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Description

BACKGROUND

l. Field

[0001] The present invention relates generally to data communication, and
more specifically to pilots suitable for use in multiple-input multiple-output

(MIMO) communication systems.

Il. Background

[0002] A MIMO system employs multiple (N7) transmit antennas and multiple
(NR) receive antennas for data transmission. A MIMO channel formed by the N7
transmit and Ng receive antennas may be decomposed into Ns independent
channels, which are also referred to as eigenmodes, where Ns < min{Nr, Ng}.
Each of the Ns independent channels corresponds to a dimension. The MIMO
system can provide improved performance (e.g., increased transmission capa-
city and/or greater reliability) if the additional dimensionalities created by the

multiple transmit and receive antennas are utilized.

[0003] In a wireless communication system, data to be transmitted is first modu-
lated onto a radio frequency (RF) carrier signal to generate an RF modulated
signal that is more suitable for transmission over a wireless channel. For a MI-
MO system, up to Ny RF modulated signals may be generated and transmitted
simultaneously from the Nt transmit antennas. The transmitted RF modulated
signals may reach the Ng receive antennas via a number of propagation paths
in the wireless channel. The characteristics of the propagation paths typically
vary over time due to a number of factors such as, for example, fading, multi-
path, and external interference. Consequently, the transmitted RF modulated
signals may experience different channel conditions (e.g., different fading and
multipath effects) and may be associated with different complex gains and sig-

nal-to-noise ratios (SNRs).
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[0004] To achieve high performance, it is often necessary to characterize the
response of the wireless channel. For example, the channel response may be
needed by the transmitter to perform spatial processing (described below) for
data transmission to the receiver. The channel response may also be needed
by the receiver to perform spatial processing on the received signals to recover

the transmitted data.

[0005] In many wireless communication systems, a pilot is transmitted by the
transmitter to assist the receiver in performing a number of functions. The pilot
is typically generated based on known symbols and processed in a known man-
ner. The pilot may be used by the receiver for channel estimation, timing and

frequency acquisition, data demodulation, and so on.

[0006] Various challenges are encountered in the design of a pilot structure for
a MIMO system. As one consideration, the pilot structure needs to address the
additional dimensionalities created by the multiple transmit and multiple receive
antennas. As another consideration, since pilot transmission represents over-
head in the MIMO system, it is desirable to minimize pilot transmission to the
extent possible. Moreover, if the MIMO system is a multiple-access system that
supports communication with multiple users, then the pilot structure needs to be
designed such that the pilots needed to support the multiple users do not con-

sume a large portion of the available system resources.

[0007] There is therefore a need in the art for pilots for MIMO systems that ad-
dress the above considerations.

[0008] US 2002/0041635 describes a system in which one or more preambles
are inserted into frames of OFDM-MIMO signals. The preamble is received by
the antennas of a receiver, decoded and compared to known values to provide
synchronization, framing, channels estimation, offsets and other corrections to

the signal.
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[0009] According to the invention, there is provided a terminal according to

claim 1.

[0010] Pilots suitable for use in MIMO systems are provided herein. These pi-
lots can support various functions that may be needed for proper system opera-
tion, such as timing and frequency acquisition, channel estimation, calibration,
and so on. The pilots may be considered as being of different types that are de-

signed and used for different functions.

[0011] The various types of pilot may include: a beacon pilot, a MIMO pilot, a
steered reference or steered pilot, and a carrier pilot. The beacon pilot is trans-
mitted from all transmit antennas and may be used for timing and frequency
acquisition. The MIMO pilot is also transmitted from all transmit antennas but is
covered with different orthogonal codes assigned to the transmit antennas. The
MIMO pilot may be used for channel estimation. The steered reference is trans-
mitted on specific eigenmodes of a MIMO channel and is user terminal specific.
The steered reference may be used for channel estimation and possibly rate
control. The carrier pilot may be transmitted on certain designated subbands/-

antennas and may be used for phase tracking of a carrier signal.

[0012] Various pilot transmission schemes may be devised based on different
combinations of these various types of pilot. For example, on the downlink, an
access point may transmit a beacon pilot, a MIMO pilot, and a carrier pilot for all
user terminals within its coverage area and may optionally transmit a steered
reference to any active user terminal that is receiving a downlink transmission
from the access point. On the uplink, a user terminal may transmit a MIMO pilot
for calibration and may transmit a steered reference and a carrier pilot when
scheduled (e.g., for downlink and/or uplink data transmissions). The processing
to transmit and receive these various types of pilot is described in further detail

below.

[0013] Various aspects and embodiments of the invention are also described in

further detail below.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The features and nature of the present invention will become more appa-
rent from the detailed description set forth below when taken in conjunction with
the drawings in which like reference characters identify correspondingly
throughout and wherein:

[0015] FIG. 1 shows a multiple-access MIMO system;

[0016] FIG. 2 shows an exemplary frame structure for data transmission in a
TDD MIMO-OFDM system;

[0017] FIG. 3 shows downlink and uplink pilot transmissions for an exemplary

pilot transmission scheme;

[0018] FIG. 4 shows a block diagram of an access point and a user terminal,

[0019] FIG. 5 shows a block diagram of a TX spatial processor that can genera-

te a beacon pilot;

[0020] FIG. 6A shows a block diagram of a TX spatial processor that can gene-
rate a MIMO pilot;

[0021] FIG. 6B shows a block diagram of an RX spatial processor that can pro-
vide a channel response estimate based on a received MIMO pilot;

[0022] FIG. 7A shows a block diagram of a TX spatial processor that can gene-

rate a steered reference; and

[0023] FIG. 7B shows a block diagram of an RX spatial processor that can pro-
vide a channel response estimate based on a received steered reference.



10

15

20

25

30

DK/EP 2363970 T3

DETAILED DESCRIPTION

[0024] The word "exemplary" is used herein to mean "serving as an example,
instance, or illustration." Any embodiment or design described herein as "exem-
plary" is not necessarily to be construed as preferred or advantageous over

other embodiments or designs.

[0025] FIG. 1 shows a multiple-access MIMO system 100 that supports a num-
ber of users and is capable of implementing the pilots described herein. MIMO
system 100 includes a number of access points (APs) 110 that support commu-
nication for a number of user terminals (UTs) 120. For simplicity, only two ac-
cess points 110a and 110b are shown in FIG. 1. An access point is generally a
fixed station that is used for communicating with the user terminals. An access

point may also be referred to as a base station or using some other terminology.

[0026] User terminals 120 may be dispersed throughout the system. Each user
terminal may be a fixed or mobile terminal that can communicate with the ac-
cess point. A user terminal may also be referred to as an access terminal, a
mobile station, a remote station, a user equipment (UE), a wireless device, or
some other terminology. Each user terminal may communicate with one or pos-
sibly multiple access points on the downlink and/or uplink at any given moment.
The downlink (i.e., forward link) refers to transmission from the access point to
the user terminal, and the uplink (i.e., reverse link) refers to transmission from
the user terminal to the access point. As used herein, an "active" user terminal
is one that is receiving a downlink transmission from an access point and/or

transmitting an uplink transmission to the access point.

[0027] In FIG. 1, access point 110a communicates with user terminals 120a
through 120f, and access point 110b communicates with user terminals 120f
through 120k. The assignment of user terminals to access points is typically ba-
sed on received signal strength and not distance. At any given moment, a user
terminal may receive downlink transmission from one or multiple access points.

A system controller 130 couples to access points 110 and may be designed to
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perform a number of functions such as (1) coordination and control for the ac-
cess points coupled to it, (2) routing of data among these access points, and (3)
access and control of communication with the user terminals served by these

access points.

l. Pilots

[0028] Pilots suitable for use in MIMO systems, such as the one shown in FIG.
1, are provided herein. These pilots can support various functions that may be
needed for proper system operation, such as timing and frequency acquisition,
channel estimation, calibration, and so on. The pilots may be considered as be-
ing of different types that are designed and used for different functions. Table 1
lists four types of pilot and their short description for an exemplary pilot design.
Fewer, different, and/or additional pilot types may also be defined, and this is

within the scope of the invention.

Table 1 - Pilot Types

Pilot Type Description
————— ApllottransmlttedfromaIItransmltantennasandusedfortlmlng
Beacon Pilot
and frequency acquisition.
....................................................... Apllottransm|ttedfromaIItransmltantennaSW|thdlfferentortho-

MIMO Pilot
gonal codes and used for channel estimation.

A pilot transmitted on specific eigenmodes of a MIMO channel for
iSteered Reference -~ _ o
. a specific user terminal and used for channel estimation and pos-
ior Steered Pilot _
é sibly rate control.

ECarrier Pilot .A pilot used for phase tracking of a carrier signal.

Steered reference and steered pilot are synonymous terms.

[0029] Various pilot transmission schemes may be devised based on any com-
bination of these various types of pilot. For example, on the downlink, an access

point may transmit a beacon pilot, a MIMO pilot, and a carrier pilot for all user



10

15

20

25

30

DK/EP 2363970 T3

7

terminals within its coverage area and may optionally transmit a steered refe-
rence to any active user terminal that is receiving a downlink transmission from
the access point. On the uplink, a user terminal may transmit a MIMO pilot for
calibration and may transmit a steered reference and a carrier pilot when
scheduled (e.g., for downlink and/or uplink data transmissions). The processing
to transmit and receive these various types of pilot is described in further detalil

below.

[0030] The pilots described herein may be used for various types of MIMO sy-
stems. For example, the pilots may be used for (1) single-carrier MIMO sy-
stems, (2) multi-carrier MIMO systems that employ orthogonal frequency divi-
sion multiplexing (OFDM) or some other multi-carrier modulation technique, (3)
MIMO systems that implement multiple-access techniques such as frequency
division multiple-access (FDMA), time division multiple-access (TDMA), and
code division multiple-access (CDMA), (4) MIMO systems that implement fre-
quency division multiplexing (FDM), time division multiplexing (TDM), and/or
code division multiplexing (CDM) for data transmission, (5) MIMO systems that
implement time division duplexing (TDD), frequency division duplexing (FDD),
and/or code division duplexing (CDD) for the downlink and uplink channels, and
(6) other types of MIMO systems. For clarity, the pilots are described below first
for a MIMO system that implements OFDM (i.e., a MIMO-OFDM system) and
then for a TDD MIMO-OFDM system.

[0031] OFDM effectively partitions the overall system bandwidth into a number
of (NF) orthogonal subbands, which are also referred to as tones, frequency
bins, or frequency subchannels. With OFDM, each subband is associated with a
respective subcarrier upon which data may be modulated. For a MIMO-OFDM
system, each subband may be associated with a number of eigenmodes, and
each eigenmode of each subband may be viewed as an independent transmis-

sion channel.

[0032] For clarity, a specific pilot structure is described below for an exemplary
MIMO-OFDM system. In this MIMO-OFDM system, the system bandwidth is
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partitioned into 64 orthogonal subbands (i.e., Nr = 64), which are assigned indi-
ces of -32 to +31. Of these 64 subbands, 48 subbands (e.g., with indices of +{1,
.., 6,8, ..., 20, 22, ..., 26}) may be used for data transmission, 4 subbands (e.g.,
with indices of {7, 21}) may be used for a carrier 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. Thus, of the 64 total subbands, the
52 "usable" subbands include the 48 data subbands and 4 pilot subbands, and
the remaining 12 subbands are not used. This OFDM subband structure is de-
scribed in further detail in the provisional U.S. Patent Application Serial No.
60/421,309. Different number of subbands and other OFDM subband structures
may also be implemented for the MIMO-OFDM system, and this is within the
scope of the invention.

