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(57) ABSTRACT

In a wireless communication device, transmit weights are
iteratively processed to compensate for any group delay
caused by receive synchronization in the receive device. A
transmit matrix of weights is computed from signals trans-
mitted by a second communication device and received at a
plurality of antennas of the first communication device. The
transmit matrix processing includes normalizing a transmit
weight vector with respect to a mode of the transmit weight
associated with one of the plurality of antennas.
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COMPENSATION TECHNIQUES FOR GROUP
DELAY EFFECTS IN TRANSMIT BEAMFORMING
RADIO COMMUNICATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/487,242 filed Jul. 14, 2006, which is
a continuation of U.S. patent application Ser. No. 10/779,
269, filed Feb. 13, 2004, which in turn claims priority from
U.S. Provisional Application No. 60/476,982, filed Jun. 9,
2003; and U.S. Provisional Application No. 60/511,530,
filed Oct. 15, 2003, which are incorporated by reference as
if fully set forth.

FIELD OF THE INVENTION

[0002] Transmit beamforming radio communication tech-
niques are disclosed and more particularly, techniques for
compensating for group delay effects associated with
orthogonal frequency division multiplex (OFDM) commu-
nication signals.

BACKGROUND

[0003] Examples of transmit beamforming radio algo-
rithms that compute and use transmit weights for transmit-
ting signals to another device are disclosed in U.S. Pat. No.
6,687,492, issued Feb. 3, 2004 and entitled “System and
Method for Antenna Diversity Using Joint Maximal Ratio
Combining” and in U.S. patent application Ser. No. 10/174,
689, filed Jun. 19, 2002. According to these algorithms,
receive weights associated with signals transmitted by a
second device and received at multiple antennas of a first
device are used to compute transmit weights for transmitting
signals to a second device. The receive weights will include
a group delay term due to group delay ambiguities in the
receive synchronization algorithm used in the device for
synchronizing to OFDM signals. In order to maintain
desired performance of the above-described transmit beam-
forming radio algorithms, these group delay effects need to
be removed.

SUMMARY

[0004] A method and apparatus in a wireless communica-
tion between a first communication device and a second
communication device compensates for a group delay effect
introduced by a synchronization algorithm. A baseband
signal processor of the second communication device com-
putes a transmit matrix of antenna weights from signals
received at the plurality of antennas of the first communi-
cation device representing a plurality of modes simulta-
neously transmitted by the second communication device,
wherein the transmit matrix distributes a plurality of modes
among a plurality of antenna paths associated with corre-
sponding ones of the plurality of antennas of the first
communication device. The baseband signal processor pro-
cesses the transmit matrix to compensate for the group delay,
said processing includes normalizing the transmit matrix
with respect to a reference mode corresponding to one of the
plurality of antennas of the first communication device. The
baseband signal processor applies the transmit matrix to a
plurality of modes to be simultaneously transmitted from
corresponding ones of the plurality of antennas of the first
communication device to the second communication device.
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This process is repeated by the second communication
device, and then again by the first communication device in
an iterative manner allowing the transmit matrix of weights
to converge.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a diagram showing two devices that
transmit beamform signals between each other.

[0006] FIG. 2 is a flow chart of an algorithm by a device
computes transmit weights based on received signals from
the other device.

[0007] FIG. 3 shows timing for an OFDM symbol gener-
ated without delay spread.

[0008] FIG. 4 shows timing for an OFDM symbol gener-
ated with L-sample delay spread.

[0009] FIG. 5 is a flow chart of the algorithm of FIG. 2,
modified to compensate for group delay effects.

[0010] FIG. 6 is a block diagram of a vector beamforming
system in which the group delay compensation techniques
may be used.

[0011] FIG. 7 is a flow chart of an adaptive algorithm used
in a vector beamforming system that includes processing
steps to compensate for group delay.

[0012] FIG. 8 is a block diagram of a radio communication
device in which the techniques described herein may be
employed.

