
CHANNEL CALIBRATIONFOR ATIME DIVISION DUPLEXED
COMMUNICATIONSYSTEM BACKGROUND I . Field [0001] The
present invention relates generally to communication,
and more specifically to techniques for calibrating
downlink and uplink channel responses in a time
division duplexed (TDD) communication system. II.
Background [0002] In a wireless communication system,
data transmission between an access point and a user
terminal occurs over a wireless channel. Depending on
the system design, the same or different frequency
bands may be used for the downlink and uplink. The
downlink (or forward link) refers to the communication
link from the access point to the user terminal, and
the uplink (or reverse link) refers to the
communication link from the user terminal to the
access point. If two frequency bands are available,
then the downlink and uplink may be allocated separate
frequency bands using frequency division duplexing
(FDD). If only one frequency band is available, then
the downlink and uplink may share the same frequency
band using time division duplexing (TDD). [0003] To
achieve high performance, it is often necessary to
know the frequency response of the wireless channel.
For example, the response of the downlink channel may
be needed by the access point to perform spatial
processing (described below) for downlink data
transmission to the user terminal. The downlink
channel response may be estimated by the user terminal
based on a pilot transmitted by the access point. The
user terminal may then send the downlink channel
response estimate back to the access point for its
use. For this channel estimation scheme, a pilot needs
to be transmitted on the downlink and additional
delays and resources are incurred to send the channel
estimate back to the access point. [0004] For a TDD
system with a shared frequency band, the downlink and
uplink channel responses may be assumed to be
reciprocal of one another. That is, if H 



represents a channel response matrix from antenna
array A to antenna array B, then a reciprocal channel
implies that the coupling from array B to array A is
given by Hr ,where Hr denotes the transpose of matrix
H . Thus, for the TDD system, the channel response for
one link may be estimated based on a pilot sent on the
other link. For example, the uplink channel response
may be estimated based on a pilot received via the
uplink, and the transpose of the uplink channel
response estimate may be used as an estimate of the
downlink channel response. [0005] However, the
frequency responses of the transmit and receive chains
at the access point are typically different from the
frequency responses of the transmit and receive chains
at the user terminal. In particular, the frequency
responses of the transmit and receive chains used for
uplink transmission may be different from the
frequency responses of the transmit and receive chains
used for downlink transmission. The "effective"
downlink channel response (which includes the
responses of the applicable transmit and receive
chains) would then be different from the reciprocal of
the effective uplink channel response due to
differences in the transmit and receive chains (i.e.,
the effective channel responses are not reciprocal).
If the reciprocal of the channel response estimate
obtained for one link is used for spatial processing
on the other link, then any difference in the
frequency responses of the transmit and receive chains
would represent error that, if not determined and
accounted for, may degrade performance. [0006] There
is, therefore, a need in the art for techniques to
calibrate the downlink and uplink channels in a TDD
communication system. SUMMARY [0007] Techniques are
provided herein to calibrate the downlink and uplink
channels to account for differences in the frequency
responses of the transmit and receive chains at an
access point and a user terminal. After calibration,
an estimate of the channel response obtained for one
link may be used to obtain an estimate of the channel
response for the other link. This can simplify channel
estimation and spatial processing. [0008] In a
specific embodiment, a method is provided for
calibrating the downlink and 



uplink channels in a wireless TDD multiple-input
multiple-output (MIMO) communication system. In
accordance with the method, a pilot is transmitted on
the uplink channel and used to derive an estimate of
the uplink channel response. A pilot is also
transmitted on the downlink channel and used to derive
an estimate of the downlink channel response.
Correction factors for the access point and correction
factors for theuser terminal are then determined based
on the downlink and uplink channel response estimates.
The access point may apply its correction factors on
its transmit side, or on its receive side, or on both
the transmit and receive sides. The user terminal may
also apply its correction factors on its transmit
side, or on its receive side, or on both the transmit
and receive sides. The responses of the calibrated
downlink and uplink channels are approximately
reciprocal with the access point applying its
correction factors and the user terminal also applying
its correction factors. The correction factors may be
determined using matrix-ratio computation or minimum
mean square error (MMSE) computation on the downlink
and uplink channel response estimates, as described
below. [0009] The calibration may be performed in real
time based on over-the-air transmission. Each user
terminal in the system may perform calibration with
one or multiple access points to derive its correction
factors. Similarly, each access point may perform
calibration with one or multiple user terminals to
derive its correction factors. For an orthogonal
frequency division multiplexing (OFDM) system, the
calibration may be performed for a set of frequency
subbands to obtain correction factors for each
frequency subband in the set. Correction factors for
other "uncalibrated" frequency subbands may be
interpolated based on the correction factors obtained
for the "calibrated" frequency subbands. [0010]
Various aspects and embodiments of the invention are
described in further detail below. BRIEF DESCRIPTION
OF THE DRAWINGS [0011] The features, nature, and
advantages of the present invention will become more
apparent from the detailed description set forth below
when taken in conjunction with 



the drawings in which like reference characters
identify correspondingly throughout. [0012] FIG. 1
shows the transmit and receive chains at an access
point and a user terminal in a MBvIO system. [0013]
FIG. 2A illustrates the application of correction
factors on both the transmit and receive sides at the
access point and the user terminal. [0014] FIG. 2B
illustrates the application of correction factors on
the transmit side at both the access point and the
user terminal. [0015] FIG. 2C illustrates the
application of correction factors on the receive side
at both the access point and the user terminal.[0016]
FIG. 3 shows a process for calibrating the downlink
and uplink channel responses in a TDD MIMO-OFDM
system. [0017] FIG. 4 shows a process for deriving
estimates of the correction vectors from the downlink
and uplink channel response estimates. [0018] FIG. 5
is a block diagram of the access point and the user
terminal. [0019] FIG. 6 is a block diagram of a
transmit (TX) spatial processor. DETAILED DESCRIPTION
[0020] The calibration techniques described herein may
be used for various wireless communication systems.
Moreover, these techniques may be used for
single-input single-output (SISO) systems,
multiple-input single-output (MISO) systems,
singleinput multiple-output (SIMO) systems, and
multiple-input multiple-output (MIMO) systems. [0021]
A MIMO system employs multiple (NT) transmit antennas
and multiple (NR) receive antennas for data
transmission. A MIMO channel formed by the NT transmit
and NR receive antennas may be decomposed into Ns
independent channels, with Ns < min{NT, NR}. Each of
the Ns independent channels is also referred to as a
spatial channel of the MIMO channel and corresponds to
a dimension. The MIMO system can provide improved
performance (e.g., increased transmission capacity) if
the additional dimensionalities created by the
multiple transmit and receive antennas are utilized.
This typically requires an accurate estimate of the
channel response between 



the transmitter and receiver. [0022] FIG. 1 shows a
block diagram of the transmit and receive chains at an
access point 102 and a user terminal 104 in a MIMO
system. For this system, the downlink and uplink share
the same frequency band in a time division duplexed
manner. [0023] For the downlink, at access point 102,
symbols (denoted by a "transmit" vector X , ) are
processed by a transmit chain 114 and transmitted from
Nap antennas 116 over a wireless channel. At user
terminal 104, the downlink signals are received by Nut
antennas 152 and processed by a receive chain 154 to
obtain received symbols (denoted by a "receive" vector
I 1). The processing by transmit chain 114 typically
includes digital-to-analog conversion, amplification,
filtering, frequency upconversion, and so on. The
processing by receive chain 154 typically includes
frequency downconversion, amplification, filtering,
analog-to-digital conversion, and so on.[0024] For the
uplink, at user terminal 104, symbols (denoted by
transmit vector x ) are processed by a transmit chain
164 and transmitted from Nut antennas 152 over the
wireless channel. At access point 102, the uplink
signals are received by Nap antennas 116 and processed
by a receive chain 124 to obtain received symbols
(denoted by receive vector r up ) . [0025] For the
downlink, the receive vector at the user terminal may
be expressed as: where x is the transmit vector with
Nap entries for the symbols transmitted from the Nap
antennas at the access point; I n is the receive
vector with Nut entries for the symbols received on
the Nut antennas at the user terminal; Tap is an Nap
xNap diagonal matrix with entries for the complex
gains associated with the transmit chain for the Nap
antennas at the access point; Rut is an Nut xNut
diagonal matrix with entries for the complex gains
associated with the receive chain for the Nut antennas
at the user terminal; and H is an Nut xNap channel
response matrix for the downlink. The responses of the
transmit and receive chains and the response of the
wireless channel are typically a function of
frequency. For simplicity, the responses are assumed 



to be flat-fading (i.e., flat frequency responses).
[0026] For the uplink, the receive vector at the
access point may be expressed as: 1 = RaPH T 111 X 111
, , Eq (2) where x is the transmit vector for the
symbols transmitted from the Nut antennas at the user
terminal; r is the receive vector for the symbols
received on the Nap antennas at the access point; Tut
is an Nut xNut diagonal matrix with entries for the
complex gains associated with the transmit chain for
the Nut antennas at the user terminal;Rap is an Nap
xNap diagonal matrix with entries for the complex
gains associated with the receive chain for the Nap
antennas at the access point; and Hr is an Nap xNut
channel response matrix for the uplink. [0027] For a
TDD system, since the downlink and uplink share the
same frequency band, a high degree of correlation
normally exists between the downlink and uplink
channel responses. Thus, the downlink and uplink
channel response matrices may be assumed to be
reciprocal (or transposes) of each other and denoted
as H and Hr , respectively, as shown in equations (1)
and (2). However, the responses of the transmit and
receive chains at the access point are typically not
equal to the responses of the transmit and receive
chains at the user terminal. The differences then
result in the following inequality R3pHr Tut  (RutHTap
)r . [0028] From equations (1) and (2), the
"effective" downlink and uplink channel responses,
H11n and H , which include the responses of the
applicable transmit and receive chains, may be
expressed as: H 1 = R 111 



HT 15 and H11P = RapH Tut . Eq (3) Combining the two
equations in equation set (3), the following
relationship may be obtained: Ut Hdn T P = (R PH 11P
T1Jt ) = T H R . Eq (4) Rearranging equation (4), the
following is obtained: H up = T 111 R 111 H Jn T P R P
= K 11( H 11n K P or H 1115 = (K1( 1H 1K3P Eq (5)
where Kut = T R ut and Kap = T~ rRap . Equation (5)
may also be expressed as: 1 K = (H nK . Eq (6)[0029]
The left-hand side of equation (6) represents one form
of the calibrated uplink channel response, and the
right-hand side represents the transpose of one form
of the calibrated downlink channel response. The
application of the diagonal matrices, Kut and Kap , to
the effective downlink and uplink channel responses,
as shown in equation (6), allows the calibrated
channel responses for the downlink and uplink to be
expressed as transposes of each other. The Nap xNap
diagonal matrix Kap for the access point is the ratio
of the receive chain response Rap to the transmit
chain response Tap (or Kap =--), where the ratio is
taken element-by-element. Similarly, the Nut cNut iap
diagonal matrix Kut for the user terminal is the ratio
of the receive chain response Rut to the transmit
chain response Tut . [0030] FIG. 2A illustrates the
application of correction matrices on both the
transmit and receive sides at the access point and the
user terminal to account for differences in the
transmit and receive chains at the access point and
the user terminal. On the downlink, the transmit
vector \ is first multiplied with a matrix K p by a
unit 112. 



