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SYSTEMS AND METHODS FOR IMPROVING
PERFORMANCE OF MULTIPLE SPATIAL
COMMUNICATION CHANNELS

FIELD

[0001] Embodiments are in the field of wireless commu-
nications. More particularly, embodiments are in the field of
multiple spatial communications channels.

BACKGROUND

[0002] A wireless communication system comprises at
least one transmitter to transmit information over an RF
channel and at least one receiver to receive the information
from the RF channel. More particularly, a wireless commu-
nication system may comprise tWo or more communication
devices spaced apart, each device having a transceiver
comprising a transmitter and a receiver. Typically, at least
one device transceiver is able to transmit to and receive from
the transceivers of multiple other devices.

[0003] Some wireless communications systems utilize
Digital Beam Forming techniques to steer information into
separate spatial channels.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Aspects of the invention will become apparent
upon reading the following detailed description and upon
reference to the accompanying drawings in which like
references may indicate similar elements:

[0005] FIG. 1 depicts an embodiment of an example
wireless network comprising an access point and multiple
fixed or mobile communications devices, the access point
and devices comprising power loading matrices to enhance
Digital Beam Forming (DBF).

[0006] FIG. 2 depicts a general flow of signal processing
in a transceiver for Orthogonal Frequency Division Multi-
plexing (OFDM)-based broadband communication in a
wireless network.

[0007] FIG. 2A depicts an embodiment of an example
OFDM suitable for use in a transmitter of the transceiver of
FIG. 2.

[0008] FIG. 2B depicts an embodiment of an example
OFDM suitable for use in a receiver of the transceiver of
FIG. 2.

[0009] FIG. 3A depicts an example DBF suitable for use
in a transmitter of the transceiver of FIG. 2.

[0010] FIG. 3B depicts an example DBF suitable for use
in a receiver of the transceiver of FIG. 2.

[0011] FIG. 3 depicts an example model of a channel in
the presence of DBF and the resultant model of substantially
independent channels.

[0012] FIG. 4 depicts a graph of performance of three
different Multiple-Input-Multiple-Output (MIMO) embodi-
ments, including an embodiment described herein.

[0013] FIG. 5 depicts a flow chart of an example process
for adaptively determining a transmit steering matrix.

[0014] FIG. 6 depicts a flow chart of an example process
for adaptively determining a power loading matrix.
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DETAILED DESCRIPTION OF EMBODIMENTS

[0015] The following is a detailed description of embodi-
ments of the invention depicted in the accompanying draw-
ings. The embodiments are introduced in such detail as to
clearly communicate the invention. However, the embodi-
ment(s) presented herein are merely illustrative, and are not
intended to limit the anticipated variations of such embodi-
ments; on the contrary, the intention is to cover all modifi-
cations, equivalents, and alternatives falling within the spirit
and scope of the appended claims. The detailed descriptions
below are designed to make such embodiments obvious to
those of ordinary skill in the art.

[0016] Embodiments include systems and methods for
wireless communication with multiple spatial streams using
a power loading matrix. In a Multiple-Input-Multiple-Out-
put (MIMO) wireless system, a power loading matrix post-
multiplies a spatial channel steering matrix to reallocate
power among the spatial channels created by the steering,
resulting in a modified spatial channel steering matrix to
steer the multiple spatial channels of the system. The spatial
channels resulting from application of the power loading
matrix may exhibit a more efficient allocation of power to
achieve faster data transfer for a given signal to noise ratio.

[0017] FIG. 1 shows an embodiment of an example wire-
less network. This configuration comprises a first commu-
nications device 1010 that is wire line or wirelessly con-
nected to a network 1000 such as the Internet or a local
intranet. Communication device 1010 may communicate
wirelessly with a plurality of communication devices 1030.
For ease of reference, the communications devices 1010,
1030 are labeled as terminals 0, 1, 2, and 3. A terminal 1030
may be a computer, laptop, notebook, cellular phone, PDA,
or other wireless-capable device. Thus, a terminal may be
mobile or fixed. Terminal 1010 and terminals 1030 each
comprise a transceiver (RX/TX) 1012, 1032. Each trans-
ceiver comprises an RF transmitter and an RF receiver. Each
RF transmitter impresses digital data onto an RF frequency
for transmission of the data by electromagnetic radiation. An
RF receiver receives electromagnetic energy at an RF fre-
quency and extracts the digital data there from. FIG. 1 may
depict a Multiple-Input Multiple-Output (MIMO) system.
The wireless communication system of FIG. 1 is intended to
represent any of a wide variety of wireless systems which
may include without limitation, NFC, WLAN, WMAN,
WIMAX, 2.5-3G cellular, RAN-LTE, 4G, RFID, etc.

