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FREQUENCY BAND EXTRAPOLATION
BEAMFORMING WEIGHT COMPUTATION
FOR WIRELESS COMMUNICATIONS

BACKGROUND

[0001] Inawideband wireless communication systems the
bandwidth of a transmission is usually is much larger than the
coherent frequency bandwidth. This implies that the channel
signatures in different frequency subbands may be mutually
uncorrelated. When a first communication device, such as a
base station, does not have information pertaining to the
channel signature in all frequency subbands, the use of beam-
forming techniques at the first communication device when
transmitting to a second communication device, e.g., a spe-
cific or particular mobile station, becomes less reliable. To
feedback all estimated channel coefficients in all frequency
subbands would require too much overhead in a transmission
from the second communication device to the first commu-
nication device. The term “uplink” is used herein to refer to
transmissions from the second communication device to the
first communication device and the term “downlink” is used
to refer to transmissions from the first communication device
to the second communication device.

[0002] In time division duplex (TDD) systems, the uplink
channel coefficients matrix is strongly correlated with the
downlink channel coefficients matrix. Thus, there is an oppor-
tunity to exploit this property in order to derive knowledge
about the channel between the first communication device
and the second communication device in any frequency sub-
band.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG.1isanexampleofablock diagram of a wireless
communication system in which a base station beamforms
messages to mobile stations using a wideband communica-
tion protocol.

[0004] FIG. 2 is an example of a block diagram of a base
station that is configured to compute downlink beamforming
weights using frequency extrapolation techniques.

[0005] FIG. 3 is a diagram illustrating an example of the
subcarrier organization of a symbol in an orthogonal fre-
quency division multiple access (OFDMA) system.

[0006] FIG. 4 is diagram illustrating an example of cluster
grouping of subcarriers in one type of OFDMA system.
[0007] FIG. 5 is a diagram illustrating a tile structure used
in one mode of one type of OFDMA system.

[0008] FIG. 6 is an example of a flow chart for a frequency
band extrapolation beamforming weight computation pro-
cess.

DETAILED DESCRIPTION
Overview

[0009] Techniques are provided to facilitate the computa-
tion of beamforming weights used by a first communication
device when sending a transmission via a plurality of anten-
nas to a second communication device where knowledge of
the behavior of the channel between the first communication
device and the second communication device is limited to a
portion of a wide frequency band. A frequency extrapolation
beamforming weight computation process is provided to
derive knowledge in other frequency subbands based on
information contained in the received transmission from the
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second communication device. The first communication
device, e.g., a base station (BS) receives a transmission at its
plurality of antennas from a second communication device,
e.g., a mobile station (MS). The transmission uses some but
not all frequency subbands within a frequency band space.
The first communication device recovers the baseband sig-
nals carried in the frequency subbands in the received trans-
mission. A channel covariance matrix is computed from the
baseband signals in the frequency subbands with respect to
the plurality of antennas of the first communication device.
Next, uplink beamforming weights are computed from the
baseband signals in the frequency subband from the channel
covariance matrix. A spatial projection of the uplink beam-
forming weights is then computed to determine direction of
arrival information. A downlink spatial projection for a given
frequency subband is computed from the spatial projection of
the uplink beamforming weights. Finally, downlink beam-
forming weights are computed from the downlink spatial
projection. The downlink beamforming weights are for use
by the first communication device when beamforming a
downlink transmission via the plurality of antennas of the first
communication device to the second communication device.
According to a further variation, frequency domain variations
in the channel between the first communication device and
the second communication device are derived based on dif-
ference in time of arrival of signals from different direction of
arrivals at the plurality of antennas ofthe first communication
device. The downlink spatial projection for a given frequency
subband is computed from the spatial projection of the uplink
beamforming weights and the frequency domain variations.
[0010] Referring first to FIG. 1, a wireless radio communi-
cation system or network is shown generally at reference
numeral 5 and comprises a first communication device, e.g.,
a BS 10, and a plurality of second communication devices,
e.g., MS’s 20(1)-20(N). The BS 10 may connect to other
wired data network facilities (not shown) and in that sense
serve as a gateway or access point through which the MS’s
20(1)-20(N) have access to those data network facilities.
[0011] The BS 10 comprises a plurality of antennas 18(1)-
18(7) and the MS’s 20(1)-20(N) may also comprise a plural-
ity of antennas 22. Thus, the wireless link between the base
station 10 and any given mobile station is a multiple-input
multiple-output (MIMO) wireless link that allows the base
station 10 to using beamforming weights dedicated to a par-
ticular mobile station when transmitting a message intended
for that particular mobile station. The plurality of antennas
18(1)-18(m) on the BS 10 may be considered an antenna array
as may the plurality of antennas 22 on the MS’s 20(1)-20(N).
[0012] When the BS 10 sends a transmission to a particular
mobile station, e.g., MS 20(2), it applies beamforming
weights to the message to be transmitted via the plurality of
antennas 18(1)-18(m) to the MS 20(2). The term “beamform”
as used herein means that the signals received by a commu-
nication device on its multiple antennas from another device
are coherently combined, and the signals transmitted from
multiple antennas of a communication device are weighted in
both phase and magnitude so that they will be coherently
combined at the intended destination communication device.
[0013] The BS 10 may wirelessly communicate with indi-
vidual ones of the MS’s 20(1)-20(N) using a wideband wire-
less communication protocol in which the bandwidth is much
larger than the coherent frequency bandwidth. Consequently,
the channel signatures in different frequency bands may be
mutually uncorrelated and this makes for use of beamforming



US 2009/0270118 Al

weights to a particular MS less reliable since each MS uses
only part of the wideband when transmitting to the BS 10.