The processing by transmit chain 114 and receive chain
154 for the downlink is the same as shown in FIG. 1.
The output of receive chain 154 is multiplied with a
matrix Krat by a unit 156, which provides the received
vector r for the downlink. On the uplink, the transmit
vector X is first multiplied with a matrix K 1111 by a
unit 162. The processing by transmit chain 164 and
receive chain 124 for the uplink is the same as shown
in FIG. 1. The output of receive chain 124 is
multiplied with a matrix Krap by a unit 126, which
provides the received vector r for the uplink. [0031]
The calibrated downlink and uplink channel responses,
with correction matrices applied at the access point
and the user terminal as shown in FIG. 2A, may be
expressed as: Hcdn = Kn RutHTapKtep and Hcup KrapRapHr
TutKtat . Eq (7) T If Hcdn = Houp , then the two
equations in equation set (7) may be combined as
follows: Hcdn H . Eq (8)Rearranging the terms in
equation (8), the following is obtained: Tut R utK
tutK nitH = HR ap TapK pK p . Eq (9) The diagonal
matrices have been reshuffled in equation (9) using
the property AB = BA for diagonal matrices A and B .
[0032] Equation (9) indicates that the calibrated
downlink and uplink channel responses may be obtained
by satisfying the following conditions: l l = Ktut t =
Kut , d Eq (10a) -t;1s =k ! Eq(iob) where a is an
arbitrary complex proportionality constant. [0033] In
general, correction factors for the access point may
be applied on the transmit side and/or the receive
side at the access point. Similarly, correction
factors for the user terminal may be applied on the
transmit side and/or the receive side at the user
terminal. For a given station, which may be the access
point or the user terminal, the correction matrix for
that station may be partitioned into a correction
matrix for the transmit side 



and a correction matrix for the receive side. The
correction matrix for one side (which may be either
the transmit or receive side) may be an identity
matrix I or an arbitrarily selected matrix. The
correction matrix for the other side would then be
uniquely specified. The correction matrices need not
directly address the transmit and/or receive chain
errors, which typically cannot be measured. [0034]
Table 1 lists nine possible configurations for
applying the correction factors at the access point
and the user terminal. For configuration 1, correction
factors are applied on both the transmit and receive
sides at the access point, and also on both the
transmit and receive sides at the user terminal. For
configuration 2, correction factors are applied on
only the transmit side at both the access point and
the user terminal, where K tep = K ap , K rap = I , K
tot = K ut , and K t = I . For configuration 3,
correction factors are applied on only the receive
side at both the access point and the user terminal,
where K rap = K p\ K 131 , =1, K 1111 =K; 1 , and K
tot = I . The other configurations are shown in Table
1.Table 1 [0035] FIG. 2B illustrates the application
of correction matrices K ap and K ut on the transmit
sides for configuration 2 to account for differences
in the transmit and receive chains at the access point
and the user terminal. On the downlink, the transmit
vector X 1 is first multiplied with the correction
matrix K ap by unit 112. The subsequent processing by
transmit chain 114 and receive chain 154 for the
downlink is the same as shown in FIG. 1. On the
uplink, the transmit vector x is first multiplied with
the correction matrix K ut by unit 162. The subsequent
processing by transmit chain 164 and receive chain 124
for the uplink is the same as shown in FIG. 1. The
calibrated downlink and uplink channel responses
observed by the user terminal and access point,
respectively, may then be expressed as: 



Hcdn = HdnK ap and Hcup = Hup Kut Eq (H) [0036] FIG.
2C illustrates the application of correction matrices
K ap and K 1 on the receive sides for configuration 3
to account for differences in the transmit and receive
chains at the access point and the user terminal. On
the downlink, the transmit vector X n is processed by
transmit chain 114 at the access point. The downlink
signals areprocessed by receive chain 154 and further
multiplied with the correction matrix K by unit 156 at
the user terminal to obtain the received vector r , .
On the uplink, the transmit vector xup is processed by
transmit chain 164 at the user terminal. The uplink
signals are processed by receive chain 124 and further
multiplied with the correction matrix Kap by unit 126
at the access point to obtain the received vector r up
. The calibrated downlink and uplink channel responses
observed by the user terminal and the access point,
respectively, may then be expressed as: H011n =K; 1
and Hcup = K 1H 111 , . Eq (12) [0037] As shown in
Table 1, the correction matrices include values that
can account for differences in the transmit and
receive chains at the access point and user terminal.
This would then allow the channel response for one
link to be expressed by the channel response for the
other link. The calibrated downlink and uplink channel
responses can have various forms, depending on whether
the correction factors are applied at the access point
and the user terminal. For example, the calibrated
downlink and uplink channel responses may be expressed
as shown in equations (7), (11) and (12). [0038]
Calibration may be performed to determine the matrices
Kap and Kut . Typically, the true channel response H
and the transmit and receive chain responses are not
known nor can they be exactly or easily ascertained.
Instead, the effective downlink and uplink channel
responses, H11n and H 111 , , may be estimated based
on pilots sent on 



the downlink and uplink, respectively, as described
below. Correction matrices K ap and K ut , which are
estimates of the "true" matrices Kap and Kut , may
then be derived based on the downlink and uplink
channel response estimates, H 11n and H. , as
described below. The matrices K ap and K ut include
correction factors that can account for differences in
the transmit and receive chains at the access point
and user terminal. Once the transmit and receive
chains have been calibrated, a calibrated channel
response estimate obtained for one link (e.g., Hcdn )
may be used to determine an estimate of the calibrated
channel response for the other link (e.g., Hcup )
.[0039] The calibration techniques described herein
may also be used for wireless communication systems
that employ OFDM. OFDM effectively partitions the
overall system bandwidth into a number of (NF)
orthogonal subbands, which are also referred to as
tones, subcarriers, frequency bins, or subchannels.
With OFDM, each subband is associated with a
respective subcarrier that may be modulated with data.
For a MIMO system that utilizes OFDM (i.e., a
MlMO-OFDM system), each subband of each spatial
channel may be viewed as an independent transmission
channel. [0040] The calibration may be performed in
various manners. For clarity, a specific calibration
scheme is described below for a TDD MIMO-OFDM system.
[0041] FIG. 3 shows a flow diagram of an embodiment of
a process 300 for calibrating the downlink and uplink
channel responses in the TDD MEVIO-OFDM system.
Initially, the user terminal acquires the timing and
frequency of the access point using acquisition
procedures defined for the system (block 310). The
user terminal may then send a message to initiate
calibration with the access point, or the calibration
may be initiated by the access point. The calibration
may be performed in parallel with
registration/authentication of the user terminal by
the access point (e.g., during call setup) and may
also be performed whenever warranted. [0042] The
calibration may be performed for all subbands that may
be used for data transmission (which are referred to
as the "data" subbands). Subbands not used for data
transmission (e.g., guard subbands) typically do not
need to be calibrated. However, since the frequency
responses of the transmit and receive chains at the
access point and 



the user terminal are typically flat over most of the
subbands of interest, and since adjacent subbands are
likely to be correlated, the calibration may be
performed for only a subset of the data subbands. If
fewer than all data subbands are calibrated, then the
subbands to be calibrated (which are referred to as
the "designated" subbands) may be signaled to the
access point (e.g., in the message sent to initiate
the calibration). [0043] For the calibration, the user
terminal transmits a MIMO pilot on the designated
subbands to the access point (block 312). The
generation of the MEVIO pilot is described in detail
below. The duration of the uplink MDVIO pilot
transmission may be dependent on the number of
designated subbands. For example, 8 OFDM symbols may
be sufficient if calibration is performed for four
subbands, and more (e.g., 20) OFDM symbols may be
needed for more subbands. The total transmit power is
typically fixed. If the MEVIO pilot is transmitted on
a small number of subbands, then higher amounts of
transmit power may be used for each of these subbands,
and the SNR for each subbandis higher. Conversely, if
the MIMO pilot is transmitted on a large number of
subbands, then smaller amounts of transmit power may
be used for each subband, and the SNR for each subband
is worse. If the SNR of each subband is not
sufficiently high, then more OFDM symbols may be sent
for the MIMO pilot and integrated at the receiver to
obtain a higher overall SNR for the subband. [0044]
The access point receives the uplink MEVIO pilot and
derives an estimate of the uplink channel response, H
up ( ) , for each of the designated subbands, where k
represents the subband index. Channel estimation based
on the MIMO pilot is described below. The uplink
channel response estimates are quantized and sent to
the user terminal (block 314). The entries in each
matrix H up ( ) are complex channel gains between the
Nut transmit and Nap receive antennas for the uplink
for subband k. The channel gains for all matrices may
be scaled by a particular scaling factor, which is
common across all designated subbands, to obtain the
desired dynamic range. For example, the channel gains
in each matrix H. k) may be inversely scaled by the
largest channel gain for all matrices Hup ( ) for the
designated subbands, so that the largest channel gain
has a magnitude of one. Since the goal of the
calibration is to 