[0018] In one embodiment, terminal 1010 comprises a
Digital Beam Former (DBF) 1016. DBF 1016 transforms
information signals into signals to be applied to elements of
an antenna array 1022. Antenna array 1022 is an array of
individual, separately excitable antenna elements. The sig-
nals applied to the elements of antenna array 1022 cause it
to radiate a plurality of spatial channels. Each spatial chan-
nel so formed may carry information to one or more of
terminals 1030.

[0019] Accordingly, DBF 1016 comprises a spatial chan-
nel steering matrix, V, 1018 to steer multiple spatial chan-
nels. According to one embodiment, steering matrix V,,
1018 may be adaptively determined based upon estimates of
the RF channel between transceivers. In addition, an
embodiment employs a power loading matrix, A, 1020 to
modify the allocation of power between different spatial
channels. A power loading matrix comprises one or more
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variables that determine the re-allocation of energy between
the spatial channels. The one or more variables may be
adaptively determined based on a measure of system per-
formance such as throughput or a packet error rate. Thus,
transceiver 1012 comprises a performance monitor 1024 to
determine a measure of performance.

[0020] Similarly, a terminal 1030 comprises a transceiver
1032 to receive and transmit signals from and to access point
1010. Transceiver 1032 may comprise an antenna array
1042 and a DBF 1036 which applies a steering matrix V,,
1038, and a power loading matrix A, 1040. Power loading
matrix, A,, 1040 modifies the allocation of power between
different spatial channels transmitted by transceiver 1032.
According to one embodiment, the allocation may be based
on a packet error rate or throughput. Thus, transceiver 1032
comprises a performance monitor 1044 to detect a measure
of performance.

[0021] Embodiments therefore apply a power loading
matrix, A, to reallocate power among spatial channels
formed by a Digital Beam Former. Thus, a plurality of
information signals y can be transformed into a plurality of
antenna signals x by applying a power loading matrix A and
a spatial channel steering matrix V to a vector of the
information signals y such that:

X=Vpewy=VAy

where V, ., is the matrix applied to the information signals,
y. The power loading matrix A can be employed to reallocate
energy from a first spatial channel associated with a highest
energy level to a second spatial channel associated with a
lowest energy level. Moreover, the power loading matrix A
can be adaptively determined based on a measured packet
error rate or other measure of performance, such as through-
put.

[0022] Thus, embodiments comprise a wireless-capable
unit with an antenna array comprising elements to receive
information-bearing signals from an RF channel. The unit
comprises a receiver to receive by the antenna array a
steering matrix V from another wireless-capable unit. A
performance monitor monitors a measurement of system
performance, such as a packet error rate. A power loading
matrix calculator determines a power loading matrix A,
adaptively, in response to the packet error rate. Processing
circuitry post-multiplies V by A and applies the resultant
matrix to a vector of information signals, y. The processing
circuitry may comprise a microprocessor operating accord-
ing to computer code. Or the processing circuitry may be
hardware dedicated to matrix-vector multiplication.

[0023] FIG. 2 shows a more detailed view of a general
flow of example signal processing in a transceiver 200.
Transceiver 200 comprises a receiver 204 and a transmitter
206. Transmitter 206 may comprise one or more of an
encoder 208, a modulator 210, an OFDM 212, and a DBF
214. Receiver 204 may comprise one or more of a DBF 220,
an OFDM 222, a demodulator 224 and a decoder 226. Each
of these components of transceiver 200 and their functions
will now be described.