[0033] For OFDM, the data to be transmitted on each usable subband is first
modulated (i.e., symbol mapped) using a particular modulation scheme (e.g.,
BPSK, QPSK, or M-QAM) selected for use for that subband. One modulation
symbol may be transmitted on each usable subband in each symbol period.
Each modulation symbol is a complex value for a specific point in a signal con-
stellation corresponding to the selected modulation scheme. Signal values of
zero may be sent on the unused subbands. For each OFDM symbol period, the
modulation symbols for the usable subbands and zero signal values for the un-
used subbands (i.e., the modulation symbols and zeros for all Nr subbands) are
transformed to the time domain using an inverse fast Fourier transform (IFFT) to
obtain a transformed symbol that comprises Nr time-domain samples. To com-
bat inter-symbol interference (ISI), a portion of each transformed symbol is often
repeated (which is also referred to as adding a cyclic prefix) to form a corre-
sponding OFDM symbol, which is then transmitted over the wireless channel.
An OFDM symbol period, which is also referred to herein as a symbol period,

corresponds to the duration of one OFDM symbol.

1. Beacon Pilot

[0034] The beacon pilot includes a specific set of pilot symbols that is transmit-
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ted from each of the N7 transmit antennas. The same set of pilot symbols is
transmitted for Ng symbol periods designated for beacon pilot transmission. In
general, Ng may be any integer value of one or greater.

5 [0035] In an exemplary embodiment, the set of pilot symbols for the beacon pi-
lot is a set of 12 BPSK modulation symbols for 12 specific subbands, which is
referred to as a "B" OFDM symbol. The 12 BPSK modulation symbols for the B
OFDM symbol are given in Table 2. Signal values of zeros are transmitted on

the remaining 52 unused subbands.
Table 2 - Pilot Symbols

Beacon
Pilot

b(¥)

Beacon) MIMO | gyp- [Beacon MIMO | gyp- {Beacen; MIMO
Pitot | Pilot | pand | Pilot | Pilot | pand | Pilot | Pilot

b(k) | p&) | Index | b(k) pk)
0 1-f e R 1+j
Aj ] 1

10

[0036] For the exemplary embodiment and as shown in Table 2, for the beacon
pilot, the BPSK modulation symbol (1+ j) is transmitted in subbands - 24, -16,
-4, 12, 16, 20, and 24, and the BPSK modulation symbol - (1+ j) is transmitted
15 in subbands -20, -12, -8, 4, and 8. Zero signal values are transmitted on the re-

maining 52 subbands for the beacon pilot.

[0037] The B OFDM symbol is designed to facilitate system timing and frequen-
cy acquisition by the user terminals. For the exemplary embodiment of the B
20 OFDM symbol described above, only 12 of the 64 total subbands are used, and
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these subbands are spaced apart by four subbands. This 4-subband spacing al-
lows the user terminal to have an initial frequency error of up to two subbands.
The beacon pilot allows the user terminal to correct for its initial coarse frequen-
cy error, and to correct its frequency so that the phase drift over the duration of
the beacon pilot is small (e.g., less than 45 degrees over the beacon pilot dura-
tion at a sample rate of 20 MHz). If the beacon pilot duration is 8 ysec, then the
45 degrees (or less) of phase drift over 8 psec is equal to 360 degrees over 64

psec, which is approximately 16 kHz.

[0038] The 16 kHz frequency error is typically too large for operation. Additional
frequency correction may be obtained using the MIMO pilot and the carrier pilot.
These pilots span a long enough time duration that the user terminal frequency
can be corrected to within the desired target (e.g., 250 Hz). For example, if a
TDD frame is 2 msec (as described below) and if the user terminal frequency is
accurate to within 250Hz, then there will be less than half a cycle of phase
change over one TDD frame. The phase difference from TDD frame to TDD fra-
me of the beacon pilot may be used to lock the frequency of the user terminal to
the clock at the access point, thereby effectively reducing the frequency error to

Zero.

[0039] In general, the set of pilot symbols used for the beacon pilot may be deri-
ved using any modulation scheme. Thus, other OFDM symbols derived using
BPSK or some other modulation scheme may also be used for the beacon pilot,

and this is within the scope of the invention.

[0040] In an exemplary design, four transmit antennas are available for beacon
pilot transmission. Table 4 lists the OFDM symbols to be transmitted from each
of the four transmit antennas for a beacon pilot transmission that spans two

symbol periods.
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Table 3 - Beacon Pilot

ESymboI Period §Antenna 1 %Antenna 2 §Antenna 3 Antenna 4
—— . BB ..................................... y——
2 B B B B

2. MIMO Pilot

[0041] The MIMO pilot includes a specific set of pilot symbols that is transmitted
from each of the Ny transmit antennas. For each transmit antenna, the same set
of pilot symbols is transmitted for Np symbol periods designated for MIMO pilot
transmission. However, the set of pilot symbols for each transmit antenna is
"covered" with a unique orthogonal sequence or code assigned to that antenna.
Covering is a process whereby a given pilot or data symbol (or a set of L pilot/-
data symbols with the same value) to be transmitted is multiplied by all L chips
of an L-chip orthogonal sequence to obtain L covered symbols, which are then
transmitted. Decovering is a complementary process whereby received symbols
are multiplied by the L chips of the same L-chip orthogonal sequence to obtain
L decovered symbols, which are then accumulated to obtain an estimate of the
transmitted pilot or data symbol. The covering achieves orthogonality among
the N7 pilot transmissions from the N7 transmit antennas and allows a receiver
to distinguish the individual transmit antennas, as described below. The dura-
tion of the MIMO pilot transmission may be dependent on its use, as described

below. In general, Np may be any integer value of one or greater.

[0042] One set or different sets of pilot symbols may be used for the Ny transmit
antennas. In an exemplary embodiment, one set of pilot symbols is used for all
N7 transmit antennas for the MIMO pilot and this set includes 52 QPSK modula-
tion symbols for the 52 usable subbands, which is referred to as a "P" OFDM
symbol. The 52 QPSK modulation symbols for the P OFDM symbol are given in
Table 2. Signal values of zero are transmitted on the remaining 12 unused sub-
bands.
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[0043] The 52 QPSK modulation symbols form a unique "word" that is designed
to facilitate channel estimation by the user terminals. This unique word is selec-
ted to have a minimum peak-to-average variation in a waveform generated ba-

sed on these 52 modulation symbols.

[0044] It is well known that OFDM is generally associated with higher peak-to-
average variation in the transmitted waveform than for some other modulation
technique (e.g., CDMA). As a result, to avoid clipping of circuitry (e.g., power
amplifier) in the transmit chain, OFDM symbols are typically transmitted at a re-
duced power level, i.e., backed off from the peak transmit power level. The
back-off is used to account for variations in the waveform for these OFDM sym-
bols. By minimizing the peak-to-average variation in the waveform for the P
OFDM symbol, the MIMO pilot may be transmitted at a higher power level (i.e.,
a smaller back-off may be applied for the MIMO pilot). The higher transmit po-
wer for the MIMO pilot would then result in improved received signal quality for
the MIMO pilot at the receiver. The smaller peak-to-average variation may also
reduce the amount of distortion and non-linearity generated by the circuitry in
the transmit and receive chains. These various factors may result in improved

accuracy for a channel estimate obtained based on the MIMO pilot.

[0045] An OFDM symbol with minimum peak-to-average variation may be obtai-
ned in various manners. For example, a random search may be performed in
which a large number of sets of pilot symbols are randomly formed and evalua-
ted to find the set that has the minimum peak-to-average variation. The P
OFDM symbol shown in Table 2 represents an exemplary OFDM symbol that
may be used for the MIMO pilot. In general, the set of pilot symbols used for the
MIMO pilot may be derived using any modulation scheme. Thus, various other
OFDM symbols derived using QPSK or some other modulation scheme may al-

so be used for the MIMO pilot, and this is within the scope of the invention.

[0046] Various orthogonal codes may be used to cover the P OFDM symbols
sent on the Nt transmit antennas. Examples of such orthogonal codes include

Walsh codes and orthogonal variable spreading factor (OVSF) codes. Pseudo-



10

15

20

25

DK/EP 2363970 T3

13

orthogonal codes and quasi-orthogonal codes may also be used to cover the P
OFDM symbols. An example of a pseudo-orthogonal code is the M-sequence
that is well known in the art. An example of a quasi-orthogonal code is the qua-
si-orthogonal function (QOF) defined by 1S-2000. In general, various types of
codes may be used for covering, some of which are noted above. For simplicity,
the term "orthogonal code" is used herein to generically refer to any type of
code suitable for use for covering pilot symbols. The length (L) of the orthogonal
code is selected to be greater than or equal to the number of transmit antennas
(e.g., L = Ny), and L orthogonal codes are available for use. Each transmit an-
tenna is assigned a unique orthogonal code. The Np P OFDM symbols to be
sent in Np symbol periods from each transmit antenna are covered with the or-

thogonal code assigned to that transmit antenna.

[0047] In an exemplary embodiment, four transmit antennas are available and
are assigned 4-chip Walsh sequences of Wy = 1111, W, = 1010, W3 =1100, and
W4 = 1001 for the MIMO pilot. For a given Walsh sequence, a value of "1" indi-
cates that a P OFDM symbol is transmitted and a value of "0" indicates that a -P
OFDM symbol is transmitted. For a -P OFDM symbol, each of the 52 QPSK
modulation symbols in the P OFDM symbol is inverted (i.e., multiplied with -1).
The result of the covering for each transmit antenna is a sequence of covered P
OFDM symbols for that transmit antenna. The covering is in effect performed
separately for each of the subbands to generate a sequence of covered pilot
symbols for that subband. The sequences of covered pilot symbols for all sub-

bands form the sequence of covered P OFDM symbols.

[0048] Table 4 lists the OFDM symbols to be transmitted from each of the four
transmit antennas for a MIMO pilot transmission that spans four symbol periods.

Table 4 - MIMO Pilot

.................................................................................................................................................................................................................................

:Symbol Period §Antenna 1 ‘Antenna 2 §Antenna 3 %Antenna 4

1 i+P +P +P +P

................................................................................................

g >
8
v : H H b
: : H 2 i
H 3 3 1 3
: 3 1= : im
H 1 h 2 3
H i H 2 i
. 1] s 3
: i H : b
: : H 3 i
. 2 3 : X
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For this set of 4-chip Walsh sequences, the MIMO pilot transmission can occur

in an integer multiple of four symbol periods to ensure orthogonality among the
four pilot transmissions from the four transmit antennas. The Walsh sequence is
simply repeated for a MIMO pilot transmission that is longer than the length of

the Walsh sequence.

[0049] The wireless channel for the MIMO-OFDM system may be characterized
by a set of channel response matrices H(k), for subband index k € K, where K =
{1 ... 26} for the exemplary subband structure described above. The matrix
H(k) for each subband includes NtNr values, {h;{(k)}, for i{1 ... Nr} and j € {1 ...
N7}, where h;j(k) represents the channel gain between the j-th transmit antenna

and the j-th receive antenna.