normalize the gain/phase difference between the
downlink and uplink channels, the absolute channel
gains are not important. If 12-bit complex values
(i.e., with 12-bit inphase (I) and 12-bit quadrature
(Q) components) are used for the channel gains, then
the downlink channel response estimates may be sent to
the user terminal in 3 N ut Nap Nsb bytes, where "3"
is for the 24 total bits used to represent the I and Q
components and NSb is the number of designated
subbands. [0045] The user terminal also receives a
downlink MBVIO pilot transmitted by the access point
(block 316) and derives an estimate of the downlink
channel response, n ( ) 5 for each of the designated
subbands based on the received pilot (block 318). The
user terminal then determines correction factors, K ap
(k) and K ut (k) , for each of the designated subbands
based on the uplink and downlink channel response
estimates, _ ( ) and H ,(*) (block 320). [0046] For
the derivation of the correction factors, the downlink
and uplink channel responses for each subband are
assumed to be reciprocal, with gain/phase corrections
toaccount for the differences in the transmit and
receive chains at the access point and user terminal,
as follows: H up (/c)Kut (/c) , for k e K , Eq (13)
where K represents a set of all data subbands. Since
only estimates of the effective downlink and uplink
channel responses are available for the designated
subbands during calibration, equation (13) may be
rewritten as: H K ut ( ) = (U ( ) p( ))r . for Jc e K'
, Eq (14) where K' represents a set of all designated
subbands. A correction vector k ut (/c) may be defined
to include the Nut diagonal elements of K ut (A:) .
Thus, k ut ( ) and K ut ( ) are equivalent. Similarly,
a correction vector k ap ( ) may be defined to include
the Nap diagonal elements of K ap ( ) . k ap ( ) and K
ap ( ) are also equivalent. [0047] The correction
factors K ap ( ) and K ut ( ) may be derived from the
channel estimates H 11n (A:) and H. (k) in various
manners, including by matrix-ratio 



computation and MMSE computation. Both of these
computation methods are described in further detail
below. Other computation methods may also be used, and
this is within the scope of the invention. A.
Matrix-Ratio Computation [0048] FIG. 4 shows a flow
diagram of an embodiment of a process 320a for
deriving the correction vectors k ut (Ar) and k ap ( )
from the uplink and downlink channel response
estimates H up ( ) and H 11n (A:) using matrix-ratio
computation. Process 320a may be used for block 320 in
FIG. 3. [0049] Initially, an N ut x N ap matrix C(A:)
is computed for each designated subband (block 412),
as follows: C(Ar) = , for A e , Eq (15) H n (A:)where
the ratio is taken element-by-element. Each element of
C(A:) may thus be computed as: cu (k) , for i =1, ...,
Nut and j =I5 ..., Nap , Eq (16) A. T where huplJ (k)
and Ji 0111j (k) are the (i,j )-th (row, column)
element of Hup (/c) and H 1( ) , respectively, and is
the (i, j )-th element of C(A:) . [0050] In an
embodiment, the correction vector for the access
point, k ap (/c) , is defined to be equal to the mean
of the normalized rows of C(/c) and is derived by
block 420. Each row of C(Jc) is first normalized by
scaling each of the Nap elements in the row with the
first element in the row (block 422). Thus, if C(Ic) =
[ci (k) ... C1 (Jc)] is the i-th. row of C(A:) , then
the normalized row C (Jc) may be expressed as: Uk) =
... c j (k)lc i l (Jc) ... c (k)/c 1 (k)] . Eq (17)
The mean of the normalized rows is then determined as
the sum of the Nut normalized rows divided by Nut
(block 424). The correction vector k ap (k) is set
equal to this mean (block 426), which may be expressed
as: 



ka ( ) , for keK'. Eq (18) Because of the
normalization, the first element of k ap (k) is unity.
[0051] In an embodiment, the correction vector for the
user terminal, k ut (k) , is defined to be equal to
the mean of the inverses of the normalized columns of
C(A:) and is derived by block 430. The j-th column of
C(A:) is first normalized by scaling each element in
the column with they-th element of the vector k ap
(A:) , which is denoted as K pJJ (k) (block 432).
Thus, if C-(Ar) = [C1 (A:) ... cNutJ (A:)f is the /-th
column of C(A:) , then the normalized column C-(A:)
may be expressed as:cj (k) /KapJJ (k)]T . Eq (19) The
mean of the inverses of the normalized columns is then
determined as the sum of the inverses of the Nap
normalized columns divided by Nap (block 434). The
correction vector k ut (k) is set equal to this mean
(block 436), which may be expressed as: (Zc) , for
keK', Eq (20) where the inversion of the normalized
columns, c (/c) , is performed element- wise. B. MMSE
Computation [0052] For the MMSE computation, the
correction factors K ap (Ar) and K ut ( ) are derived
from the downlink and uplink channel response
estimates H n (Ar) and H ( ) such that the mean square
error (MSE) between the calibrated downlink channel
response and the calibrated uplink channel response is
minimized. This condition may be expressed as: mm - H
1 ( ) ( ) , for k e K , Eq (21) which may also be
written as: mm K ap ( )H 1(*)-H up (*)&*(*) for k K ,
where K ap (Ar) = K ap ( ) since K ap ( ) is a
diagonal matrix. [0053] Equation (21) is subject to
the constraint that the lead element of K ap () is set
equal to unity, or K pOO(k) =l . Without this
constraint, the trivial solution would be obtained
with all elements of the matrices K ap (k) and K ut
(k) set equal to zero. In equation (21), a matrix Y(k)
is first obtained as Y(Jt) = K ap ( )E[ (k) - H 1
CiI)K 111 



(A;) . The square of the absolute value is next
obtained for each of the N ap -N ut entries of
thematrix Y(/c) . The mean square error (or the square
error, since a divide by Nap Nut is omitted) is then
equal to the sum of all Nap Nut squared values. [0054]
The MMSE computation is performed for each designated
subband to obtain the correction factors K ap (k) and
K ut (k) for that subband. The MMSE computation for
one subband is described below. For simplicity, the
subband index k is omitted in the following
description. Also for simplicity, the elements of the
downlink channel response estimate H are denoted as
{a;j } , the elements of the uplink channel response
estimate Hup are denoted as {by } , the diagonal
elements of the matrix Kap are denoted as {u.}, and
the diagonal elements of the matrix Kut are denoted as
{v -}, where i = l , ...,N ap and / = 1, ..., N1 .
[0055] The mean square error may be rewritten from
equation (21), as follows: again subject to the
constraint U1=I . The minimum mean square error may be
obtained by taking the partial derivatives of equation
(22) with respect to u and v and setting the partial
derivatives to zero. The results of these operations
are the following equation sets: ( yU - byVj ) a =0 ,
for i =2, ..., Nap , and Eq (23a)  iayu - byVj )-b: =0
, for 1, ..., Nut . Eq (23b) 1=1 In equation (23a),
U1=I so there is no partial derivative for this case,
and the index i runs from 2 through Nap. [0056] The
set of (Nap + Nut -1) equations in equation sets (23a)
and (23b) may be more conveniently expressed in matrix
form, as follows: Ay = z , Eq (24)where . N 0 0 | Np7
A NpNnl NapNut A = Nn, 



W2N A N 111 " NapNui NapNut i N.. 1=1 y = [0057] The
matrix A includes (Nap + Nut -1) rows, with the first
Nap - 1 rows corresponding to the Nap - 1 equations
from equation set (23a) and the last Nut rows
corresponding to the Nut equations from equation set
(23b). i particular, the first row of the matrix A is
generated from equation set (23a) with = 2 , the
second row is generated with i =3 , and so on. The
Nap-th row of the matrix A is generated from equation
set (23b) with j =1, and so on, and the last row is
generated with j =Nut . As shown above, the entries of
the matrix A and the entries of the vector z may be
obtained based on the entries in the matrices H n and
H . [0058] The correction factors are included in the
vector y , which may be obtained as:= A 1Z . Eq (25)
[0059] The results of the MMSE computation are
correction matrices Kap and Kn, that minimize the mean
square error in the calibrated downlink and uplink
channel responses, as shown in equation (21). Since
the matrices Kap and Kn, are obtained based on the
downlink and uplink channel response estimates, H4 1
and Hup , the quality of the correction matrices Kap
and Kn, are thus dependent on the quality of the
channel estimates H 1 and H . The MIMO pilot may be
averaged at the receiver to obtain more accurate
estimates for H4 1 and Hup . [0060] The correction
matrices, Kap and K 11 , , obtained based on the MMSE
computation are generally better than the correction
matrices obtained based on the matrix-ratio
computation, especially when some of the channel gains
are small and measurement noise can greatly degrade
the channel gains. C. Post Computation 