[0024] Encoder 208 of transmitter 206 receives data des-
tined for transmission from a processor core 202. Processor
core 202 may present data to transceiver 200 in blocks such
as bytes of data. Encoder 208 encodes the data using any one
of a number of algorithms now known or to be developed.
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Encoding may be done to achieve one or more of a plurality
of different purposes. For example, coding may be per-
formed to decrease the average number of bits that must be
sent to transfer each symbol of information to be transmit-
ted. Coding may be performed to decrease a probability of
error in symbol detection at the receiver. Thus, an encoder
may introduce redundancy to the data stream. Adding redun-
dancy increases the channel bandwidth required to transmit
the information, but results in less error, and enables the
signal to be transmitted at lower power. Encoding may also
comprise encryption for security.

[0025] One type of encoding is block encoding. In block
encoding, the encoder encodes a block of k information bits
into corresponding blocks of n code bits, where n is greater
than k. Each block of n bits from the encoder constitutes a
code word in a set of N=2" possible code words. An example
of a block encoder that can be implemented is a Reed-
Solomon encoder, known by those skilled in the art of
encoding. Another type of encoding is linear convolutional
encoding. The convolutional encoder may be viewed as a
linear finite-state shift register with an output sequence
comprising a set of linear combinations of the input
sequence. The number of output bits from the shift register
for each input bit is a measure of the redundancy in the code.
Thus, different embodiments may implement different
encoding algorithms.

[0026] Modulator 210 of transmitter 206 receives data
from encoder 208. A purpose of modulator 210 is to trans-
form each block of binary data received from encoder 208
into a unique continuous-time waveform that can be trans-
mitted by an antenna upon up-conversion and amplification.
Modulator 210 impresses the received data blocks onto a
sinusoid of a selected frequency. More specifically, modu-
lator 210 maps the data blocks into a corresponding set of
discrete amplitudes of the sinusoid, or a set of discrete
phases of the sinusoid, or a set of discrete frequency shifts
relative to the frequency of the sinusoid. The output of
modulator 210 is a band pass signal.

[0027] In one embodiment, modulator 210 maps a
sequence of binary digits into a set of discrete amplitudes of
a carrier frequency. This is called Pulse Amplitude Modu-
lation (PAM). Quadrature Amplitude Modulation (QAM) is
attained by impressing two separate k-bit symbols from the
information sequence onto two quadrature frequencies,
cos(2ntft) and sin(2mwft).

[0028] In another embodiment, modulator 210 maps the
blocks of data received from encoder 208 into a set of
discrete phases of the carrier to produce a Phase-Shift Keyed
(PSK) signal. An N-phase PSK signal is generated by
mapping blocks of k=log, N binary digits of an input
sequence into one of N corresponding phases 6=2m(n-1)/n
for n a positive integer less than or equal to N. A resulting
equivalent low pass signal may be represented as

o

wr) = Z gt —nT)

n=0

where g(t-nT) is a basic pulse whose shape may be opti-
mized to increase the probability of accurate detection at a
receiver by, for example, reducing inter-symbol interfer-
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ence. Inter-symbol interference results when the channel
distorts the pulses. When this occurs adjacent pulses are
smeared to the point that individual pulses are difficult to
distinguish. A pulse shape may therefore be selected to
reduce the probability of symbol misdetection due to inter-
symbol interference.

[0029] In yet another embodiment, modulator 210 maps
the blocks of data from an information sequence received
from encoder 208 into a set of discrete frequency shifts to
produce a Frequency-Shift-Keyed (FSK) signal. A resulting
equivalent low pass signal may be represented as:

o

D) = ) exp(jrAfl,)g(t - nT)
n=0

where [, is an odd integer up to N-1 and Af is a unit of
frequency shift. Thus, in an FSK signal, each symbol of an
information sequence is mapped into one of N frequency
shifts.

[0030] Persons of skill in the art will recognize that the
mathematical equations discussed herein are illustrative, and
that different mathematical forms may be used to represent
the pertinent signals. Also, other forms of modulation that
may be implemented in modulator 210 are known in the art.