[0050] The MIMO pilot may be used by the receiver to estimate the response of
the wireless channel. In particular, to recover the pilot sent from transmit anten-
na j and received by receive antenna /, the received OFDM symbols on antenna
i are first multiplied with the Walsh sequence assigned to transmit antenna j.
The "decovered" OFDM symbols for all Np symbol periods for the MIMO pilot
are then accumulated, where the accumulation may be performed individually
for each of the 52 usable subbands. The accumulation may also be performed
in the time domain on the received OFDM symbols (after removing the cyclic
prefix in each OFDM symbol). The accumulation is performed on a sample-by-
sample basis over multiple received OFDM symbols, where the samples for
each OFDM symbol correspond to different subbands if the accumulation is per-
formed after the FFT and to different time indices if the accumulation is perfor-
med prior to the FFT. The result of the accumulation is {A;(k)}, for k € K, which
are estimates of the channel response from transmit antenna j to receive anten-

na i for the 52 usable subbands. The same processing may be performed to
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estimate the channel response from each transmit antenna to each receive an-
tenna. The pilot processing provides NtNr complex values for each subband,
where the complex values are elements of the matrix H(k) for the channel re-
sponse estimate for that subband.

[0051] The pilot processing described above may be performed by the access
point to obtain the channel response estimate ﬂup(k) for the uplink, and may al-
so be performed by the user terminal to obtain the channel response estimate
Hgn(k) for the downlink.

3. Steered Reference or Steered Pilot

[0052] For a MIMO-OFDM system, the channel response matrix H(k) for each
subband may be "diagonalized" to obtain the Ns eigenmodes for that subband,
where Ns < min{Nr, Ng}. This may be achieved by performing either singular va-
lue decomposition on the channel response matrix H(k) or eigenvalue decom-
position on the correlation matrix of H(k), which is R(k) = H”(k)H(k). For clarity,
singular value decomposition is used for the following description.

[0053] The singular value decomposition of the channel response matrix H(k)
may be expressed as:

Hk)=UREZE®Y" &) ,for ke K, Eq (1)

where

U(k) is an (Nr x Ng) unitary matrix of left eigenvectors of H(k);

2(k) is an (Nr x N7) diagonal matrix of singular values of H(k);

V(k) is an (N7 x N7) unitary matrix of right eigenvectors of H(k); and

"H" denotes the conjugate transpose.

A unitary matrix M is characterized by the property MHM = |, where | is the iden-

tity matrix.

[0054] 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. An eigenmode normally refers to a theoretical construct.
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The MIMO channel may also be viewed as including Ns spatial channels that
may be used for data/pilot transmission. Each spatial channel may or may not
correspond to an eigenmode, depending on whether or not the spatial proces-
sing at the transmitter was successful in diagonalizing the MIMO channel. For
example, data streams are transmitted on spatial channels (and not eigenmo-
des) of a MIMO channel if the transmitter has no knowledge or an imperfect
estimate of the MIMO channel. For simplicity, the term "eigenmode" is also
used herein to denote the case where an attempt is made to diagonalize the
MIMO channel, even though it may not be fully successful due to, for example,

an imperfect channel estimate.

[0055] The diagonal matrix (k) for each subband contains non-negative real
values along the diagonal and zeros everywhere else. These diagonal entries
are referred to as the singular values of H(k) and represent the gains for the in-
dependent channels (or eigenmodes) of the MIMO channel for the k-th sub-
band.

[0056] The eigenvalue decomposition may be performed independently for the
channel response matrix H(k) for each of the 52 usable subbands to determine
the Ns eigenmodes for the subband. The singular values for each diagonal ma-
trix X(k) may be ordered such that {o1(k)202(k)=...20ns(K)}, where o4(k) is the
largest singular value, o2(k) is the second largest singular value, and so on, and
Ons (k) is the smallest singular value for the k-th subband. When the singular
values for each diagonal matrix (k) are ordered, the eigenvectors (or columns)
of the associated matrices U(k) and V(k) are also ordered correspondingly. After
the ordering, o1(k) represents the singular value for the best eigenmode for sub-

band k, which is also often referred to as the "principal" eigenmode.

[0057] A "wideband" eigenmode may be defined as the set of same-order
eigenmodes of all subbands after the ordering. Thus, the m-th wideband eigen-
mode includes the m-th eigenmode of all subbands. Each wideband eigenmode

is associated with a respective set of eigenvectors for all of the subbands. The



10

15

20

25

30

DK/EP 2363970 T3

17

"principal" wideband eigenmode is the one associated with the largest singular
value in each matrix Z{k) of each subband after the ordering.

[0058] The matrix V(k) includes Ny eigenvectors that may be used for spatial
processing at the transmitter, where V(k)=[v1(k) vao(k) ... var(k)] and vu(k) is the
m-th column of V(k), which is the eigenvector for the m-th eigenmode. For a uni-
tary matrix, the eigenvectors are orthogonal to one another. The eigenvectors

are also referred to as "steering" vectors.

[0059] A steered reference (i.e., a steered pilot) comprises one or more sets of
pilot symbols that are transmitted from the N7 transmit antennas. In an embodi-
ment, one set of pilot symbols is transmitted on one set of subbands for one
wideband eigenmode in a given symbol period by performing spatial processing
with a set of steering vectors for that wideband eigenmode. In another embodi-
ment, multiple sets of pilot symbols are transmitted on multiple disjoint sets of
subbands for multiple wideband eigenmodes in a given symbol period by perfor-
ming spatial processing with multiple sets of steering vectors for these wide-
band eigenmodes (using subband multiplexing, which is described below). For
clarity, the following description assumes that one set of pilot symbols is trans-
mitted on one wideband eigenmode in a given symbol period (i.e., no subband
multiplexing).

[0060] In an embodiment, the set of pilot symbols for the steered reference is
the same P OFDM symbol used for the MIMO pilot. However, various other
OFDM symbols may also be used for the steered reference, and this is within

the scope of the invention.

[0061] A steered reference transmitted for the m-th wideband eigenmode (using
beam-forming, which is described below) may be expressed as:
X, (k)= ¥, () p(k) ,for ke K, Eq(2)

where

Xm(k) is an (Ntx1) transmit vector for the m-th eigenmode of the k-th subband;
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Vvin(K) is the steering vector for the m-th eigenmode of the k-th subband; and
p(k) is the pilot symbol for the k-th subband (e.g., as given in Table 2).

The vector x,(k) includes N7 transmit symbols to be sent from the Nt transmit
antennas for the k-th subband.

[0062] The steered reference may be used by the receiver to estimate a vector
that may be used for spatial processing of both data reception and transmis-
sion, as described below. The processing for the steered reference is described

in further detail below.
4. Carrier Pilot

[0063] The exemplary OFDM subband structure described above includes four
pilot subbands with indices of -21, -7, 7, and 21. In an embodiment, a carrier pi-
lot is transmitted on the four pilot subbands in all symbol periods that are not
used for some other types of pilot. The carrier pilot may be used by the receiver
to track the changes in the phase of an RF carrier signal and drifts in the oscilla-
tors at both the transmitter and receiver. This may provide improved data de-

modulation performance.

[0064] In an embodiment, the carrier pilot comprises four pilot sequences,
P.1(n), Psa(n), Pea(n), and Pes(n), that are transmitted on the four pilot subbands.
In an embodiment, the four pilot sequences are defined as follows:

Fi(m)=F,(n)=Fs(n)=-F,n) , Eq (3)

where n is an index for symbol period (or OFDM symbol).

[0065] The pilot sequences may be defined based on various data sequences.
In an embodiment, the pilot sequence P;¢(n) is generated based on a polyno-
mial G(x) = x” + x* + x, where the initial state is set to all ones and the output
bits are mapped to signal values as follows: 1 = -1 and 0 = 1. The pilot se-
quence P:1(n), forn={1, 2, ... 127}, may then be expressed as:
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Pimy= {(1,1,1,1,-1,-1,-1,1,-1,-1,41,41,1,1,-1,1,-1,-1,1,1,-1,1,1,-1,1,1,1,1,1,1 41,1,
1,1,-1,1,1,-1,-1,1,1,1,-1,1,-1,-1,-1,1,-1,1 -1,-1,1,-1,- 01,1144 ,-1,-1,1 1,
-1,-1,1,-1,1,-1,1,1,-1,-1,-1,1,1 1 -4, 1 -1 0,110,111 11,11 1 -
1.1,

-1,-1,-4,-1,-1,1,-1,1,1,-1,1,-1,1,1,1,-1,-1,1 -4, 1 -1 -1 -1 41,41 -1,
1}.

The values of "1" and "-1" in the pilot sequence P.1(n) may be mapped to pilot

symbols using a particular modulation scheme. For example, using BPSK, a "1"
may be mapped to 1+ j and a "-1" may be mapped to -(1+ j). If there are more
than 127 OFDM symbols, then the pilot sequence may be repeated so that
Pc1(n) = Pey(n mod 127) for n>127.

[0066] In one embodiment, the four pilot sequences Pc1(n), Pca(n), Pes(n), and
Peca(n) are transmitted on four different subband/antenna pairings. Table 5
shows an exemplary assignment of the four pilot sequences to the four pilot

subbands and four transmit antennas.

Table 5 - Carrier Pilot

Subband Antenna1 AntennaZ ~~~~~~~~~~~~~~~ Antenna 3 Antenna 4
s Pc1(n)- ........................................... e — R
e Pcz(n) ............................... e — e —
7 - Pan)
— R -PC4(n) ...............................

As shown in Table 5, the pilot sequence P.1(n) is transmitted on subband -21 of
antenna 1, the pilot sequence Pc(n) is transmitted on subband -7 of antenna 2,
the pilot sequence Pg3(n) is transmitted on subband 7 of antenna 3, and the pilot
sequence P(n) is transmitted on subband 21 of antenna 4. Each pilot sequen-
ce is thus transmitted on a unique subband and a unique antenna. This carrier
pilot transmission scheme avoids interference that would result if a pilot sequen-

ce is transmitted over multiple transmit antennas on a given subband.
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[0067] In another embodiment, the four pilot sequences are transmitted on the
principal eigenmode of their assigned subbands. The spatial processing for the
carrier pilot symbols is similar to the spatial processing for the steered referen-
ce, which is described above and shown in equation (2). To transmit the carrier
pilot on the principal eigenmode, the steering vector v1(k) is used for the spatial
processing. Thus, the pilot sequence P:1(n) is spatially processed with the stee-
ring vector v4(-26), the pilot sequence P(n) is spatially processed with the
steering vector vi(-7), the pilot sequence P3(n) is spatially processed with the
steering vector v4(7), and the pilot sequence P.(n) is spatially processed with

the steering vector v1(26).

Il. Pilots for Single-Carrier MIMO Systems

[0068] The pilots described herein may also be used for single-carrier MIMO
systems that do not employ OFDM. In that case, much of the description above
still applies but without the subband index k. For the beacon pilot, a specific pi-
lot modulation symbol b may be transmitted from each of the Ny transmit anten-
nas. For the MIMO pilot, a specific pilot modulation symbol p may be covered
with Nt orthogonal sequences and transmitted from the Ny transmit antennas.
The pilot symbol b may be the same or different from the pilot symbol p. The
steered reference may be transmitted as shown in equation (2). However, the
transmit vector x,, steering vector v, and pilot symbol p are not functions of
subband index k. The carrier pilot may be transmitted in a time division multiple-

xed manner or may simply be omitted.

