
minimum value 33.54 dB. The difference is more pro
nounced when excess power is available. 

Second, both the minimum BER and uniform power 
5 allocation schemes allocate relatively more power to sub

channels with low gain. However, as evident from FIGS. 13 
and 15, the received SNR PmYm is largest in the sub-channels 
with the largest channel gain Ym· Notice that the minimum 

10 
effective BER solution tends to allocate more power to 
sub-channels with low channel gain than does the uniform 
scheme, which results in lower effective BER. 

Finally, the worst-case sub-channel BER constraint in 
equation (31) is active only for low ProT· This is evident 

15 from FIGS. 14 and 15. The sub-channel BER values for 
ProT=37 dB fall below 10-2

, which indicate that PmYm>cm 
for all m. 

20 

The effective BER for different Mis displayed in FIG. 16 
as a function of p TOT using the same channel realization and 
exact minimum effective BER solution. A comparison to the 
effective BER obtained using Chernoff bound and uniform 
power allocations is shown in FIG. 17. Observe that the loss 
of performance due to uniform power allocation compared 

25 to the minimum effective BER solution is more pronounced 
as M increases. Also, the Chernoff approximation introduces 
negligible performance loss. 

Pco,M;epTOT (38) 30 

To demonstrate the notation of adaptive throughput, we 
assume E=l0-2 and 10-4 worst-case BER requirements and 
use the Chernoff-bound power allocation scheme. Four 
different sets of allowable relative throughputs are used: 

still holds for each channel realization. 
Note that the maximum throughput criterion is not 

coupled to any sub-channel power allocation scheme but 
only requires 35 

Cm 
Pm::;-. 

Ym 

Thus, one may use the minimum effective BER or uniform 
allocation scheme described above to choose the Pm· 

40 

M2 ~{0, 2, 4, 8, 16, 32} 

M3~{0, 1, 2, 4, 6, 8, ... , 30, 32} 

M4 ~{0, 1, 2, 3, ... , 31, 32} 

(4 levels) 

(6 levels) 

(18 levels) 

(33 levels) 

The resulting average relative throughput and average 
BEReff are depicted in FIGS. 18-21. The averages were 
computed over 500 channel realizations. Observe that larger 
sets result in better average throughput for any PToTand the For all the examples discussed below, we consider a 

P=Q=2 and N=16 system. There are L=3 paths with d1E{0, 
1,2}. The channel coefficients {hzqp} are assumed IID and 
NJ0, 1/QL] (Rayleigh fading). To illustrate the fixed 
throughput criterion, we consider M=32. The system is 
required to achieve the same worst-case BER of E on each 
sub-channel. Hence, 

45 resulting BER profiles are loser to the worst-case require
ment. With small sets excess power tends to reduce the 
effective BER rather than increase the number of channels, 
while with the larger sets increases in PToT tend to increase 
the number of channels, rather than reduce average BEReff 

cm(..£-1(E))2/2,m~l, ... ,M 

50 Also, decreasing the worst-case BER results in a decrease in 
throughput as more power is needed to achieve a certain 
throughput. 

where J?.- 1 (x) is the inverse of J?(x). 
First compare the minimum effective BER power alloca

tion (based on the exact and Chernoff-bounded effective 55 

BER) to uniform power allocation. One channel realization 
and E=l0-2 are used. The resulting sorted sub-channel SNR 
values and the cut-off transmit power Pco,Mas a function of 
Mare depicted in FIGS. 10 and 11 respectively. For M=32, 
which implies ProT~33.54 dB is required to satisfy the 60 

worst-case BER constraint. The allocation of power and 
resulting BER across sub-channels for ProT=33.6 and 37 dB 
are depicted in FIGS. 12-15. From this example, the fol
lowing observations can be made: 

First, the Chernoff-based solution is virtually identical to 65 

the exact minimum effective BER solution. The difference 
between the minimum effective BER and uniform power 

For multi-user systems, for a general multistream system 
with K active users, the sampled signal at the q-th receive 
antenna rq in equation (12) can be written as: 

K-1 M 

r = V Hlk)~ {-:-p b slm.kl+n 
q U q L..,.,Yf-'m,k m,k q, 

K=O m=l 

(39) 

where H/kl=ti.Ckl(H/k)T®IN) and the index k denotes the 
k-th user. Here the k-th user transmits Mk data streams. Note 
that in general the signal transmitted by different users see 
different channels. It is easy to show that the SYD of 
Hq(k)ECNxNP in Theorem 1 can be written as: 
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N-! 