[0031] The output of modulator 210 may be up-converted
to a higher carrying frequency. Or, modulation may be
performed integrally with up-conversion. Shifting the signal
to a much higher frequency before transmission enables use
of an antenna array of practical dimensions. That is, the
higher the transmission frequency, the smaller the antenna
can be. Thus, an up-converter multiplies the modulated
waveform by a sinusoid to obtain a signal with a carrier
frequency that is the sum of the central frequency of the
waveform and the frequency of the sinusoid. The operation
is based on the trigonometric identity:

1
sinAcosB = 3 [sin(A + B) + sin(A — B)]

The signal at the sum frequency (A+B) is passed and the
signal at the difference frequency (A-B) is filtered out. Thus,
a band pass filter is provided to ideally filter out all but the
information to be transmitted, centered at the carrier (sum)
frequency.

[0032] The output of modulator 210 is fed to an Orthogo-
nal Frequency Division Multiplexer (OFDM) 212. OFDM
212 impresses the modulated data from modulator 210 onto
a plurality of orthogonal sub-carriers. A block diagram of
one embodiment of an OFDM 212 is shown in FIG. 2A. A
serial bit stream is converted to blocks of n bits of data in
parallel by a serial-to-parallel converter 2000. Optionally,
each bit is modulated in parallel by a modulator 2002,
instead of, or in addition to the modulation provided by
modulator 210. Then, an inverse discrete Fourier transform
(DFT), e.g. a Fast Fourier Transform (FFT), is performed on
the data by inverse FFT 2004. This impresses the data onto
multiple orthogonal sub-carriers. Then, the data may be
converted to a serial stream of data of different channels by
a parallel to serial converter 2006.
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[0033] Returning to FIG. 2, the output of OFDM 212 is fed
to Digital Beam Former (DBF) 214. Digital beam forming
techniques are employed to increase the efficiency and
capacity of a wireless system. Generally, digital beam form-
ing uses digital signal processing algorithms that operate on
the signals received by, and transmitted from, an array of
antenna elements to achieve enhanced system performance.
For example, a plurality of spatial channels may be formed
and each spatial channel may be steered independently to
maximize the signal power transmitted to and received from
each of a plurality of user terminals. Further, digital beam
forming may be applied to minimize multi-path fading and
to reject co-channel interference.

[0034] The problem to be solved by digital beam forming
may be stated generally as the problem of separating a set of
L information signals, y, that are superimposed and received
by an N-element antenna array as a set of N signals, x.
Conversely, digital beam forming is employed to solve the
problem of combining a set of L. information signals, y, to
form a set of N signals, X, to be transmitted by the N
elements of the antenna array. The desired information
signals, y, may be obtained from a matrix multiplication on
the received signals, x:

y=Ux

where U is a matrix determined by computational methods.
Similarly, a set of signals, x, to be transmitted by the array
may be obtained from a matrix multiplication on the infor-
mation signals, y:

x=y

where V is also a matrix determined by computational
methods. The matrices U and V are chosen to separate out
at least one of the information signals of y from a received
vector of signals x. Note that the matrices U and V are not
inverses of each other since the required beam steering for
transmission and reception are generally not the same.

[0035] In present embodiments, the spatial channel steer-
ing matrix V is modified by applying a power loading matrix
A:

v

new

VA

where V. is applied to the information signals y to produce
antenna signals x. The operation involving V__ to compute
x from y may be implemented as shown in FIG. 3A. FIG. 3A
shows a multiple beam former 3000 for transmitting L
beams from an N-element antenna array. L. information
signals, y, through y; , are input in parallel to power dividers
3002. Each power divider 3002 divides the received infor-
mation signal into N parallel channels. At the output of a
power divider, the signal in each of the N channels is
multiplied by a different weight, W', each weight being an
entry in the matrix V . The resultant products are multi-
plexed to a plurality of combiners 3004. The output of the
combiners (e.g., summers) 3004 are the signals x; t0 Xy.
Each signal x_ is fed to a different one of the N antenna array

elements of an antenna array 218.

[0036] FIG. 2 also shows diplexers 216 connected to
antenna array 218. Thus, in this embodiment, a single
antenna array is used for both transmission and reception.
When transmitting, the signal passes through diplexers 216
and drives the antenna with the up-converted information-
bearing signal, x. During transmission, the diplexers prevent
the signals to be transmitted from entering receiver 204.
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When receiving, information bearing signals received by the
antenna array pass through diplexers 216 to deliver the
signal from the antenna array to receiver 204. The diplexer
then prevents the received signals from entering transmitter
206. Thus, diplexers 216 operate as switches to alternately
connect the antenna array elements to the receiver and the
transmitter.