DETAILED DESCRIPTION

[0013] FIG. 1 shows a system 10 is shown in which a first
communication device and a second communication device
200 communicate with each other using radio frequency
(RF) communication techniques. This system is described in
greater detail in U.S. application Ser. No. 10/174,689
referred to above. The devices use composite beamforming
techniques when communicating with each other. In par-
ticular, communication device 100 has N plurality of anten-
nas 110 and communication device 200 has M plurality of
antennas 210. According to the composite beamforming
(CBF) technique also described in the aforementioned co-
pending application, when communication device 100 trans-
mits a signal to communication device 200, it applies to (i.e.,
multiplies or scales) a baseband signal s to be transmitted a
transmit weight vector associated with a particular destina-
tion device, e.g., communication device 200, denoted w,, ;.
Similarly, when communication device 200 transmits a
baseband signal s to communication device 100, it multi-
plies the baseband signal s by a transmit weight vector w,, »
associated with destination communication device 100. The
(MxN) frequency dependent channel matrix from the N
plurality of antennas of the first communication device 100
to M plurality of antennas of the second communication
device 200 is H(k), where k is a frequency index or variable,
and the frequency dependent communication channel
(NxM) matrix between the M plurality of antennas of the
second communication device and the N plurality of anten-
nas of the first communication device is H*(k).

[0014] The transmit weight vectors w,, , and w,, , each
comprises a plurality of transmit weights corresponding to
each of the N and M antennas, respectively. Each transmit



US 2008/0095260 Al

weight is a complex quantity. Moreover, each transmit
weight vector is frequency dependent; it may vary across the
bandwidth of the baseband signal s to be transmitted. For
example, if the baseband signal s is a multi-carrier signal of
K sub-carriers, each transmit weight for a corresponding
antenna varies across the K sub-carriers. Similarly, if the
baseband signal s is a single-carrier signal (that can be
divided or synthesized into K frequency sub-bands), each
transmit weight for a corresponding antenna varies across
the bandwidth of the baseband signal. Therefore, the trans-
mit weight vector is dependent on frequency, or varies with
frequency sub-band/sub-carrier k, such that w, becomes
w,, (), or more commonly referred to as w,, (k), where k is
the frequency sub-band/sub-carrier index.

[0015] While the terms frequency sub-band/sub-carrier
are used herein in connection with beamforming in a fre-
quency dependent channel, it should be understood that the
term “sub-band” is meant to include a narrow bandwidth of
spectrum forming a part of a baseband signal. The sub-band
may be a single discrete frequency (within a suitable fre-
quency resolution that a device can process) or a narrow
bandwidth of several frequencies.

[0016] The receiving communication device also weights
the signals received at its antennas with a receive antenna
weight vector w_ (k). Communication device 100 uses a
receive antenna weight vector w__,(k) when receiving a
transmission from communication device 200, and commu-
nication device 200 uses a receive antenna weight vector
W, o(k) when receiving a transmission from communication
device 100. The receive antenna weights of each vector are
matched to the received signals by the receiving communi-
cation device. The receive weight vector may also be
frequency dependent.

[0017] Generally, transmit weight vector w,, , comprises a
plurality of transmit antenna weights w,, , ;=B ;,(k)exp(j¢,
i(k)), where B, ;(k) is the magnitude of the antenna weight,
¢, ;(k) is the phase of the antenna weight, i is the antenna
index, and k is the frequency sub-band or sub-carrier index
(up to K frequency sub-bands/sub-carriers). The subscripts
tx,1 denote that it is a vector that communication device 100
uses to transmit to communication device 200. Similarly, the
subscripts 1x,2 denote that it is a vector that communication
device 200 uses to transmit to communication device 100.

[0018] FIG. 2 shows a procedure 400 for determining near
optimum transmit antenna weight vectors for first and sec-
ond communication devices also described in detail in U.S.
application Ser. No. 10/174,689 referred to above. The
antenna weight parameters in FIG. 2 are written with sub-
scripts to reflect communication between a WLAN access
point (AP) and a station (STA) as examples of first and
second communication devices, respectively. However,
without loss of generality, it should be understood that this
process is not limited to WL AN application. The AP has Nap
antennas and the STA has Nsta antennas. Assuming the AP
begins with a transmission to the STA, the initial AP transmit
weight vector W 4po(k) is [1,1, . . . 1], equal power
normalized by 1/(Nap)'? for all antennas and all frequency
sub-bands/sub-carriers k. Phase for the transmit antenna
weights is also initially set to zero. The subscript T indicates
it is a transmit weight vector, subscript AP indicates it is an
AP vector, subscript 0 is the iteration of the vector, and (k)
indicates that it is frequency sub-band/sub-carrier depen-
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dent. The transmit weight vectors identified in FIG. 5 form
an NxK matrix explained above.