[0061] Regardless of the particular computation method
selected for use, after completion of the computation
of the correction matrices, the user terminal sends to
the access point the correction vectors for the access
point, k p (k) , for all designated subbands. If
12-bit complex values are used for each correction
factor in k ap ( ) , then the correction vectors k ap
( ) for all designated subbands may be sent to the
access point in 3 (Nap - 1) Nsb bytes, where "3" is
for the 24 total bits used for the I and Q components,
(Nap - 1) results from the first element in each
vector k ap (Jc) being equal to unity and thus not
needing to be sent, and NSb is the number of
designated subbands. If the first element is set to
29-1= +511, then 12 dB of headroom is available (since
the maximum positive 12-bit signed value is 21 1 - 1=
+2047 ), which would then allow gain mismatch of up to
12 dB between the downlink and uplink to be
accommodated by 12-bit values. If the downlink and
uplink match to within 12 dB and the first element is
normalized to a value of 511, then the other elements
should be no greater than 511-4 = 2044 in absolute
value and can be represented with 12 bits.[0062] A
pair of correction vectors k ap (k) and k ut (Jc) is
obtained for each designated subband. The calibration
may be performed for fewer than all data subbands. For
example, the calibration may be performed for every
n-th subband, where n may be determined by the
expected response of the transmit and receive chains
(e.g., n may be 2, 4, 8, 16, and so on). The
calibration may also be performed for non-uniformly
distributed subbands. For example, since there may be
more filter roll-off at the edges of the passband,
which may create more mismatch in the transmit and
receive chains, more subbands near the band edges may
be calibrated. In general, any number of subbands and
any distribution of subbands may be calibrated, and
this is within the scope of the invention. [0063] If
the calibration is performed for fewer than all of the
data subbands, then the correction factors for the
"uncalibrated" subbands may be obtained by
interpolating the correction factors obtained for the
designated subbands. The access point may perform
interpolation on k ap (k) , for k eK', to obtain the
correction vectors k ap (k) , for k e K . Similarly,
the user terminal may perform interpolation on k ut
(k) , for k eK' , to obtain 



the correction vectors k ut (k) , for k e K . [0064]
The access point and user terminal thereafter use
their respective correction vectors k ap ( ) and k ut
(&), or the corresponding correction matrices K ap ( )
and K ut ( ) , for k K . The access point may derive
the correction matrix K 431,(k) for its transmit side
and the correction matrix Krap ( ) for its receive
side based on its correction matrix Kap ( ) and with
the constraint shown in equation (10a). Similarly, the
user terminal may derive the correction matrix K tot
(A:) for its transmit side and the correction matrix K
mt (k) for its receive side based on its correction
matrix Kut ( ) and with the constraint shown in
equation (10b). [0065] The correction matrix K ap ( )
and the correction matrix K ut ( ) may each be split
into two matrices to improve dynamic range, reduce
quantization error, account for limitations of the
transmit and receive chains, and so on. If there is a
known imbalance on the transmit side, then
transmit-side correction matrix can attempt to remove
this imbalance. For example, if one antenna has a
smaller power amplifier, then the transmit power of
the antenna with a stronger power amplifier may be
reduced by applying anappropriate correction matrix on
the transmit side. However, operating the transmit
side at a lower power level results in loss of
performance. An adjustment may then be made on the
receive side to compensate for the known transmit
imbalance. If both the transmit and receive chains
have smaller gains for a given antenna, for example,
due to a smaller antenna gain, then calibration makes
no adjustment for this antenna since the receive and
transmit sides are matched. [0066] The calibration
scheme described above, whereby a vector of correction
factors is obtained for each of the access point and
user terminal, allows "compatible" correction vectors
to be derived for the access point when the
calibration is performed by different user terminals.
If the access point has already been calibrated (e.g.,
by one or more other user terminals), then the current
correction vectors may be updated with the newly
derived correction vectors. [0067] For example, if two
user terminals simultaneously perform the calibration
procedure, then the calibration results from these
user terminals may be averaged to 



improve performance. However, calibration is typically
performed for one user terminal at a time. The second
user terminal would then observe the downlink with the
correction vector for the first user terminal already
applied. In this case, the product of the second
correction vector with the old correction vector may
be used as the new correction vector, or a "weighted
averaging" (described below) may also be used. The
access point typically uses a single correction vector
for all user terminals, and not different ones for
different user terminals (although this may also be
implemented). Updates from multiple user terminals or
sequential updates from one user terminal may be
treated in the same manner. The updated vectors may be
directly applied (by a product operation).
Alternatively, if some averaging is desired to reduce
measurement noise, then weighted averaging may be used
as described below. [0068] If the access point uses
correction vectors k apl (&) to transmit the MIMO
pilot from which the user terminal determines new
correction vectors k ap2 (A;), then the updated
correction vectors k ap3 (Jc) are derived by a product
of the current and new correction vectors. The
correction vectors k apl (k) and k ap2 (k) may be
derived by the same or different user terminals. In
one embodiment, the updated correction vectors are
defined as k ap3 () = k apl ()-k ap2 (&), where the
multiplication is element-by-element. In another
embodiment, the updated correction vectors are defined
ask ap3 (Ic) = k apl (k) k ap2 (/c) , where a is a
factor used to provide weighted averaging (e.g., 0 < a
<1). If the calibration updates are infrequent, then a
value close to one for a might perform best. If the
calibration updates are frequent but noisy, then a
smaller value for a is better. The updated correction
vectors k ap3 (k) may then be used by the access point
until they are updated again. [0069] As shown in
equations (10a) and (10b), the correction factors for
a given station (which may be an access point or a
user terminal) account for the responses of the
transmit and receive chains at that station. An access
point may perform calibration with a first user
terminal to derive its correction factors and
thereafter use these correction factors for
communication with a second user terminal, without
having to perform calibration with the second user
terminal. Similarly, a user terminal may 



perform calibration with a first access point to
derive its correction factors and thereafter use these
correction factors for communication with a second
access point, without having to perform calibration
with the second access point. This can reduce overhead
for calibration for an access point that communicates
with multiple user terminals and for a user terminal
that communicates with multiple access points, since
calibration is not needed for each communicating pair
of stations. [0070] In the above description, the
correction vectors k ap ( ) and k ut (&), for k e K '
, are derived by the user terminal, and the vectors k
ap ( ) are sent back to the access point. This scheme
advantageously distributes the calibration processing
among the user terminals for a multiple-access system.
However, the correction vectors k ap (k) and k ut ( )
may also be derived by the access point, which would
then send the vectors k ut (k) back to the user
terminal, and this is within the scope of the
invention. [0071] The calibration scheme described
above allows each user terminal to calibrate its
transmit and receive chains in real time via
over-the-air transmission. This allows user terminals
with different frequency responses to achieve high
performance without the need for tight frequency
response specifications or to perform calibration at
the factory. The access point may be calibrated by
multiple user terminals to provide improved
accuracy.D. Gain Considerations [0072] The calibration
may be performed based on "normalized" gains for the
downlink and uplink channels, which are gains given
relative to the noise floor at the receiver. The use
of the normalized gains allows the characteristics of
one link (e.g., the channel gains and SNR per spatial
channel) to be obtained based on gain measurements for
the other link, after the downlink and uplink have
been calibrated. [0073] The access point and user
terminal may initially balance their receiver input
levels such that the noise levels on the receive paths
for the access point and user terminal are
approximately the same. The balancing may be done by
estimating the noise floor, e.g., by finding a section
of a received TDD frame (which is a unit of
downlink/uplink transmission) that has a minimum
average power over a particular time 



duration (e.g., one or two symbol periods). Generally,
the time just before the start of each TDD frame is
clear of transmissions, since any uplink data must be
received by the access point and then a
receive/transmit turnaround time is necessary before
the access point transmits on the downlink. Depending
on the interference environment, the noise floor may
be determined based on a number of TDD frames. The
downlink and uplink channel responses are then
measured relative to this noise floor. More
specifically, the channel gain for a given subband of
a given transmit and receive antenna pair may first be
obtained, for example, as the ratio of the received
pilot symbol over the transmitted pilot symbol for
that subband of that transmit and receive antenna
pair. The normalized gain is then equal to the
measured gain divided by the noise floor. [0074] A
large difference in the normalized gains for the
access point and the normalized gains for the user
terminal can result in the correction factors for the
user terminal being greatly different from unity. The
correction factors for the access point are close to
unity because the first element of the matrix Kap is
set to 1. [0075] If the correction factors for the
user terminal differ greatly from unity, then the user
terminal may not be able to apply the computed
correction factors. This is because the user terminal
has a constraint on its maximum transmit power and may
not be capable of increasing its transmit power for
large correction factors. Moreover, a reduction in
transmit power for small correction factors is
generally not desirable, since this may reduce the
achievable data rate. [0076] Thus, the user terminal
can transmit using a scaled version of the computed
correction factors. The scaled calibration factors may
be obtained by scaling thecomputed correction factors
by a particular scaling value, which may be set equal
to a gain delta (difference or ratio) between the
downlink and uplink channel responses. This gain delta
can be computed as an average of the differences (or
deltas) between the normalized gains for the downlink
and uplink. The scaling value (or gain delta) used for
the correction factors for the user terminal can be
sent to the access point along with the computed
correction factors for the access point. [0077] With
the correction factors and the scaling value or gain
delta, the downlink 



channel characteristics may be determined from the
measured uplink channel response, and vice versa. If
the noise floor at either the access point or the user
terminal changes, then the gain delta can be updated,
and the updated gain delta may be sent in a message to
the other entity. [0078] In the above description, the
calibration results in two sets (or vectors or
matrices) of correction factors for each subband, with
one set K ap being used by the access point and the
other set K ut being used by the user terminal. The
access point may apply its correction factors K ap on
the transmit side and/or the receive side, as
described above. The user terminal may also apply its
correction factors K ut on the transmit side and/or
the receive side. In general, the calibration is
performed such that the calibrated downlink and uplink
channel responses are reciprocal, regardless of where
correction factors are applied. 2. MIMO Pilot [0079]
For the calibration, a MIMO pilot is transmitted on
the uplink by the user terminal to allow the access
point to estimate the uplink channel response, and a
MEVIO pilot is transmitted on the downlink by the
access point to allow the user terminal to estimate
the downlink channel response. A MBvIO pilot is a
pilot comprised of N T pilot transmissions sent from N
T transmit antennas, where the pilot transmission from
each transmit antenna is identifiable by the receiving
station. The MIMO pilot may be generated and
transmitted in various manners. The same or different
MIMO pilots may be used for the downlink and uplink.
In any case, the MEVIO pilots used for the downlink
and uplink are known at both the access point and user
terminal. [0080] In an embodiment, the MEVIO pilot
comprises a specific OFDM symbol (denoted as "P") that
is transmitted from each of the N T transmit antennas,
whereNx = N ap for the downlink and Nt = N ut for the
uplink. For each transmit antenna, the same P OFDM
symbol is transmitted in each symbol period designated
for MlMO pilot transmission. However, the P OFDM
symbols for each antenna are covered with a different
N-chip Walsh sequence assigned to that antenna, where
N  Nap for the downlink and N > Nut for the uplink.
The Walsh covering maintains orthogonality 