[0014] Techniques are provided herein to compute the
beamforming weights for all frequency bands by extrapolat-
ing from knowledge gained for beamforming weights in some
of the frequency bands. The following description downlink
beamforming weights in time division duplex (TDD)
orthogonal frequency division multiple access (OFDMA)
system, and is meant only by way of example. These tech-
niques may be used to generate beamforming weights in any
system with frequency mismatch.

[0015] These techniques involve low complexity that can
significantly improve the process of downlink beamforming
in macrocell/microcell TDD systems even in the presence of
multi-path fading conditions. For example, first we estimate
instantaneous channel covariance with pilot and data in a few
bands, such as from an uplink signals transmitted according
to the IEEE 802.16-2005 (or 2007) communication standard
known under the commercial brand WiMAX™, when the
partial usage of subchannels (PUSC) mode is used transmis-
sion. The instantaneous beamforming weights associated
with reception of an uplink transmission are computed and
the projection of the beamforming weights is then computed
in the received tiles, from which the downlink beamforming
weights are computed for any other bands. To reiterate, the
techniques described herein are applicable to the process of
setting downlink beamforming weights in any system with
frequency mismatch, such as in TDD code division multiple
access (CDMA) systems, and as mentioned above, TDD
OFDMA systems.

[0016] Turningto FIG. 2, an example of a block diagram of
the base station 10 is described. The base station 10 comprises
the plurality of antennas 18(1)-18(m), a transmitter 12, a
receiver 14 and a controller 16. The controller 16 supplies the
data to the transmitter 12 to be transmitted and processes
signals received by the receiver 14. In addition, the controller
16 performs other transmit and receive control functionality.
Part of the functions of the transmitter 12 and receiver 14 may
be implemented in a modem and other parts of the transmitter
12 and receiver 14 may be implemented in radio transmitter
and radio transceiver circuits. It should be understood that
there are analog-to-digital converters (ADCs) and digital-to-
analog converters (DACs) in the various signal paths to con-
vert between analog and digital signals.

[0017] The transmitter 12 may comprise individual trans-
mitter circuits that supply respective upconverted signals to
corresponding ones of the antennas 18(1)-18(M) for trans-
mission. The receiver 14 receives the signals detected by each
of the antennas 18(1)-18(M) and supplies corresponding
antenna-specific receive signals to controller 16. It is under-
stood that the receiver 14 may comprise a plurality of receiver
circuits, each for a corresponding one of the antennas 18(1)-
18(M). For simplicity, these individual receiver circuits and
individual transmitter circuits are not shown. There is a beam-
forming module 13 that may reside within or separate from
the transmitter 12. The beamforming module 13 comprises
logic that applies beamforming antenna weights to a signal to
be transmitted (hereinafter called a “transmit signal”) in order
to generate a corresponding ones of a plurality of weighted
signals that are supplied to respective ones of the plurality of
antennas 18(1)-18(M).
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[0018] The controller 16 comprises a memory 17 or other
data storage block that stores data used for the techniques
described herein. The memory 17 may be separate or part of
the controller 16.

[0019] Thebeamforming module 13 and controller 16 may
be implemented by logic encoded in one or more tangible
media (e.g., embedded logic such as an application specific
integrated circuit, digital signal processor instructions, soft-
ware that is executed by a processor, etc.), wherein the
memory 17 stores data used for the computations described
herein (and/or to store software or processor instructions that
are executed to carry out the computations described herein).
To this end, logic is provided in any of these forms to execute
a frequency band extrapolation beamforming weight compu-
tation process shown at 100. The process 100 is described in
more detail hereinafter in conjunction with FIG. 6. In one
example shown in FIG. 1, the logic for the process 100 may
comprise processor readable instructions that are stored in the
memory 17, or it may be embodied by any of the other
aforementioned types of logic. Furthermore, while FIG. 2
shows that the controller 16 is configured to compute the
beamforming weights, this is not meant to be limiting. For
example, the logic to perform these computations may be
implemented in a controller or block that is local and dedi-
cated to the transmitter 12, and separate from the controller
16.

[0020] Description of the frequency band extrapolation
beamforming weight computation process 100 is described in
connection with a TDD-OFDMA system, such as that used in
a WIMAX™ communication system. OFDM exploits the
frequency diversity of the multipath channel by coding and
interleaving the information across the subcarriers prior to
transmissions. In an OFDM system, information related to a
transmission is available in the time domain by means of
OFDM symbols and in the frequency domain by means of
subcarriers. The time and frequency resources can be orga-
nized into sub-channels for allocation to individual users.
OFDMA is a multiple-access/multiplexing scheme that pro-
vides multiplexing operation of data streams for multiple
users onto the downlink sub-channels and uplink multiple-
access by means of uplink sub-channels.

[0021] Turningto FIG. 3, a diagram is shown illustrating an
example of a structure of an OFDMA symbol. The OFDMA
symbol structure comprises three types of subcarriers as
shown in FIG. 3: data subcarriers for data transmission, pilot
subcarriers for estimation and synchronization purposes, and
null subcarriers for no transmission but used as guard bands
and for DC carriers. Active (data and pilot) subcarriers are
grouped into subsets of subcarriers called subchannels foruse
in both the uplink and downlink. For example, ina WiIMAX™
system, the minimum frequency-time resource unit of sub-
channelization is one slot, which is equal to 48 data tones
(subcarriers).

