
1  MULTI-ANTENNA SYSTEM TO SIMULTANEOUS SUPPORT OF MISO AND MIMO RECEIVERS
Claim of Priority under 35 U.S.C. 119 [0001] The present Application for
Patent claims priority to Provisional Application  No. 60/527,201 entitled
"Incremental Pilot Insertion for Hybrid MISO/MIMO Systems"  filed December
5, 2003, and assigned to the assignee hereof and hereby expressly
incorporated by reference herein. BACKGROUND  1. Field [0002] The present
invention relates generally to data communication, and more  specifically to
pilot transmission for a wireless multi-antenna communication system.  H.
Background [0003] A multi-antenna communication system employs multiple (T)
transmit  antennas and one or more (R) receive antennas for data and pilot
transmission. The  multi-antenna system may thus be a multiple-input
multiple-output (MR40) system or a  multiple-input single-output (MISO)
system. For a MIMO system, a MIMO channel  formed by the multiple transmit
antennas and multiple receive antennas is composed of  S spatial channels,
where S < min {T, R} . The S spatial channels may be used to  transmit data
in parallel to achieve higher overall throughput and/or redundantly to
achieve greater reliability. For a MISO system, a MISO channel formed by the
multiple  transmit antennas and single receive antenna is composed of a
single spatial channel.  However, the multiple transmit antennas may be used
to transmit data redundantly to  achieve greater reliability. [0004] An
accurate estimate of a wireless channel between a transmitter and a
receiver is normally needed in order to recover data sent via the wireless
channel.  Channel estimation is typically performed by sending a pilot from
the transmitter and  measuring the pilot at the receiver. The pilot is made
up of modulation symbols that are  known a priori by both the transmitter
and receiver. The receiver can thus estimate the 2  channel response based
on the received pilot symbols and the known transmitted pilot  



symbols. [0005] The multi-antenna system may concurrently support both MISO
receivers  (which are receivers equipped with a single antenna) and MIMO
receivers (which are  receivers equipped with multiple antennas). MISO and
MIMO receivers typically  require different channel estimates and thus have
different requirements for a pilot  transmission, as described below. Since
pilot transmission represents an overhead in the  multi-antenna system, it
is desirable to minimize pilot transmission to the extent  possible.
However, the pilot transmission should be such that both MISO and MIMO
receivers can obtain channel estimates of sufficient quality. [0006] There
is therefore a need in the art for techniques to efficiently transmit a
pilot in a multi-antenna system. SUMMARY  [0007] Efficient pilot
transmission schemes for single-carrier and multi-carrier  multi-antenna
communication systems are described herein. In general, MISO receivers
prefer the pilot to be sent in one spatial direction from the multiple (T)
transmit  antennas so that received pilot symbols can be filtered to obtain
higher quality channel  estimates. MIMO receivers typically require the
pilot to be sent in different spatial  directions from the T transmit
antennas so that the channel gains for different transmit  and receive
antenna pairs can be estimated. [0008] In one pilot transmission scheme, a
single "training" matrix of coefficients is  -defined that can be used for
pilot transmission for both MISO and MIMO receivers.  The training matrix
contains M training vectors, where M ? T , and each training vector
contains T coefficients. The M training vectors are for M different spatial
directions  and are not orthogonal to one another for this pilot
transmission scheme. Each training  vector is used to generate a respective
set of T scaled pilot symbols for transmission  from the T transmit
antennas. M sets of T scaled pilot symbols can be generated with  the M
training vectors and transmitted, for example, in M symbol periods. The M
sets  of T scaled pilot symbols are suitable for use for channel estimation
by both MISO and  MIMO receivers. The M times T coefficients in the training
matrix may be selected, for  example, to minimize channel estimation errors
by both MISO and MIMO receivers. 



3  [0009] In another ("incremental") pilot transmission scheme, a first set
of T scaled pilot symbols is generated with a first training vector and
transmitted (e.g.,  continuously) from the T transmit antennas. If at least
one MIMO receiver is to be  supported by the system, then at least T-1
additional sets of T scaled pilot symbols are  generated with at least T-1
additional training vectors and transmitted from the T  transmit antennas.
For example, the additional sets of scaled pilot symbols can be  cycled
through, and each additional set of scaled pilot symbols can be transmitted
in a  respective symbol period. The training vectors may be defined to be
orthogonal to one  another for improved channel estimation performance. Each
MISO receiver can  estimate its MISO channel based on the first set of
scaled pilot symbols. Each MIMO  receiver can estimate its MIMO channel
based on the first and additional sets of scaled  pilot symbols. [0010] If
the multi-antenna system utilizes orthogonal frequency division
multiplexing (OFDM), then each scaled pilot symbol may be transmitted from a
respective transmit antenna on a group of P subbands, where P > 1. This
allows the  MISO and MIMO receivers to estimate the entire frequency
response of their MISO and  MIMO channels, respectively. Channel estimation
techniques are also described herein.  Various aspects and embodiments of
the invention are also described in further detail  below. BRIEF DESCRIPTION
OF THE DRAWINGS [0011] The features and nature 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 and  wherein: [0012] FIG. 1 shows a
multi-antenna system with a transmitter and two receivers;  [0013] FIGS. 2A
and 2B illustrate channel estimation performed by a MISO  receiver and a
MIMO receiver, respectively, in a 4 x 4 system; [0014] FIG. 3 shows a
subband structure for a multi-antenna OFDM system; [0015] FIG. 4A shows a
pilot transmission scheme with a common training matrix  



for both MISO and MIMO receivers; [0016] FIG. 4B shows an incremental pilot
transmission scheme; 4  [0017] FIG. 5 shows a process for transmitting a
pilot in the multi-antenna system using the incremental pilot transmission
scheme; [0018] FIG. 6 shows a block diagram of the transmitter, MISO
receiver, and MIMO  receiver in the multi-antenna system; [0019] FIG. 7
shows a transmit (TX) spatial processor and a transmitter unit at the
transmitter; and [0020] FIGS. 8A and 8B show a receiver unit and a channel
estimator, respectively,  for the MIMO receiver. DETAILED DESCRIPTION [0021]
The word "exemplary" is used herein to mean "serving as an example,
instance, or illustration." Any embodiment or design described herein as
"exemplary"  is not necessarily to be construed as preferred or advantageous
over other embodiments  or designs. 1. Single-Carrier Multi-Antenna System
[0022] FIG. I shows a multi-antenna communication system 100 with a
transmitter  110 and two receivers 150a and 150b. For simplicity,
transmitter 110 has two transmit  antennas, MISO receiver 150a has a single
receive antenna, and MIMO receiver 150b  has two receive antennas. [0023] A
MISO channel formed by the two antennas at the transmitter and the  single
antenna at the MISO receiver may be characterized by a 1 x 2 channel
response  row vector ho, which maybe expressed as. bmuo = [h, h2l > Eq (1)
[0024] where entry hj, for j =1' 2, denotes the complex channel gain between
transmit antenna j and the single antenna at the MISO receiver. A vector is
normally  expressed as a column, and a row vector is normally expressed as a
row. [0025] A MIMO channel formed by the two antennas at the transmitter and
the two  antennas at the MIMO receiver may be characterized by a 2 x 2
channel response  



matrix A, which maybe expressed as: 5  H = 1:1,1 h1,2 Eq (2)  Tr21 h2 2
where entry hi, , for i =1, 2 and j =1, 2, denotes the complex channel gain
between  transmit antenna j and receive antenna i at the MIMO receiver. A
single-input single- output (SISO) channel exists between each
transmit/receive antenna pair. The four  entries in H are indicative of the
channel gains for the four SISO channels of the  MIMO channel. The matrix H
may also be viewed as containing one channel response  row vector h, for
each receive antenna i. [0026] The transmitter can transmit a pilot symbol
from each transmit antenna to  allow the MISO and MIMO receivers to estimate
their respective MISO and MIMO  channel responses. Each pilot symbol is a
modulation symbol that is known a priori by  both the transmitter and
receivers. To facilitate channel estimation by the receivers, the
transmitter can multiply the pilot symbol P; for each transmit antenna j
with a  respective coefficient u"' , using a multiplier 112, prior to
transmission from the  transmit antenna, as shown in FIG. 1. [0027] The
received symbol at the MISO receiver may then be expressed as:  [0028]
Yru,o,m = bmao. um + nmi,o = h, ' u,.m + h2 ' u2,m + nmi,o Eq (3)  [0029]
where rmi,om is a received symbol for the MISO receiver; ' [0030] um = ['I,
u2, ] is a 2 x 1 vector of coefficients used for pilot  transmission, where
" T " denotes a transpose; and [0031] nmuo is the noise at the MISO
receiver. [0032] The vector n-m is also referred to as a "training" vector
since it is used for  pilot transmission. [0033] The received symbols at the
MIMO receiver for the same pilot transmission  may be expressed as:
hl,'u,,,+h12u2m+n,  rm=um+n la _ 