between the Nx transmit antennas and allows the
receiver to distinguish the individual transmit
antennas. [0081] The P OFDM symbol includes one
modulation symbol for each of the NSb designated
subbands. The P OFDM symbol thus comprises a specific
"word" of NSb modulation symbols that may be selected
to facilitate channel estimation by the receiver. This
word may also be defined to minimize the
peak-to-average variation in the transmitted MIMO
pilot. This may then reduce the amount of distortion
and nonlinearity generated by the transmit and receive
chains, which may then result in improved accuracy for
the channel estimation. [0082] For clarity, a specific
MEVIO pilot is described below for a specific MIMOOFDM
system. For this system, the access point and user
terminal each have four transmit/receive antennas. The
system bandwidth is partitioned into 64 orthogonal
subbands, or NF = 64 , which are assigned indices of
+31 to -32. Of these 64 subbands, 48 subbands (e.g.,
with indices of {1, .. ., 6, 8, . . ., 20, 22, ... ,
26}) are used for data, 4 subbands (e.g., with indices
of {7, 21}) are used for pilot and possibly signaling,
the DC subband (with index of 0) is not used, and the
remaining subbands are also not used and serve as
guard subbands. This OFDM subband structure is
described in further detail in a document for IEEE
Standard 802.11a and entitled "Part 11: Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY)
specifications: High-speed Physical Layer in the 5 GHz
Band," September 1999, which is publicly available.
[0083] The P OFDM symbol includes a set of 52 QPSK
modulation symbols for the 48 data subbands and 4
pilot subbands. This P OFDM symbol maybe given as
follows: P(real) = g
{0,0,0,0,0,0,-1,-1,-1,-1,1,1,1,-1,-1,1,-1,1,1,1,1,-1,-
1,1,-1,1,-1,-1,-1,-1,1,-1,
0,l,-l,-l,-l,-l,l,-l,-l,-l,-l,l,l,-l,-l,l,-l,-l,l,l,-l
,l,-l,l,-l,l,-,0,0,0,0,0}, P(imag) = g
{0,0,0,0,0,0,-1,1,1,1,-1,-1,1,-1,1,1,1,-1,1,-1,-1,-1,-
1,-1,-1,1,1,-1,1,1,-1,1,
0,-1,-1,-1,-1,1,1,-1,1,-1,-1,1,-1,1,-1,1,1,1,-1,1,1,1,
1,1,1,-1,-1,0,0,0,0,0},where g is a gain for the
pilot. The values within the {} bracket are given for
subband indices -32 through - 1 (for the first line)
and 0 through +31 (for the second line). Thus, the
first line for P(real) and P(imag) indicates that
symbol (-1 - j ) is transmitted in 



subband -26, symbol (-1 + j ) is transmitted in
subband -25, and so on. The second line for P(real)
and P(imag) indicates that symbol (1-j) is transmitted
in subband 1, symbol (-1 - j ) is transmitted in
subband 2, and so on. Other OFDM symbols may also be
used for the MEVIO pilot. [0084] In an embodiment, the
four transmit antennas are assigned Walsh sequences of
W1 = 1111, W2 = 1010, W3 = 1100, and W4 = 1001 for the
MIMO pilot. For a given Walsh sequence, a value of "1"
indicates that a P OFDM symbol is transmitted and a
value of "0" indicates that a -P OFDM symbol is
transmitted (i.e., each of the 52 modulation symbols
in P is inverted). [0085] Table 2 lists the OFDM
symbols transmitted from each of the four transmit
antennas for a MIMO pilot transmission that spans four
symbol periods, or Nps = 4 .Table 2 For longer MIMO
pilot transmission, the Walsh sequence for each
transmit antenna is simply repeated. For this set of
Walsh sequences, the MIMO pilot transmission occurs in
integer multiples of four symbol periods to ensure
orthogonality among the four transmit antennas. [0086]
The receiver may derive an estimate of the channel
response based on the received MIMO pilot by
performing the complementary processing. In
particular, to recover the pilot sent from transmit
antenna i and received by receive antenna / , the
pilot received by receive antenna j is first processed
with the Walsh sequence assigned to transmit antenna i
in a complementary manner to the Walsh covering
performed at the transmitter. The decovered OFDM
symbols for all Nps symbol periods for the MIMO pilot
are then accumulated, where the accumulation is
performed individually for each of the 52 subbands
used to carry the MIMO pilot. The result of the
accumulation is hi j (k), for k =l, ...,26 , which is
an estimate of the effective channel response from
transmit antenna i to receive antenna j , including
the responses for the transmit and receive chains, for
the 52 data and pilot subbands. [0087] The same
processing may be performed to recover the pilot from
each transmit antenna at each receive antenna. The
pilot processing provides Nap Nut values that are 



the elements of the effective channel response
estimate, Hup ( ) or H. k) , for each of the 52
subbands. [0088] In another embodiment, a Fourier
matrix F is used for the MEVIO pilot. The Fourier
matrix may have any square dimension, e.g., 3x3, 4x4,
5x5, and so on. The elements of an NxN Fourier matrix
may be expressed as: -jip-(B-I)(IB-I) N / n,m e for
=I, ..., N and m= \, ..., N.Each transmit antenna is
assigned one column of F . The elements in the
assigned column are used to multiply the pilot symbols
in different time intervals, in similar manner as the
elements of a Walsh sequence. In general, any
orthonormal matrix whose elements have unity magnitude
may be used to multiply the pilot symbols for the MMO
pilot. [0089] In yet another embodiment that is
applicable for a MIMO-OFDM system, the subbands
available for transmission are divided into Nr
non-overlapping or disjoint subsets. For each transmit
antenna, pilot symbols are sent on one subset of
subbands in each time interval. Each transmit antenna
can cycle through the N subsets in NT time intervals,
which corresponds to the duration of the MIMO pilot.
The MIMO pilot may also be transmitted in other
manners. [0090] Regardless of how the MIMO pilot may
be transmitted, the channel estimation may be
performed by both the access point and the user
terminal during calibration to obtain the effective
uplink channel response estimate H 111 ,( ) and the
effective downlink channel response estimate H 1n (A:)
, respectively, which are then used to derive the
correction factors, as described above. 3. Spatial
Processing [0091] The correlation between the downlink
and uplink channel responses may be 



exploited to simplify channel estimation and spatial
processing at the access point and the user terminal
for a TDD MIMO system and a TDD MIMO-OFDM system. This
simplification is possible after calibration has been
performed to account for differences in the transmit
and receive chains. As noted above, the calibrated
channel responses are: Hcdn ( ) = K H K . ) , for the
downlink, and Eq (26a) Hclf ( ) = Kn p( )Hl (A:)K ( )
s H , for the uplink. Eq (26b) The approximation for
the last equality in equation (26b) is due to the use
of estimates of the actual correction factors. [0092]
The channel response matrix H(&) for each subband may
be "diagonalized" to obtain the Ns eigenmodes for that
subband. The eigenmodes may be viewed asorthogonal
spatial channels. This diagonalization may be achieved
by performing either singular value decomposition of
the channel response matrix IL(Jc) or eigenvalue
decomposition of the correlation matrix of H(A:) ,
which is R(Ic) = ELH (/C)H(AG) . [0093] The singular
value decomposition of the calibrated uplink channel
response matrix, Hcup (/c) , may be expressed as: Hcup
(*) = Uap (/c)S( )Y (Ic) , for /c K , Eq (27) where
Uap (/c) is an Nut xNut unitary matrix of left
eigenvectors of Hcup ( ) ; (k) is an Nut xNap diagonal
matrix of singular values of Hcup ( ) ; and Vut ( ) is
an Nap xNap unitary matrix of right eigenvectors of
Hcup (l:) . [0094] A unitary matrix M is characterized
by the property M M = I . Correspondingly, the
singular value decomposition of the calibrated
downlink channel response matrix, Hcdn (k) , may be
expressed as:  (k) = ut (k)Uk)Ul p (k) , for k e K .
Eq (28) The matrices Vut ( ) and Uap (Ar) are thus
also matrices of left and right eigenvectors,
respectively, of Hcdn (&), where " * " denotes a
complex conjugate. The matrices ut (*) " * ut (*)
>Y-It (k ) " Y." ( ) different forms of the matrix V
ut (k) , and the matrices Uap ( ) , Uap ( ) , Uap (A:)
, and Uap ( ) are also different forms of the matrix 



Uap (A:) . For simplicity, reference to the matrices
Uap (A:) and Vut ( ) in the following description may
also refer to their various other forms. The matrices
Uap (A:) and Vut (:) are used by the access point and
user terminal, respectively, for spatial processing
and are denoted as such by their subscripts. [0095]
The singular value decomposition is described in
further detail by Gilbert Strang in a book entitled
"Linear Algebra and Its Applications," Second Edition,
Academic Press, 1980, which is incorporated herein by
reference. [0096] The user terminal can estimate the
calibrated downlink channel response based on a MIMO
pilot sent by the access point. The user terminal may
then perform singularvalue decomposition of the
calibrated downlink channel response estimate Hcdn ( )
, for k K , to obtain the diagonal matrices (k) and
the matrices Vut ( ) of left eigenvectors of Hcdn (/c)
, for /c e K . This singular value decomposition may
be given s H cdn (k) =  ut (/ I )UaP (A:) , where the
hat (" A") above each matrix indicates that it is an
estimate of the actual matrix. [0097] Similarly, the
access point can estimate the calibrated uplink
channel response based on a MIMO pilot sent by the
user terminal. The access point may then perform
singular value decomposition of the calibrated uplink
channel response estimate H cup ( )  r k K , to obtain
the diagonal matrices (k) and the matrices Uap ( ) of
left eigenvectors of Hcup ( :) , for k K . This
singular value decomposition may be given as Hcup (*)
Uap (k)(k)v" t (k) . [0098] Because of the reciprocal
channel and the calibration, the singular value
decomposition only needs to be performed by either the
user terminal or the access point to obtain both
matrices Vut ( ) and Uap (A;) . If performed by the
user terminal, then the matrices Vut (A;) are used for
spatial processing at the user terminal and the
matrices Uap ( ) maybe sent back to the access point.
[0099] The access point may also be able to obtain the
matrices Uap () and (k) based on a steered reference
sent by the user terminal. Similarly, the user
terminal may also be able to obtain the matrices Vut (
) and (k) based on a steered reference sent by the
access point. The steered reference is described in
detail in commonly assigned U.S. 