[0022] Furthermore, in a WiMAX system there are two
types of subcarrier permutations for sub-channelization;
diversity and contiguous. The diversity permutation allocates
subcarriers pseudo-randomly to form a sub-channel, and in so
doing provides for frequency diversity and inter-cell interfer-
ence averaging. The diversity permutations comprise a fully
used subcarrier (FUSC) mode for the downlink and a partially
used subcarrier (PUSC) mode for the downlink and the
uplink. In the downlink PUSC mode, for each pair of OFDM
symbols, the available or usable subcarriers are grouped into
“clusters” containing 14 contiguous subcarriers per symbol
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period, with pilot and data allocations in each cluster in the
even and odd symbols as shown in FIG. 4.

[0023] A re-arranging scheme is used to form groups of
clusters such that each group is made up of clusters that are
distributed throughout a wide frequency band space spanned
by a plurality of subcarriers. The term “frequency band
space” refers to the available frequency subcarriers that span
a relatively wide frequency band in which the OFMDA tech-
niques are used. When the FFT size L.=128, a sub-channel in
a group contains two (2) clusters and is made up of 48 data
subcarriers and eight (8) pilot subcarriers. When the FFT size
=512, a downlink PUSC sub-channel in a major group con-
tains some data subcarriers in ten (10) clusters and is made up
ot 48 data subcarriers and can use eight (8) pilot subcarriers.

[0024] The data subcarriers in each group are further per-
mutated to generate subchannels within the group. Therefore,
only the pilot positions in the cluster are shown in FIG. 4. The
data subcarriers in the cluster are distributed to multiple sub-
channels.

[0025] Analogous to the cluster structure for a downlink
transmission, a “tile” structure is defined for the uplink PUSC
mode whose format is shown in FIG. 5. The available sub-
carriers in the frequency band space is split into tiles and six
(6) tiles, chosen from across the entire spectrum by means of
a re-arranging/permutation scheme, are grouped together to
form a slot. The slot comprises 48 data subcarriers and 24
pilot subcarriers in 3 OFDM symbols. In other words, a tile is
a group of data subcarriers dispersed throughout a frequency
band space together with pilot subcarriers, across 3 OFDM
symbols.

[0026] The foregoing description of one example of a TDD
OFMDA system with respect to FIGS. 4 and 5 is provided by
way of background for the description of the process 100
described hereinafter. In particular, process 100 described
hereinafter involves estimating an uplink channel covariance
matrix in some PUSC subchannels to generate downlink
beamforming weights in a TDD OFDMA system.

[0027] With reference to FIG. 6, the process frequency
band extrapolation beamforming weight computation pro-
cess 100 is now described. At 110, the BS 10 receives an
uplink transmission from a specific MS. The uplink transmis-
sion uses some, but not all frequency bands (subcarriers)
available in the OFDMA symbol space, which is inherently
the case when a MS transmits using the PUSC mode. For
example, referring back to FIG. 5 the specific MS may be
assigned to several uplink subchannels. There are 6 PUSC
tiles in one subchannel, and in one PUSC tile, there are 12
signals that transmit 4 pilot signals or 8 data signals. The
process 100 uses all 12 signals to estimate an uplink channel
covariance matrix for one PUSC tile. At 120, the baseband
signals for the received PUSC tiles are recovered from the
received uplink transmission.

[0028] At 130, the uplink channel covariance matrix R, is
estimated for each uplink tile. The instantaneous uplink chan-
nel covariance matrix R; in the frequency domain for the
specific MS is defined as a group of matrices {R, },_,”, where
J is the number of tiles, and i, 1,, . . . , 1, are the indices of
received signals’ subcarriers in J tiles respectively. One index
of subcarriers in the nth received PUSC tilemay be i,,. Let size
of FFT, the maximum number of subcarriers, be L, 1 =1, <i,<

. <i,=L. For example, in an uplink PUSC tile, S, ,(m) for
1=m=M denotes the received frequency domain signals on
the jth subcarrier, the qth symbol, and mth antenna of the BS
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10, where M is the number of antennas (18(1)-18(m)) at the
BS 10. The instantaneous channel covariance matrix R, is
computed as

Sig) [ SpeD

| $ia@ || 30
o)) :
J q

Siq(M) || S;q(M)

where H denotes the Hermitian operation. There are four
subcarriers and three symbols in above computation. If the
BS receives a MS’s several slots signals in the same PUSC
subchannels coherently, an average estimated uplink channel
covariance matrix R; may be computed.
[0029] At 140, the beamforming weights of the uplink tiles
are estimated using the channel covariance matrices com-
puted at 130. Two methods are described herein to compute
the beamforming weights of uplink tiles. The first method is
based on the columns of the uplink channel covariance matri-
ces {R, },.- ,”. The second method is based on the rows of the
uplink channel covariance matrices {R, )
[0030] Sum Algorithm Based on Column Vectors
[0031] The first method using the columns of the uplink
channel covariance matrices is now described. Based on the J
estimated uplink channel covariance matrix {R,},_,”, let
=5t o L s, wherer, |, for I=Sm=M, is the mth
column vector in R Applying ‘the maximum ratio combin-
ing, the sum of the columns of the uplmk channel covariance
matrix R, is computed as: U, =r, 1+e’ L ot - +e/%, M
where e’e’”*{rl i 1/(abs({”rl m} T, 1)) for 2<m<M is
the phase rotation of the mth cofumn related to the first col-
umn. The abs( ) denotes for absolute operation.
[0032] The sum of the columns of the uplink channel cova-
riance matrix is normalized to obtain the beamforming
weight W, as W, =U, /(norm (U, )) where norm( ) is the
Euclidean norm oﬁeratnion. After anpplying above sum algo-
rithm to the estimated uplink channel covariance matrix
1R, }n ,/inreceived ] uphnk tile, a group of the beamforming
Welghts vectors {W, }n ,” is obtained for all received J uplink
tiles.
[0033] Sum Algorithm Based on Row Vectors
[0034] The second method using rows of the uplink channel
covariance matrices is now described. Based on the J esti-
mated uplink channel covariance matrix {R, },_,”, let

Figd
Fig2
R, = .
FipM
wheref, .. for I=m=M, is the mthrow vector in R, . Apply-

ing maximum ratio combining, the sum of the rows of the
uplmk channel covariance matrix R, is computed as: U, ={
i, IR -G PPN A A el wheré =, {F, .} /(abs(
i 1{rl m}"i")) for 2=m=M, is the phase rotation of the mth
row related to the first row. The abs( ) denotes the absolute
operation.