[0034] H r2" 1121 'Ulm +11L2'u2'"+n2 Eq(4) 6  T [00351 where K. = [r], r2,m1
is a 2 x I vector of received symbols for the  MIMO receiver; and [00361 n =
[n, n, IT is a noise vector for the MIMO receiver. [00371 For simplicity,
the pilot symbols are not shown in equations (3) and (4).  [00381 The
transmitter typically transmits data redundantly from both transmit
antennas to the MISO receiver. In this case, the MISO receiver only needs to
estimate a  composite MISO channel, which is hmae = h, + h2 and does not
need to estimate the  channel gains hl and h2 for the individual SISO
channels that make up the MISO  channel. If the two coefficients are equal
(i.e., Ulm = M2.m ), then the MISO receiver can  average (or filter)
received symbols obtained for multiple symbol periods to derive a  higher
quality channel estimate. A symbol period refers to the time duration in
which a  data or pilot symbol is transmitted. 100391 The transmitter may
transmit data in parallel from both transmit antennas to  the MIMO receiver
to improve throughput. In this case, the MIMO receiver would need  to (1)
estimate the channel gains hl I, h12, h21, and h22 for the individual SISO
channels that make up the MIMO channel and (2) use these channel gain
estimates to  recover the data transmission. However, for the pilot
transmission described above, the  MIMO receiver only has two equations for
the two received symbols 'm and r2 m, as  shown in equation (4). The MIMO
receiver would need two additional equations in  order to solve for the four
unknown channel gains. The transmitter can facilitate the  MIMO channel
estimation by transmitting pilot symbols using two different training
vectors no and -b in two symbol periods. The received symbols at the MIMO
receiver  may then be expressed as: 100401 ra=Hua+n and ra=H u_b+n Eq(5)
[00411 where L and rb are two vectors of received symbols for two symbol
periods. The MIMO channel is assumed to be constant over the two symbol
periods.  The MIMO receiver now has four equations for the four received
symbols in the two  



vectors to and rb. If the coefficients in the training vectors  and 116 are
appropriately chosen, then the MIMO receiver can solve for the four unknown
channel  gains based on the vectors ro , K6, L and ub . 7  [0042] For
simplicity, the description above is for a 2 x 2 system in which the
transmitter has two transmit antennas and the receivers have at most two
receive  antennas. In general, a multi-antenna system may include
transmitters and receivers  with any number of antennas, i.e., T and R can
be any integers. To facilitate channel  estimation by a MIMO receiver, a
transmitter can transmit a pilot using M training  vectors (e.g., in M
symbol periods), where in general M ? T . Each training vector  contains T
coefficients for the T transmit antennas. [0043] The received symbols for
the MIMO receiver in the T x R system may be  expressed as: [0044] R=HU+N
Eq(6)  [0045] where R is an R x M matrix of received symbols for M symbol
periods; [0046] H is an R x T channel response matrix for the MIMO receiver;
[0047] U is a T x M training matrix of coefficients used for the M symbol
periods;  and [0048] is an R x M matrix of noise at the MIMO receiver for
the M symbol  periods. [0049] The matrix contains M training vectors or
columns (i.e.,  U =[ua Mb ... UM]) where one training vector is used for
pilot transmission in each  symbol period. The matrix R contains M vectors
or columns of received symbols for  M symbol periods (i.e., R = [ra rb ...
NJ). The MIMO receiver can derive the  MIMO channel estimate as follows:
[0050] R U-'=(HU+N)U"'=HUU-'+NU-' Eq(7)  [0051] The estimated channel
response matrix may also be obtained by  performing some other linear
operation on the received symbol matrix R B. [0052] The received symbols for
the MISO receiver for the same pilot transmission  



in the T x R system may be expressed as: [0053] rmtrn = bmsn U+nmev Eq (8) 8
[0054] where rmiso is a 1 x M row vector of received symbols for the M
symbol  periods; [0055] Lb- is a l x T channel response row vector for the
MISO receiver; and  [0056] Amino is a 1 x M row vector of noise at the MISO
receiver for the M symbol  periods. [0057] The row vector rmL.o contains M
received symbols for M symbol periods  (r.e. rmiao = [ mi,o,a misob "'
rmuo,M ]). [0058] l The MISO receiver typically only needs to estimate the
composite MISO  channel, which is hm;,a = h, +h2 +...+hr and not the
individual SISO channels of the  MISO channel. The composite MISO channel
can be estimated with just one training  vector in !I. For example, if the
training vector contains all ones, then the composite  MISO channel can be
estimated as the received symbols, or hmfr^ =rm~a. The MISO  receiver
prefers to have the training vectors in U to be the same and pointing in the
same spatial direction so that the received symbols r",uap through ra"faM
can be filtered  to obtain a more accurate composite MISO channel estimate.
[0059] The MIMO receiver typically needs to estimate the channel gains of
the  individual SISO channels of the MIMO channel, or the R T elements of
the channel  response matrix A. This requires the M training vectors in U to
be different and  pointing in different spatial directions. The best
performance for MIMO channel  estimation can be achieved when D is a unitary
matrix and the M training vectors are  orthogonal to one another. This
orthogonality condition may be expressed as:  H U  U =I, where I is the
identity matrix and " H " denotes a conjugate transpose. The  orthogonality
condition may equivalently be expressed as: nm 11 = 0, for X= a ... M ,
m=a...M,andX;-5 m. [0060] As an example, for the 2 x 2 system, the following
training matrices U2x2  Umimo 



and -~2 may be used for the MISO and MIMO receivers, respectively:  Viso I
11 U2i2a _rl -11 [0061] 1J and ILLl l Eq(9) 9  [0062] As described above and
seen in equation (9), the MISO and MIMO receivers  prefer different training
matrices. corn  [0063] A single common training matrix U2x2 may be defined
and used to  simultaneously support both MISO and MIMO receivers, as
follows: Ucom _ [Ul, Ul,b  2x2 [0064] u' o 14,b Eq (10)  `m  [0065] The
coefficients in the training matrix U -2x7 are selected to provide good
channel estimation performance for both MISO and MIMO receivers. Channel
estimation performance may be quantified by various criteria. In an
embodiment, the  Ucom coefficients in -2x2 are selected to minimize channel
estimation errors for both MISO  and MIMO receivers. This may be achieved by
computing the channel estimation error  for a MISO receiver and the channel
estimation error for a MIMO receiver for a given  Ucom matrix -2x2 ,
computing the total channel estimation error for both the MISO and  Unnm
MIMO receivers, and adjusting/selecting the coefficients in -2x2 such that
the total  channel estimation error is minimized. The channel estimation
errors for the MISO and  MIMO receivers may be given different weights in
the computation of the total channel  estimation error. For example, the
channel estimation error for each receiver may be Ucom computed as a mean
square error between the common training matrix (e.g., -2x2) and Umiso Umimo



the desired training matrix (e.g., -2x2 or -2x2 ) for that receiver, and the
total channel  estimation error may then be computed as the sum of weighted
mean square errors for Ucom the MISO and MIMO receivers. In another
embodiment, the coefficients in -24 are  selected to minimize detection
performance losses for both MISO and MIMO receivers.  Other criteria may
also be used to select the coefficients. The errors and losses may be
determined by computation, computer simulation, empirical measurements, and
so on.  The coefficients may further be selected based on system parameters
and/or  requirements such as, for example, the number of MISO receivers and
the number of  MIMO receivers in the system, the priority of the MISO
receivers relative to that of the  MIMO receivers, and so on. The
coefficients may be selected once and thereafter used  for pilot
transmission. The coefficients may also be changed periodically or 10
dynamically based on various factors (e.g., the number of MISO and MIMO
receivers,  the relative priority between MISO and MIMO receivers, and so
on). [0066] For a 4 x 4 system, the following training matrices 114x4 and
114x40 may be  used for the MISO and MIMO receivers, respectively: 1 1 1 1 1
1 1 1  114 4 1 1 1 1 114%44 = 1 -1 1 -1  1 1 1 1 1 1 -1 -1 [0067] 1 I 1 1
and I I 1 I Eq (11) rom [0068] Again, a single common training matrix U-4x4
may be defined and used to  simultaneously support both MISO and MIMO
receivers, as follows: r ~,4 u~4 a~A nod  Urom - u2A 7424 u2A u2,d  -4x4 - r
r r r rr3,, 7434 U3, 7434 [0069] 744.4 7444 u4A u4.d Eq (12)  



com , , r [0070] where 114x4 u b I I d ] and u m for m = a, b, c, d is the
m-th rom Urom training vector or column of U -4x4. The coefficients in the
training matrix -4xQ are  selected to provide good channel estimation
performance for both MISO and MIMO  receivers and based on various
considerations, as described above for the training  matrix 11zx . [0071] In
one pilot transmission scheme, the transmitter transmits a pilot using the
Urom training vectors in 4x4. For example, the transmitter can cycle through
the four rom . training vectors in 114x4 and transmit the pilot using n 4 in
symbol period n, then u b in  the next symbol period n +I, then prc in
symbol period n + 2, then n--rd in symbol  period n + 3, then back to  in
symbol period n + 4 and so on. [0072] FIG. 2A illustrates channel estimation
performed by the MISO receiver in  the 4 x 4 system for the first pilot
transmission scheme. The transmitter transmits the  rom pilot by cycling
through the four training vectors in 114x4 , as described above. The
received symbols for the MISO receiver are r~,o(n) = h p  74'4 + n ~" for
symbol  period n, r"(n+1)=hmJ4 u'.+nm,, for symbol period n+1, and so on, as
shown in 11  FIG. 2A. The MISO receiver can filter the received symbols, for
example, using a finite  impulse response (FIR) filter, to obtain a
composite MISO channel estimate, hm,=o6=) at  symbol period n, as follows:
h.j,s (12) _ c(i) . r.,,, (n - i) [0073] '=L1 , Eq (13)  [0074] where c(i)
for L,  L2 are coefficients for the FIR filter; and  [0075] Ll and L2 are
the time extent of the FIR filter. [0076] For a causal FIR filter, L, = 0 L2
>_ 1, and the composite MISO channel  estimate hm=^ is a weighted sum of the
received symbols for L2 prior symbol periods  