Patent Application Serial No. 10/693,419, entitled
"MMO WLAN System", filed October 23, 2003. [00100] The
matrices Uap (A:) and Vut ( ) may be used to transmit
independent data streams on the Ns eigenmodes of the
MEVIO channel, where Ns < min{N ap ,Nut } . The
spatial processing to transmit multiple data streams
on the downlink and uplink is described below.A.
Uplink Spatial Processing [00101] The spatial
processing b y the user terminal for uplink
transmission may b e expressed as: x up (k) = K t111
(Zc)V111 (Zc)S115 (Zc) , for k e K , Eq (29) where x
up (Ic) is the transmit vector for the uplink for
subband k; and sup (Zc) is a data vector with up to Ns
non-zero entries for the modulation symbols to b e
transmitted on the Ns eigenmodes of subband k. [00102]
Additional processing may also b e performed on the
modulation symbols prior to transmission. For example,
channel inversion may b e applied across the data
subbands (e.g., for each eigenmode) such that the
received SNR is approximately equal for all data
subbands. The spatial processing may then b e
expressed as: x,(*) = ( ) ) for k eK, Eq (30) where W
111 , (k) is a matrix with weights for the (optional)
uplink channel inversion. [00103] The channel
inversion may also be performed by assigning transmit
power to each subband before the modulation takes
place, in which case the vector S 11 (Zc) includes the
channel inversion coefficients and the matrix W 111
(k) can be omitted from equation (30). In the
following description, the use of the matrix W 



111 (Zc) in an equation indicates that the channel
inversion coefficients are not incorporated into the
vector p ik) . The lack of the matrix W 11 ( :) in an
equation can indicate either (1) channel inversion is
not performed or (2) channel inversion is performed
and incorporated into the vector S11 (Zc) . [00104]
Channel inversion may be performed as described in the
aforementioned U.S. Patent Application Serial No.
10/693,419 and in commonly assigned U.S. Patent
Application Serial No. 10/229,209, entitled "Coded MMO
Systems with Selective Channel Inversion Applied Per
Eigenmode," filed August 27, 2002. [00105] The
received uplink transmission at the access point may
be expressed as: tup (k) K rap (Ar)H 11 x115 (k) +n(k)
, for k e K , Eq (3 1)where r (Ic) is the received
vector for the uplink for subband k ; n(k) is additive
white Gaussian noise (AWGN) for subband Ic; and xup
(Ic) is as shown in equation (29). [00106] The
receiver spatial processing (or spatial matched
filtering) at the access point for the received uplink
transmission may be expressed as: =1(k)Ul (Krap (*)H p
( ,(*)Yut (k)s u (k) +JX(Ic)) , for Ic e K , E q (32)
= (*)< ( ) ap (*)S(*)V; (*)Vut (Jc) (k) + n(k) , ,
where s (k ) is an estimate of the data vector S (Ic)
transmitted by the user terminal on the uplink, and
n(&) is the post-processed noise. Equation (32)
assumes that channel inversion was not performed at
the user terminal, the transmit vector xup (k) is as
shown in equation (29), and the received vector (k )
is as shown in equation (31). B. Downlink Spatial
Processing 



[00107] The spatial processing by the access point for
downlink transmission may be expressed as: X (k) Ktep
(Jc)V ap (k)  (k) , for k e K , Eq (33) where n (Ic)
is the transmit vector and S n (A:) is the data vector
for the downlink. [00108] Again, additional processing
(e.g., channel inversion) may also be performed on the
modulation symbols prior to transmission. The spatial
processing may then be expressed as: where W11n (k) is
a matrix with weights for the (optional) downlink
channel inversion. [00109] The received downlink
transmission at the user terminal may be expressed
as:r dn (/c) = Kmt ( :)Hdn ( :)xdn (/c) + n ) , for k
e K . Eq (35) [001 10] The receiver spatial processing
(or spatial matched filtering) at the user terminal
for the received downlink transmission may be
expressed as: -U*) =  ) t(A:)Krat (/c)H (yt)K p (/c)U;
p sdn ( ) + n(/c) , for A: e . Eq (36) = 1 (/0  t V;t
(/c)S( )U p( U;p(/c)sdn ( c) + n(/c) = s ( ) +  (A) ,
Equation (36) assumes that channel inversion was not
performed at the access point, the transmit vector Xn
( :) is as shown in equation (33), and the received
vector E n (A:) is as shown in equation (35). [00111]
Table 3 summarizes the spatial processing at the
access point and the user terminal for data
transmission and reception. Table 3 assumes that the
additional processing by W(A:) is performed at the
transmitter. However, if this additional processing is
not performed, then W(A:) is simply equal to the
identity matrix. Table 3 [00112] In the above
description and as shown in Table 3, the correction
matrices K 1,(A:) and Krap (A:) are used for the
transmit side and receive side, respectively, at the
access point. One of these two correction matrices may
be set equal to the identity 



matrix. The correction matrices K tot (A:) and K mt
(k) are used for the transmit side and receive side,
respectively, at the user terminal. One of these two
correction matrices may also be set equal to the
identity matrix. The correction matrices K (A:) andK
(k) may be combined with the weight matrices n (k) and
W (k) to obtain gain matrices G (Ic) and Gup (/c) ,
where G (Jc) =K k) (Ic) and Gup (/c) =Ktut (/c)Wup
(/c) . C. Data Transmission on One Link [00113] Data
transmission on a given link may also be achieved by
applying correction matrices at a transmitting station
and using an MMSE receiver at a receiving station. For
example, data transmission on the downlink may be
achieved by applying the correction factors on only
the transmit side at the access point and using the
MMSE receiver at the user terminal. For simplicity,
the description is for a single subband and the
subband index k is omitted in the equations. The
calibrated downlink and uplink channel responses maybe
given as: H 01111 = R T 111 = H 111 , , and . Eq (37)
Hcdn = - ut utHJ-ap ap = KutHdnKap = Hcup . Eq (38)
[00114] The user terminal transmits a pilot on the
uplink, which is used by the access point to derive an
estimate of the uplink channel response. The access
point performs singular value decomposition of the
uplink channel response estimate Hcup , as shown in
equation (27), and derives the matrix Uap . The access
point then uses Uap for spatial processing to transmit
data on the eigenmodes of the MIMO channel, as shown
in equation (33). [001 15] The received downlink
transmission at the user terminal may be expressed as:



I =H 1Xn + n . Eq (39) Equation (39) indicates that
the correction factors are not applied at the user
terminal. The user terminal derives an MMSE spatial
filter matrix M , as follows: where Hedp =
RutHTapKapUap = H K L ; and- f nn is the autoco
variance matrix of the noise. If the noise is AWGN,
then f = sn l , where sn is the variance of the noise.
The user terminal may derive Hedn based on a pilot
transmitted along with the data by the access point.
[001 16] The user terminal then performs MMSE spatial
processing as follows: 5mmse = Mucin J = M(H dn K ap
;psdn +n) , Eq (41) , where n includes the MMSE
filtered noise and residual crosstalk, and smmse is an
estimate of the data vector S 1 . The symbol estimates
from the MMSE spatial filter matrix M are unnormalized
estimates of the data symbols. The user terminal may
multiply smaise with a scaling matrix D , which is D =
[diag [MS 1]] 1 , to obtain normalized estimates of
the data symbols. [00117] If the user terminal applies
the correction matrix K rat = K on its receive side,
then the overall downlink channel response would be
Hodn = K mtHedn . The MMSE spatial filter matrix M ,
with the correction matrix K rat applied on the
receive side at the user terminal, may be expressed
as: The inverse quantity in equation (42) maybe
rearranged as follows: [.- rut i i edn --iednK mt + K
rut nnK rut ] Substituting equation (43) into equation
(42), the following is obtained: M Eq (44)[00118] The
received downlink transmission at the user terminal,
with the correction matrix K 