[0035] The sum of the rows of the uplink channel covari-
ance matrix is normalized to obtain the beamforming weight
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W, as: W, =U, /(norm (U, )), where norm( ) is the Euclidean
norm operation. After applylng sum algorlthm to the esti-
mated uplink channel covariance matrix {R; }n .~ inreceived
J uplink tlle a group of the beamforming weights vectors
{w, },_7is obtained for all received J uplink tiles.

[003‘” 6] Next, at 150, a spatial projection is computed for the
beamforming Weights of the uplink tiles. Conceptually, the
space in which the BS 10 resides is divided into N, . ...
spatial subsectors or segments. Using the beamforming
weights {W, },_,” that are computed at 140, the spatial pro-
jection of the estimated beamforming Welghts of the J uplink
tiles to N, ; couz0, SUbSECTOrS 1S cOmputed.

[0037] It is well known that if the absolute value of the
spatial projection to a subsector is large, the signal should be
received in the direction of the corresponding subsector. In
other words, the direction of arrival (DOA) of desired signals
is the direction of the corresponding subsector. On the other
hand, if the absolute value of the spatial projection to a sub-
sector is very small, the desired signals are said not to arrive
from the direction of the corresponding subsector, implying
that the value of projection is generated by noise and the noise
part should be removed from the estimated beamforming
weights to improve the beamforming performance.

[0038] The values of the spatial projection are complex
values. Two spatial projection computation methods are
described herein: a Fast Fourier Transform (FFT) spatial pro-
jection method and a general spatial projection method.
When the BS’s antenna array of is linear, equal-spaced and
the spacing is approximately half wavelength, the FFT spatial
projection method may be the preferred technique because
the FFT spatial projection method is very efficient with good
performance and low computation complexity. However, if
the BS’s antenna array is any other antenna pattern, the gen-
eral spatial projection method may be used.

[0039] FFT Spatial Projection Method

[0040] The FFT spatial projection method is now
described. For each beamforming weight vector W, the group
of the beamforming weights vectors {W,},_,”, an FFT
operation is applied with FFT size wasect:,, to obtain the
spatial projection gain vector in N, .. = subsectors as:
G, =FFT(W, , Ny, ps.000,)- The number of subsectors N, ceeor
may be selected to be larger than or equal to the number of
antennas M of the BS 10. For example, if the number of
antennas M of BS 10 is eight (8), the number of subsectors
N may be selected to be 16. When the number of

subsector
antennas M is smaller than the number of subsectors N, ;.-
tor, zero padding may be applied to the vector W, in order to
implement the FFT operation with size Nmbsmo:
[0041] The spatial prOJectlon gain vector G, is denoted:
G =g 1 8o -8, Submm] , where the scalar g & 1s the
complex-valued spatlal projection gain for the subsector k
and the received uplink tile n. T denotes the Transpose opera-
tion.

[0042] Next, for each subsector k, where 1=k=N_, . ...
the spatial projection gains in all J received uplink tiles are

combined as:

J
Py = Z|gi, K2,
=1

where Ix| is the absolute value of x.
[0043] For the purpose of estimating the DOA of signals
from the specific MS (based on the computed uplink beam-
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forming weights), a threshold P,;,,.. .7+ 15 used. For example,
the threshold P, ;... 15 set as:

1 Nsubsector

Prareshotd = P -

N,
subsector 1 T]

Nsubsector
l LOSNR/L0 1 §
3 Nsubsector — 1

1 Nsubsector

Py -

k

Nsubsector k=1

where SNR is the estimated physical signal-to-noise ratio
(SNR) in the received PUSC subchannels from the specific
MS.

[0044] When P,<P,, . ... the spatial projection gain of
subsector k is determined to be due to noise/interference. In
this case, the spatial projection is updated in order to remove
the projection gain of noise/interference in some subsectors
by setting

0 if Py < Puresold
8ink =

Gipk I Pu = Puyeshold

for all received uplink tiles (1=n=J) After this updating
process (if necessary), a group of updated complex-valued
spatial projection gain values g, ,, for 1=n=J and

1=Kk=N,, jsecror 18 Obtained.
[0045] General Spatial Projection Method
[0046] Let A(6,)) denote an array steering vector (or array

response vector) for the DOA (direction of arrival) 6, and A
the uplink or downlink carrier wavelength (A,; or A, ). F or
example, for a uniform circular array (UCA),

Al = 5 sos(6) 7,—2/’{lcos(977zwﬁ) ei,—zflﬂcos(g (M-1yr 1)2n)) ]
[0047] where T stands for Transpose operation and r is the

radius of the circular array. For a uniform linear array (ULA),

21D . 21D . T
A6, D) = [ I ot e}———lf(M—l)sm(Q)]

[0048] where Dis the distance between two adjacent anten-
nas. The array steering (response) vector A(0, A) is used to
generate a projection matrix =.