[0037] Antenna array 218 radiates the information bearing
signals into a time-varying, spatial distribution of electro-
magnetic energy that can be received by an antenna of a
receiver. The receiver can then extract the information of the
received signal. An array of antenna elements can produce
multiple spatial channels that can be steered to optimize
system performance. Reciprocally, multiple spatial channels
in the radiation pattern at a receive antenna can be separated
into different spatial channels. Thus, a radiation pattern of
antenna array 218 may be highly selective. Antennas 218
may be implemented using existing printed circuit board
metallization technology. Microstrips, striplines, slotlines,
and patches, for example, are all candidates for antennas
218.

[0038] FIG. 2 also shows an embodiment of a receiver 204
for receiving, demodulating, and decoding information bear-
ing signals. The received signals are fed from antenna
elements 218 to a Digital Beam Former (DBF) 220. DBF
220 transforms N antenna signals into L information signals.
FIG. 3B shows a functional diagram of DBF 220, 3010 for
determining information signals y from received signals x.
The N received signals, x, are each fed to power dividers
3012. The outputs of power dividers 3012 are multiplexed
among a set of combiners 3014. Each input to a combiner is
multiplied by a weight, W', each weight being an entry in
the matrix U, for computation of y=Ux.

[0039] The output of DBF 220 is fed to Orthogonal
Frequency Division Multiplexer (OFDM) 222. OFDM 222
extracts signal information from the plurality of subcarriers
onto which information bearing signals are modulated. FIG.
2B shows a block diagram of OFDM 222. First, a sequential
stream of data is converted to parallel 2010. Then, a discrete
Fourier transform (DFT) such as, e.g., a Fast Fourier Trans-
form (FFT) 2012 is performed to extract the signal infor-
mation from the sub-carriers. In one embodiment, demodu-
lation 2014 is performed in parallel on the output data of the
FFT. In another embodiment, demodulation is performed
separately by a separate demodulator 224. Accordingly, in
one embodiment, the OFDM processed signals are con-
verted to a serial data stream and input to demodulator 224.

[0040] Demodulator 224 demodulates the received signal.
Demodulation is the process of extracting information con-
tent from the received signal to produce an un-demodulated
information signal. The method of demodulation depends on
the method by which the information is modulated onto the
received carrier signal. Thus, for example, if the modulation
is PSK, demodulation involves phase detection to convert
phase information to a binary sequence. Demodulation
provides to the decoder a sequence of bits of information.
Decoder 226 decodes the received binary data blocks from
demodulator 224 and transmits the decoded information to
processor core 202.

[0041] Persons of skill in the art will recognize that a
transceiver will comprise numerous additional functions not
shown in FIG. 2. Thus, a transceiver will comprise a Direct
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Random Access Memory (DRAM), a reference oscillator,
filtering circuitry, synchronization circuitry, possibly mul-
tiple frequency conversion stages and multiple amplification
stages, etc. Further, some of the functions shown in FIG. 2
may be integrated. For example, digital beam forming may
be integrated with orthogonal frequency division multiplex-
ing. Thus, FIG. 2 shows a general flow of signal processing
in a transceiver. Actual implementations may vary. For
example, not all embodiments may apply OFDM.

[0042] In terms of the operations U and V, the downlink
operation V and the uplink operation U may be chosen such
that the desired levels of optimality are achieved for both
separating the information signals on the uplink and trans-
mitting information signals on the downlink. The operations
U and V are functions of the channel characteristics which
change with time and frequency. Accordingly, the operations
may be computed and performed for each sub-carrier in an
OFDM system such as described herein.

[0043] FIG. 3 depicts the operation of digital beam form-
ers in transmit and receive operations upon the signals
transmitted through parallel spatial channels. On the left is
a transmitter 300 with encoding and modulation 302, as
described above. Transmitter 300 multiplies the information
signals to be transmitted by the transmission steering matrix,
V 304. On the right is a receiver 312 with decoding and
demodulation 316. Receiver 312 multiplies the received
signals by reception steering matrix U 314. The RF channel
306 between transmitter 300 and receiver 312 is modeled by
independent spatial channels S11, S22, S33, and S44. The
matrix V' 308 represents the effects of the channel on the
transmitted signal. The matrix U 310 represents the effects
of the channel on the received signal. Ideally, multiplication
of the transmit and receive signals by V and U™ substantially
counteracts the effects of the channel, leaving substantially
independent channels S11, S22, S33, and S44. Note, that
although 4 spatial channels are shown, other numbers of
spatial channels can be formed.