1111 . applied on the receive side at the user
terminal, may be expressed as: dn = KrutHdnXdn + = K 1
t dn E q (45) The user terminal then performs MMSE
spatial processing as follows:  pu s =Mf dn =M ,Kn =
Mr , = Sn . Eq (46) Equations (45) and (46) indicate
that the user terminal can obtain the same performance
with the MMSE receiver regardless of whether the
correction factors are applied at the user terminal.
The MMSE processing implicitly accounts for any
mismatch between the transmit and receive chains at
the user terminal. The MMSE spatial matched filter is
derived with Hedn if the correction factors are not
applied on the receive side at the user terminal and
with Hodn if the correction factors are applied.
[00119] Similarly, data transmission on the uplink may
be achieved by applying correction matrices on the
transmit side and/or the receive side at the user
terminal and using the MMSE receiver at the access
point. 4. MIMO-OFDM System [00120] FIG. 5 shows a
block diagram of an embodiment of an access point 502
and a user terminal 504 within a TDD MIMO-OFDM system.
For simplicity, the following description assumes that
the access point and user terminal are each equipped
with four antennas that may be used for data
transmission and reception. [00121] On the downlink,
at access point 502, a transmit (TX) data processor
510 receives traffic data (i.e., information bits)
from a data source 508 and signaling and other
information from a controller 530. TX data processor
510 formats, encodes, interleaves, and modulates
(i.e., symbol maps) the received data and generates a
stream of modulation symbols for each spatial channel
used for data transmission. A TX spatial processor 520
receives the modulation symbol streams from TX data
processor 510 and performs spatial processing to
provide four streams of transmit symbols, one stream
for each antenna. TX spatial processor 520 also
multiplexes in pilot symbols as appropriate (e.g., for
calibration).[00122] Each modulator (MOD) 522 receives
and processes a respective transmit symbol 



stream to generate a corresponding stream of OFDM
symbols. Each OFDM symbol stream is further processed
by a transmit chain within modulator 522 to generate a
corresponding downlink modulated signal. The four
downlink modulated signals from modulator 522a through
522d are then transmitted from four antennas 524a
through 524d, respectively. [00123] At user terminal
504, antennas 552 receive the transmitted downlink
modulated signals, and each antenna provides a
received signal to a respective demodulator (DEMOD)
554. Each demodulator 554 (which includes a receive
chain) performs processing complementary to that
performed at modulator 522 and provides received
symbols. A receive (RX) spatial processor 560 performs
spatial processing on the received symbols from all
demodulators 554 and provides recovered symbols, which
are estimates of the modulation symbols sent by the
access point. An RX data processor 570 processes
(e.g., symbol demaps, deinterleaves, and decodes) the
recovered symbols and provides decoded data. The
decoded data may include recovered traffic data,
signaling, and so on, which are provided to a data
sink 572 for storage and/or a controller 580 for
further processing. [00124] Controllers 530 and 580
control the operation of various processing units at
the access point and user terminal, respectively.
Memory units 532 and 582 store data and program codes
used by controllers 530 and 580, respectively. [00125]
During calibration, RX spatial processor 560 provides
a downlink channel response estimate, I n (Ic), which
is derived based on the MIMO pilot transmitted by the
access point. RX data processor 570 provides the
uplink channel response estimate, H11P (A:) , which is
derived by the access point and sent on the downlink.
Controller 580 receives the channel response estimates
H 1(A:) and Hup (A;), derives the correction matrices
K ap (A:) and K ut (A:) , and provides the matrices K
ap (A:) to a TX data processor 590 for transmission
back to the access point. Controller 580 further
derives correction matrices K 



111 (A:) and K 1111 (A:) based on the correction
matrices K ut (A:), where either Ktat (A:) or Kmt (A:)
maybe an identity matrix, provides the correction
matrices K ( ) to a TX spatial processor 592, and
provides correction matrices KTOt (A:) to RX spatial
processor 560.[00126] The processing for the uplink
may be the same or different from the processing for
the downlink. Data and signaling are processed (e.g.,
encoded, interleaved, and modulated) by TX data
processor 590 and further spatially processed by TX
spatial processor 592, which also multiplexes in pilot
symbols. The pilot and modulation symbols are further
processed by modulators 554 to generate uplink
modulated signals, which are then transmitted via
antennas 552 to the access point. [00127] At access
point 110, the uplink modulated signals are received
by antennas 524, demodulated by demodulators 522, and
processed by an RX spatial processor 540 and an RX
data processor 542 in a manner that is complementary
to the processing performed by the user terminal.
During calibration, RX spatial processor 560 provides
an uplink channel estimate, H 1115 (A:), which is
derived based on the MHvIO pilot transmitted by the
user terminal. The matrices Hup (A:)are received by
controller 530 and provided to TX data processor 510
for transmission to the user terminal. [00128] FIG. 6
shows a block diagram of a TX spatial processor 520a,
which may be used for TX spatial processors 520 and
592 in FIG. 5. For simplicity, the following
description assumes that all four eigenmodes are
selected for use. [00129] Within processor 520a, a
demultiplexer 632 receives four modulation symbol
steams (which are denoted as S1(H) through 4(n)) to be
transmitted on four eigenmodes, demultiplexes each
stream into ND substreams for the N data subbands, 



and provides four modulation symbol substreams for
each data subband to a respective TX subband spatial
processor 640. Each processor 640 performs the
processing, e.g., as shown in equation (29), (30),
(33), or (34) for one subband. [00130] Within each TX
subband spatial processor 640, the four modulation
symbol substreams (which are denoted as S1(Jc) through
s4(k)) are provided to four beamformers 650a through
65Od for the four eigenmodes of the associated
subband. Each beam-former 650 performs beam-forming to
transmit one symbol substream on one eigenmode of one
subband. Each beam-former 650 receives one symbol
substream sm(k) and performs beam-forming using the
eigenvector m(k) for the associated eigenmode. Within
each beam-former 650, the modulation symbols are
provided to four multipliers 652a through 652d, which
also receive four elements, V /B,i( ) v m,2 > v m,3 (
)' ( ) , of the eigenvector vm(k) for the associated
eigenmode. Eigenvector y_m(k) is the m-th column of
the matrix Uap ( ) for thedownlink and is the m-th.
column of the matrix Vut (Jc) for the uplink. Each
multiplier 652 multiplies the scaled modulation
symbols with its eigenvector value vmJ (Jc) and
provides "beam-formed" symbols. Multipliers 652a
through 652d provide four beamformed symbol substreams
(which are to be transmitted from four antennas) to
summers 660a through 66Od, respectively. [00131] Each
summer 660 receives and sums four beam-formed symbols
for the four eigenmodes for each symbol period and
provides a preconditioned symbol for an associated
transmit antenna. Summers 660a through 66Od provides
four substreams of preconditioned symbols for four
transmit antennas to buffers/multiplexers 670a through
67Od, respectively. Each buffer/multiplexer 670
receives pilot symbols and the preconditioned symbols
from TX subband spatial processors 640 for the ND data
subbands. Each buffer/multiplexer 670 then multiplexes
pilot symbols, preconditioned 



symbols, and zero symbols for the pilot subbands, data
subbands, and unused subbands, respectively, to form a
sequence of NF symbols for that symbol period. During
calibration, pilot symbols are transmitted on the
designated subbands. Multipliers 668a through 668d
cover the pilot symbols for the four antennas with
Walsh sequences W1 through W4 , respectively, assigned
to the four antennas, as described above and shown in
Table 2. Each buffer/multiplexer 670 provides a stream
of symbols to a respective multiplier 672. [00132]
Multipliers 672a through 672d also receive the
correction factors K (Jc), K2 (Jc), K 3(Jc), and K
(Jc) , respectively. The correction factors for each
data subband Jc are the diagonal elements of K 9 (Jc)
for the downlink and the diagonal elements of K (k)
for the uplink. Each multiplier 672 scales its input
symbols with its correction factor K 1n (Jc) and
provides transmit symbols. Multipliers 672a through
672d provides four transmit symbol streams for the
four transmit antennas. [00133] The spatial processing
and OFDM modulation is described in further detail in
the aforementioned U.S. Patent Application Serial No.
10/693,419. [00134] The calibration techniques
described herein may b e implemented by various means.
For example, these techniques may be implemented in
hardware, software, or a combination thereof. For a
hardware implementation, the calibration techniques
may be implemented at the access point and user
terminal within one or more applicationspecific
integrated circuits (ASICs), digital signal processors
(DSPs), digital signal processing devices (DSPDs),
programmable logic devices (PLDs), field programmable
gate arrays (FPGAs), processors, controllers,
micro-controllers, microprocessors, other electronic
units designed to perform the functions described
herein, or a combination thereof. [00135] For a
software implementation, the calibration techniques
may be implemented with modules (e.g., procedures,
functions, and so on) that perform the functions
described herein. The software codes may be stored in
a memory unit (e.g., memory units 532 and 582 in FIG.
5) and executed by a processor (e.g., controllers 530
and 580, as appropriate). The memory unit may be
implemented within the processor or external 



to the processor, in which case it can be
communicatively coupled to the processor via various
means as is known in the art. [00136] Headings are
included herein for reference and to aid in locating
certain sections. These headings are not intended to
limit the scope of the concepts described therein
under, and these concepts may have applicability in
other sections throughout the entire specification.
[00137] The previous description of the disclosed
embodiments is provided to enable any person skilled
in the art to make or use the present invention.
Various modifications to these embodiments will be
readily apparent to those skilled in the art, and the
generic principles defined herein may be applied to
other embodiments without departing from the spirit or
scope of the invention. Thus, the present invention is
not intended to be limited to the embodiments shown
herein but is to be accorded the widest scope
consistent with the principles and novel features
disclosed herein.CLAIMS What is claimed is: 1. A
method of calibrating communication links in a
wireless time division duplexed (TDD) communication
system, comprising: obtaining a channel response
estimate for a downlink channel from an access point
to a user terminal; obtaining a channel response
estimate for an uplink channel from the user terminal
to the access point; and determining correction
factors for the access point and correction factors
for the user terminal based on the channel response
estimates for the downlink and uplink channels, the
correction factors for the access point and the
correction factors for the user terminal being used to
obtain a calibrated downlink channel response and a
calibrated uplink channel response. 2. The method of
claim 1, further comprising: applying the correction
factors for the access point on a transmit side, or a
receive side, or both the transmit and receive sides
at the access point. 