H (k) _ '\' ( (kl )H 
q-L....,.Cngn,q®Cn, 

n=O 

21 

(40) 

where the p-th row of gn,q (k) is the complex conjugate of 
frequency response of the k-th user channel between the q-th 
receive and p-th transmit antenna at frequency 

2Jr 
-n. 
N 

In this embodiment, we demonstrate that up to N users an 

22 
structure is independent of the channel realization and 
hence, is common to all users. This implies that imperfect 
CSI at the transmitter and/or receiver will not affect multi
user separation. Each user, however, will incur some per-

5 formance loss due to imperfection in the spatial beamformer 
if perfect CSI is not available. This also implies that multi
user separation can be achieved without the availability of 
CSI at the transmitter. This is analogous to the use of 

10 
sinusoids for multi-user separation in OFDMA systems. 

The perfect multi-user separation property also implies 
that the signaling and receiver design for each user do not 
require any channel or signaling information of other users. 
This greatly simplifies system design. For example, each 
user's total transmit power Pro/kl may be independently 

15 adjusted. Thus, CSI at the transmitter can be utilized to 
adjust the amount of transmitted power {p 1 k, ... , 

PM,,k}kccoK-l to achieve a certain target BER or SNR for each 
user. 

be accommodated without resulting in multi-access inter
ference. This is possible by exploiting the left singular 
vectors { cn}n~oN-l which are independent of the channels of 
different users. Choose s(m,k)=w(m,n(k))®c,,(k), where 20 
1t(k)}b0K-l can be any arbitrary permutation of {O, 1, ... , 
K-1}. Here, it(k) represents the frequency assignment for 
different users. For simplicity, we choose it(k)=k. analogous 

According to the present invention, an orthogonal decom-
position of a general space-time multi-antenna multipath 
channel is derived and utilized to design efficient signaling 
strategies and the corresponding receiver structures. The 
decomposition explicitly characterizes Nxmin(P, Q) avail-to equation (23), we have from equations (39) and (40): 

K-1 M 

r = V c ~ f-:-p b (glk)Hwim.kl)+n 
q U kL..,."yf-'m,k m,k k,q q· 

k=O m=l 

(41) 

Since { ckh-o K-l are orthogonal, perfect user separation can 
be achieved without using a decorrelating detector at the 
receiver. It is apparent that the separation of users is 
achieved using only the N orthogonal temporal dimensions. 
In general, spatial dimensions can not be used for separating 
users because different users generally have different chan
nel coefficients. After this temporal frequency assignment, 
each user has min(P, Q) different spatial dimensions. These 
available spatial dimensions may be used to increase 
throughput and/or minimize BER by deriving the appropri
ate spatial beamformers. 

Suppose the maximum number of users K=N is desired. 
The transmitter and receiver structure in FIGS. 8 and 9 may 
be employed for each user (or each user's data stream) with 
en =ck, w=w(m,k), and gm,q =gk, (k). Denote the test statistic for 
data stream m of user k' as ztm,k\ which can be written as: 

Mk' 

Z}<m,k') "' ✓-p , b ,wlm.k)H(~g(k')glk')HJ,,jm,k') + U m,k m,k L....J k',q k',q 

m=l q=l 

Q 

w(m,k 1 )H '\7 g(k') CH n 
L....,. k 1 ,q k 1 q 
q=l 

The spatial beamformer wCm,k~ may be chosen to optimize 
the k'-th user's BER, throughput, or a combination between 
the two. 

If the number of users K<N, then temporal dimensions 
can also be used to increase each user's throughput and/or 
minimize BER. In this case, user k is assigned to min (P, 
Q)xN dimensions, where N rk is the number of temporal 
dimei{tions (frequencies) for u'ser k and ~kccoK- 1Nrk~N. 

As noted, user separation in this framework is a jesult of 
the channel's temporal eigenstructure. The temporal eigen-

25 able non-interfering spatio-temporal dimensions in the chan
nel. The time bandwidth product N represents the number of 
available temporal dimensions. The number of available 
spatial dimensions is min(P, Q), where P and Q are the 
number of transmit and receive antennas, respectively. This 

30 
decomposition provides a framework to jointly address 
system design for minimum BER, maximum throughput, 
multi-user applications, as well as the combination of the 
three, provided channel state information (CSI) is available 
at the transmitter. For a fixed throughput system, a power 

35 
allocation scheme that minimizes the instantaneous effective 
BER of a multistream transmission is derived. In addition, a 
strategy to maximize the system throughput given a worst
case BER requirement and is proposed. For multi-user 
applications, analogous to OFDMA systems, the proposed 

40 
scheme possesses a perfect multi-user separation property as 
a result of the common temporal eigenstructure across all 
channels. 