[0044] The RF channel 306 has a transfer function:
H=USV"

Where U and V are unitary matrices and S is a rectangular
matrix whose diagonal elements are real and non-negative
and whose off-diagonal elements are zero. If the channel
matrix H can be determined, the matrices U and V can be
computed using the method of Singular Value Decomposi-
tion (SVD). In one embodiment, as packets of data are
transmitted, the receiver uses information in the preambles
of the packets to estimate the channel matrix, H. The
receiver then decomposes the H matrix to determine V. The
elements of V are then transmitted back to the transmitter to
perform transmit beam steering.

[0045] The m, subcarrier signal X™ transmitted by
antenna element i upon applying a power loaded transmis-
sion steering matrix V is:

L
xm= vy
=1

where 1 is the spatial stream index and the elements V, | are
the elements of V. Since, ideally, the spatial streams are
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independent, the energy radiated in the m,,, subcarrier signal
from antenna element i is:

L
o'iz (V‘-'V'})2 = o'i = constant

=1

where 0y2 is the variance of y.

[0046] By decomposing the channel matrix, H, one may
determine the eigen-values of the channel. Each spatial
channel is associated with its eigen-value. These eigen-
values may be ranked from highest to lowest. Each eigen-
value is indicative of the relative energy in the correspond-
ing spatial channel. The highest eigen-value corresponds to
the spatial channel with the highest energy and the lowest
eigen-value corresponds to the spatial channel with the
lowest energy. For a spatial channel with a low eigen-value,
the order of modulation must be correspondingly low to
maintain an acceptable signal-to-noise ratio (SNR). For a
spatial channel with a high eigen-value, the order of modu-
lation can be high. In some wireless communications sys-
tems, there is a limit on the top modulation rate that may be
employed. For Wireless LAN, for example, the order of
modulation cannot exceed 64-bit Quadrature Amplitude
Modulation (QAM-64) according to the IEEE standard
802.11. Thus, the lowest eigen-value may dictate use of
binary PSK (BPSK). The highest eigen-value may call for
the use of the highest modulation rate. Clearly, for equal rate
modulation for each spatial channel, the channel with the
lowest eigen-value becomes a performance bottleneck.

[0047] FIG. 4 shows a graph of the performance of three
MIMO (Multiple-Input-Multiple-Output) systems: MIMO,
MIMO-SVD, and power-loaded MIMO-SVD, with QAM
64, and with a coding rate of 5/6. The graph plots throughput
versus Signal to Noise Ratio (SNR). MIMO with SVD is
clearly superior to MIMO but is not too much better at high
SNR. Also, power-loaded MIMO-SVD is superior to
MIMO-SVD for high SNR. Note that a relatively weak code
rate cannot compensate for the low reliability of the spatial
channel with the lowest eigen-value (lowest energy). There-
fore, at high SNR, the beam-forming MIMO gain over
standard MIMO is relatively low.

[0048] Accordingly, embodiments apply a power loading
matrix, A, to reallocate power among multiple spatial chan-
nels. An exemplary power loading matrix for a 3x3 MIMO-
SVD system is:

where x is adaptively determined from measurements of a
packet error rate. An exemplary power loading matrix for a
4x4 MIMO-SVD system is:
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Clearly, as the number of parameters of the matrix, A,
increases, the complexity of the adaptive system for deter-
mining those parameters increases. Moreover, the incremen-
tal increase in performance decreases as the number of
parameters increases.

[0049] The power loading is applied by post-multiplying
the spatial channel steering matrix V by the power loading
matrix A:

v

new

VA.