[0049] For each subsector, an angle ¢, is chosen in the
subsector, for I=Kk=N_, , ....,- Lhe projection matrix is com-
puted as: E=[A(§,, ) APy, M) - .- Ay, M. For each
beamforming weight vector W, in the group of the beam-
forming weights vectors {W, }n ,7, the projection matrix = is
applied to the beamforming Welght vector W, , to obtain the
spatial projection gain vector in N, ,couor nsubsectors as
G;; =E7 W, , where H denotes the Hermitian operation.

[0050] The number of subsectors N, , ... may be set to be
greater than or equal to the number of antennas M in base
station, as described above, such that the angle range of a

subsector approximately 10 degrees.
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[0051] The spatial projection gain vector G; is denoted
G =g 8o 8, Submm]T where the scalar g 5 is the
complex-valued spatlal projection gain for the subsector k
and the received uplink tile n. Next, for each subsector k,
where 1=k=N_, ;... the spatial projection gains in all J

received uplink tiles are combined as

J

2

Py = Z|gin,k| ,
=

where | | denotes the absolute value operation. At this point,
the technique of updating of the spatial projection gain,
described above for the FFT spatial projection computation
method, is also used here using a P,,,.../,014-

[0052] Next, at 160, the frequency domain variation is com-
puted by estimating the time difference between signals from
different DOAs. As indicated above, a DOA is determined
based on the subsector-based spatial projection computation
at 150. The variation of channel information in frequency
domain is due to the difference in arrival of multipath signals.
Since it is desired to track the variation of ideal beamforming
weights in all frequency bands, the time difference between
signals from different DOAs is estimated.

[0053] To this end, first, the subsector/DOA with the maxi-
mum power is denoted k., where k,, , =arg max P,.

For each tile in J received uplink tiles, the value of the spatial
projection in the subsector/DOA is divided by k,,, ., to com-
pute the vector of the relative spatial projection gain &, as:

N Gi,
G;n =
inmax
(8t 82 - EinNapsecior |
inmax
5 . . T
=081 &2 o &y Ngpeecror |

The calculation of relative spatial projection gain G, removes
the phase shift generated in the process of estimation of the
beamforming weights in the received uplink tile n.

[0054] Next, the time difference between all estimated
DOAs where 1§, />0 and the DOA with the maximum power

thatis in subsectork,,, .. For each ke[ 1, N, ;... 00, ), 1118, 41>0,
the following computations are made:
[0055] (1) Form a row vector
(824 & - &ys]
Oras Qp=————— =[qu& Q24 - qu-1k ]
81k

where q,,, for 1=v=J-1 is the element in the vector Q,.
The row vector Q, is computed to remove the common
phase shift for all frequency bands by taking the relative
values to the first received tile.
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[0056] (2) Update Q, by normalizing each element in Q,,

as
1k 2.k qi-1k
Q= [ lgial lazel 7 lgsixl ]’
=[9ik Dx - Grori ]

where Iq, ;! is the absolute value of q,,, for 1=v=J-1,
and q,, for 1=v=J-1 is the element in the updated
vector Q.

[0057] (3) Obtain the frequency difference between the
nth tile for 2=n=J and the first tile as F,,=[f; f, .
£, 1 =liy=i, iy, . . .i,-1,]%, where T stands for Trans-
pose operation. The frequency difference is in the units
of subcarrier spacing frequency.

[0058] (4) Set the range of time difference in the unit of
sampling interval. First, denote a vector D, as D,=[lq,
L I (S PP PP PR [« PRRPE R | o LS P CSPARR
Azl
[0059] Calculate the mean value of the all elements in

the vector D, as

- 1 J-2
d, = _221
[0060] Then set the vector of time difference T ;ras

[—ci:ici] if  di>a
Tagrp =4 [~ca:c2] if apzdy>a

[—(,‘3 :(,‘3] if Ek =dap

[0061] where T, .. =T, T, ... Ty, |, N, is thenum-
ber of elements of the vector of time difference, a,, a,,
¢y, C,, C5 are practical parameters.

[0062] (5)Generate the phase matrix @ as ®=2xF ;T ;-
#/L, where, for example, L is the FFT size of FFT in a
WiMAX communication system.

[0063] (6) Process the fine searching. For example,
obtain the three minimum peaks corresponding to three
values of the time difference. First, calculate a matrix as

Egr.i = abs(e’® — kron(ones(Nme, 1), Qc))

Sflvrl Sfl 2 .. Sfl 'TNrime

8f2'rl 8f2vT2 szern_me

o Cfimrm e Sfoitng,,

where kron(X,Y) is the Kronecker tensor product of X
and Y, ones(N,1) is a column vector with N ones, and
abs() stands for taking absolute value of each element in
the matrix. €, , for I=v=J-1 and 1=u=N,,,, is an
element in the matrix E iz L he three values of the time
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difference which are corresponding the three minimum
peaks are obtained as

J-1
[Tpeak1 Tpeak2 Tpeak3 ] = arg min{ Efv,ru}
Tu
=1

[0064] (7) Update the vector of time difference T ;-as
-1 -1 11
Tpeak | +[7 vy 0 i 5],
-1 -1 11
T = Tpeak2+|:7 T 0 7 5]’
-1 -1 11
Tpeak3+|:7 T 0 i 5],
[0065] (8) Update the phase matrix ® as
[0066] ®=2nF T, /L, where L is the size of FFT in

the WIMAX communication system.