FIGS. 22-25 illustrate alternative embodiments to the 
transmitter 10 illustrated in FIG. 1 and receiver 40 illustrated 

45 in FIG. 4. Accordingly, FIG. 22 is an exemplary block 
diagram of a general single-user mutistream transmitter 800. 
The transmitter 800 includes a channel state processing unit 
810, a plurality of single stream transmitter modules 820, 
and a plurality of antennas 830. The transmitter 800 operates 

50 in a similar manner to the transmitter 10. For example, an 
estimate of the channel state information (CSI) is input into 
the channel state processing unit 810. As described above, 
each single stream transmitter module 820 receives its own 
frequency index, set of beamformer weights, and data 

55 streams for transmission. The signal outputs from each 
transmitter module 820 is summed together before trans
mission by a specific antenna 830. 

FIG. 23 is an exemplary block diagram of a general 
single-user mutistream receiver 900. The receiver 900 

60 includes a channel state processing unit 910, a plurality of 
single stream receiver modules 920, a plurality of antennas 
930 and a plurality of demodulator detectors 940. The 
receiver 900 operates in a similar manner to the receiver 40. 
For example, an estimate of the CSI is input into the channel 

65 state processing unit 910. Each single stream receiver mod
ule 920 receives its own frequency index, set ofbeamformer 
weights, and data streams for reception of the signal via the 



US 7,110,378 B2 
23 

antennas 930. The signals are then coupled to the demodu
lator/detectors 940 which convert the signals to streams of 
data symbols. 

FIG. 24 is an exemplary block diagrams of a general 
multiuser transmitter 1000. The transmitter 1000 includes a 5 

24 
8. The method according to claim 7, wherein the fre

quency index and the beamformer vector are computed at 
both the transmitter and the receiver. 

9. The method according to claim 7, wherein the fre
quency index and the beamformer vector are computed at 
the transmitter and signaled to the receiver. plurality of single user multistream transmitters 1010 and a 

plurality of antennas 1020. The transmitter 1000 operates in 
a similar manner to the transmitters described above by 
utilizing the single user multistream transmitters 1010 which 
operate similarly to the single user multistream transmitter 
800 described above. FIG. 25 is an exemplary block diagram 

10. The method according to claim 7, wherein the fre
quency index and the beamformer vector are computed at 
the receiver and signaled to the transmitter via a feedback 

10 channel. 
11. The method according to claim 1, wherein a number 

of orthogonal sub-channels selected correspond to a number 
of separate channels needed to communicate data at the 
desired data rate. 

12. The method according to claim 1, wherein the 
orthogonal sub-channels are selected based upon the sub
channels having an acceptable signal to noise ratio. 

of a general multiuser receiver 1100 for BPSK. The receiver 
1100 includes a plurality of single user multistream receivers 
1110 and a plurality of antennas 1120. The receiver 1100 
operates in a similar manner to the transmitters described 15 

above by utilizing the single user multi stream receivers 1110 
which operate similarly to the single user multistream 
receiver 900 described above. 13. The method according to claim 1, wherein the 

orthogonal sub-channels are selected based upon the sub-
20 channels having the best gain. 

While this invention has been described with specific 
embodiments thereof, it is evident that many alternatives, 
modifications, and variations will be apparent to those 
skilled in the art. For example, various like parts and steps 
can be combined with other various like parts and steps. 
Accordingly, the preferred embodiments of the invention as 
set forth herein are intended to be illustrative, not limiting. 
Various changes may be made without departing from the 
spirit and scope of the invention. 

14. The method according to claim 1, further comprising, 
after selecting orthogonal sub-channels, allocating available 
transmit power to each of the selected sub-channels. 

15. The method according to claim 14, wherein each of 
25 the selected sub-channels is adapted for receiving a variable 

amount of transmit power. 