and the current symbol period. For a non-causal FIR filter, and the
composite MISO channel estimate h.a- is a weighted sum of the received
symbols for  L2 prior symbol periods, the current symbol period, and Ll
future symbol periods.  Buffering of Ll received symbols is needed to
implement the non-causal FIR filter. [0077] FIG. 2B illustrates channel
estimation performed by the MMIh4O receiver in  the 4 x 4 system for the
first pilot transmission scheme. The transmitter transmits the  corn pilot
using the training matrix -4x4 as described above. The received symbols for
the  MIMO receiver are r(n) = H u'e + for symbol period n, r(n + 1) = A  u'b
+ n for  symbol period it + 1, and so on, as shown in FIG. 2B. A "pilot
block" may be defined  as the smallest span in which all training vectors
are used for pilot transmission. For the  example shown in FIG. 2B, a pilot
block is four symbol periods. The MIMO receiver  can filter the received
symbols for the pilot transmitted with the same training vector,  e.g.,
filter r(n - 2) and r(n + 2) for training vector u'c r(n -1) and r(n + 3)
for  training vector u--d, and so on. The MIMO receiver can also derive the
individual  channel gain estimates based on the (filtered or unfiltered)
received symbols obtained  for one pilot block, as shown in FIG. 2B. For
example, a matrix R may be formed with  the four received symbol vectors
r(n) through r(n + 3)and the channel gain estimates  may be computed on R as
shown in equation (7). 12  [0078] For simplicity, FIGS. 2A and 2B show the
MISO and MIMO channels being static for the entire time duration from symbol
periods n - 2 through n + 5. For  improved channel estimation performance,
the pilot block should be shorter than the  coherence time of the MISO and
MIMO channels. The coherence time is the time  duration in which the
wireless channel is expected to remain approximately constant. [0079] The
concept described above for the 4 x 4 system may be extended to any com T x
R system. A single common training matrix UT=M may be defined with
coefficients selected as described above. The transmitter transmits a pilot
using all  Uoom 



training vectors in -T' M . The MISO and MIMO receivers can estimate their
MISO and  MIMO channels, respectively, based on all of the received symbols
for the pilot  transmission. [0080] Multi-Carrier Multi-Antenna System
[0081) A multi-antenna system may utilize multiple carriers for data and
pilot  transmission. Multiple carriers may be provided by OFDM, some other
multi-carrier  modulation techniques, or some other construct. OFDM
effectively partitions the  overall system bandwidth (W) into multiple (N)
orthogonal subbands. These subbands  are also referred to as tones,
subcarriers, bins, and frequency channels. With OFDM,  each subband is
associated with a respective subcarrier that may be modulated with  data. A
multi-antenna OFDM system may use only a subset of the N total subbands for
data and pilot transmission and use the remaining subbands as guard subbands
to allow  the system to meet spectral mask requirements. For simplicity, the
following  description assumes that all N subbands may be used for data and
pilot transmission. [0082) A wireless channel between a transmitter and a
receiver in the multi-antenna  OFDM system may experience frequency
selective fading, which is characterized by a  frequency response that
varies across the system bandwidth. The N subbands for each  SISO channel
may then be associated with different complex channel gains. An  accurate
channel estimate for all N subbands may be needed in order to recover a data
transmission on some or all of these subbands. [0083] A MISO channel for a
MISO receiver in the multi-antenna OFDM system  may be characterized by a
set of N channel response row vectors han;so(k) for  k =l ... N. Each row
vector hmiso (k) has dimensions of I x T and contains T elements  for the
channel gains between the T transmit antennas and the single receive antenna
for 13  subband k. A MIMO channel for a MIMO receiver in the multi-antenna
OFDM system  may be characterized by a set of N channel response matrices
H(k) for k =1 ... N  Each matrix H(k) has dimensions of R x T and contains R
- T elements for the channel  gains between the T transmit antennas and the
R receive antennas for subband k. [0084] The channel response for each SISO
channel may be characterized by either  



a time-domain channel impulse response or a corresponding frequency-domain
channel  frequency response. The channel frequency response is the discrete
Fourier transform  (DFT) of the channel impulse response. The channel
impulse response for each SISO  channel can be characterized by L
time-domain taps, where L is typically much less  than the total number of
subbands, or I,< N. That is, if an impulse is applied at a  transmit
antenna, then L time-domain samples at the sample rate of W MHz taken at a
receive antenna for this impulse stimulus would be sufficient to
characterize the  response of the SISO channel. The required number of taps
(L) for the channel impulse  response is dependent on the delay spread of
the system, which is the time difference  between the earliest and latest
arriving signal instances of sufficient energy at the  receiver. Because
only L taps are needed for the channel impulse response, the  frequency
response for each SISO channel may be fully characterized based on channel
gain estimates for as few as L appropriately selected subbands, instead of
all N  subbands. [0085] FIG. 3 shows a subband structure that may be used
for pilot transmission in  the multi-antenna OFDM system. A pilot symbol is
transmitted on each of P pilot  subbands, which are subbands used for pilot
transmission, where in general N > P? L  For improved performance and
simplified computation, the P pilot subbands may be  uniformly distributed
among the N total subbands such that consecutive pilot subbands  are spaced
apart by N / P subbands. The remaining N - P subbands may be used for  data
transmission and are referred to as data subbands. [0086] Pilot may be
transmitted in various manners in the multi-antenna OFDM  system. The pilot
transmission may be dependent on the particular training matrix  selected
for use. Several exemplary pilot transmission schemes are described below.
[0087] FIG. 4A shows a first pilot transmission scheme for the multi-antenna
OFDM system. For this scheme, the transmitter transmits the pilot using a
training  matrix U~om whose elements/coefficients are selected to
simultaneously support both 14  MISO and MIMO receivers. The transmitter can
cycle through the training vectors in  Uand use one training vector n-m for
each OFDM symbol period. The same  



training vector a-- can be used for each of the P pilot subbands. For
simplicity, FIG.  4A shows pilot transmission for a system with four
transmit antennas. [0088] A MISO receiver in the multi-antenna OFDM system
can estimate the full  frequency response of a MISO channel using various
channel estimation techniques.  For a direct least-squares estimation
technique, the MISO receiver first obtains a set of  P received symbols for
the P pilot subbands in each OFDM symbol period, which may  be denoted as a
P x I vector rp =[rm,,o(k,) r o(k) ... rmvo(kp)]T The MISO receiver  then
obtains an initial estimate of the frequency response of the composite MISO
h ;nir channel, which is a P x l vector Kio, based on the received symbols.
Each of the P  ~m;t elements of -miso represents an initial estimate of the
composite MISO channel for a  respective pilot subband. [0089] The MISO
receiver next computes a least-squares estimate of the impulse  response of
the composite MISO channel, as follows: is  [0090] h uo = -rH,~r bink , Eq
(14)  [0091] where WP.P is a P x P DFT matrix; and [0092] Fm o is a P x 1
vector for the least-squares channel impulse response  estimate. [0093] The
DFT matrix Wrxr is defined such that the (',J) -th entry, w' 1, is given
as: -nAu-Ix;-n  [0094] x'+,; = e P for i = I ... P and 1=1 ... P Eq (15)
[0095] where i is a row index and j is a column index. Equation (14)
represents a 2 ~;nit dimensional IFFT on the initial frequency response
estimate -mao to obtain the least- squares channel impulse response estimate
hnun. The vector hmuo can be post- processed, for example, by (1) setting
entries/taps with values less than a predetermined  



threshold to zero and/or (2) setting the L-th through P-th entries/taps in
the vector to  zero. The vector hmiso is next zero-padded to length N. 15
[0096] The MISO receiver can then derive a final frequency response estimate
for all N subbands of the composite MISO channel based on the zero-padded
least-squares  v channel impulse response estimate, k~ff,N, as follows:  a=
[0097] nmiso WNxN -misoN Eq (16) 10098] where WNxN is an N x N DFT matrix;
and 10099] hm;,o is an N x 1 vector for the frequency response estimate for
all N  subbands. [00100] The MISO receiver may perform filtering on the
received symbols, the initial hint channel frequency response estimate -mis
the least-squares channel impulse response  Is estimate hmi o, and/or the
final channel frequency response estimate 11-i-. The filtering hilt may be
performed similarly to that shown in equation (13) on the vectors iP, bm  is
hmi,n, and/or bm;sn obtained for multiple OFDM symbol periods to derive a
higher  quality MISO channel estimate. [00101] A MIMO receiver in the
multi-antenna OFDM system can also estimate the  full frequency response of
a MIMO channel using the direct least-squares estimation  technique. In each
OFDM symbol period, the MIMO receiver obtains a set of P  received symbols
for the P pilot subbands for each of the R receive antennas. If the
training vector ---m is used for pilot transmission in OFDM symbol period n,
then the  set of P received symbols for each receive antenna i is denoted as
Jr,, (k)) or rte, (k)  for k e Pu', where Pset represents the set or group
of P pilot subbands. The MIMO  receiver obtains R-M sets of received symbols
for the R receive antennas for M  