[0019] In step 410, a baseband signal is multiplied by the
initial AP transmit weight vector wr 4po(k), upconverted
and transmitted to the STA. The transmitted signal is altered
by the frequency dependent channel matrix H(k) from
AP-STA. The STA receives the signal and matches its initial
receive weight vector Wy o1, o(k) to the signals received at
its antennas. In step 420, the STA gain normalizes the
receive weight vector wy ¢4 o(k) and computes the conju-
gate of gain-normalized receive weight vector to generate
the STA’s initial transmit weights for transmitting a signal
back to the AP. The STA multiplies the signal to be trans-
mitted to the AP by the initial transmit weight vector,
upconverts that signal and transmits it to the AP. Computing
the conjugate for the gain-normalized vector means essen-
tially co-phasing the receive weight vector (i.e., phase
conjugating the receive weight vector). The transmitted
signal is effectively scaled by the frequency dependent
channel matrix HT(k). At the AP, the receive weight vector
is matched to the signals received at its antennas. The AP
then computes the conjugate of the gain-normalized receive
weight vector as the next transmit weight vector w45, (k)
and in step 430 transmits a signal to the STA using that
transmit weight vector. The STA receives the signal trans-
mitted from the AP with this next transmit weight vector and
matches to the received signals to compute a next receive
weight vector wg gra (k). Again, the STA computes the
conjugate of the gain-normalized receive weight vector
Wr sta,1(K) as its next transmit weight vector wrgr4 (k) for
transmitting a signal back to the AP. This process repeats
each time a first device receive signals from the second
device to update the transmit weight vector it uses for
transmitting back to the second device, and vice versa. This
adaptive process works even if one of the devices, such as
a STA, has a single antenna for transmission and reception.

[0020] FIG. 2 also shows the equal power constraint
applied to the transmit weight vector, (divide by square root
of the number of antennas (Nap or Nsta)), such that the
power of the signals transmitted by each of the plurality of
antennas of the first communication device is equal. When
considering a frequency dependent communication channel,
a frequency shaping constraint may also be applied. The
frequency shaping constraint requires that the transmit
weight vector is computed such that the sum of the power at
each corresponding one of a plurality of frequency sub-
carriers across the plurality of transmit signals is equal to a
constant. This constraint is useful to ensure that, in an
iterative process between two communication devices, the
transmit weights of the two devices will converge. An
additional benefit of this constraint is that the transmitting
device can easily satisfy spectral mask requirements of a
communication standard, such as IEEE 802.11x.

[0021] FIGS. 3 and 4 show the timing associated with a
signal sent using OFDM techniques according to the IEEE
802.11a or 802.11g communication standards, for example.
An OFDM symbol is generated by taking 64-point IFFTs of
64 sub-carriers. A cyclic prefix of 16 samples is added to the
time domain signal to generate a symbol of 80 samples.
Since the FFT is unchanged due to cyclic rotations, the
receiver in a device can take the IFFT starting at any of the
16 locations in the prefix. The range of valid time offsets
with and without delay spread is shown FIGS. 3 and 4.
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[0022] In general, for a multi-carrier modulated signal, the
channel transfer function for the k-th sub-carrier at the j-th
antenna of the destination device (e.g., device 200) may be
denoted F;(k). If the baseband receive synchronization algo-
rithm used in the modem (baseband signal processor) at the
receive device on the link selects sample (G-1), then the
channel estimate (j-th antenna) is F';(k)=F;(k). However, if
the receive synchronization algorithm selects any other
point, then the channel estimate is F';(k)=F;(k)exp(~j2mumk/
N), where m is the group delay as shown in FIG. 4. This is
due to the time-shift property of the FFT f(n)@F,(k);
fi(n+m)OFj(k)exp(=j2emk/N). This group delay will not
affect receiver performance at the destination device 200
because the data symbols also have this phase term.

[0023] However, the transmit weights used by device 200
to transmit beamform back to device 100 have the same
form F;(k)exp(=j2nmk/N). The group delay term m can
potentially cause problems with the synchronization algo-
rithm at the device 100 since it will shift the valid set of time
offsets by m. The receive synchronization algorithm at the
device 100 could potentially select time offsets outside the
valid range (denoted by T).

[0024] One solution to correct for this is to normalize the
transmit weights with respect to one antenna at that device
since only the relative phase relationships between antennas
is important. In this case, the weight for a first antenna, e.g.,
antenna 0, of a device is always 1.