[0069] For a MIMO-OFDM system, the cyclic prefix is typically used to ensure
orthogonality across the subbands in the presence of delay spread in the sy-
stem, and the orthogonal codes allow for identification of the individual transmit
antennas. For a single-carrier MIMO system, the orthogonal codes are relied
upon for both orthogonality and antenna identification. Thus, the orthogonal co-
des used for covering the pilot symbols in a single-carrier MIMO system may be
selected to have good cross-correlation and peak-to-sidelobe properties (i.e.,

the correlation between any two orthogonal sequences used for covering is
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small in the presence of delay spread in the system). An example of such an or-
thogonal code with good cross-correlation and peak-to-sidelobe properties is
the M-sequence and its time-shifted versions. However, other types of codes
may also be used for covering pilot symbols for the single-carrier MIMO system.

[0070] For a wideband single-carrier MIMO system, the steered reference may
be transmitted in various manners to account for frequency selective fading
(i.e., a frequency response that is not flat across the operating band). Several
schemes for transmitting a steered reference in a wideband single-carrier MIMO
system are described below. In general, a transmitter can transmit a reference
waveform that is processed in the same or similar manner as the processing
used to transmit traffic data on specific wideband eigenmodes. The receiver can
then in some manner correlate the received waveform against a locally genera-
ted copy of the transmitted reference waveform, and extract information about

the channel that allows the receiver to estimate a channel matched filter.

[0071] In a first scheme, a transmitter initially obtains a steering vector v,,(k) for
an eigenmode. The steering vector v,(k) may be obtained by periodically trans-
mitting OFDM pilot symbols, by performing frequency-domain analysis on a re-
ceived MIMO pilot that has been transmitted without OFDM, or by some other
means. For each value of k, where 1<ksNFf, v, (k) is an Ny -vector with Nr en-
tries for Nt transmit antennas. The transmitter then performs an inverse fast
Fourier transform on each of the N7 vector positions of the steering vector v(k),
with k as the frequency variable in the IFFT computation, to obtain a corre-
sponding time-domain pulse for an associated transmit antenna. Each vector
position of the vector vi,(k) includes Ng values for Nr frequency subbands, and
the corresponding time-domain pulse is a sequence of Nr time-domain values.
The terminal then appends a cyclic prefix to this time-domain pulse to obtain a
steered reference pulse for the transmit antenna. One set of Nt steered referen-
ce pulses is generated for each eigenmode and may be transmitted in the same
time interval from all Nt transmit antennas. Multiple sets of pulses may be gene-

rated for multiple eigenmodes and may be transmitted in a TDM manner.
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[0072] For the first scheme, a receiver samples the received signal to obtain a
received vector ry(n), removes the cyclic prefix, and performs a fast Fourier
transform on each vector position of the received vector rn(n) to obtain an esti-
mate of a corresponding entry of H(k)v,»(k). Each vector position of the received
vector rm(n) (after the cyclic prefix removal) includes Nr time-domain samples.
The receiver then uses the estimate of H(k)vm(k) to synthesize a time-domain
matched filter that may be used to filter a received data transmission. The time-
domain matched filter includes a matched filter pulse for each of the received
antennas. The synthesis of the time-domain matched filter is described in com-
monly assigned U.S. Patent Application Serial No. 10/017,308, entitled "Time-
Domain Transmit and Receive Processing with Channel Eigen-mode Decom-
position for MIMO Systems," filed December 7, 2001.

[0073] For the first scheme, the transmitter processing for the steered reference
in a single-carrier MIMO system is similar to the transmitter processing for the
steered reference in a MIMO-OFDM system. However, other transmission after
the steered reference is transmitted on a single-carrier waveform such as the
one described in the U.S. Patent Application Serial No. 10/017,308. Moreover,
the receiver uses the steered reference to synthesize time domain matched fil-

ters, as described above.

[0074] In a second scheme, a transmitter isolates a single multipath component
for the wideband channel. This may be achieved, for example, by searching a
received MIMO pilot with a sliding correlator in similar manner as often perfor-
med in CDMA systems to search for multipath components. The transmitter
then treats this multipath component as a narrowband channel and obtains a
single steering vector v, for the multipath component for each eigenmode.
Again, multiple steering vectors may be generated for multiple eigenmodes for

this multipath component.

Ill. Pilot Structure for a TDD MIMO-OFDM System

[0075] The pilots described herein may be used for various MIMO and MIMO-
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OFDM systems. These pilots may be used for systems that use a common or
separate frequency bands for the downlink and uplink. For clarity, an exemplary
pilot structure for an exemplary MIMO-OFDM system is described below. For
this MIMO-OFDM system, the downlink and uplink are time-division duplexed
(TDD) on a single frequency band.

[0076] FIG. 2 shows an embodiment of a frame structure 200 that may be used
for a TDD MIMO-OFDM system. Data transmission occurs in units of TDD fra-
mes, each of which spans a particular time duration (e.g., 2 msec). Each TDD
frame is partitioned into a downlink phase and an uplink phase. The downlink
phase is further partitioned into multiple segments for multiple downlink trans-
port channels. In the embodiment shown in FIG. 2, the downlink transport chan-
nels include a broadcast channel (BCH), a forward control channel (FCCH), and
a forward channel (FCH). Similarly, the uplink phase is partitioned into multiple
segments for multiple uplink transport channels. In the embodiment shown in
FIG. 2, the uplink transport channels include a reverse channel (RCH) and a

random access channel (RACH).

[0077] On the downlink, a BCH segment 210 is used to transmit one BCH pro-
tocol data unit (PDU) 212, which includes a portion 214 for a beacon pilot, a
portion 216 for a MIMO pilot, and a portion 218 for a BCH message. The BCH
message carries system parameters for the user terminals in the system. An
FCCH segment 220 is used to transmit one FCCH PDU, which carries assign-
ments for downlink and uplink resources and other signaling for the user termi-
nals. An FCH segment 230 is used to transmit one or more FCH PDUs 232. Dif-
ferent types of FCH PDU may be defined. For example, an FCH PDU 232a in-
cludes a portion 234a for a pilot and a portion 236a for a data packet. An FCH
PDU 232b includes a single portion 236b for a data packet. An FCH PDU 232c
includes a single portion 234c for a pilot.

[0078] On the uplink, an RCH segment 240 is used to transmit one or more
RCH PDUs 242 on the uplink. Different types of RCH PDU may also be defined.
For example, an RCH PDU 242a includes a single portion 246a for a data
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packet. An RCH PDU 242b includes a portion 244b for a pilot and a portion
246b for a data packet. An RCH PDU 242c includes a single portion 244c for a
pilot. An RACH segment 250 is used by the user terminals to gain access to the
system and to send short messages on the uplink. An RACH PDU 252 may be
sent within RACH segment 250 and includes a portion 254 for a pilot and a por-

tion 256 for a message.

[0079] For the embodiment shown in FIG. 2, the beacon and MIMO pilots are
sent on the downlink in each TDD frame in the BCH segment. A pilot may or
may not be sent in any given FCH/RCH PDU. If the pilot is sent, then it may
span all or only a portion of the PDU, as shown in FIG. 2. A pilot is sent in an
RACH PDU to allow the access point to estimate pertinent vectors during ac-
cess. The pilot portion is also referred to as a "preamble". The pilot that is sent
in any given FCH/RCH PDU may be a steered reference or a MIMO pilot, de-
pending on the purpose for which the pilot is used. The pilot sent in an RACH
PDU is typically a steered reference, although a MIMO pilot may also be sent
instead. The carrier pilot is transmitted on the pilot subbands and in the portions
that are not used for other pilot transmissions. The carrier pilot is not shown in
FIG. 2 for simplicity. The durations of the various portions in FIG. 2 are not

drawn to scale.

[0080] The frame structure and transport channels shown in FIG. 2 are descri-
bed in detail in the provisional U.S. Patent Application Serial No. 60/421,309.

1. Calibration

[0081] For a TDD MIMO-OFDM 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(k) represents a channel response matrix from antenna
array A to antenna array B for subband k, then a reciprocal channel implies that
the coupling from array B to array A is given by H'(k), where H' denotes the
transpose of H. For the TDD MIMO-OFDM system, the reciprocal channel cha-
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racteristics can be exploited to simplify the channel estimation and spatial pro-
cessing at both the transmitter and receiver.

[0082] 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. An "effective" downlink chan-
nel response, Han(k), and an "effective" uplink channel response, Hup(k), which
include the responses of the applicable transmit and receive chains, may be
expressed as:

‘f_lan(k)=E..l(k)ﬂ(k)Lp(k) , for ke K, and Eq (4)

H, () =R, (0HE (W, (k) , for ke K,

where T, (k) and Rap (k) are Ny % Ny, diagonal matrices for the frequency re-
sponses of the transmit chain and receive chain, respectively, at the access
point for subband k;

Tut (k) and Rt (k) are N, x N, diagonal matrices for the frequency responses of
the transmit chain and receive chain, respectively, at the user terminal for sub-
band k;

Ngp is the number of antennas at the access point; and

N, is the number of antennas at the user terminal.

[0083] Combining the equations in equation set (4), the following is obtained:

H,, (MK, (k) = M (K, (), for ke K, - Eq ()

where
K, (k) =T (k)Ry, (k)

and

K, (k) =T, (k)R,, (k) .
Because Tui(k), Ru(k), Tap(k), and Rap(k) are diagonal matrices, Kap(k) and Kui(k)

are also diagonal matrices.

[0084] Calibration may be performed to obtain estimates, Kap(k) and Ku(k), of
the actual diagonal matrices, Kap(k) and Ku(k), for k € K. The matrices Kap(k)
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and Ku(k) contain correction factors that can account for differences in the fre-
quency responses of the transmit/receive chains at the access point and user
terminal. A "calibrated" downlink channel response, Hcan(k), observed by the
user terminal and a "calibrated" uplink channel response, Hqp(k), observed by

the access point may then be expressed as:

H, () =H, (MK, () , for ke X, and Eq (6a)
H., () =H, (KK,(k) , for ke K, where Eq (6b)
H,()=H, &) , for ke K. Eq (6¢)

The accuracy of the relationship in equation (6¢) is dependent on the accuracy
of the correction matrices, Kap (k) and K. (k), which is in turn dependent on the
quality of the estimates of the effective downlink and uplink channel responses,
Han(k) and Hup(k), used to derive these correction matrices. A correction vector
kui(k) may be defined to include only the N diagonal elements of Kyu(k), and a
correction vector kap(k) may be defined to include only the N,, diagonal ele-
ments of Kap(k). Calibration is described in detail in the provisional U.S. Patent
Application Serial No. 60/421,462.

[0085] The pilots described herein may also be used for MIMO and MIMO-
OFDM systems that do not perform calibration. For clarity, the following descrip-
tion assumes that calibration is performed and that the correction matrices
Kap(k) and Kui(k) are used in the transmit paths at the access point and the user

terminal, respectively.