different training vectors. These R - M received symbol sets may be denoted
as a set of  P matrices {R(k)) , or R(k) for k E Pset, which is: rip(k)
c.n(k) A i.m(k)  R(k) = r2n(k) r2.6(k) A rz.m(k)  M M 0 M [001021 rR, (k) rR
J,(k) A r(k) for k e P., Eq (17) 16  [00103] The received symbol matrix R(k)
for each pilot subband has dimensions of R x M and contains M columns of
received symbols for the M training vectors for that  pilot subband. The
matrix R(k) is thus similar in form to the received symbol matrix  described
above for the single-carrier multi-antenna system. An R x M block structured
matrix R may be formed as R = [R(1) R(2) ... R(P)] The matrix R may  be
viewed as a 3-dimensional (3-D) matrix having an R x M front dimension and a
depth of P. Each of the R  M elements in the front dimension of R represents
a set of  P received symbols, {r., (k)} for a specific receive antenna i and
training vector [00104] The MIMO receiver next performs a P-point IDFT or
IFFT on each set of P  received symbols, {r. m(k)} in R to obtain a
corresponding P-tap composite MISO  `'~P z channel impulse response estimate
{h,gym O} . This IDFT maybe expressed as:  sf =IDFT {R} [00105] =comp rr = ,
/ Eq (18) ~`o.P =[-comP(I) H,(2) . ncomp\i (~)] [00106] where is an R x M
block- structured matrix with P matrices for z =1   P, for the P taps. The
matrix  LomP may also be viewed as a 3-D matrix having an R x M front
dimension and a  depth of P. The IDFT in equation (18) is performed on the P
received symbols for each  element in the front dimension of R to obtain an
impulse response with P taps for a  corresponding element in the front
dimension of Stomp The IDFT is thus performed in  the depth dimension for
each element in the front dimension of R . [00107] A different MISO channel
is formed between the T transmit antennas and  



each of the R receive antennas. The matrix Stomp contains R  M elements in
the front  dimension that represent the composite MISO channel impulse
response estimates for  the R receive antennas and M different training
vectors. That is, each element in the  mmp front dimension of Stomp W?
{k1,m(z)} represents an impulse response estimate (1) for a  composite MISO
channel between the T transmit antennas and a particular receive  antenna i
and (2) obtained with the pilot transmitted using the training vector -m 17
[00108) The MIMO receiver can then derive impulse response estimates for the
individual SISO channels in the MIMO channel, as follows: [00109]
xmimu(r)=?fcom,(r)U' , forr=1... P, Eq(19)  [00110] where !I-' is the
inverse of the training matrix Upon As shown in equation  (19), the
multiplication with is performed for each of the P taps. An R x T block- Is
structured matrix X--imo maybe formed as mimu [Limo (1) Limo (2)  mmo\+)~
The matrix xmimo may also be viewed as a 3-D matrix having an R x T front
dimension  and a depth of P. Each element in the front dimension of =mimo
represents a sequence  of P time-domain values for a P-tap impulse response
estimate {h;j(z)} for a SISO  channel between transmit antenna j and receive
antenna i. The P entries of each  sequence {h,''j(z)} can be post-processed,
for example, by (1) setting entries/taps with  values less than a
predetermined threshold to zero and/or (2) setting the L-th through P- th
entries/taps to zero. Each sequence {fiz(z)} is next zero-padded to length
N. [00111] The MIMO receiver can then derive a final frequency response
estimate for  all N subbands of each SISO channel by performing an N-point
DFT (or FFT) on each  H element in the front dimension of =m mo , as
follows: [00112] Limo =DFT { xrm~o } Eq (20)  [00113] where Hmimo =Lmrmo(1)
gmimo(2) ... Amrmo(N)] is an RxT block- structured matrix with N matrices
Hmimo(k) , for k = 1 ... N, for the N subbands. The  matrix Limo may also be
viewed as a 3-D matrix having an R x T front dimension and  



a depth of N. The DFT in equation (20) is performed on the N time-domain
values for  His each element in the front dimension of =memo to obtain N
frequency-domain values for  a corresponding element in the front dimension
of Hmimo  The DFT is thus performed  in the depth dimension for each element
in the front dimension of Lima. Each element 18  in the front dimension of
mirna represents a sequence of N frequency-domain values  for the final
frequency response estimate {hi.i (k)} of a respective SISO channel. [00114]
The MIMO receiver may perform filtering on the received symbols {r.~ (k)}
obtained for multiple OFDM symbol periods with the same training vector,
where the  filtering is performed for each subband of each receive antenna.
The MIMO receiver  may also perform filtering on (1) each P-tap composite
MISO channel impulse response  {1-romp T estimate (2) each P-tap
least-squares channel impulse response estimate  i, {kir(z)} andlor (3) each
N-point channel frequency response estimate {hi i (k)} [00115] The MIMO
receiver may also derive the full frequency response estimate for  the N
subbands of each SISO channel in some other manners, and this is within the
scope of the invention. For example, other forms of interpolation may be
used instead  of the least-squares estimation technique. [00116] FIG. 4B
shows a second pilot transmission scheme for the multi-antenna  OFDM system.
For this scheme, the transmitter transmits the pilot using a training  Umimo
Umimo matrix - with orthogonal vectors. For example, the matrix 2.2 shown in
Umimo equation (9) may be used for a 2 x 2 system, the matrix -4x4 shown in
equation (11)  may be used for a 4x4 system, T4.40 y em, and so on. The
matrices and are commonly referred to as Walsh matrices. A larger size Walsh
matrix may be formed as:  U U xK UKxK 2Kx2K 



[00117] UKXK -UKxK Eq(21)  [00118] For an R x T system, a T x T Walsh matrix
may be used as the training  Umimo matrix . Other training matrices may also
be used for the second pilot  transmission scheme. [00119] For clarity, FIG.
4B shows an embodiment of the pilot transmission for a mimo o a a 4 x 4
system using the training matrix U4z4 = [La U, b n = ] . For this
embodiment, the transmitter transmits a common pilot on a first group of
pilot subbands a mmo in each OFDM symbol period using the first training
vector I a in the matrix U4z4  The transmitter also transmits a MIMO pilot
on a second group of P pilot subbands in 19  each OFDM symbol period using
the remaining training vectors vpb, and R 7d in mime n n the matrix U4x4 .
The transmitter can cycle through the three training vectors rr b , IL ,
and i , as shown in FIG. 4B. The common pilot can be used for channel
estimation  by MISO receivers in the system. The common and MIMO pilots can
be used for  channel estimation by MIMO receivers. [001201 For improved
performance, the pilot subbands in the first group may be  uniformly
distributed across the N total subbands, as shown in FIG. 4B. The pilot
subbands in the second group may also be uniformly distributed across the N
total  subbands and further interlaced with the pilot subbands in the first
group, as also shown  in FIG. 4B. 1001211 A MISO receiver can estimate the
composite MISO channel response based  on the common pilot in the manner
described above for the first pilot transmission  scheme for the
multi-antenna OFDM system. The MISO receiver can (1) obtain a set of  P
received symbols for the P pilot subbands in the first group, (2) derive an
initial  frequency response estimate for the composite MISO channel based on
the set of  received symbols, (3) compute the least-squares channel impulse
response estimate  



based on the initial frequency response estimate, and (4) derive the final
frequency  response estimate for the composite MISO channel based on the
least-squares channel  impulse response estimate. [001221 A MIMO receiver
can estimate the full frequency response of the individual  SISO channels of
a MIMO channel based on the common and MIMO pilot as follows.  For each OFDM
symbol period, the MIMO receiver obtains (1) R sets of received  symbols for
the R receive antennas for the pilot transmitted on the first group of pilot
subbands using the training vector u a and (2) R sets of received symbols
for the R  receive antennas for the pilot transmitted on the second group of
pilot subbands using  another training vector 11%, where in = b, c, or d.
The MIMO receiver can perform a P- i point IFFT on each set of received
symbols, {' ,m (k)} to obtain a corresponding comp Z composite MIMO channel
impulse response estimate, (( . For each OFDM  symbol period, the MIMO
receiver obtains 2R composite MISO channel impulse  response estimates for
the 2R sets of received symbols. The MIMO receiver can thus 20  obtain two
columns (the first and m-th columns) of the R x M matrix x`'"P in each  OFDM
symbol period. If the training vectors a-"b, A%, and u"d are cycled through
in  three OFDM symbol periods, as shown in FIG. 4B, then the MIMO receiver
can obtain  all four columns of the matrix ``P after three OFDM symbol
periods. 1001231 The MIMO receiver may average the received symbols {r,,,
(k)} obtained in  multiple OFDM symbol periods for the pilot transmitted
using the same training vector  " -"n , in a manner similar to that
described above for FIG. 2B. The MIMO receiver may  also average the
composite MISO channel impulse response estimates { ,.m O}  obtained in
multiple OFDM symbol periods for the same training vector a--"m. For the
example shown in FIG. 4B, the MIMO receiver can perform time-domain
filtering on  two pilot blocks in six OFDM symbols, three pilot blocks in
nine OFDM symbols, and  so on. For example, for a 3-tap non-causal
time-domain filter, the channel estimates of  