[0025] The algorithm shown in FIG. 2 is modified as
shown in FIG. 5, where when computing the transmit weight
vector for transmitting a signal to another device, the trans-
mit weight vector is normalized with respect to the weight
or element of the transmit weight vector at one of the
plurality of antennas, e.g., antenna 1. For example, in step
510, the device 200, e.g., an 802.11 station (STA), computes
the intermediate vector v g1, o(k) by computing the conju-
gate of the receive weight vector Wy gra o(k) divided by the
norm of the conjugate of the receive weight vector Wy gra,
o(k), i.e.,

W s74,0(K)

k)= ————
Vol = oo

The received weight vector wy, 14 o(k) is formed by receive
weights obtained by applying a matched filter to the signals
received at the antennas of the second device. The transmit
weight vector (comprised of transmit weights) is formed by
dividing the intermediate vector by the value of the element
of the intermediate vector v for antenna 1, denoted by
Vo sta,o[1], where the subscript o1, o denotes the trans-
mit vector of the STA at iteration 0. Dividing by the value
vrgerao®[1] effectively normalizes the transmit weight
vector W g (k) With respect to the weight for one of the
antennas, e.g., antenna 1, which removes any group delay
term that may have been present in and carried through from
the receive weights. Similarly, in step 520, the first device

Apr. 24, 2008

100, e.g., an 802.11 access point (AP), computes the inter-
mediate vector

Wr.apok)

vrarolb) =

from the received weight vector wy_s po(k). The value of the
element of the intermediate vector v for antenna 1 is used in
the denominator in computing the transmit weight vector
W ap1(K). The process continues as shown by steps 500-540
in FIG. 5 whereby each device updates its transmit weight
vector as described above each time it receive signals from
the other device. By normalizing the transmit weight vector
by the value of the element of the transmit weight vector
(e.g., weight) for a particular antenna, e.g., antenna 1, the
transmit weight vector will not include a group delay term
that would be carried through when applied to the transmit
signal. The equal power and frequency shaping constraints
referred to above may also be applied when computing the
transmit weight vector.

[0026] To summarize, a method for radio communication
between a first communication device and a second com-
munication device is provided comprising steps of: comput-
ing transmit weights from signals transmitted by the second
communication device and received at a plurality of anten-
nas of the first communication device, wherein the step of
computing comprises processing the transmit weights to
compensate for group delay that may be introduced by
receive synchronization performed by the first communica-
tion device; and applying the transmit weights to a transmit
signal to produce a plurality of transmit signals to be
simultaneously transmitted from corresponding ones of the
plurality of antennas of the first communication device to the
second communication device. The receive weights are
computed from signals received at the plurality of antennas
of the first communication device, and the transmit weights
are computed by computing a transmit weight vector from a
conjugate of a receive weight vector formed by the receive
weights divided by a norm of the conjugate of the receive
weight vector. The transmit weights are further processed to
compensate (e.g., remove) group delay by normalizing the
transmit weight vector with respect to an element of the
transmit weight vector corresponding to one of the plurality
of antennas of the first communication device. Said another
way, the transmit weights are computed by computing an
intermediate vector equal to a conjugate of a receive weight
vector formed by the receive weights divided by the norm of
the conjugate of the receive weight vector, and processing
the intermediate vector by dividing the intermediate vector
by an element of the intermediate vector corresponding to
one of the plurality of antennas of the first communication
device. The transmit weights (e.g., transmit weight vector)
may be computed such that the power of the signals trans-
mitted by each of the plurality of antennas of the first
communication device is equal. Moreover, the transmit
weights may be computed such that the sum of the power at
each corresponding one of a plurality of frequency sub-
carriers across the plurality of transmit signals is equal to a
constant. These steps are performed at the devices on both
sides of the link such that when a first device receives signals
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from the second device and updates the transmit weights it
uses for transmitting back to the second device, and vice
versa.

[0027] The group delay compensation techniques
described in conjunction with FIG. 5 can be extended to a
vector transmit beamforming system shown in FIG. 6 in
which a first radio communication device 100 having N
antennas 110(1) to 110(N) communicates by a wireless radio
link with a second communication device 200 having M
antennas 210(1) to 210(M). In the explanation that follows,
the first communication device transmits to the second
communication device, but the same analysis applies to a
transmission from the second communication device to the
first. The channel response from the N antennas of the first
communication device to the M antennas of the second
communication device is described by the channel response
matrix H. The channel matrix in the opposite direction is H.