2. Beacon and MIMO Pilots

[0086] As shown in FIG. 2, the beacon pilot and MIMO pilot are transmitted on
the downlink in the BCH for each TDD frame. The beacon pilot may be used by
the user terminals for timing and frequency acquisition. The MIMO pilot may be
used by the user terminals to (1) obtain an estimate of the downlink MIMO
channel, (2) derive steering vectors for uplink transmission, and (3) derive a

matched filter for downlink transmission, as described below.



DK/EP 2363970 T3

27

[0087] In an exemplary pilot transmission scheme, the beacon pilot is transmit-
ted for two symbol periods and the MIMO pilot is transmitted for eight symbol
periods at the start of the BCH segment. Table 6 shows the beacon and MIMO
pilots for this exemplary scheme.

[0088]
Table 6 - Beacon and MIMO Pilots for BCH

FistTyee Symbel Period TRntana 1 TAnienna 3 TAnisana 3 Rntema 4
1 B B B B '
:Beacon Pilot
| 2 B B B B
.......................................... e 1T B i
4 +P P +P -P
5 ............................................. +P\+P-P-P
6 +P -P i-P +P
MIMO PHOt T
: 7 +P +P “+P +P
+P P +P P
Gr—— o e T e
10 +P P P P

[0089] The beacon pilot transmitted on the downlink may be expressed as:

10 Een® =k (b forke K, Eq (7)

where
Xdn,bp(K) iS a transmit vector for subband k for the beacon pilot; and
b(k) is the pilot symbol to be transmitted on subband k for the beacon pilot,
which is given in Table 2.

15 As shown in equation (7), the beacon pilot is scaled by the correction vector
kap(k) but not subjected to any other spatial processing.

[0090] The MIMO pilot transmitted on the downlink may be expressed as:
\zf.m.n(k) =K, () Wy, pk) ,forke K, Eq(8)

20 where
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Xdn,mp,n(K) is an (Ngp x1) transmit vector for subband k in symbol period n for the
downlink MIMO pilot;

Wan n iS an (Ngp x1) vector with Ny, Walsh chips for the N, transmit antennas at
the access point in symbol period n for the downlink MIMO pilot; and

p(k) is the pilot symbol to be transmitted on subband k for the MIMO pilot, which
is given in Table 2.

[0091] As shown in equation (8), the MIMO pilot is covered by the vector wgn
and further scaled by the correction matrix Kap(k), but not subjected to any other
spatial processing. The same Walsh vector wgn » is used for all subbands, and
thus wan,» is not a function of the subband index k. However, since each Walsh
sequence is a unique sequence of 4 Walsh chips for 4 symbol periods, Wgnn is @
function of symbol period n. The vector wgn» thus includes Ny, Walsh chips to
be used for the N, transmit antennas at the access point for symbol period n.
For the scheme shown in Table 6, the four vectors wgn s, for n = {3, 4, 5, 6}, for
the first four symbol periods of MIMO pilot transmission on the BCH are ws
=[1111], wg = [1 -11 1], ws = [11 -1 -1], we = [1 -1 -11], and the four vectors
Wann, for n = {7, 8, 9, 10}, for the next four symbol periods are repeated such

that w7 = Ws, Wg = W4, W = W5, and W1o = We.

[0092] The MIMO pilot transmitted on the uplink may be expressed as:

X () =Ko W) W, pk) ,for k€K, Eq (9)

where Xup,mpn(K) is an (Ny x1) transmit vector for subband k in symbol period n
for the uplink MIMO pilot. The Walsh vector wy, » used for the uplink MIMO pilot
may be the same or different from the Walsh vector wgn » used for the downlink
MIMO pilot. For example, if a user terminal is equipped with only two transmit
antennas, then wy,, may include two Walsh sequences with length of 2 or

greater.
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3. Spatial Processing

[0093] As described above, the channel response matrix for each subband may
be diagonalized to obtain the Ns eigenmodes for that subband. The singular
value decomposition of the calibrated uplink channel response matrix, Hcup(k),

may be expressed as:

Hay()) =Ly (MERVER) | for ke K, ~ Eq(10)

where
Uap(k) is an (N xNy) unitary matrix of left eigenvectors of Heup(k);
2(k) is an (N. xNyp) diagonal matrix of singular values of Hep(k); and

V.ui(k) is an (Nap xNgp) unitary matrix of right eigenvectors of Heup(K).

[0094] Similarly, the singular value decomposition of the calibrated downlink

channel response matrix, Hcqn(k), may be expressed as:

H,,, (k)= V. ()X, (k) ,for ke X, Eq (11)

where the matrices

V. (5

and
U0

are unitary matrices of left and right eigenvectors, respectively, of Hean (k).

[0095] As shown in equations (10) and (11) and based on the above descrip-
tion, the matrices of left and right eigenvectors for one link are the complex con-
jugate of the matrices of right and left eigenvectors, respectively, for the other
link. For simplicity, reference to the matrices Uap(k) and Vui(k) in the following
description may also refer to their various other forms (e.g., Vui(k) may refer to
Vui(k),

Vi), YL@,
and
Y ()).

The matrices Uap(k) and Vu(k) may be used by the access point and user termi-
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nal, respectively, for spatial processing and are denoted as such by their sub-
scripts.

[0096] In an embodiment, the user terminal can estimate the calibrated down-
link channel response based on a MIMO pilot transmitted by the access point.
The user terminal may then perform singular value decomposition of the calibra-
ted downlink channel response estimate Hean(k), for k € K, to obtain the diago-

nal matrix £{k) and the matrix

V. %)

of left eigenvectors of Hean(k) for each subband. This singular value decomposi-

tion may be given as

., (k) = ¥, (020, k),

where the hat ("\") above each matrix indicates that it is an estimate of the ac-
tual matrix. Similarly, the access point can estimate the calibrated uplink chan-
nel response based on a MIMO pilot transmitted by the user terminal. The ac-
cess point may then perform singular value decomposition of the calibrated up-
link channel response estimate ﬂcup(k), for k € K, to obtain the diagonal matrix
(k) and the matrix Uap(k) of left eigenvectors of ﬂcup(k) for each subband. This

singular value decomposition may be given as

(6 =0, (0¥, ().

The access point and user terminal may also obtain the required eigenvectors

based on a steered reference, as described below.

[0097] Data transmission can occur on one or multiple wideband eigenmodes
for each link. The specific number of wideband eigenmodes to use for data
transmission is typically dependent on the channel conditions and may be se-
lected in various manners. For example, the wideband eigenmodes may be se-
lected by using a water-filling procedure that attempts to maximize the overall
throughput by (1) selecting the best set of one or more wideband eigenmodes
to use, and (2) distributing the total transmit power among the selected wide-

band eigenmode(s).
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[0098] The MIMO-OFDM system may thus be designed to support multiple ope-
rating modes, including:

e Spatial multiplexing mode - used to transmit data on multiple wideband
eigenmodes, and
« Beam-steering mode - used to transmit data on the principal (best) wide-

band eigenmode.

[0099] Data transmission on multiple wideband eigenmodes may be achieved
by performing spatial processing with multiple sets of eigenvectors in the matri-
ces Uap(k) or Vu(k), for k € K (i.e., one set of eigenvectors for each wideband
eigenmode). Table 7 summarizes the spatial processing at the access point and
user terminal for both data transmission and reception for the spatial multiple-

xing mode.

Table 7 - Spatial Processing for Spatial Multiplexing Mode

‘Downlink
éAccess Point .......................................... - ......................................................................................
| e (k) = K (U, (k)50 (%)

‘Receive: Transmit:

p(k)=5ut(k)yut(k)§up(k) .........................

:User Terminal

In Table 7, s(k) is a "data" vector with up to Ns non-zero entries for the modula-
tion symbols to be transmitted on the N, eigenmodes of subband k, x(k) is a
transmit vector for subband k, r(k) is a received vector for subband k, and §(k)
is an estimate of the transmitted data vector s(k). The subscripts "dn" and "up”

for these vectors denote downlink and uplink transmissions, respectively.

[0100] Data transmission on one wideband eigenmode may be achieved by
using either "beam-forming" or "beam-steering". For beam-forming, the modula-
tion symbols are spatially processed with a set of eigenvectors v, 1(k) or

Uap,1(k), for k € K, for the principal wideband eigenmode. For beam-steering, the
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modulation symbols are spatially processed with a set of "normalized" (or "satu-
rated") eigenvectors Vyi(k) or uap(k), for k € K, for the principal wideband eigen-
mode. The normalized eigenvectors V,i(k) and fiap(k) can be derived as descri-

bed below.

[0101] The spatial processing for the spatial multiplexing and beam steering
modes is described in detail in the provisional U.S. Patent Application Serial
Nos. 60/421,309 and 60/421,428. The steered references for the spatial multi-

plexing and beam-steering modes are described below.

4. Steered Reference

[0102] For a reciprocal channel (e.g., after calibration has been performed to
account for differences in the transmit/receive chains at the access point and
user terminal), a steered reference may be transmitted by the user terminal and
used by the access point to obtain estimates of both Uap(k) and Z(k), for k € K ,
without having to estimate the MIMO channel or perform the singular value de-
composition. Similarly, a steered reference may be transmitted by the access
point and used by the user terminal to obtain estimates of both V(k) and Z(k),
for k € K.

[0103] In an embodiment, the steered reference comprises a set of pilot sym-
bols (e.g., the P OFDM symbol) that is transmitted on one wideband eigenmode
in a given symbol period by performing spatial processing with a set of unnor-
malized or normalized eigenvectors for that wideband eigenmode. In an alterna-
tive embodiment, the steered reference comprises multiple sets of pilot symbols
that are transmitted on multiple wideband eigenmodes in the same symbol pe-
riod by performing spatial processing with multiple sets of unnormalized or nor-
malized eigenvectors for these wideband eigenmodes. In any case, the steered
reference is transmitted from all N, antennas at the access point (for the down-
link) and all N, antennas at the user terminal (for the uplink). For clarity, the fol-
lowing description assumes that the steered reference is transmitted for one

wideband eigenmode in a given symbol period.
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A. Downlink Steered Reference - Spatial Multiplexing Mode

[0104] For the spatial multiplexing mode, the downlink steered reference trans-
mitted on the m-th wideband eigenmode by the access point may be expressed

as:
Kaun K= Ry (O, o (0)pR) |, Tor ke K, Eq(12)
where

Xdnsr.m(K) is the transmit vector for the k-th subband of the m-th wideband
eigenmode;
i ().

is the eigenvector for the k-th subband of the m-th wideband eigenmode; and

p(k) is the pilot symbol to be transmitted on subband k for the steered reference
(e.g., as given in Table 2).

The steering vector

5,n (k)

is the m-th column of the matrix

Ok,

where

U, (8) =T, (6) 8,,(0) . B, (L.

[0105] The received downlink steered reference at the user terminal for the spa-
tial multiplexing mode may be expressed as:
Ed.n,u.m(k) =H, (k)_xdn,n,m (k) +ng, (k) , forke K, Eq(13)

¥ (000, () p) + mg (K)

where opn(k) is the singular value for the k-th subband of the m-th wideband

25 eigenmode.

B. Downlink Steered Reference - Beam-Steering Mode

[0106] For the beam-steering mode, the spatial processing at the transmitter is

30 performed using a set of "normalized" eigenvectors for the principal wideband
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eigenmode. The overall transfer function with a normalized eigenvector Qap(k) is

different from the overall transfer function with an unnormalized eigenvector
(i.e.),

Hu (0K (08, ®) # B (0O, (0L, (0

A steered reference generated using the set of normalized eigenvectors for the

principal wideband eigenmode may then be sent by the transmitter and used by

the receiver to derive the matched filter for the beam-steering mode.