the current pilot block may be a linear combination of the channel estimates
for the  previous pilot block, the current pilot block, and the next pilot
block. As a specific  example, the channel estimate for u"= may be obtained
as a linear combination of the  channel estimates obtained in OFDM symbol
periods n - 2 n + 1 and n + 4 [001241 The MIMO receiver can then derive the
impulse response estimate for the  individual SISO channels, as described
above, to obtain the block-structured matrix  ,.r Is cnim" _ The entries in
=mim" can be post-processed and zero-padded to length N to  obtain xn;m" (z)
for z = 1 ... N . The MIMO receiver can then derive a final frequency
response estimate for all N subbands of each SISO channel by performing an
N-point  ". DFT on each element of the zero-padded -nn" . [001251 As an
example, for a 2x2 system using the training matrix 112m.!"27, the
transmitter may transmit (1) a common pilot on the first group of pilot
subbands using  the training vector [1 11T and (2) a MIMO pilot on the
second group of pilot  1]T subbands using the training vector The MIMO
receiver obtains two 21  sets of received symbols, {r,a(k)} and {r2p(k)} for
the two receive antennas for the  first group of pilot subbands, Psetl,
which may be expressed as: r,, (k) = I',,, (k) + h, 2 (k) + n, , [00126]
r2,a(k)=h2,,(k)+h2,2(k)+n2 , for Eq (22)  [00127] The MIMO receiver also
obtains two sets of received symbols, (ri,b (k)) and  {r2,(k)} for the two
receive antennas for the second group of pilot subbands, Pset2,  which maybe
expressed as: ,,a (k) = h,,, (k) - h,,2 (k) + n, [00128] r2 p (k) _ h2,, (k)
h2,2 (k) + n2 ' for k c= Putt Eq (23)  [00129] The pilot symbols are omitted
from equations (22) and (23) for simplicity.  [00130] The MIMO receiver
performs a P-point IFFT on each set of received symbols to obtain a
corresponding composite MISO channel impulse response. The  



four composite MISO channel impulse responses for the two received antennas
with  two different training vectors are denoted as {h,`a"(z)} {h, (z)}
{F~`b (z)} and  {hz a  (z)} The MIMO receiver can derive the least-squares
impulse response estimates  for the individual SISO channels as: [00131]
?{m;aa(z)Hcam(z)U , for z=1 ... P E9(24)  z)1 197"FS,7"'(z  14" ti,~(z) Fhi(
(z) )[00132] where nn,.o(r) ~~J "2,2(z) (z) (r) f+2`,b(z) and U =1 1 -;ma 1
-1 for the 2 x 2 system with the training matrix E2.2 . The MIMO  receiver
can derive the SISO channel impulse response estimates for the first receive
antenna by combining the two composite MISO channel impulse response
estimates  obtained with the two training vectors for that receive antenna,
as follows: hl l(T)_., (z)+flf7"(z) a [00133] h,z(z)=h,`a"P(z) for z=1 ... P
Eq(25)  [00134] The MIMO receiver can similarly derive the SISO channel
impulse response  estimates for the second receive antenna by combining the
two composite MISO 22  channel impulse response estimates obtained with the
two training vectors for that  receive antenna, as follows: Is , (r) h;'"'
(r) [00135] 92(T)=hzamP(T)-(T) , for z=1 ... P gq(26)  [00136[ The MIMO
receiver can further process the SISO channel impulse response  estimates to
obtain the final frequency response estimates for the SISO channels, as
described above. [00137] As noted above, the MIMO receiver may perform
filtering on the received  ro~  symbols r,.,, , the composite MISO channel
impulse response estimates {h m (z)}  



the least-square impulse response estimates {kj"3j(z)} and/or the final
frequency  response estimates {Iz jk))The filtering for {r;,m(k)} and
{h,7"(r)} may be hz'T  performed for pilot transmitted with the same
training vector. The filtering for { t~( )}  and {h;j(k)} may be performed
for multiple pilot blocks, where the blocks may be  overlapping or
non-overlapping. As an example for non-overlapping pilot blocks, the  {h
(r)} or {h; j (k)} estimates obtained for the block defined by OFDM symbol
periods  n through n+2 in FIG. 4B may be averaged with the {C1 (T)} or {Iz;
;(k)} estimates  obtained for the block defined by OFDM symbol periods n + 3
through zz + 5 and so  on. As an example for overlapping pilot blocks, the
{h ~(z)} or (4i 'j (k)} estimates  obtained for the block defined by OFDM
symbol periods n through n+2 in FIG. 4B  maybe averaged with the {h.j (T)}
or {h; i (k)} estimates obtained for the block defined  by OFDM symbol
periods n + I through n + 3 and so on. The MIMO receiver can thus  obtain a
running average for the channel estimate for each OFDM symbol period. Other
filtering schemes may also be used, and this is within the scope of the
invention. [00138] The common and MIMO pilots may be transmitted in various
manners for  the second pilot transmission scheme. In general, any subbands
may be included in the  first group for the common pilot and the second
group for the MIMO pilot. If the  number of pilot subbands in each group, P,
is a power of two and the P subbands are  uniformly distributed across the N
total subbands and spaced apart by N/P subbands, 23  then the channel
impulse response can be computed with an IFFT instead of an IDFT,  which can
greatly simply computation. The pilot subbands for the first group and the
pilot subbands for the second group can start from any subband index.
[00139] The first and second groups can include the same number of subbands,
as  shown in FIG. 4B. The first and second groups can also include different
numbers of  subbands. For example, if the second group includes P/2
subbands, where P is the  number of taps needed to estimate the channel
impulse response, then each training  vector for the MIMO pilot may be used
for two OFDM symbol periods on two different  groups of P/2 pilot subbands.
A MIMO receiver can derive a set of R composite MISO  



channel impulse responses for each training vector used for the MIMO pilot
upon  receiving the pilot transmission in the two OFDM symbol periods. As
another example,  if the second group includes 2P subbands, then two
training vectors for the MIMO pilot  may be used for each OFDM symbol
period, with the two training vectors being used on  alternating subbands.
[00140] In a third pilot transmission scheme for the multi-antenna OFDM
system, the  pilot transmission is adjusted based on the types of receivers
that are to be supported by  the system. For this scheme, which is also
referred to as an incremental pilot  transmission scheme, the transmitter
transmits the common pilot at all times using a  T x I training vector
(e.g., a training vector of all ones). MISO receivers can use the  common
pilot for channel estimation of the composite MISO channels, as described
above. If one or more MIMO receivers are to be supported by the system, then
the  transmitter also transmits the MIMO pilot using training vectors n-b
through uM. The  training vectors -b through a-M are different from the
training vector M-, and the  vectors  through -M may or may not be
orthogonal to one another. For example, the  training vectors -a through uM
may be columns of an orthogonal matrix (e.g., a Walsh  matrix) or may
contain coefficients selected to support both MISO and MIMO  receivers. The
transmitter may cycle through the training vectors -a through a-M (e.g.,  as
shown in FIG. 4A). The transmitter may also transmit (1) the common pilot
continuously on one group of pilot subbands using a-a and (2) the MIMO pilot
on a  second group of pilot subbands by cycling through ub through -M (e.g.,
as shown in 24  FIG. 4B). The MIMO receivers can use the common and MIMO
pilots for channel  estimation of the MIMO channel, as also described above.
100141) FIG. 5 shows a process 500 for transmitting a pilot in a wireless
multi- antenna communication system using the incremental pilot transmission
scheme. A first  set of T scaled pilot symbols is generated with a first
training vector of T coefficients  (block 512) and transmitted from T
transmit antennas, one scaled pilot symbol from  each transmit antenna
(block 514). The first set of scaled pilot symbols is suitable for  use for
channel estimation by MISO receivers. If at least one MIMO receiver is to be