[0028] Using vector beamforming techniques, device 100
will simultaneously transmit [ eigenmodes (modes) s,, s, .
.., 8¢, by antennas 110(1) to 110(N). A vector s is defined that
represents the I modes [s; . . . s;] (at baseband) to be
transmitted such that s=[s, . . . s;]*. The number (L) of
modes that can be simultaneously transmitted depends on
the channel H between device 100 and device 200, and in
particular:

[0029] L=Rank of H"H=min(N,M). For example, if
N=4, and M=2, then L=Rank of H*H=2. Each eigenmode
is a signal or signal stream, such as a data stream, data block,
data packet, data frame, etc.

[0030] Two matrices are introduced: V is the eigenvector
matrix for H?H and A is the eigenvalue matrix for H'H.
Device 100 transmits the product As, where the matrix A is
the spatial multiplexing transmit matrix, where A=VD. The
matrix D=diag(d,, . . ., d; ) where |d |? is the transmit power
in p™ mode, or in other words, the power of the p™ one of
the L signals. Device 200 receives HAs+n, and after maxi-
mal ratio combining for each of the modes, device 200
computes c=A"H"HAs+A"H"n=D"DAs+D"V"H"n. The
matrix A is shown below.

wrir wrpar o o-.. WrL
wr12

A=VD=Wr=
WEIN  eee e WIUN

[0031] The product of the transmit matrix A and the vector
s is a vector X. This matrix multiplication step effectively
weights each element of the vector s across each of the N
antennas, thereby distributing the plurality of signals among
the plurality of antennas for simultaneous transmission.
Components x, through x,; of the vector x resulting from the
matrix multiplication block are then coupled to a corre-
sponding antenna of the first communication device. For
example, component x, is the sum of all of the weighted
elements of the vector s for antenna 1, component X, is the
sum of all of the weighted elements of the vector s for
antenna 2, etc.

[0032] The transmit matrix A is a complex matrix com-
prised of transmit weights w;, for i=1 to L and j=1 to N.
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Each antenna weight may depend on frequency to account
for a frequency-dependent channel H. For example, for a
multi-carrier modulation system, such as an orthogonal
frequency division multiplexed (OFDM) system, there is a
matrix A for each sub-carrier frequency k. In other words,
each transmit weight w—;; is a function of sub-carrier fre-
quency k.

[0033]. Prior appr.oaches involve selecting the weights d,
to maximize capacity

E(s, 1)

L
€= log(l+SNR,), SNR, = |dp|2/1pm
»

p=1

subject to a total power constraint emitted by the plurality of
transmit antennas combined on the transmit matrix A, i.e.,

Pror = Tr(AA") - Els,|* = Tr(VDDH V1) - Els,|*

= Tr(VDD* v#) < P, . (assuming Els,|* = 1)

The optimum solution to this problem is to use waterfilling
to select the weights d; (i.e., use waterfilling to put more
power in eigenchannels with higher SNR ).

[0034] The waterfilling approach requires N full-power
capable power amplifiers at the transmitting device since, for
some channels, it is possible for the optimal solution to
require all or nearly all the transmit power to be sent from
one antenna path. To reiterate, the prior approaches constrain
the total power emitted from all of the antenna paths
combined, simply XP,=P1y<P_ .. (for i=1 to N antennas)

where P is a total power constraint and P, is the power
from transmit antenna path i.

[0035] A better approach is to use a power constraint for
each individual transmit antenna path. One such constraint
is that the power transmitted from each antenna is less than
the total power transmitted from all N antennas combined
(P.x) divided by N, e.g., P,=P_ /N for all i. Using this
approach, referred to as the “antenna power constraint”
approach, each power amplifier can be designed to output
(no more than) P /N average power, where P_ . is the
maximum power of the transmission from all of the N
antennas combined. A significant benefit of this approach is
that the power amplifiers can be designed to have lower
maximum output power capability, thus requiring less sili-
con area. The use of smaller and lower-output power ampli-
fiers has the benefit of lower on-chip power amplifier
interference and lower DC current drain.

[0036] Using a P, /N power constraint for each antenna,

the problem becomes:
[0037] Maximize capacity C subject to
(44,<P, /N, i=1, ..., N.

This is a difficult problem to solve for d, since it involves
finding the roots of a non-linear function using N Lagrange
multipliers (one for each of the above N constraints). How-
ever, there is a simple non-optimal solution for each of two
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cases that are more fully described in the aforementioned
U.S. application Ser. No. 10/627,537.