Thus, VA becomes the new steering matrix. The matrix A
causes a reallocation of power among the spatial channels
steered by the transmit steering matrix V. Because the lowest
eigen-value is much lower than the highest eigen-value, the
parameter X of matrix A can be set initially to some nominal
value such as 0.5 or even smaller. Then, during system
operation, x is adaptively determined by a performance
measurement such as packet error rate or throughput. The
transceiver of a transmitter may determine a packet error
when a receiver to which the packet was intended fails to
send an acknowledgement to the transmitter in response to
receipt of the packet. Hence, the number of packet errors as
a fraction of a total number of packets sent can be deter-
mined. In response to an increase in packet error rate, the
system adjusts the parameter x to reduce the packet error
rate. Or alternatively, or in addition, the system adjusts the
parameter x in response to a change in throughput.

[0050] FIG. 5 shows a flow chart 500 of an example
process for spatial channel steering with power loading. A
receiver of a first device receives signals transmitted to it by
a transmitter of a second device. For example, in a wireless
LAN, an access point transmits signals to the receiver of a
computer terminal. The receiver of the computer estimates
the channel matrix H (element 504) by, for example, com-
paring the preambles of the received signals to known
preambles. The receiver decomposes the channel matrix H
to determine a transmit steering matrix, V (element 506).
The receiver transmits the steering matrix V to the access
point (element 508). In the transmitter of the access point, V
is post-multiplied by a power loading matrix, A, to obtain
V _(element 510). The power loading matrix A is adaptively
determined in a process as shown in FIG. 6. The processes
of FIGS. 5 and 6 may run simultaneously. When V___, is

obtained, the transmitter applies V___ to the information

new

signals to be transmitted (element 512). The process con-
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tinues, with a new steering matrix V determined periodi-
cally. Note that a symmetric process may be implemented to
determine a power loaded steering matrix for steering a
transmit beam of the computer terminal.

[0051] FIG. 6 shows a flow chart 600 of an example
process for determining the parameter x of a power loading
matrix A. To start, the parameter X is set to some initial
value, say 0.5, (element 602). Using this value, the system
computes the elements of A (element 604). The system then
post-multiplies the current transmit steering matrix V by A
(element 606). This corresponds to element 510 of the flow
chart of FIG. 5. In the embodiment of FIG. 5, the system
observes a packet error rate over time (element 608). In one
embodiment, the system determines if the packet error rate
rises above a certain threshold (element 610). If not, the
process continues (element 606). If so, then the system
adjusts the parameter X (element 612). Then, the elements of
A are newly computed (element 604) and the process
continues. Note that in an alternative embodiment, an algo-
rithm for adjusting x may be implemented that seeks the
value of x that yields a minimum packet error rate. Note also
that the adaptation rate of the steering matrix V is much
faster than the adaptation rate of the power loading matrix A.
For example, the steering matrix V might be updated every
few milli-seconds, whereas the power loading matrix A
might be updated every few seconds.

[0052] Thus, embodiments provide a method for spatial
channel steering in a wireless system. In one embodiment, a
receiver of a first device estimates a channel matrix from
signals received from a second device. The first device
decomposes the channel matrix to obtain a spatial channel
steering matrix. The spatial channel steering matrix is trans-
mitted to the second device. Within the second device, the
spatial channel steering matrix is modified by a power
loading matrix to produce a resultant matrix. The resultant
matrix is applied to information signals to produce substan-
tially independent spatial channels. The power loading
matrix reallocates energy among the spatial channels created
by the beam steering matrix. The second device also moni-
tors a performance measurement and may responsively
adjust the power loading matrix to achieve an improved
performance.

[0053] The present invention and some of its advantages
have been described in detail for some embodiments. It
should be understood that various changes, substitutions and
alterations can be made herein without departing from the
spirit and scope of the invention as defined by the appended
claims. An embodiment of the invention may achieve mul-
tiple objectives, but not every embodiment falling within the
scope of the attached claims will achieve every objective.
Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described in the specification.
One of ordinary skill in the art will readily appreciate from
the disclosure of the present invention that processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed
are equivalent to, and fall within the scope of, what is
claimed. Accordingly, the appended claims are intended to
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include within their scope such processes, machines, manu-
facture, compositions of matter, means, methods, or steps.

1. A method for spatial channel steering in a wireless
network, comprising:

obtaining a steering matrix;

modifying the steering matrix by a power loading matrix
to produce a power loaded transmit steering matrix;
wherein the power loading matrix is determined adap-
tively based on a measurement of system performance;
and

applying the power loaded transmit steering matrix to

information signals to be transmitted.