3. The method of claim 1, further comprising: applying
the correction factors for the user terminal on a
transmit side, or a receive side, or both the transmit
and receive sides at the user terminal. 4. The method
of claim 1, wherein the determining the correction
factors for the access point and the correction
factors for the user terminal comprises determining
the correction factors for the access point and the
correction factors for the user terminal based on the
following equation: Hup ut = (X dnKap) where H11n is a
matrix for the channel response estimate for the
downlink channel, H11P is a matrix for the channel
response estimate for the uplink channel, Kap is a
matrix for the correction factors for the access
point,K ut is a matrix for the correction factors for
the user terminal, and " t " denotes a transpose. 5.
The method of claim 4, further comprising: deriving
correction factors for a transmit side of the access
point and correction factors for a receive side of the
access point based on the following equation: ' where
K top is a matrix for the correction factors for the
transmit side of the access point, and Krap is a
matrix for the correction factors for the receive side
of the access point. 6. The method of claim 5 further
comprising: setting the matrix K p or the matrix Krap
to an identity matrix. 7. The method of claim 5,
further comprising: setting the matrix K tp or the
matrix K rap to an arbitrary matrix. 8. . The method
of claim 4, further comprising: deriving correction
factors for a transmit side of the user terminal and
correction factors for a receive side of the user
terminal based on the following equation: ' where Ktat
is a matrix for the correction factors for the
transmit side of the user 



terminal, and Krat is a matrix for the correction
factors for the receive side of the user terminal. 9.
The method of claim 4, wherein the determining the
correction factors for the access point and the
correction factors for the user terminal
comprisescomputing a matrix C as an element-wise ratio
of the matrix Hup over the matrix H 1 , and deriving
the matrices Kap and Kut based on the matrix C . 10.
The method of claim 9, wherein the deriving the matrix
K1 comprises normalizing each of a plurality of rows
of the matrix C , determining a mean of the plurality
of normalized rows of the matrix C , and forming the
matrix Kut based on the mean of the plurality of
normalized rows. 11. The method of claim 9, wherein
the deriving the matrix Kap comprises normalizing each
of a plurality of columns of the matrix C ,
determining a mean of inverses of the plurality of
normalized columns of the matrix C , and forming the
matrix Kap based on the mean of the inverses of the
plurality of normalized columns. 12. The method of
claim 4, further comprising: deriving the matrices Kap
and Kut based on minimum mean square error (MMSE)
computation. 13. The method of claim 4, further
comprising: deriving the matrices Kap and Kut based on
minimum mean square error (MMSE) computation to
minimize a mean square error (MSE) given by the
following equation IHupKut -(HdnKap) I 14. The method
of claim 1, wherein the determining the correction
factors for the access point and the correction
factors for the user terminal comprisesderiving a
first set of matrices of correction factors for the
access point for a first set of frequency subbands,
and 



interpolating the first set of matrices to obtain a
second set of matrices of correction factors for the
access point for a second set of frequency subbands.
15. The method of claim 1, wherein the determining the
correction factors for the access point and the
correction factors for the user terminal comprises
deriving a first set of matrices of correction factors
for the user terminal for a first set of frequency
subbands, and interpolating the first set of matrices
to obtain a second set of matrices of correction
factors for the user terminal for a second set of
frequency subbands. 16. The method of claim 1, further
comprising: transmitting a pilot on the uplink
channel, wherein the uplink channel response estimate
is derived based on the pilot transmitted on the
uplink channel; and receiving a pilot on the downlink
channel, wherein the downlink channel response
estimate is derived based on the pilot received on the
downlink channel. 17. An apparatus in a wireless time
division duplexed (TDD) communication system,
comprising: means for obtaining a channel response
estimate for a downlink channel from an access point
to a user terminal; means for obtaining a channel
response estimate for an uplink channel from the user
terminal to the access point; and means for
determining correction factors for the access point
and correction factors for the user terminal based on
the channel response estimates for the downlink and
uplink channels, the correction factors for the access
point and the correction factors for the user terminal
being used to obtain a calibrated downlink channel
response and a calibrated uplink channel response. 18.
The apparatus of claim 17, further comprising: means
for applying the correction factors for the access
point on a transmit side, or a receive side, or both
the transmit and receive sides at the access point.19.
The apparatus of claim 17, further comprising: means
for deriving correction factors for a transmit side of
the access point and 



correction factors for a receive side of the access
point based on the correction factors for the access
point. 20. The apparatus of claim 17, further
comprising: means for applying the correction factors
for the user terminal on a transmit side, or a receive
side, or both the transmit and receive sides at the
user terminal. 21. The apparatus of claim 17, further
comprising: means for deriving correction factors for
a transmit side of the user terminal and correction
factors for a receive side of the user terminal based
on the correction factors for the user terminal. 22.
The apparatus of claim 17, wherein the means for
determining the correction factors for the access
point and the correction factors for the user terminal
comprises means for performing minimum mean square
error (MMSE) computation on the channel response
estimates for the downlink and uplink channels to
determine the correction factors for the access point
and the correction factors for the user terminal. 23.
The apparatus of claim 17, wherein the means for
determining the correction factors for the access
point and the correction factors for the user terminal
comprises means for performing matrix ratio
computation on the channel response estimates for the
downlink and uplink channels to determine the
correction factors for the access point and the
correction factors for the user terminal. 24. A method
of calibrating communication links in a wireless time
division duplexed (TDD) multiple-input multiple-output
(MIMO) communication system, comprising: transmitting
a pilot on a first communication link from a first
station to a second station;obtaining a channel
response estimate for the first communication link
derived based on the pilot transmitted on the first
communication link; receiving a pilot on a second
communication link from the second station; 



deriving a channel response estimate for the second
communication link based on the pilot received on the
second communication link; and determining correction
factors for the first station and correction factors
for the second station based on the channel response
estimates for the first and second communication
links, the correction factors for the first station
and the correction factors for the second station
being used to obtain a calibrated channel response for
the first communication link and a calibrated channel
response for the second communication link. 25. The
method of claim 24, further comprising: applying the
correction factors for the first station on a transmit
side, or a receive side, or both the transmit and
receive sides at the first station. 26. The method of
claim 24, further comprising: sending the correction
factors for the second station to the second station.
27. The method of claim 24, further comprising:
updating the correction factors for the first station
based on calibration with a plurality of second
stations. 28. An apparatus in a wireless time division
duplexed (TDD) communication system, comprising: a
transmit spatial processor to transmit a first pilot
on a first communication link from a first station to
a second station; a receive spatial processor to
receive a second pilot on a second communication link
from the second station, to derive a channel response
estimate for the second communication link based on
the received second pilot, and to receive a channel
response estimate for the first communication link
derived based on the transmitted first pilot; and a
controller to determine correction factors for the
first station and correction factors for the second
station based on the channel response estimates for
the first andsecond communication links, the
correction factors for the first station and the
correction factors for the second station being used
to obtain a calibrated channel 



response for the first communication link and a
calibrated channel response for the second
communication link. 29. The apparatus of claim 28,
wherein the controller performs minimum mean square
error (MMSE) computation on the channel response
estimates for the first and second communication links
to determine the correction factors for the first
station and the correction factors for the second
station. 30. The apparatus of claim 28, wherein the
controller performs matrix-ratio computation on the
channel response estimates for the first and second
communication links to determine the correction
factors for the first station and the correction
factors for the second station. 31. The apparatus of
claim 28, wherein the controller derives correction
factors for the transmit spatial processor and
correction factors for the receive spatial processor
based on the correction factors for the first station.
32. The apparatus of claim 28, wherein the controller
updates the correction factors for the first station
based on calibration with a plurality of second
stations. 33. A method of transmitting data in a
wireless time division duplexed (TDD) multiple-input
multiple-output (MIMO) communication system,
comprising: applying correction factors for a first
station on a transmit side, or a receive side, or both
the transmit and receive sides at the first station;
transmitting a pilot on a first communication link
from the first station to a second station; and
receiving a data transmission sent on a second
communication link from the second station to the
first station, wherein the data transmission is
spatially processed based on a channel response
estimate for the first communication link derived from
the pilot transmitted on the first communication
link.34. The method of claim 33, further comprising:
spatially processing the received data transmission
with a matched filter. 35. The method of claim 33,
wherein the receiving the data transmission sent on
the second communication link comprises 



receiving the data transmission sent on a plurality of
eigenmodes of the second communication link. 36. The
method of claim 33, wherein the second station applies
correction factors on a transmit side, or a receive
side, or both the transmit and receive sides at the
second station. 37. An apparatus in a wireless time
division duplexed (TDD) multiple-input multiple-output
(MIMO) communication system, comprising: means for
applying correction factors for a first station on a
transmit side, or a receive side, or both the transmit
and receive sides at the first station; means for
transmitting a pilot on a first communication link
from the first station to a second station; and means
for receiving a data transmission sent on a second
communication link from the second station to the
first station, wherein the data transmission is
spatially processed based on a channel response
estimate for the first communication link derived from
the pilot transmitted on the first communication link.
38. An apparatus in a wireless time division duplexed
(TDD) multiple-input multiple-output (MIMO)
communication system, comprising: a transmit processor
to transmit a pilot on a first communication link from
a first station to a second station; and a receive
processor to receive a data transmission sent on a
second communication link from the second station to
the first station, wherein the data transmission is
spatially processed based on a channel response
estimate for the first communication link derived from
the pilot transmitted on the first communication link,
and wherein the transmit processor applies correction
factors to the transmitted pilot, or the receive
processor applies correction factors to the received
data transmission, orboth the transmit processor
applies correction factors to the transmitted pilot
and the receive processor applies correction factors
to the received data transmission. 39. A method of
transmitting data in a wireless time division duplexed
(TDD) multiple-input multiple-output (MIMO)
communication system, comprising: 



transmitting a pilot on a first communication link
from a first station to a second station; receiving a
data transmission sent on a second communication link
from the second station to the first station, wherein
the second station applies correction factors on a
transmit side, or a receive side, or both the transmit
and receive sides at the second station, and wherein
the data transmission is spatially processed based on
a channel response estimate for the first
communication link derived from the pilot transmitted
on the first communication link; and processing the
received data transmission with a minimum mean square
error (MMSE) receiver at the first station. 40. The
method of claim 39, wherein the receiving the data
transmission sent on the second communication link
comprises receiving the data transmission sent on a
plurality of eigenmodes of the second communication
link. 