supported by the system, as determined in block 516, then at least T-I
additional sets of  T scaled pilot symbols are generated with at least T-1
additional vectors of T  coefficients (block 522). Each additional set of T
scaled pilot symbols is transmitted  from T transmit antennas (block 524).
The first and additional sets of scaled pilot  symbols are suitable for use
for channel estimation by MIMO receivers. The first and  additional vectors
are different vectors in a training matrix and may or may not be  orthogonal
to one another. The sets of scaled pilot symbols may be transmitted in
various manners, as described above. Each scaled pilot symbol may be
transmitted on a  group of P pilot subbands for a multi-antenna OFDM system.
[00142] If the MIMO pilot is only transmitted when MIMO receivers are
present,  then time-filtering is not uniform. Among the training vectors
used for the MIMO pilot,  some training vectors may enjoy more
time-filtering than others (e.g., depending on the  packet size and which
training vectors was used for the MIMO pilot). The training  vectors used at
the boundaries of a data packet typically enjoy less filtering than those in
the middle of the data packet, but this is not always the case. As an
example, referring  back to FIG. 4B, a data packet and the MIMO pilot may be
transmitted in OFDM  symbols n through n+3. The channel estimate for
transmit vector aLb may be  obtained based on pilot symbols received in two
OFDM symbol periods n and n + 3  whereas the channel estimate for each of
transmit vectors a and uLd may be obtained  based on pilot symbols received
in a single OFDM symbol period. The non-uniform  time-filtering results from
the MIMO pilot being transmitted in bursts. This  phenomenon is not observed
for the common pilot since it is transmitted continuously. 1001431 If the
common pilot is transmitted continuously using one training vector  and the
MIMO pilot is transmitted by cycling through the remaining training vectors,
25  then the channel estimate obtained with the common pilot may be better
than the  channel estimate obtained with the MIMO pilot. More filtering can
be used for the  common pilot if it is transmitted more often. For each
training vector, a MIMO receiver  obtains a composite MISO channel response
for each of the R receive antennas, where  each composite MISO channel
response contains information about all the T SISO  



channels that make up the MISO channel. Thus, even if channel estimation
errors are  greater for the training vectors used for the MIMO pilot, the
errors are distributed across  the channel estimates for all SISO channels.
[001441 FIG. 6 shows a block diagram of a transmitter I IOx, a MISO receiver
150x,  and a MIMO receiver 150y in the multi-antenna OFDM system. At
transmitter 1 lOx, a  transmit (TX) data processor 620 receives, encodes,
interleaves, and symbol maps (or  modulates) traffic data and provides data
symbols {s(k)} Each data symbol is a  modulation symbol for data. A TX
spatial processor 630 receives and spatially  processes the data symbols,
scales and multiplexes in pilot symbols, and provides T  streams of transmit
symbols to T transmitter units (TMTR) 632a through 632t. Each  transmit
symbol may be for a data symbol or a pilot symbol and is transmitted on one
subband of one transmit antenna. Each transmitter unit 632 performs OFDM
modulation on its stream of transmit symbols to obtain OFDM symbols and
further  conditions the OFDM symbols to obtain a modulated signal. T
transmitter units 632a  through 632t provide T modulated signals for
transmission from T antennas 634a  through 634t, respectively. [00145] At
MISO receiver 150x, an antenna 652x receives the T transmitted signals  and
provides a received signal to a receiver unit (RCVR) 654x. Unit 654x
performs  processing complementary to that performed by transmitter units
632 and provides (1)  received data symbols to a detector 660x and (2)
received pilot symbols to a channel  estimator 684x within a controller
680x. Channel estimator 684x performs channel  estimation for the MISO
receiver and provides a composite MISO channel response  estimate 6mua.
Detector 660x performs detection (e.g., matched filtering and/or
equalization) on the received data symbols with the composite MISO channel
estimate  and provides detected symbols, which are estimates of the data
symbols sent by  transmitter 11Ox. A receive (RX) data processor 670x then
symbol demaps,  deinterleaves, and decodes the detected symbols and provides
decoded data, which is an  estimate of the transmitted traffic data. 26
[001461 At MIMO receiver 150y, R antennas 652a through 652r receive the T 



transmitted signals, and each antenna 652 provides a received signal to a
respective  receiver unit 654. Each unit 654 performs processing
complementary to that performed  by transmitter units 632 and provides (1)
received data symbols to an RX spatial  processor 660y and (2) received
pilot symbols to a channel estimator 684y within a  controller 680y. Channel
estimator 684y performs channel estimation for the MIMO  receiver and
provides a MIMO channel response estimate llmtmn . Receive spatial
processor 660y performs spatial processing on R received data symbol streams
from R  receiver units 654a through 654r with the MIMO channel response
estimate and  provides detected symbols. An RX data processor 670y then
symbol demaps,  deinterleaves, and decodes the detected symbols and provides
decoded data. [001471 Controllers 640, 680x, and 680y control the operation
of various processing  units at transmitter 110x, MISO receiver 150x, and
MIMO receiver 150y, respectively.  Memory units 642, 682x, and 682y store
data and/or program code used by controllers  640, 680x, and 680y,
respectively. [001481 FIG. 7 shows a block diagram of an embodiment of TX
spatial processor 630  and transmitter units 632 at transmitter 110x. TX
spatial processor 630 includes a data  spatial processor 710, a pilot
processor 720, and T multiplexers (Mux) 730a through  730t for the T
transmit antennas. [00149] Data spatial processor 710 receives and performs
spatial processing on the  data symbols {s(')} from TX data processor 620.
For example, data spatial processor  710 may demultiplex the data symbols
into T substreams for the T transmit antennas.  Data spatial processor 710
may or may not perform additional spatial processing on  these substreams,
depending on the system design. Pilot processor 720 multiplies pilot
symbols p, (k) through pr (k) for the T transmit antennas with the training
vectors uC  through -M in the matrix 11, which may or may not be orthogonal
depending on the  pilot transmission scheme selected for use. The same or
different pilot symbols may be  used for the T transmit antennas, and the
same or different pilot symbols may be used  for the pilot subbands. Pilot
processor 720 includes T multipliers 722a through 722t,  one multiplier for
each transmit antenna. Each multiplier 722 multiplies the pilot  symbol for
its associated transmit antenna j with a respective coefficient Up,, from
the 



27  training vector !!- and provides a scaled pilot symbol Pj,m(k) Each
multiplexer 730  receives and multiplexes a respective data symbol substream
from data spatial processor  710 with the scaled pilot symbols from an
associated multiplier 722 and provides a  transmit symbol stream {x, (k)}
for its associated transmit antenna j. [00150] Each transmitter unit 632
receives and processes a respective transmit  symbol stream and provides a
modulated signal. Within each transmitter unit 632, an  IFFT unit 742
transforms each set of N transmit symbols for the N total subbands to the
time domain using an N-point IFFT and provides a corresponding "transformed"
symbol that contains N time-domain chips. For each transformed symbol, a
cyclic  prefix generator 744 repeats a portion of the transformed symbol to
form a  corresponding OFDM symbol that contains N + C chips, where C is the
number of chips  repeated. The repeated portion is known as a cyclic prefix
and is used to combat delay  spread in the wireless channel. A TX RF unit
746 converts the OFDM symbol stream  into one or more analog signals and
further amplifies, filters, and frequency upconverts  the analog signal(s)
to generate a modulated signal that is transmitted from an  associated
antenna 634. [00151] FIG. 8A shows a block diagram of an embodiment of a
receiver unit 654i,  which may be used for each receiver unit at MISO
receiver 150x and MIMO receiver  150y. Within receiver unit 654i, an RX RF
unit 812 conditions (e.g., filters, amplifies,  and frequency downconverts)
the received signal from an associated antenna 652i,  digitizes the
conditioned signal, and provides a stream of samples. A cyclic prefix
removal unit 814 removes the cyclic prefix appended to each OFDM symbol and
provides a received transformed symbol. An FIT unit 816 transforms the N
samples for  each received transformed symbol to the frequency domain using
an N-point FFT and  obtains N received symbols for the N subbands. FFT unit
816 provides (1) received  data symbols for the data subbands to either
detector 660x for MISO receiver 150x or  RX spatial processor 660y for MIMO
receiver 150y and (2) received pilot symbols for  the pilot subbands to
either channel estimator 684x for MISO receiver 150x or channel  estimator
684y for MIMO receiver 150y. 



[00152] FIG. 8B shows an embodiment of channel estimator 684y for MIMO
receiver 150y, which implements the direct least-squares estimation
technique. Within  channel estimator 684y, a composite MISO channel
estimator 820 obtains a set of 28  received pilot symbols, jr.,. (k)} for
each receive antenna and training vector and  performs a P-point IFFT on the
set to obtain a corresponding composite MISO channel  ()} /[.comp z impulse
response estimate, {/[.comp . A matrix multiply unit 822 receives R-M
composite MISO channel impulse response estimates for the R receive antennas
and M  training vectors, multiplies these R-M sets with the matrix 11-1 for
each delay value, and  provides RT least-squares impulse response estimates
for the RT 5I50 channels of the  MIMO channel. A post-processor 824 may
perform thresholding and truncation and  further performs zero-padding for
each least-squares impulse response estimate  {h,j(r)} An FFT unit 826
performs an N-point FFT on each zero-padded least-squares  impulse response
estimate and provides a corresponding final channel frequency  response
estimate R j (k)} FFT unit 826 provides the final channel response estimates
to RX spatial processor 660y, which uses these channel estimates for spatial
processing  of the received data symbols to obtain detected symbols, {s(k)}
which are estimates of  the transmitted data symbols, {s(k)} [00153] Channel
estimator 684y may perform filtering on {r.~ (k)} {k`m p(r)}  'Sz {h,J ( )}
, and/or {h. j (k)} The filtering is not shown in FIG. 8B for simplicity.
[00154] The pilot transmission schemes and channel estimation techniques
described  herein may be used for various OFDM-based systems. One such
system is an  orthogonal frequency division multiple access (OFDMA)
communication system that  utilizes OFDM and can support multiple users
simultaneously. An OFDM-based  system may also utilize frequency hopping so
that data is transmitted on different  subbands in different time intervals,
which are also referred to as "hop periods". For  each user, the particular
subband to use for data transmission in each hop period may be  