[0067] (9)Finally, the time difference o, between the kth
subsector and the k,,, th subsector is obtained. First,
calculate a matrix as

Egygru = abs(e’® — kron (ones (15, 1), Qy))

Ef.Ty Ef.0p Ehtis
€fy.1y €h.0 Ehotis
Efn S o ST

[0068] where kron(X,Y) is the Kronecker tensor product
of X and, ones(15,1) is a column vector with 15 ones,
and abs( ) stands for taking absolute value of each ele-
ment in the matrix. € v for 1=v=J-1and 1=u=15, is
aelement in the matrix B ;. Then the values of the time
difference which correspond to the minimum peak as

J-1
Tpeak = argmin{Z sfv,ru} are obtained.
Tu

v=l

[0069] Finally the time difference o, between the kth
subsector and the k,,,,.th subsector as

[0070] =T, is obtained. A group of time differ-
ence values {o,} are those computed for all subsec-
tors with I§, ,1>0.

[0071] Next, at 170, the estimated spatial projection for any
frequency band y is computed. Two methods are described
herein to estimate the spatial projection gain for frequency
band y. The first method is based on the phase rotation of the
spatial projection in the closest received tile and the second
method is based on the estimated parameters of a main path in
each subsector. The performance of the second method is
slightly better than that of the first method in low SNR con-
ditions.
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[0072] Phase Rotation of the Spatial Projection in the Clos-
est Received Tile Method

[0073] Assume it is desired to estimate the spatial projec-
tion gain of the index of the subcarriery. First we calculate the
index of the closest received tile as i, .,~argmin [y -1, T,
where 1=n=]. For ke[1, N, ;.ccr0,] applying the time differ-
ence o, and the FFT size L. in a WiMAX system, the spatial
projection gain for the frequency subcarrier y is obtained as

~ J2rey (y—igy L if |
. e closest i . >0
~ g‘cloxexr * |g‘cloxexr'k |
&y = , where

0 if 12,

=0
closestk |

210, (Y=1,7,505)/L 18 the phase rotation to the spatial projec-

tion gain of the closest received tile.

[0074] If it is desired to estimate downlink beamforming

weights in a frequency band spanned by Y subcarriers y,, the

estimated spatial projection gain for each subcarrier y; is

computedas&,=[§, 8,58, v, ] 7 where T stands for

Transpose operation, and 1=1=Y.

[0075] Phase Rotation Based on Parameters of Main Path

Per Subsector Method

[0076] Based on a group of values of the time difference

{a,} between the kth subsector and the k,,  th subsector, for

all k] /\ivith I3, 41>0, e a vector Q, is computed as Q,=¢/>7" 2
.- lj

[0077] Combining the vector €2, and the spatial projection

gain in J received uplink tiles §, ,, for 1=n=] the parameter

h,, of main path in kth subsector is obtained as h={8,, 4 8y e -

.8, 19,7, where H stands for Hermitian operation.

[007]8] Based on the parameters {h,}, the spatial projection

gain in J received uplink tile is

updated as

e/l e g, >0
& .= .
L ) if 13, =0

If it is desired to estimate the spatial projection gain in a
frequency band spanned by Y subcarriers y,, the spatial pro-
jection gain for each subcarrier y,, is computed as

hpe?ert if 12,41 >0
g k= P »
7 0 if |gi1,k| =0

where 2mo,y/L is the phase rotation based on parameter of
main path in kth subsector.

[0079] If it is desired to estimate downlink beamforming
weights in a frequency band spanned by Y subcarriers y; the
estimated spatial projection gain for each subcarrier y; is
computed as &,=[8, oo Eon, ] T where T stands for
Transpose operation, and 1=1=Y.

[0080] Now, at 180, the downlink beamforming weights are
computed by spatial inversion. At 170, the vector of the N, -
sector spatial projection gain for each desired frequency band
was computed &, for 1=I=Y. Using the spatial projection
information computed at 150, two methods of inversion of the
spatial projection are provided to compute the downlink
beamforming weights. If the FFT spatial projection method is
employed at 150, then an Inverse FFT (IFFT)-based inversion
method is used as described below to compute the estimated
downlink beamforming weights. [f the general spatial projec-
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tion method is employed at 150, then a general method of
version of the spatial projection is used as described herein-
after.

[0081] IFFT-Based Inversion of Spatial Projection Method
[0082] For the estimated spat1al projection vector &, 1n the
group of the estimated spatial projection vectors {& } 1 ,an
IFFT operatlon withsize N, .....15 used to obtain the vector
of the inversion of the spatial prOJect1on as W =IFFT (§,,
Nowosecror) W0 W 5 Wyl Nsubmw] Finally, the est1mated
beamforming weights W ,in a frequency band spanned byY
subcarners y; can be computed as W =[Ww,, &,

W, Tnorm{[w Wy W0 W, a4 } "for l<l<Y For
example if we estimate a beamformmg weights for each
downlink PUSC cluster, Y=30 when the FFT size L=512.
[0083] General Method of Inversion of Spatial Projection
[0084] For each estimated spatial projection vector &, in
the group of the estimated spat1al projection Vectors {
S5 } 1", the projection matrix Z is applied to the estimated
spat1al projection vector &,,, to obtain the vector of the i 1nver-
sion of the spat1al prOJect1on as W, ={EE7}'E6 W

1

Wy W, M] Finally, the est1mated beamformlng Welglyllts
W, in a frequency band spanned by Y subcarriers y; can be
computed asW, =W, W, ... %, 4/l /norm{[wyl 1 Wy

W, W, a7}, for I==Y. For example if we estimate a beam-
formlng weights for each downlink PUSC cluster, Y=30
when the FFT size L=512.
[0085] Compared to methods heretofore known, the tech-
niques described herein significantly improve the beamform-
ing performance when there is the frequency mismatch, and
the computation complexity of these techniques is relatively
minimal.
[0086] Although the apparatus, system, and method for the
frequency band extrapolation beamforming weight computa-
tion techniques are illustrated and described herein as embod-
ied in one or more specific examples, it is nevertheless not
intended to be limited to the details shown, since various
modifications and structural changes may be made therein
without departing from the scope of the apparatus, system,
and method and within the scope and range of equivalents of
the claims. Accordingly, it is appropriate that the appended
claims be construed broadly and in a manner consistent with
the scope of the apparatus, system, and method for the fre-
quency band extrapolation beamforming weight computation
techniques, as set forth in the following claims.