What is claimed is: 
1. A method for managing the usage of a wideband 

space-time multipath channel having plural orthogonal sub- 30 

channels in a communication system including a transmitter 
having one or more transmit antennas, a receiver having one 
or more receive antennas, and one or more signal propaga
tion paths between each of said one or more transmit 
antennas and each of said one or more receive antennas, and 35 

having channel state information available at the transmitter, 
said method comprising: 

estimating a channel for each signal propagation path; 
coherently combining a received signal using the channel 

estimates across all the receive antennas; 
obtaining a closed-form orthogonal decomposition of the 

overall effective space-time channel after coherently 
combining the channel estimates, thereby determining 
one or more orthogonal sub-channels; and 
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selecting one or more of the determined orthogonal sub- 45 

channels for communicating information between the 
transmitter and the receiver. 

2. The method according to claim 1, wherein said esti
mating channel, coherently combining, and obtaining a 
closed-form orthogonal decomposition is performed for 50 

each of a plurality of available signal frequencies. 

16. The method according to claim 14, wherein a maxi
mum sum of the power allocated to the selected sub
channels is fixed. 

17. The method according to claim 14, wherein a maxi
mum sum of the power allocated to the selected sub
channels is fixed, and a separate amount of power allocated 
to each of the selected sub-channels is variable and is 
selected to optimize one or more general signal transmission 
characteristics. 

18. The method according to claim 17, wherein the 
amount of power allocated to each of the selected sub
channels is selected to maximize average data throughput 
for a given bit-error rate. 

19. The method according to claim 17, wherein the 
amount of power allocated to each of the selected sub
channels is selected to minimize bit-error rate for a given 
average data throughput. 

20. The method according to claim 19, wherein the 
amount of power allocated to each of the selected sub
channels is determined based upon a comparison of an exact 
bit error rate for each of the selected sub-channels. 

21. The method according to claim 19, wherein the 
amount of power allocated to each of the selected sub
channels is determined based upon a comparison of a 
Chernoff bound-based minimum effective bit error rate for 
each of the selected sub-channels. 3. The method according to claim 1, wherein estimating 

channel includes determining the signal gain, which 
includes its amplitude and phase, and propagation delay for 
each signal propagation path. 

22. The method according to claim 1, further comprising, 
after selecting orthogonal sub-channels, transmitting a data 

55 stream via each of the selected orthogonal sub-channels. 
4. The method according to claim 1, wherein the channel 

state information is determined at both the transmitter and 
the receiver. 

5. The method according to claim 1, wherein the channel 
state information is determined at the transmitter. 

6. The method according to claim 1, wherein the channel 
state information is determined at the receiver and signaled 
to the transmitter via a feedback channel. 

7. The method according to claim 1, wherein selecting the 
one or more of the determined orthogonal sub-channels 
includes determining a frequency index and a beamformer 
vector. 
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23. The method according to claim 22, wherein transmit
ting a data stream via each of the selected orthogonal 
sub-channels includes transmitting a plurality of data 
streams via a plurality of parallel sub-channels. 

24. The method according to claim 23, wherein the 
plurality of parallel sub-channels are allocated between a 
plurality of users. 

25. A channel state processing unit for use in a commu
nication system including a transmitter having one or more 

65 transmit antennas, a receiver having one or more receive 
antennas, and one or more signal propagation paths between 
each of said one or more transmit antennas and each of said 
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corresponding one or more receive antennas, said channel 
state processing unit comprising: 

a channel state information estimator including: 
circuitry configured to determine channel state informa

tion, 
circuitry configured to estimate a channel for each receive 

antenna, 
circuitry configured to coherently combine a received 

signal using the channel estimates across all the receive 
antennas, 

and circuitry configured to obtain a closed-form orthogo
nal decomposition of the coherently combined channel 
estimates for each receive antenna, thereby determining 
one or more orthogonal sub-channels; and 

26 
miner configured to select a frequency index and corre
sponding set of beamformer weights for each selected 
sub-channel. 

27. The channel state processing unit according to claim 
5 25, further comprising a transmit power allocator configured 

to distribute available transmit power between selected 
sub-channels. 

28. The channel state processing unit according to claim 
25, further comprising one or more digital signal processors 

10 configured to execute a computer program including one or 
more sets of operational instructions and corresponding 
data. 

sub-channel selection circuitry configured to select one or 15 

more of the orthogonal sub-channels for communicat
ing information between the transmitter and the 
receiver. 

29. The channel state processing unit according to claim 
28, wherein at least one of said digital signal processors is 
used as part of said channel state information estimator. 

30. The channel state processing unit according to claim 
28, wherein at least one of said digital signal processors is 
used as part of said sub-channel selection circuitry. 26. The channel state processing unit according to claim 

25, wherein said sub-channel selection circuitry includes a 20 

frequency index selector and a beamformer weight deter- * * * * * 
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