determined, for example, by a pseudo-random frequency hopping sequence
assigned to  that user. For a frequency hopping OFDM system, the frequency
hopping sequence for  each user is such that the pilot subbands used for the
common and MIMO pilots do not  get selected for data transmission. Because
of frequency hopping, each user typically  needs to estimate the full MISO
or MIMO channel response (e.g., for all N subbands)  even though only one or
a small subset of the N subbands is used for data transmission. 29  [00155]
The pilot transmission schemes and channel estimation techniques described
herein may be implemented by various means. For example, the processing for
pilot  transmission and channel estimation may be implemented in hardware,
software, or a  combination thereof. For a hardware implementation, the
processing units for pilot  transmission at a transmitter may be implemented
within one or more application  specific 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. The processing units for channel estimation at a
receiver may also be  implemented within one or more ASICs, DSPs, and so on.
[00156] For a software implementation, the processing described herein 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 642, 682x, and 682y in FIG. 6) and
executed by a processor (e.g.,  controllers 640, 680x, and 680y). 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. [00157] 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. WHAT IS CLAIMED IS: 30  CLAIMS 1. A method of transmitting
a pilot in a wireless multi-antenna  communication system, comprising:
generating a first set of T scaled pilot symbols with a first vector of T
coefficients, where T is an integer greater than one, and wherein the first
set of scaled  pilot symbols is suitable for use for channel estimation by
receivers with a single antenna; selectively generating at least T-1
additional sets of T scaled pilot symbols with  at least T-I additional
vectors if at least one receiver with multiple antennas is to be  supported
by the system, each additional vector including T coefficients, wherein the
first  and at least T- I additional vectors are different vectors in a
matrix, and wherein the first  and at least T-1 additional sets of scaled
pilot symbols are suitable for use for channel  estimation by the at least
one receiver with multiple antennas; and transmitting each set of T scaled
pilot symbols via T transmit antennas, one  scaled pilot symbol on each
transmit antenna. 2. The method of claim 1, wherein the first and at least
T-1 additional vectors  are orthogonal to one another. 3. The method of
claim 1, wherein T-i additional sets of T scaled pilot  symbols are
generated with T-1 additional vectors. 4. The method of claim 3, wherein the
first vector and T-1 additional vectors  are T vectors of a Walsh matrix. 5.
The method of claim 1, wherein each set of T scaled pilot symbols is
transmitted in one symbol period. 6. The method of claim 1, wherein the
multi-antenna communication system  utilizes orthogonal frequency division
multiplexing (OFDM), and wherein each of the T 31  scaled pilot symbols in
each set is transmitted from a respective one of the T transmit  



antennas on a group of P subbands, where P is an integer greater than one.
7. The method of claim 6, wherein the P subbands are uniformly distributed
across N total subbands and are spaced apart by N/P subbands. 8. The method
of claim 6, wherein the first set of scaled pilot symbols is  transmitted on
a first group of subbands, and wherein the at least T-1 additional sets of
scaled pilot symbols are transmitted on a second group of subbands that is
disjoint from  the first group of subbands. 9. The method of claim 8,
wherein the subbands in each of the first and  second groups are uniformly
distributed across N total subbands. 10. The method of claim 8, wherein the
first set of scaled pilot symbols is  transmitted continuously on the first
group of subbands. 11. The method of claim 8, wherein the at least T-1
additional sets of scaled  pilot symbols are cycled through and each
additional set of scaled pilot symbols is  transmitted on the second group
of subbands in a respective time interval. 12. The method of claim 8,
wherein the first and second groups include same  number of subbands. 13. An
apparatus in a wireless multi-antenna communication system,  comprising: a
pilot processor operative to generate a first set of T scaled pilot symbols
with a  first vector of T coefficients, where T is an integer greater than
one, and wherein the first  set of scaled pilot symbols is suitable for use
for channel estimation by receivers with a  single antenna, and 32
selectively generate at least T-1 additional sets of T scaled pilot symbols
with at least T-1 additional vectors if at least one receiver with multiple
antennas is to be  supported by the system, each additional vector including
T coefficients, wherein the first  and at least T-1 additional vectors are
different vectors in a matrix, and wherein the first  and at least T-1
additional sets of scaled pilot symbols are suitable for use for channel
estimation by the at least one receiver with multiple antennas; and a
plurality of transmitter units operative to condition and transmit each set
of T  



scaled pilot symbols via T transmit antennas, one scaled pilot symbol on
each transmit  antenna. 14. The apparatus of claim 13, wherein the pilot
processor is operative to  generate T-1 additional sets of T scaled pilot
symbols with T-1 additional vectors, and  wherein the first vector and T-1
additional vectors are T vectors of a Walsh matrix. 15. The apparatus of
claim 13, wherein the multi-antenna communication  system utilizes
orthogonal frequency division multiplexing (OFDM). 16. The apparatus of
claim 15, wherein each of the T scaled pilot symbols in  each set is
transmitted from a respective one of the T transmit antennas on a group of P
subbands, where P is an integer greater than one, and wherein the P subbands
are  uniformly distributed across N total subbands and are spaced apart by
N/P subbands. 17. The apparatus of claim 15, wherein the first set of scaled
pilot symbols is  transmitted continuously on a first group of subbands, and
wherein the at least T-1  additional sets of scaled pilot symbols are
transmitted on a second group of subbands that  is disjoint from the first
group of subbands. 18. An apparatus in a wireless multi-antenna
communication system,  comprising: 33  means for generating a first set of T
scaled pilot symbols with a first vector of T coefficients, where T is an
integer greater than one, and wherein the first set of scaled  pilot symbols
is suitable for use for channel estimation by receivers with a single
antenna;  means for selectively generating at least T-1 additional sets of T
scaled pilot symbols with at least T-1 additional vectors if at least one
receiver with multiple antennas  is to be supported by the system, each
additional vector including T coefficients, wherein  the first and at least
T-I additional vectors are different vectors in a matrix, and wherein  the
first and at least T-1 additional sets of scaled pilot symbols are suitable
for use for  channel estimation by the at least one receiver with multiple
antennas; and means for transmitting each set of T scaled pilot symbols via
T transmit  antennas, one scaled pilot symbol on each transmit antenna. 19.
The apparatus of claim 18, wherein T- I additional sets of T scaled pilot  



symbols are generated with T-l additional vectors, and wherein the first
vector and T-1  additional vectors are T vectors of a Walsh matrix. 20. A
method of transmitting a pilot in a wireless multi-antenna  communication
system, comprising: generating M sets of T scaled pilot symbols with M
different vectors of a  matrix, where T is an integer greater than one and M
is an integer equal to or greater than  T, wherein each vector includes T
coefficients; and transmitting each of the M sets of T scaled pilot symbols
from T transmit  antennas, wherein the M sets of T scaled pilot symbols are
suitable for use for channel  estimation by both receivers with a single
antenna and receivers with multiple antennas. 21. The method of claim 20,
wherein the M vectors are not orthogonal to one  another. 22. The method of
claim 20, wherein the M times T coefficients in the M  vectors are selected
to minimize channel estimation errors by both the receivers with  single
antenna and the receivers with multiple antennas. 34  23. The method of
claim 20, wherein the M times T coefficients in the M vectors are selected
based on a sum of weighted mean square channel estimation errors  for the
receivers with single antenna and the receivers with multiple antennas. 24.
The method of claim 20, wherein the M sets of T scaled pilot symbols are
cycled through and each set is transmitted from the T transmit antennas in a
respective  time interval. 25. The method of claim 20, wherein the
multi-antenna communication system utilizes orthogonal frequency division
multiplexing (OFDM), and wherein each of  the T scaled pilot symbols in each
set is transmitted from a respective one of the T  transmit antennas on a
group of P subbands, where P is an integer greater than one. 26. The method
of claim 25, wherein the P subbands are uniformly distributed  across N
total subbands and are spaced apart by N/P subbands. 27. An apparatus in a
wireless multi-antenna communication system,  comprising: 



a pilot processor operative to generate M sets of T scaled pilot symbols
with M  different vectors of a matrix, where T is an integer greater than
one and M is an integer  equal to or greater than T, wherein each vector
includes T coefficients; and a plurality of transmitter units operative to
condition and transmit each of the M  sets of T scaled pilot symbols from T
transmit antennas, wherein the M sets of T scaled  pilot symbols are
suitable for use for channel estimation by both receivers with a single
antenna and receivers with multiple antennas. 28. The apparatus of claim 27,
wherein the M vectors are not orthogonal to  one another. 35  29. An
apparatus in a wireless multi-antenna communication system,  comprising:
means for generating M sets of T scaled pilot symbols with M different
vectors  of a matrix, where T is an integer greater than one and M is an
integer equal to or greater  than T, wherein each vector includes T
coefficients; and means for transmitting each of the M sets of T scaled
pilot symbols from T  transmit antennas, wherein the M sets of T scaled
pilot symbols are suitable for use for  channel estimation by both receivers
with a single antenna and receivers with multiple  antennas. 30. In a
wireless multi-antenna communication system utilizing orthogonal  frequency
division multiplexing (OFDM), a method of performing channel estimation at
a receiver, comprising: obtaining, via R receive antennas, R times M sets of
P received pilot symbols  for T times M sets of P scaled pilot symbols
generated with T times M coefficients in a T  by M matrix, where R, T and P
are integers greater than one, M is an integer equal to or  greater than T,
M groups of R sets are formed for the R times M sets, and M groups of T
sets are formed for the T times M sets, wherein one coefficient in the T by
M matrix is  used to generate each set of P scaled pilot symbols, and
wherein each group of T sets of P  scaled pilot symbols is transmitted from
T transmit antennas on P subbands; deriving an initial frequency-domain
frequency response estimate for each set of  