[0107] For the beam-steering mode, the downlink steered reference transmitted
on the principal wideband eigenmode by the access point may be expressed

as:

k)p(k) , for ké K, Eq(14)

Koo k) =K, (R)il

—ap

where Uap(k) is the normalized eigenvector for the k-th subband of the principal

wideband eigenmode, which may be expressed as:

‘i;:(k):-—[Ae“"‘” Aeia® | pg e O ~ Eq(15)

where A is a constant (e.g., A = 1); and
But(k) is the phase for the k-th subband of the i-th transmit antenna, which is

given as:

Eq (16)

e o }M
B (k) = Lity,,,; (k) = tan (RC{ﬁp.xJ(k) ) ) .

[0108] As shown in equation (15), the N, elements of the vector Giap(k) have
equal magnitudes but possibly different phases. As shown in equation (16), the
phase of each element in the vector liap(k) is obtained from the corresponding

element of the vector

d,,.(k)

(i.e., Bui(k) is obtained from

1)

where
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i (K) = [, ) gy 0 K) e gy (ROT
[0109] The received downlink steered reference at the user terminal for the

beam-steering mode may be expressed as:
Foo(k) =Hy (O)F g (k) +0g, (k) Jforke K. Eq (17)

= H_,, ()L, (K)p(k) + 0y (k)

C. Uplink Steered Reference - Spatial Multiplexing Mode

[0110] For the spatial multiplexing mode, the uplink steered reference transmit-
ted on the m-th wideband eigenmode by the user terminal may be expressed

as:

Epan® =K ()9, (0p®) ,for ke K. Eq (18)

The vector Y. m(k) is the m-th column of the matrix V(k), where Vi(k) = [V 1(k)

Vut,2(K) ... Yutnus(K)]-

[0111] The received uplink steered reference at the access point for the spatial
multiplexing mode may be expressed as:
Loparm®) =H (KXo n () 40, (k) , forke K. Eq(19)

D. Uplink Steered Reference - Beam-Steering Mode

[0112] For the beam-steering mode, the uplink steered reference transmitted on

the principal wideband eigenmode by the user terminal may be expressed as:

e () =R ()T, R)p(K) ,for ke K. Eq (20)

The normalized eigenvector v.i(k) for the k-th subband for the principal wide-

band eigenmode may be expressed as:

F, (k) =[Ae/M® At ® g ltm BT Eq (21)

where
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PN £ T LA ()
6, (k) = £5,,, (k) = tan (Re{\?m_u(k)}} : Eq (22)

As shown in equation (22), the phase of each element in the vector v(k) is ob-

tained from the corresponding element of the eigenvector v 1(k).

[0113] The received uplink steered reference at the access point for the beam-
steering mode may be expressed as:
Lpe() =H, (KX, (k)+n,k) , forkek. -~ Eq(23)

= B ()¥,, (k) p(R) +1,, (k)

[0114] Table 8 summarizes the spatial processing at the access point and user
terminal for the steered reference for the spatial multiplexing and beam-steering

modes.

Table 8 - Spatial Processing for Steered Reference

.................................................................................................................................................................................................................................

§Spatia| Multiplexing Mode §Beam-Steering Mode
gAccess Point Kgurn () = K, (0 (B)P(K) Fansi(K) = Rap(K)Tap(K)p(K)
User Terminal Xy (k) = Ku0unbpk) Zup r(K) = RuK)TuK0ulk)pK)

E. Steered Reference Transmission

[0115] For the exemplary frame structure shown in FIG. 2, the steered referen-
ce may be transmitted in the preamble or pilot portion of an FCH PDU (for the
downlink) or an RCH PDU (for the uplink). The steered reference may be trans-

mitted in various manners.

[0116] In one embodiment, for the spatial multiplexing mode, the steered refe-
rence is transmitted for one or more wideband eigenmodes for each TDD fra-
me. The specific number of wideband eigenmodes to transmit in each TDD fra-
me may be dependent on the duration of the steered reference. Table 9 lists the

wideband eigenmodes used for the steered reference in the preamble of an
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FCH/RCH PDU for various preamble sizes, for an exemplary design with four

transmit antennas.

Table 9

1 OFDM symbol éwideband eigenmode m, where m = frame counter mod 4

4 OFDM symbols Ecycle through all 4 wideband eigenmodes in the preamble

[0117] . As shown in Table 9, the steered reference is transmitted for all four
wideband eigenmodes within the same TDD frame when the preamble size is
four or eight symbol periods. The steered reference transmitted in the preamble
of an FCH PDU by the access point for the n-th symbol period may be ex-
pressed as:

L]

Koo (6) = Ko ()8,

n-nmagu(K)pE) , for ke K and ne {1...L}, Eq(24)

where L is the preamble size (e.g., L=0, 1, 4, or 8 for the exemplary design

shown in Table 9).

[0118] The steered reference transmitted in the preamble of an RCH PDU by

the user terminal for the n-th symbol period may be expressed as:

Kupsen 6) = R () ¥y frpymoa g K)P(6) , for ke K and ne {1..L}. Eq (25)

[0119] In equations (24) and (25), the four wideband eigenmodes are cycled
through in each 4-symbol period by the "mod" operation for the steering vector.
This scheme may be used if the channel changes more rapidly and/or during
the early part of a communication session when a good channel estimate needs

to be obtained quickly for proper system operation.

[0120] In another embodiment, the steered reference is transmitted for one

wideband eigenmode for each TDD frame. The steered reference for four wide-
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band eigenmodes may be cycled through in four TDD frames. For example, the
steering vectors vy 1(k), Vui2(k), Vut3(k), and vui4(k) may be used for four conse-
cutive TDD frames by the user terminal. The particular steering vector to use for
the steered reference in each TDD frame may be specified by a frame counter,
which may be sent in the BCH message. This scheme may allow a shorter pre-
amble to be used for the FCH and RCH PDUs. However, a longer time period

may be needed to obtain a good estimate of the channel.

[0121] For the beam-steering mode, the normalized steering vector for the prin-
cipal wideband eigenmode is used for the steered reference, as shown in equa-
tions (14) and (20). The duration of the steered reference may be selected, for

example, based on the channel conditions.

[0122] While operating in the beam-steering mode, the user terminal may trans-
mit multiple symbols of steered reference, for example, one or more symbols
using the normalized eigenvector v.i(k), one or more symbols using the eigen-
vector V.t 1(k) for the principal eigenmode, and possibly one or more symbols
using the eigenvectors for the other eigenmodes. The steered reference sym-
bols generated with V.i(k) may be used by the access point to derive an uplink
matched filter vector. This vector is used by the access point to perform mat-
ched filtering of the uplink data transmission sent by the user terminal using
beam-steering. The steered reference symbols generated with v 1(k) may be
used to obtain Qap 1(k), which may then be used to derive the normalized eigen-
vector Uap(k) that is used for beam-steering on the downlink. The steered refe-
rence symbols generated with the eigenvectors v, 2(k) through v ns(k) for the
other eigenmodes may be used by the access point to obtain Qap2(k) through
Uap ns(k) and the singular value estimates for these other eigenmodes. This in-
formation may then be used by the access point to determine whether to use
the spatial multiplexing mode or the beam-steering mode for downlink data

transmission.

[0123] For the downlink, the user terminal may derive a downlink matched filter
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vector for the beam-steering mode based on the calibrated downlink channel
response estimate Heqn(k). In particular, the user terminal has

iy, (k)

from the singular value decomposition of Hen(k) and can then derive the norma-
lized eigenvector Qap(k). The user terminal can then multiply Qap(k) with Hean(k)
to obtain Hean(k)liap(k), and may then derive the downlink matched filter vector
for the beam-steering mode based on ﬂcdn(k)gap(k). Alternatively, a steered re-
ference may be sent by the access point using the normalized eigenvector
Uap(k), and this steered reference may be processed by the user terminal in the
manner described above to obtain the downlink matched filter vector for the

beam-steering mode.

F. Subband Multiplexing for Steered Reference

[0124] For both the spatial multiplexing and beam-steering modes, the steered
reference may also be transmitted for multiple wideband eigenmodes for a gi-
ven symbol period using subband multiplexing. The usable subbands may be
partitioned into multiple disjoint sets of subbands, one set for each wideband
eigenmode selected for steered reference transmission. Each set of subbands
may then be used to transmit a steered reference for the associated wideband
eigenmode. For simplicity, the term "wideband eigenmode" is used here even

though the steered reference is sent on only a subset of all usable subbands.

[0125] For example, the steered reference may be transmitted on all four wide-
band eigenmodes in one symbol period. In this case, the 52 usable subbands
may be partitioned into four disjoint sets (e.g., labeled as sets 1, 2, 3, and 4),
with each set including 13 subbands. The 13 subbands in each set may be uni-
formly distributed across 52 usable subbands. The steered reference for the
principal wideband eigenmode may then be transmitted on the 13 subbands in
set 1, steered reference for the second wideband eigenmode may be transmit-
ted on the 13 subbands in set 2, steered reference for the third wideband

eigenmode may be transmitted on the 13 subbands in set 3, and steered refe-
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rence for the fourth wideband eigenmode may be transmitted on the 13 sub-
bands in set 4.

[0126] If the steered reference is sent on only a subset of all usable subbands
for a given wideband eigenmode, then interpolation or some other technique
may be used to obtain estimates for the subbands not used for steered referen-

ce transmission for that wideband eigenmode.

[0127] In general, the multiple sets of subbands may include the same or diffe-
rent number of subbands. For example, the number of subbands to include in
each set may be dependent on the SNR of the wideband eigenmode associated
with the set (e.g., more subbands may be assigned to a set associated with a
poor quality wideband eigenmode). Moreover, the subbands in each set may be
uniformly or non-uniformly distributed across the usable subbands. The multiple
sets of subbands may also be associated with the same or different sets of pilot

symbols.
[0128] Subband multiplexing may be used to reduce the amount of overhead
needed to transmit the steered reference, which can improve the efficiency of

the system.

G. Channel Estimation with the Steered Reference

[0129] As shown in equation (13), at the user terminal, the received downlink
steered reference for the spatial multiplexing mode (in the absence of noise) is

approximately

Yun )0, B p(R) .

Similarly, as shown in equation (19), at the access point, the received uplink
steered reference for the spatial multiplexing mode (in the absence of noise) is
approximately Uap m(k)om(k)p(k). The access point can thus obtain an estimate
of Gapm(k) and om(k) based on a steered reference sent by the user terminal,

and vice versa.
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[0130] Various techniques may be used to process a steered reference. For
clarity, the following description is for the processing of an uplink steered refe-
rence. The received vector at the access point is given in equation (19), which
iS Fup,sr,m(K) = Qap,m(K)Om(K)P(K) + Dup(K).