What is claimed is:

1. A method comprising:

at a first communication device, receiving a transmission at
a plurality of antennas from a second communication
device, wherein the transmission uses some but not all
frequency subbands within a frequency band space;

recovering baseband signals carried in the frequency sub-
bands in the received transmission;

computing a channel covariance matrix from the baseband
signals in the frequency subbands with respect to the
plurality of antennas of the first communication device;

computing uplink beamforming weights from the base-
band signals in the frequency subband from the channel
covariance matrix;

computing a spatial projection of the uplink beamforming
weights;

computing frequency domain variations in the channel
between the first communication device and the second
communication device based on difference in time of
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arrival of signals from different direction of arrivals at
the plurality of antennas of the first communication
device;

computing a downlink spatial projection for a given fre-

quency subband from the frequency domain variations
and the spatial projection of the uplink beamforming
weights; and

computing downlink beamforming weights from the

downlink spatial projection, wherein the downlink
beamforming weights are for use by the first communi-
cation device when beamforming a downlink transmis-
sion via the plurality of antennas of the first communi-
cation device to the second communication device.

2. The method of claim 1, wherein the transmission from
the second communication device comprises a plurality of
subcarriers at different frequencies in each of a plurality of
tiles, and wherein computing the channel covariance matrix
comprises computing J instantaneous channel covariance
matrices in the frequency domain as a group of matrices
{R, },,_,7, where ] is the number of tiles, i,, i, . . . , i, are the
index of baseband signals for subcarriers in J tiles respec-
tively, and wherein computing the uplink beamforming
weights comprises computing a group of beamforming
weight vectors {W, }, 7 for the I tiles.

3. The method of claim 2, wherein computing the channel
covariance matrix for a tile comprises computing

Sig) [ SpeD

! Sia® || S0
R, = EZZ 5 5
i q

M) || S (00)

where a maximum number of subcarriers is L, such that
I1=1,=1,< ... <=L, and S, (m) for I=m=M denotes
received frequency domain signals on the jth subcarrier, the
qth symbol, and mth antenna of the first communication
device and M is the number of antennas of the first commu-
nication device.

4. The method of claim 2, wherein computing the uplink
beamforming weights is based on columns of the channel
covariance matrices.

5. The method of claim 4, wherein computing the uplink
beamforming weights comprises maximal ratio combining of
signals received at the plurality of antennas to obtain a sum of
columns of channel covariance matrix R, as U, =r, 1+e’ ’r,
24 ..+, L where R, =1, |1, PR M], and'r, - for
l<m<M is the mth column vector in R;, {rl m} T o/
(abs ({r, m}H r, ), for2=m=M, is the phase rotation of the
mth column related to the first column, and abs( ) stands for
absolute operation.

6. The method of claim 5, wherein computing the uplink
beamforming weights further comprises normalizing the sum
of'the columns of the channel covariance matrices to produce
a beamforming weight W, as W, =U, /(norm (U, )), where
norm( ) is the Euclidean norm operation, thereby o"btaining a
group of beamforming weight vectors {Win}nzlj for the J
tiles.

7. The method of claim 2, wherein computing the uplink
beamforming weights is based on rows of the channel cova-
riance matrices.

8. The method of claim 7, wherein computing the uplink
beamforming weights comprises maximal ratio combining of
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signals received at the plurality of antennas to obtain a sum of
rows of the channel covariance matrices R, as U, ={f, |+&/®
E o+ ... +&/PE 1, where

L.

Figd

Fin2

ns
R,=| . |

FipM

t, ., for IZ=m=M is the mth row vector in R, , &*=F, {
t, .t (absE, ({E .}, for 22m=M, is the phase rotation
of the mth row related to the first row, and abs( ) stands for
absolute operation and Hp is the Hermitian operation.

9. The method of claim 8, wherein computing the uplink
beamforming weights further comprises normalizing the sum
of'the rows of the channel matrices to produce a beamforming
weight W, as W, =U, /(norm (U, )), where norm( ) is the
Euclidean norm operation, thereby obtaining a group of
beamforming weight vectors {W, },,_,” for the J tiles.

10. The method of claim 2, wherein computing the spatial
projection of the uplink beamforming weights comprises
computing a spatial projection galn vector G, for the beam-
forming weight vectors {W, },_,” of the J tiles to N, tsoctor
subsectors in a space in which the first and second commu-
nication devices reside is divided, where G, =g, , g, »

g Submw] g, 15 a complex-valued spatlal prOJectlon gain
for the subsector k and the received uplink tile n, and T
denotes the Transpose operation.