P received pilot symbols, wherein R times M initial frequency response
estimates are  derived for the R times M sets of P received pilot symbols;
deriving an initial time-domain impulse response estimate for each initial
frequency response estimate, wherein R times M initial impulse response
estimates are  derived for the R times M initial frequency response
estimates; deriving R times T final time-domain impulse response estimates
based on the  R times M initial impulse response estimates and the T by M
matrix; and deriving a final frequency-domain frequency response estimate
for each final  impulse response estimate, wherein R times T final frequency
response estimates are  derived for the R times T final impulse response
estimates and represent an estimate of a 36  multiple-input multiple-output
(MIMO) channel between the T transmit antennas and the  R receive antennas.
31. The method of claim 30, wherein M is equal to T and the T by M matrix is
a Walsh matrix. 32. The method of claim 30, wherein the T times M
coefficients in the T by M  matrix are selected to minimize channel
estimation errors by both receivers with a single  antenna and receivers
with multiple antennas. 33. The method of claim 30, wherein the T times M
coefficients in the T  vectors are selected based on a sum of weighted mean
square channel estimation errors  for receivers with a single antenna and
receivers with multiple antennas. 34. The method of claim 30, wherein one
group of T sets of P scaled pilot  symbols is transmitted at all times and
remaining M-1 groups of T sets of P scaled pilot  symbols are transmitted
only if at least one receiver with multiple antennas is to be  supported by
the system. 35. The method of claim 30, wherein one group of R sets of P
received pilot  symbols is obtained via the R receive antennas on a first
group of P subbands, and  remaining M-1 groups of R sets of P received pilot
symbols are obtained via the R  receive antennas on a second group of P
subbands. 36. The method of claim 30, further comprising: for each of the R
times T  



final impulse response estimates, setting tap values below a particular
threshold to zero.  37. The method of claim 30, further comprising: for each
of the R times T final impulse response estimates, setting last L-th through
P-th taps to zero, where L is an  expected delay spread for the system. 37
38. The method of claim 30, further comprising: filtering sets of received
pilot symbols corresponding to sets of scaled pilot symbols generated with
same vector of T  coefficients in the T by M matrix. 39. The method of claim
30, further comprising: filtering initial frequency  response estimates
corresponding to sets of scaled pilot symbols generated with same  vector of
T coefficients in the T by M matrix. 40. The method of claim 30, further
comprising: filtering initial impulse  response estimates corresponding to
sets of scaled pilot symbols generated with same  vector of T coefficients
in the T by M matrix. 41. The method of claim 30, further comprising:
filtering the final impulse  response estimates. 42. The method of claim 30,
further comprising: filtering the final frequency  response estimates. 43.
An apparatus in a wireless multi-antenna communication system utilizing
orthogonal frequency division multiplexing (OFDM), comprising: a plurality
of receiver units operative to obtain, via R receive antennas, R times  M
sets of P received pilot symbols for T times M sets of P scaled pilot
symbols generated  with T times M coefficients in a T by M matrix, where R,
T and P are integers greater  than one, M is an integer equal to or greater
than T, M groups of R sets are formed for the  R times M sets, and M groups
of T sets are formed for the T times M sets, wherein one  coefficient in the
T by M matrix is used to generate each set of P scaled pilot symbols,  and
wherein each group of T sets of P scaled pilot symbols is transmitted from T
transmit  antennas on P subbands; and a channel estimator operative to 38  



derive an initial frequency-domain frequency response estimate for each set
of P received pilot symbols, wherein R times M initial frequency response
estimates are  derived for the R times M sets of P received pilot symbols,
derive an initial time-domain impulse response estimate for each initial
frequency response estimate, wherein R times M initial impulse response
estimates are  derived for the R times M initial frequency response
estimates, derive R times T final time-domain impulse response estimates
based on the R  times M initial impulse response estimates and the T by M
matrix, and derive a final frequency-domain frequency response estimate for
each final  impulse response estimate, wherein R times T final frequency
response estimates are  derived for the R times T final impulse response
estimates and represent an estimate of a  multiple-input multiple-output
(MIMO) channel between the T transmit antennas and the  R receive antennas.
44. The apparatus of claim 43, wherein the channel estimator is further
operative to filter received pilot symbols, initial frequency response
estimates, initial  impulse response estimates, final impulse response
estimates, or final frequency response  estimates. 45. An apparatus in a
wireless multi-antenna communication system utilizing  orthogonal frequency
division multiplexing (OFDM), comprising: means for obtaining, via R receive
antennas, R times M sets of P received pilot  symbols for T times M sets of
P scaled pilot symbols generated with T times M  coefficients in a T by M
matrix, where R, T and P are integers greater than one, M is an  integer
equal to or greater than T, M groups of R sets are formed for the R times M
sets,  and M groups of T sets are formed for the T times M sets, wherein one
coefficient in the  T by M matrix is used to generate each set of P scaled
pilot symbols, and wherein each  group of T sets of P scaled pilot symbols
is transmitted from T transmit antennas on P  subbands; 39  means for
deriving an initial frequency-domain frequency response estimate for each
set of P received pilot symbols, wherein R times M initial frequency
response  



estimates are derived for the R times M sets of P received pilot symbols;
means for deriving an initial time-domain impulse response estimate for each
initial frequency response estimate, wherein R times M initial impulse
response estimates  are derived for the R times M initial frequency response
estimates; means for deriving R times T final time-domain impulse response
estimates  based on the R times M initial impulse response estimates and the
T by M matrix; and  means for deriving a final frequency-domain frequency
response estimate for each final impulse response estimate, wherein R times
T final frequency response  estimates are derived for the R times T final
impulse response estimates and represent an  estimate of a multiple-input
multiple-output (MIMO) channel between the T transmit  antennas and the R
receive antennas. 46. The apparatus of claim 45, further comprising: means
for filtering received pilot symbols, initial frequency response estimates,
initial impulse response estimates, final impulse response estimates, or
final frequency  response estimates. 47. A method of performing channel
estimation at a receiver in a wireless  multi-antenna communication system,
comprising: obtaining, via R receive antennas, M sets of R received pilot
symbols for M sets  of T scaled pilot symbols generated with M different
vectors of a matrix and transmitted  via T transmit antennas, where R and T
are integers greater than one and M is an integer  equal to or greater than
T, wherein each vector includes T coefficients, and wherein the
coefficients in the M vectors are selected to facilitate channel estimation
by both  receivers with a single antenna and receivers with multiple
antennas; and performing a matrix multiply of the M sets of R received pilot
symbols with an  inverse of the matrix to obtain estimates of R times T
channel gains between the T  transmit antennas and the R receive antennas.
40  48. The method of claim 47, wherein the M vectors are not orthogonal to
one  another. 49. The method of claim 47, wherein the coefficients in the M
vectors are  



selected to minimize channel estimation errors by both the receivers with
single antenna  and the receivers with multiple antennas. 50. The method of
claim 47, wherein the coefficients in the M vectors are  selected based on a
sum of weighted mean square channel estimation errors for the  receivers
with single antenna and the receivers with multiple antennas. 51. An
apparatus in a wireless multi-antenna communication system,  comprising: a
plurality of receiver units operative to obtain, via R receive antennas, M
sets  of R received pilot symbols for M sets of T scaled pilot symbols
generated with M  different vectors of a matrix and transmitted via T
transmit antennas, where R and T are  integers greater than one and M is an
integer equal to or greater than T, wherein each  vector includes T
coefficients, and wherein the coefficients in the M vectors are selected  to
facilitate channel estimation by both receivers with a single antenna and
receivers with  multiple antennas; and a channel estimator operative to
perform a matrix multiply of the M sets of R  received pilot symbols with an
inverse of the matrix to obtain estimates of R times T  channel gains
between the T transmit antennas and the R receive antennas. 52. A method of
performing channel estimation at a receiver in a wireless  multi-antenna
communication system, comprising: obtaining, via a single receive antenna, M
received pilot symbols for M sets of  T scaled pilot symbols generated with
M different vectors of a matrix and transmitted via  T transmit antennas,
where T is an integer greater than one and M is an integer equal to  or
greater than T, wherein each vector includes T coefficients, and wherein the
41  coefficients in the M vectors are selected to facilitate channel
estimation by both  receivers with a single antenna and receivers with
multiple antennas; and filtering the M received pilot symbols to obtain an
estimate of a composite  multiple-input single-output (MISO) channel between
the T transmit antennas and the  single receive antenna. 