[0131] In one embodiment, to obtain an estimate of Uap m(k), the received vector
rup,sr.m(K) for the steered reference sent on the m-th wideband eigenmode is first
multiplied with the complex conjugate of the pilot symbol, p*(k), that is used for
the steered reference. The result may then be integrated over multiple received
steered reference symbols for each wideband eigenmode to obtain an estimate
of Uapm(k)Om(k), which is a scaled left eigenvector of ﬂcup(k) for the m-th wide-
band eigenmode. Each of the Ny, entries of the vector Q. m(k) is obtained
based on a corresponding one of the N, entries for the vector r,, m(k), where
the Ny, entries of ryy m(k) are the symbols received from the N, antennas at the
access point. Since eigenvectors have unit power, the singular value o,(k) may
be estimated based on the received power of the steered reference, which can
be measured for each subband of each wideband eigenmode. The singular va-
lue estimate Oin(k) is then equal to the square root of the received power divided
by the magnitude of the pilot symbol p(k).

[0132] In another embodiment, a minimum mean square error (MMSE) techni-
que is used to obtain an estimate of the vector U, m(k) based on the received
vector ruypsrm(k) for the steered reference. Since the pilot symbols p(k) are
known, the access point can derive an estimate of Uapm(k) such that the mean
square error between the received pilot symbols (obtained after performing the
matched filtering on the received vector ry srm(k)) and the transmitted pilot sym-
bols is minimized. The use of the MMSE technique for spatial processing at the
receiver is described in commonly assigned U.S. Patent Application Serial No.
09/993,087, entitled "Multiple-Access Multiple-Input Multiple-Output (MIMO)

Communication System," filed November 6, 2001.

[0133] The steered reference is sent for one wideband eigenmode in any given

symbol period (without subband multiplexing), and may in turn be used to obtain



10

15

20

25

30

DK/EP 2363970 T3

42

an estimate of one eigenvector for each subband of that wideband eigenmode.
Thus, the receiver is able to obtain an estimate of only one eigenvector in a uni-
tary matrix for any given symbol period. Since estimates of multiple eigenvec-
tors for the unitary matrix are obtained over different symbol periods, and due to
noise and other sources of degradation in the wireless channel, the estimated
eigenvectors for the unitary matrix (which are individually derived) are not likely
be orthogonal to one another. The estimated eigenvectors may thereafter be
used for matched filtering of a data transmission received on the same link
and/or spatial processing of a data transmission sent on the other link. In this
case, any errors in orthogonality among these estimated eigenvectors would re-
sult in cross-talk among the data streams sent on the eigenmodes correspon-

ding to the eigenvectors. The cross-talk may degrade performance.

[0134] In an embodiment, the estimated eigenvectors for each unitary matrix
are forced to be orthogonal to each other. The orthogonalization of the eigen-
vectors may be achieved using the Gram-Schmidt technique, which is descri-
bed in detail in the aforementioned reference from Gilbert Strang, or some other

technique.

[0135] Other technigques to process the steered reference may also be used,
and this is within the scope of the invention.

[0136] The access point can thus estimate both Uap(k) and Z(k) based on the
steered reference sent by the user terminal, without having to estimate the up-

link channel response or perform singular value decomposition of ﬂcup(k).

[0137] The processing at the user terminal to estimate the matrices V.(k) and
Z(k), for k € K, based on the downlink steered reference may be performed

similar to that described above for the uplink steered reference.

[0138] For the beam-steering mode, on the uplink, the received vector Fup sr,m(k)
for the steered reference may be processed by the access point in a similar

manner to obtain an estimate of Hcup(k)Vui(k). The conjugate transpose of this
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estimate is then the matched filter for the uplink transmission in the beam-stee-
ring mode. On the downlink, the received vector Fansrm(k) for the steered refe-
rence may be processed by the user terminal in a similar manner to obtain an
estimate of Hcan(k)Uap(k). The conjugate transpose of this estimate is then the

matched filter for the downlink transmission in the beam-steering mode.

5. Carrier Pilot

[0139] The carrier pilot may be transmitted on the pilot subbands in various
manners for the TDD frame structure shown in FIG. 2. In one embodiment, the
four pilot sequences are reset for each transport channel. Thus, on the down-
link, the pilot sequences are reset for the first OFDM symbol of the BCH mes-
sage, reset again for the first OFDM symbol of the FCCH message, and reset
for the first OFDM symbol sent on the FCH. In another embodiment, the pilot
sequences are reset at the start of each TDD frame and repeated as often as
needed. For this embodiment, the pilot sequences may be stalled during the
preamble portions of the BCH and FCH. The carrier pilot may also be transmit-

ted in other manners, and this is within the scope of the invention.

6. Pilot Transmission Scheme

[0140] Four types of pilot have been described above and may be used for MI-
MO and MIMO-OFDM systems. These four different types of pilot may be trans-

mitted in various manners.

[0141] FIG. 3 shows downlink and uplink pilot transmissions for an exemplary
pilot transmission scheme. Generally, block 310 corresponds to a system ac-
cess phase, block 320 corresponds to a calibration phase, and block 330 corre-

sponds to a normal operation phase.

[0142] A beacon pilot and a MIMO pilot are transmitted on the downlink by the
access point in each TDD frame (block 312) to allow all user terminals in the

system to acquire the system frequency and timing and to estimate the down-
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link channel (block 314). Block 314 may be performed as necessary to access
the system.

[0143] Calibration may be performed prior to normal operation to calibrate out
differences in the transmit/receive chains at the access point and user terminal.
For the calibration, MIMO pilots may be transmitted by both the access point
and the user terminal (blocks 322 and 326). The uplink MIMO pilot may be used
by the access point to derive an estimate of the uplink channel (block 324), and
the downlink MIMO pilot may be used by the user terminal to derive or update
an estimate of the downlink channel (block 328). The downlink and uplink chan-
nel estimates are then used to derive the correction factors for the access point

and the user terminal.

[0144] During normal operation, a steered reference may be transmitted on the
uplink by the user terminal (1) if and when it desires a data transmission or (2) if
it is scheduled for data transmission (block 332). The uplink steered reference
may be used by the access point to estimate the pertinent unitary and diagonal
matrices for the user terminal (block 334). A steered reference may optionally
be transmitted by the access point to the user terminal (as shown by dashed
block 336). The user terminal can continually update its estimate of the down-
link channel based on the downlink MIMO pilot and update the pertinent unitary
and diagonal matrices based on the downlink steered reference (if transmitted)
(block 338). Carrier pilots are transmitted by the access point (block 340) and
the user terminal (block 344) on the pilot subbands during portions that are not
used for other pilots. The downlink carrier pilot is used by the user terminal to
track the phase of the downlink carrier signal (block 342), and the uplink carrier
pilot is used by the access point to track the phase of the uplink carrier signal
(block 346).

[0145] For the pilot transmission scheme shown in FIG. 3, the user terminal
estimates the downlink channel response based on the downlink MIMO pilot
and transmits a steered reference on the uplink, which is then used by the ac-

cess point to estimate the pertinent unitary and diagonal matrices for the user
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terminal. In certain instances, the user terminal may have obtained a bad esti-
mate of the downlink channel response, in which case the uplink steered refe-
rence may be equally bad or possibly worse. In the worst case, the steering
vector used by the user terminal may result in a beam null being pointed at the
access point. If this occurs, then the access point would not be able to detect
the uplink steered reference. To avoid this situation, the user terminal can per-
turb the phases of the N,; elements of the steering vector it uses for the steered
reference in situations where it detects that the access point is not receiving the
steered reference properly. For example, if the user terminal is designated to
transmit an uplink steered reference as part of a system access procedure, and
if access to the system is not gained after a particular number of access at-
tempts, then the user terminal can start to perturb the phases of the steering

vector elements.

[0146] Various other pilot transmission schemes may also be implemented for
MIMO and MIMO-OFDM systems, and this is within the scope of the invention.
For example, the beacon and carrier pilots may be combined into a single pilot
that can be used for frequency and timing acquisition and carrier phase trac-
king. As another example, the active user terminals may transmit MIMO pilots,
instead of steered references, on the uplink.

IV. MIMO-OFDM System

[0147] FIG. 4 shows a block diagram of an embodiment of an access point
110x and a user terminal 120x in MIMO-OFDM system 100. For clarity, in this
embodiment, access point 110x is equipped with four antennas that can be
used for data transmission and reception, and user terminal 120x is also equip-
ped with four antennas for data transmission/reception. In general, the access
point and user terminal may each be equipped with any number of transmit an-

tennas and any number of receive antennas.

[0148] On the downlink, at access point 110x, a transmit (TX) data processor

414 receives traffic data from a data source 412 and signaling and other data
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from a controller 430. TX data processor 414 formats, codes, interleaves, and
modulates (i.e., symbol maps) the data to provide modulation symbols. A TX
spatial processor 420 receives and multiplexes the modulation symbols from TX
data processor 414 with pilot symbols, performs the required spatial processing,

and provides four streams of transmit symbols for the four transmit antennas.

[0149] Each modulator (MOD) 422 receives and processes a respective trans-
mit symbol stream to provide a corresponding downlink modulated signal. The
four downlink modulated signals from modulators 422a through 422d are then

transmitted from antennas 424a through 424d, respectively.

[0150] At user terminal 120x, four antennas 452a through 452d receive the
transmitted downlink modulated signals, and each antenna provides a received
signal to a respective demodulator (DEMOD) 454. Each demodulator 454 per-
forms processing complementary to that performed at modulator 422 and pro-
vides received symbols. A receive (RX) spatial processor 460 then performs
spatial processing on the received symbols from all demodulators 454a through
454d to provide recovered symbols, which are estimates of the modulation sym-
bols transmitted by the access point. An RX data processor 470 further pro-
cesses (e.g., symbol demaps, deinterleaves, and decodes) the recovered sym-
bols to provide decoded data, which may be provided to a data sink 472 for

storage and/or a controller 480 for further processing.

[0151] The processing for the uplink may be the same or different from the pro-
cessing for the downlink. Data and signaling are processed (e.g., coded, inter-
leaved, and modulated) by a TX data processor 488, multiplexed with pilot sym-
bols, and further spatially processed by a TX spatial processor 490. The trans-
mit symbols from TX spatial processor 490 are further processed by modulators
454a through 454d to generate four uplink modulated signals, which are then

transmitted via antennas 452a through 452d.

[0152] At access point 410, the uplink modulated signals are received by anten-
nas 424a through 424d, demodulated by demodulators 422a through 422d, and
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processed by an RX spatial processor 440 and an RX data processor 442 in a
complementary manner to that performed at the user terminal. The decoded da-
ta for the uplink may be provided to a data sink 444 for storage and/or controller
430 for further processing.

[0153] Controllers 430 and 480 control the operation of various processing units
at the access point and user terminal, respectively. Memory units 432 and 482

store data and program codes used by controllers 430 and 480, respectively.

[0154] FIG. 5 shows a block diagram of a TX spatial processor 420a that can
generate a beacon pilot and which may be implemented within TX spatial pro-
cessor 420 in FIG. 4. Processor 420a includes a number of beacon pilot sub-
band processors 510a through 510k, one for each subband used to transmit the
beacon pilot. Each subband processor 510 receives a pilot symbol b(k) for the

beacon pilot and a correction matrix Kap(k) for the associated subband.