[0038] FIG. 7 shows a procedure useful to adaptively
update the transmit antenna weights at one of the devices
based on the receive weights. This procedure is more fully
described in U.S. Provisional Application No. 60/511,530
and in U.S. application Ser. No. 10/779,268, filed on Feb. 13,
2004, and entitled “System And Method For Transmit
Weight Computation For Vector Transmit Beamforming
Radio Communication.”FIG. 7 includes a modification to
this adaptive procedure to compensate for group delay
caused by a receive synchronization algorithm at the receive
side of the link in OFDM systems.

[0039] In order to make the following mathematical
expressions easier to follow, and only as an example, device
100 is a WLAN AP and device 200 is a WLAN STA. It
should be understood that these techniques are applicable to
any other wireless radio communication application. The
following nomenclature is used.

[0040] N=# antennas at AP side of link.
[0041] Ms=# antennas at STA side of link.

=complex Mx channel response from
0042] H lex MxN MIMO ch 1 fi
AP to STA.

[0043] HT=complex NxM MIMO channel response
from STA to AP.

[0044] L=# modes=min(N, M).

[0045] Wi .p, Wy sp=Transmit and receive weight
matrices, respectively, at AP side of link.

[0046] Wy grs, Wy gra=Transmit and receive weight
matrices, respectively, at STA side of link.

[0047] W ,p is written out and shown below; Wy .p,

Wi and Wy, g1, are similarly defined.

[0048] Pp .pand Ppgr4 are the total transmit powers at
the AP and STA, respectively.

[0049] The algorithm is based on QR iterations which is a
numerical technique to find the eigenvalues and eigenvec-
tors of a Hermitian matrix. Initially, since the transmit
weights are arbitrary, the SNR for each mode is assumed to
be identical. The subscripts T,AP,0 in FIG. 7 indicate that it
is a transmit matrix for the AP at iteration 0. Similarly, the
subscripts T,STA,0 indicate that it is a transmit matrix for the
STA at iteration 0. Furthermore, the scalars o and f§ are
power constraint factors used for the transmit matrices to
ensure that the transmitted signals (from the AP to the STA,
in the case of the scalar a or STA to the AP in the case of the
scalar B) satisfy an antenna power constraint for D,,* and
S, This convention is used throughout FIG. 7. Each of the
matrices may be dependent on a frequency sub-carrier k, and
thus may be rewritten as, for example, A(k) s(k)=W (k) s(k).

[0050] In step 600, signals sent by the AP to the STA are
received at the STA and the STA determines the receive
weights by computing the matched filter coefficients for the
matched filtered matrix Wy, o4 o from the received signals.
In step 610, the STA computes an intermediate matrix
Vrs1a0(k) by computing the orthogonalization (hereinafter
referred to as “orth( )”) of the matched filtered matrix

MESTAG determined in step 600. The intermediate matrix
may be computed as the conjugate of the orthogonalization
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of the matched filter matrix, as indicated in FIG. 7. The STA
further determines the value of an element of the interme-
diate matrix Vpgra o(k) for one of the plurality of eigen-
modes at one of the plurality of antennas. For example, the
first eigenmode, designated eigenmode [1], is selected and
the first antenna, designated antenna [1], is selected as a
group delay normalization reference, represented by the
expression Vg o(K)[1][1]. The transmit matrix W gra o
is computed by dividing the intermediate matrix V. g1, o(K)
by, Vogra o®[1][1], the value of the element of the inter-
mediate matrix for this eigenmode and antenna, multiplied
by a scalar B, In step 610, the transmit matrix W g4 o is
applied to the plurality of modes for transmission signals to
the STA.

[0051] A similar process is performed at the AP in step 620
for the plurality of modes transmitted by the STA to the AP.
The AP will compute a matched filter matrix Wy, 4p from
signals received at its plurality of antennas. From the
matched filter matrix, the AP computes an intermediate
matrix Vr 4p0(k) by computing the orthogonalization of the
matched filtered matrix Wy, opo. The AP further determines
the value of an element of the intermediate matrix for one of
the plurality of eigenmodes at one of the plurality of
antennas, €.g., Vo apo(K)[1][1]. The transmit matrix W 45
is then computed by dividing the intermediate matrix V. ,p
o(k) by Vi 4po()[1][1], multiplied by the scalar c.,. Nor-
malizing the transmit matrix by a value of the transmit
matrix for one of the eigenmodes at one of the plurality of
antennas serves to compensate for any group delay caused
by the receive synchronization algorithm at the receiving
device.