2. The method of claim 1, further comprising modulating
the information signals to be transmitted from the second
device onto orthogonal sub-carriers.

3. The method of claim 1, wherein applying the power
loaded transmit steering matrix steers a radiated antenna
transmit beam into multiple spatial channels.

4. The method of claim 3, wherein each spatial channel is
substantially independent of the others.

5. The method of claim 3, wherein the bit rates of
transmission on each spatial channel are the same.

6. The method of claim 1, wherein obtaining the steering
matrix comprises updating the steering matrix at a rate that
is substantially greater than a rate at which the power
loading matrix is updated.

7. The method of claim 1, wherein determining the power
loading matrix adaptively in response to a measurement of
system performance comprises choosing a power loading
matrix that minimizes a packet error rate.

8. The method of claim 1, wherein determining the power
loading matrix adaptively in response to a measurement of
system performance comprises adjusting the power loading
matrix to maximize a throughput of the system.

9. A wireless system, comprising:

a receiver to receive a steering matrix V transmitted by a
wireless device; and

a transmitter to post-multiply V by a power loading
matrix, A, and to apply the resultant matrix to infor-
mation signals to be transmitted; wherein A is deter-
mined according to a measurement of performance.

10. The system of claim 9, wherein the transmitter modu-
lates the information signals onto orthogonal sub-carriers.

11. The system of claim 9, wherein the applied resultant
matrix steers a radiated antenna transmit beam into multiple
spatial channels that are substantially independent.

12. The system of claim 11, wherein the bit rates of
transmission on each spatial channel are substantially the
same.

13. The system of claim 9, wherein the transmitter updates
the steering matrix at a rate that is substantially greater than
a rate at which the power loading matrix is updated.

14. The system of claim 9, wherein the power loading
matrix reallocates energy from a first spatial channel asso-
ciated with a highest eigen-value to a second spatial channel
associated with a lowest eigen-value.

15. The system of claim 9, wherein the power loading
matrix is chosen that minimizes the average packet error
rate.
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16. A wireless-capable unit, comprising: 21. A machine-accessible medium containing instructions
Direct Random Access Memory (DRAM) connected to a for beam stf:ering, WhiCh., when the instructions are exeguted
receiver: by a n.le}chlne, cause said machine to perform operations,
’ comprising;:

a receiver to receive by an antenna a steering matrix V .. . . . .

from another wireless-capable unit; receiving a steering matrix V transmitted by a wireless
device; and

a g?:fel:{riliflgoarpglcolgtt oerrrtoc; iﬁ?m packet errors and to post-multiplying V by a power loading matrix, A, and

’ applying the resultant matrix to information signals to
a power loading matrix calculator to determine a power be transmitted; wherein A is determined according to a
loading matrix A, adaptively, in response to the packet measurement of performance.
error rate; and 22. The machine accessible medium of claim 21, wherein
processing circuitry to post-multiply V by A and to apply thf: applieq resultar}t matri)f steers a radiated antenna trans-
the resultant matrix to a vector of information signals, mit beam into multiple spatial channels that are substantially
y. independent.

17. The unit of claim 16, further comprising within the 23. The machine acce.ssible medium claim 21, wherein
receiver a modulator for modulating information onto  the power loading matrix reallocates energy from a first
orthogonal sub-carriers. spatial chanpel associated Wlth a h}ghest elgentvalue toa

18. The unit of claim 16, wherein the circuitry applies the second spatial channel associated with a lower eigen-value.
resultant matrix to steer a radiated antenna transmit beam 24. The machine accessible medium of claim 21, further
into multiple spatial channels that are substantially indepen- comprising choosing a power loading matrix that substan-
dent. tially minimizes a packet error rate.

19. The unit of claim 16, wherein circuitry updates the 25. The machine accessible medium of claim 21, further
steering matrix at a rate that is substantially greater than a ~ comprising updating the steering matrix at a rate that is
rate at which the power loading matrix is updated. substantially greater than a rate at which the power loading

20. The unit of claim 16, wherein the calculated power matrix is updated.

loading matrix is chosen that substantially minimizes a
packet error rate. I T S
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