[0155] Within each subband processor 510, the pilot symbol b(k) is scaled by
four multipliers 514a through 514d with four correction factors Kap,q(k) through
Kap.a(k), respectively, from the matrix Kap(k). Each multiplier 514 performs com-
plex multiplication of the complex pilot symbol with a respective complex correc-
tion factor. The scaled pilot symbols from multipliers 514a through 514d are
then provided to four buffers/multiplexers 520a through 520d, respectively,
which also receive the scaled pilot symbols from other subband processors 510.
Each buffer/multiplexer 520 multiplexes the scaled pilot symbols for all sub-
bands used for beacon pilot transmission and signal values of zero for the un-
used subbands and provides a stream of transmit symbols for the associated

transmit antenna.

[0156] FIG. 6A shows a block diagram of a TX spatial processor 420b that can
generate a MIMO pilot. Processor 420b may be implemented within TX spatial
processor 420 or 490 in FIG. 4, but for clarity is described below for an imple-
mentation in TX spatial processor 420. Processor 420b includes a number of
MIMO pilot subband processors 610a through 610k, one for each subband used
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to transmit the MIMO pilot. Each subband processor 610 receives a pilot symbol
p(k) for the MIMO pilot and a correction matrix Kap(k) for the associated sub-
band. Each subband processor 610 also receives four Walsh sequences, wq
through wy, assigned to the four transmit antennas at the access point.

[0157] Within each subband processor 610, the complex pilot symbol p(k) is
covered by the four Walsh sequences wy through ws by four complex multipliers
612a through 612d, respectively. The covered pilot symbols are further scaled
by four complex multipliers 614a through 614d with four complex correction fac-
tors Kap.1(k) through Kap 4(k), respectively, from the matrix Kap(k). The scaled pi-
lot symbols from multipliers 614a through 614d are then provided to four buf-
fers/multiplexers 620a through 620d, respectively. The subsequent processing

is as described above for FIG. 5.

[0158] For an implementation of processor 420b in TX spatial processor 490,
the number of Walsh sequences to use is dependent on the number of transmit
antennas available at the user terminal. Moreover, the scaling is performed with

the correction factors from the matrix Ku(k) for the user terminal.

[0159] FIG. 6B shows a block diagram of an RX spatial processor 460b that can
provide a channel response estimate based on a received MIMO pilot. Proces-
sor 460b may be implemented within RX spatial processor 440 or 460 in FIG. 4,
but for clarity is described below for an implementation in RX spatial processor
460. Processor 460b includes a number of MIMO pilot subband processors
650a through 650k, one for each subband used for MIMO pilot transmission.
Each MIMO pilot subband processor 650 receives a vector r(k) and a conjuga-
ted pilot symbol p*(k) for the associated subband. Each subband processor 650
also receives the four Walsh sequences w; through ws assigned to the four

transmit antennas at the access point.

[0160] Each MIMO pilot subband processor 650 includes four MIMO pilot sub-
band/antenna processors 660a through 660d for the four receive antennas at

the user terminal. Each processor 660 receives one entry r{k) of the vector r(k).
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Within each processor 660, the received symbol r(k) is first multiplied with the
conjugated pilot symbol p*(k) by a complex multiplier 662. The output of multi-
plier 662 is further multiplied with the four Walsh sequences w; through w4 by
four complex multipliers 664a through 664d, respectively. The outputs from mul-
tipliers 664a through 664d are then accumulated by accumulators 666a through
666d, respectively, for the duration of the MIMO pilot transmission. Each pair of
multiplier 664 and accumulator 666 performs decovering for one transmit an-
tenna at the access point. The output from each accumulator 666 represents an
estimate ﬁ,;j(k) of the channel gain from transmit antenna j to receive antenna i
for subband k. The channel response estimates {A;(k)}, for i = {1, 2, 3, 4} and j
={1, 2, 3, 4} , may further be averaged over multiple MIMO pilot transmissions
(not shown in FIG. 6B) to provide a more accurate estimate of the channel re-

sponse.

[0161] As shown in FIG. 6B, each MIMO pilot subband/antenna processor 660
provides a row vector Acqn (k) = [Ai1(k) hia(k) Fis(k) h74(k)] for the associated re-
ceive antenna i, where heqn (k) is the i-th row of the calibrated channel response
estimate Heqn(k) for the downlink (assuming that the access point applied its cor-
rection matrix Kap(k)). Processors 660a through 660d collectively provide the
four rows of the calibrated channel response matrix Hegn(k).

[0162] FIG. 7A shows a block diagram of a TX spatial processor 420c that can
generate a steered reference. Processor 420c may also be implemented within
TX spatial processor 420 or 490 in FIG. 4, but for clarity is described below for
an implementation in TX spatial processor 420. Processor 420c includes a
number of steered reference subband processors 710a through 710k, one for
each subband used to transmit the steered reference. To generate the steered
reference for the spatial multiplexing mode, each subband processor 710 re-

ceives a pilot symbol p(k), the steering vector

a0
for each wideband eigenmode on which the steered reference is to be transmit-

ted, and a correction matrix Kap(k) for the associated subband.
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[0163] Within each subband processor 710, the pilot symbol p(k) is multiplied
with the four elements
g 1,m (k)
through

B4 ()

of the steering vector
b, (k)

U
for the m-th wideband eigenmode by four complex multipliers 712a through
712d, respectively. The outputs from multipliers 712a through 7-12d are further
scaled by four complex multipliers 714a through 714d with four correction fac-
tors Kap.1(k) through Kap 4(k), respectively, from the matrix Kap(k). The scaled pi-
lot symbols from multipliers 714a through 714d are then provided to four buf-
fers/multiplexers 720a through 720d, respectively. The subsequent processing

is as described above.

[0164] To generate the steered reference on the downlink for the beam-steering
mode, each subband processor 710 would receive a normalized steering vector
Uap(k), instead of the unnormalized steering vector

i (R

For an implementation of processor 420c in TX spatial processor 490, each
subband processor 710 would receive either (1) the steering vector v m(k) for
each wideband eigenmode used for the steered reference, for the spatial multi-
plexing mode, or (2) the steering vector Vu(k) for the beam-steering mode. If
subband multiplexing is used for the steered reference, then steering vectors for
multiple wideband eigenmodes may be used for multiple disjoint sets of sub-

bands, as described above.

[0165] FIG. 7B shows a block diagram of an RX spatial processor 460c that can
provide estimates of steering vectors and singular values based on a received
steered reference. Processor 460c may be implemented within RX spatial pro-
cessor 440 or 460 in FIG. 4, but for clarity is described below for an implemen-

tation in RX spatial processor 460. Processor 460c¢ includes a number of stee-
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red reference subband processors 750a through 750k, one for each subband
used for steered reference transmission. Each subband processor 750 receives
a vector r(k) and a conjugated pilot symbol p*(k) for the associated subband.

[0166] Within each subband processor 750, the four symbols in the received
vector r(k) are multiplied with the conjugated pilot symbol p*(k) by complex mul-
tipliers 762a through 762d, respectively. The outputs of multipliers 762a through
762d are then accumulated for the duration of the steered reference transmis-
sion for each wideband eigenmode by accumulators 764a through 764d, re-
spectively. As shown in Table 9, the steered reference may be sent for multiple
wideband eigenmodes within the same steered reference transmission, in which
case the accumulation is performed separately for each of these wideband
eigenmodes. However, multiple steered reference symbols (which may be
transmitted in one or multiple steered reference transmissions) for any given
wideband eigenmode may be accumulated to obtain a higher quality estimate.
Accumulators 764a through 764d provide four elements which are the estimate

of

Viun ()0, (K,

as shown in equation (13).

[0167] Since the eigenvectors have unit power, the singular value on(k) for
each wideband eigenmode may be estimated based on the received power of
the steered reference. A power calculation unit 766 receives the outputs of mul-
tipliers 762a through 762d and computes the received power of the steered re-
ference, Ppn(k), for each eigenmode of subband k. The singular value estimate
Om(k) is then equal to the square root of the computed received power of the

steered reference divided by the magnitude of the pilot symbol (i.e.,

Gak) =P, (1)1 | pR) 1),

where

=S

i=]

and r(k) is the symbol received on subband k of receive antenna i.
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[0168] The outputs of accumulators 766a through 766d are then scaled by the

inverse of the singular value estimate,
~—t
a‘m (k)!

by multipliers 768a through 768d, respectively, to provide an estimate of the

steering vector for each eigenmode,

Vo () = B (6) Dy () D (B By (]

[0169] The processing for the steered reference for the beam-steering may be
performed in a similar manner. The processing for the steered reference on the
uplink may also be performed in similar manner to obtain an estimate of the
steering vector for each eigenmode, Qapm(k) = [lap,1,m(K) Gap2m(K) Uap3m(K)
Uap,a,m(K)].

[0170] The pilots described herein may be implemented by various means. For
example, the processing for the various types of pilot at the access point and
the user terminal may be implemented in hardware, software, or a combination
thereof. For a hardware implementation, the elements used to process the pilots
for transmission and/or reception may be implemented within one or more ap-
plication 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-control-
lers, microprocessors, other electronic units designed to perform the functions
described herein, or a combination thereof.

[0171] For a software implementation, some of the processing for the various
types of pilot (e.g., the spatial processing for a pilot transmission and/or channel
estimation based on the received pilot) 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 432
and 482 in FIG. 4) and executed by a processor (e.g., controllers 430 and 480).
The memory unit may be implemented within the processor or external to the
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processor, in which case it can be communicatively coupled to the processor

via various means as is known in the art.

[0172] 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.

[0173] The previous description of the disclosed embodiments is provided to
enable any person skilled in the art to make or use the present invention. Va-
rious modifications to these embodiments will be readily apparent to those skil-
led in the art, and the generic principles defined herein may be applied to other
embodiments without departing from the scope of the invention as defined in
the claims. Thus, the invention as defined in the claims is not intended to be li-
mited to the embodiments shown herein but is to be accorded the widest scope

consistent with the principles and hovel features disclosed herein,
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Patentkrav

1. Terminal (120x) i et tradlest multi-input-multi-output-, MIMO-, kommunika-
tionssystem, omfattende:

en rumlig modtageprocessor (460), som er indrettet til at bearbejde en
MIMO-pilot, som modtages fra et adgangspunkt pa en downlink i MIMO-
systemet for at opna kanalsvarestimater for downlinket, hvorved MIMO-pi-
loten omfatter et antal ortogonale piloter, som genereres pa basis af et for-
ste pilotsymbol og et antal ortogonale sekvenser, som er tildelt et antal an-
tenner ved adgangspunktet, en ortogonal pilot for hver ud af antallet af an-
tenner, hvilken terminal er kendetegnet ved en rumlig sendeprocessor
(430), som er indrettet til at generere en styret pilot baseret pa et andet pi-
lotsymbol og en styrevektor til en rumlig kanal pa et uplink i MIMO-
systemet, og

en styreindretning (480), som er indrettet til at udlede styrevektoren for den
rumlige kanal pa uplinket baseret pa kanalsvarestimaterne, som opnas for

downlinket.

2. Terminal ifalge krav 1, hvorved styreindretningen er indrettet til at foretage
dekomposition af en kanalsvarmatrix for kanalsvarestimater for downlinket med

henblik pa at udlede styrevektoren for den rumlige kanal pa uplinket.

3. Terminal ifglge krav 1, hvorved MIMO-systemet anvender ortogonal fre-
kvens-division-multipleksning, OFDM, hvorved kanalsvarestimaterne opnéas for
hvert af et forste antal af subband, og hvorved den styrede pilot genereres for
hvert af et andet antal af subband.
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