[0052] This process repeats as indicated by steps 630 and
640 as signals are transmitted between the AP and the STA
Any of the well known techniques, such as QR decompo-
sition and Gram-Schmidt orthogonalization, may be used for
the orthogonalization operation. After a few iterations, the
transmit weights converge to the eigenvector corresponding
to the maximum L eigenvalues (See, G. Golub, C. V. Loan,
“Matrix Computations,” 2™ edition, p. 351), and will adapt
to changing conditions in the channel. The signal processing
shown in FIG. 7 may be performed by the modems (base-
band signal processor) of the respective communication
devices on the link.

[0053] In the adaptive algorithm of FIG. 7, the transmit
matrix may be computed subject to an antenna power
constraint that requires that the power transmitted from each
of the plurality of antennas of the first communication
device is less than a maximum power, and optionally subject
to a frequency shaping constraint that requires that the sum
of the power at corresponding sub-carrier frequencies for
each mode across the plurality of antenna paths is the same.

[0054] To summarize the adaptive algorithm for vector
beamforming modified to compensate for group delay, the
step of computing transmit weights comprises computing a
transmit matrix from signals received at the plurality of
antennas of the first communication device representing a
plurality of modes simultaneously transmitted by the second
communication device, wherein each mode is a signal
stream, wherein the transmit matrix distributes a plurality of
modes among a plurality of antenna paths associated with
corresponding ones of the plurality of antennas of the first
communication device. The step of applying comprises
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applying the transmit matrix to a plurality of modes to be
simultaneously transmitted from the first communication
device to the second communication device. The transmit
matrix is processed to compensate for group delay by
normalizing the transmit matrix with respect to an element
of the transmit matrix corresponding to one of the plurality
of modes at one of the plurality of antennas. Said another
way, the step of computing the transmit weights comprises
computing an intermediate matrix from signals received at
the plurality of antennas of the first communication device
representing a plurality of modes simultaneously transmitted
by the second communication device, wherein each mode is
a signal stream. The intermediate matrix is further processed
to compensate for group delay by dividing it by an element
of the intermediate matrix corresponding to one of the
plurality of modes at one of the plurality of antennas thereby
producing a transmit matrix that distributes a plurality of
modes among a plurality of antenna paths associated with
corresponding ones of the plurality of antennas of the first
communication device. The transmit matrix may be com-
puted such that the power transmitted from each of the
plurality of antennas of the first communication device is
less than a maximum power. Moreover, the transmit matrix
may be computed such that the sum of the power at
corresponding sub-carrier frequencies for each mode across
the plurality of antenna paths is the same. These techniques
are performed at the devices on both sides of the link
whereby each time a first device receives signals from the
second device it updates the transmit matrix it uses when
transmitting back to the second device, and vice versa.

[0055] FIG. 8 shows a block diagram of a radio commu-
nication device suitable for devices 100 and 200 in a
beamforming system (FIG. 5) or vector beamforming sys-
tem (FIG. 7). For example, device 100 comprises a modem
120, a plurality of digital-to-analog converters (DACs) 130,
a plurality of analog-to-digital converters (ADCs) 140, a
MIMO radio transceiver 150 coupled to antennas 110(1) to
110(N) and a control processor 160. The modem 120, also
referred to as a baseband signal processor, performs the
baseband modulation of signals to be transmitted (e.g.,
signal s or vector s) and the baseband demodulation of
received signals. In so doing, the modem 120 multiplies the
signal s (or vector s representing the L modes [s, . .. s, ]")
to be transmitted by a transmit weight vector, or in the case
of a vector s, by a transmit matrix A. The DACs 130 are
complex DACs that convert the digital baseband modulated
signals representing modulated baseband transmit signals to
corresponding analog signals that are coupled to transmit
paths in the MIMO radio transceiver 150. The ADCs 140
convert the received analog signals from corresponding
receive paths in the MIMO radio transceiver 150 to digital
signals for baseband demodulation by the modem 120. In the
baseband demodulation process, the modem 120 will apply
appropriate receive weights to the received signals to
recover the signal s, or in the case of a vector system, the
vector s representing the L modes [s, . . . s; |*. The MIMO
radio transceiver 150 comprises a plurality of radio trans-
ceivers each comprising a transmitter 152(7/) and a receiver
154(i) associated with and coupled to a corresponding
antenna by a corresponding switch 156(7). Each transmitter
includes a power amplifier (not shown). The MIMO radio
transceiver 150 may be a single integrated circuit or two or
more separate integrated circuits. An example of a fully-
integrated MIMO radio transceiver is disclosed in co-pend-
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ing and commonly assigned U.S. patent application Ser. No.
10/065,388, filed Oct. 11, 2002, the entirety of which is
incorporated herein by reference.

[0056] When the group delay compensation techniques
described above are employed in a radio communication
device, the radio communication may comprise a plurality
of antennas; a radio transceiver coupled to the plurality of
antennas, the radio transceiver capable of upconverting a
plurality of transmit signals for simultaneous transmission
via the plurality of antennas, and downconverting a plurality
of signals simultaneously received at the plurality of anten-
nas to produce a plurality of received signals; and a base-
band signal processor coupled to the radio transceiver that
computes transmit weights from signals transmitted by
another communication device and received at a plurality of
antennas, processes the transmit weights to compensate for
group delay that may be introduced by receive synchroni-
zation performed by the baseband signal processor, and
applies the transmit weights to a transmit signal to produce
a plurality of transmit signals to be simultaneously trans-
mitted from corresponding ones of the plurality of antennas
to the other communication device.

[0057] These techniques may also be embodied on a
medium, such as processor or computer readable medium
(included in the control processor shown in FIG. 8), that
when executed, cause the processor to perform steps of:
computing transmit weights from signals transmitted by a
second communication device and received at a plurality of
antennas of a first communication device, wherein the step
of computing comprises processing the transmit weights to
compensate for group delay that may be introduced by
receive synchronization performed by the first communica-
tion device; and applying the transmit weights to a transmit
signal to produce a plurality of transmit signals to be
simultaneously transmitted from corresponding ones of the
plurality of antennas of the first communication device to the
second communication device. Alternatively, the medium
may be a semiconductor on which a plurality of digital
logics gates are deployed and configured to perform these
and other steps described herein (perhaps as part of the
modem 120 shown in FIG. 8). For example, the semicon-
ductor may be an application specific integrated circuit that
is the baseband signal processor or modem. These instruc-
tions may also be implemented by a field programmable gate
array.

[0058] Furthermore, these techniques may be employed at
both ends of a communication link where a method is
provided for communication between a first communication
device and a second communication device using radio
frequency (RF) communication techniques. At the first com-
munication device, the steps performed are: computing
transmit weights from signals transmitted by the second
communication device and received at a plurality of anten-
nas of the first communication device, wherein the step of
computing comprises processing the transmit weights to
compensate for group delay that may be introduced by
receive synchronization performed by the first communica-
tion device; and applying the transmit weights to a transmit
signal to produce a plurality of transmit signals to be
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simultaneously transmitted from corresponding ones of the
plurality of antennas of the first communication device to the
second communication device. At the second communica-
tion device, the steps performed are: computing transmit
weights from signals transmitted by the first communication
device and received at a plurality of antennas of the second
communication device, wherein the step of computing com-
prises processing the transmit weights to compensate for
group delay that may be introduced by receive synchroni-
zation performed by the second communication device; and
applying the transmit weights to a transmit signal to produce
a plurality of transmit signals to be simultaneously trans-
mitted from corresponding ones of the plurality of antennas
of the second communication device to the first communi-
cation device. The step of computing is performed at each
communication device when signals are received from the
other communication device to update their transmit
weights.

[0059] The above description is intended by way of
example only.
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What is claimed is:
1. A MIMO radio communication device comprising:

a plurality of antennas;

a radio transceiver coupled to the plurality of antennas,
the radio transceiver configured to upconvert a plurality
of transmit signals for simultaneous transmission via
the plurality of antennas, and to downconvert a plural-
ity of signals simultaneously received at the plurality of
antennas to produce a plurality of received signals; and

a baseband signal processor coupled to the radio trans-
ceiver, configured to compute receive weights from the
signals received at the plurality of antennas, to compute
transmit weights by computing an intermediate vector
equal to a conjugate of a receive weight vector formed
by the receive weights divided by the norm of the
conjugate of the receive weight vector, and to process
the transmit weights by dividing the intermediate vec-
tor by an element of the intermediate vector corre-
sponding to one of the plurality of antennas of the first
communication device.

#* #* #* #* #*