11. The method of claim 10, wherein computing the spatial
projection gain of the uplink beamforming weights comprises
computing, for each beamforming weight vector W, in the
group of the beamforming weights vectors {Win}n: 1]: aFast
Fourier Transform operation with size N

subsector, to obtain the
spatial projection gain vector Gy *FFT(W Nsubsector) inN

subsector

subsectors, and comblnlng the spatlal projection gains in all J
received tiles as

J

2

Pk = Zlgin,kl ,
=1

for each subsector k, where 1=k=N

subsector®

12. The method of claim 10, wherein computing the spatial
projection gain comprises computing an array response vec-
tor A(0, A) for the plurality of antennas of the first communi-
cation device A(0, ) for a direction of arrival 6 and a subcar-
rier wavelength A associated with the received uplink
transmission; computing a projection matrix E=[A(¢;,A)
Alpzh) - - Aldy,,. . - M, foran angle ¢, in the subsector, for
1=K=N,, 50000 10r €ach beamforming weight vector W, 1n
the group of the beamforming weights vectors {W, }n s
applying the projection matrix = to beamforming Welght
vector W, , to obtain the spatial projection gain vector G, in
N, psector subsectors as G, =& W , where H is Hermitian
operation.

13. The method of claim 10, wherein computing the spatial
projection gain further comprises comparing the spatial pro-
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jection gain P, summed over all J received uplink tiles for a
sector, with a threshold such that

{0
=
8in Sink

for all received uplink tiles (1=n=]J) and for all sectors
1 ékéNsubsector'

14. The method of claim 10, wherein computing frequency
domain variations comprises determining which subsector

has the greatest power, denoted subsector k,,,,,, where

if Py < Preshold

if Py = Peshold

naxs

Knax = argmax Py

computing a vector of the relative spatial projection gain &,
as

% _ Gy
in =
8inkmax
8l 82 - SinNsupsector )
8inkmax
. - . T
=081 &2 &iNgpecior |

where T denotes for Transpose operation; and computing a
time difference of arrival of signals at from subsectors in
which 18, ,1>0 and the arrival of signals from the subsector
K, with the maxinum power to produce a group of time
difference values {o,} for all subsectors with I3, >0

15. The method of claim 14, and further comprising com-
puting the spatial projection gain for a frequency band
spanned by Y subcarriers Vo such that the spatlal projection
gain for each subcarrier y; is &, [gyb 18 B ] 17,
where T denotes the Transpose operatlon and 1=1=Y

16. The method of claim 15, wherein computing the down-
link spatial projection comprises computing, for a given sub-
carrier y, an index of a closest received tile to the subcarrier y,

lotosest = argrr‘_linly = inl,
n

where 1=n=]J; and for ke[l, N_, ;. .cr0.], applying the time
difference a, using a Fast Fourier Transform size L, to pro-
duce the spatial projection gain for the frequency subcarrier y

as

~ J2rey (y—igy L if |
. e closes: i .
G, = { g‘cloxexr * |g‘cloxexr * |
»k =

0 if 12,

closest* | =

where 27y, (Y=1,,,5.5)/L 18 @ phase rotation to the spatial
projection gain of the closest received tile; and computing the
spatial projection gain for a frequency band spanned by Y
subcarrier y,, such that the spatial projection gain for each
frequency subcarriery, is & *[gyl, 18,0 gyl J\,S“bmw] where
T denotes the Transpose operation, and l =Y.

17. The method of claim 15, wherein computing the down-
link spatial projection comprises computing a vector &, as
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Q,=e/>meuli12- - 1V yi5ino the group of time difference values
{ o, }between the kth subsector and the k., subsector, for all
kW1th 18, x|>0; computing a parameter hk [gll kglz, . glj,k]
Q7 from the vector €2, and the spatial projection galn inJ
recelved uplink tiles §, ;, for 1=n=J, where H denotes the
Hermitian operation; updatlng the spatial projection gain in
the J uplink tiles using the parameters {h,} such that

ik =

n

{hk e/l it 18,41 >0

0 if 18,41 =0

computing the spatial projection gain for subcarrier index y as

Ie e i g, >0
&yi =

0 if 13, 41 =0

where 2mo,y/L is the phase rotation based on the h, parameter
of main path in kth subsector; and computing the spatial
projection gain for a frequency band spanned by Y subcarriers
y;, such that the spatial projection gain for each frequency
subcarriery, is & *[gybl 8,2---8.~ 17, where T denotes
the Transpose operation, and l I=

18. The method of claim 14, Where1n computing the down-
link beamforming weights comprises computing an Inverse
Fast Fourier Transform of the estimated spatial projection
vector &, in the group of the estimated spatial prOJectlon
vectors {6 } .17, to obtain a vector of the inversion of the
spatlal prOJectlon as W =IFFT (6, Ny neemon) =W, %,,5 -

. Nopeo] A0 Where 'the downlink beamforming Welghts
WY inafrequency band spanned by Y subcarriers y,are W, =[

W, morm{[%, | %, , W, '} “for

Noybsector

Wt W oo
==Y

19. The method of claim 12, and computing the spatial
projection gain in a frequency band spanned by Y subcarriers
y;, such that the spatial projection gain for each frequency
subcarriery,is&, =g, , 8, ,...8, ~ 17, where T denotes
the Transpose operation, and l<1—

20. The method of claim 14, Wherein computing the down-
link beamforming weights comprises computing for each

estimated spatial projection vector &, in the group of the

Noybsector

estimated spatial prOJectlon vectors {& }z 1
_ frmemEH =1
W, ={EE"}EE AW, W, 5. .. %, 4] where T denotes

the transpose operator and H denotes the Hermitian opera-
tion, and where the downlink beamforming weights W, in a
frequency band spanned by Y subcarriers y; are W, [W

¢ - W, 24 T} for l<1<Y

Wy2 oo be] */norm {[W}% WYI,

21. An apparatus comprising:

a plurality of antennas;

a transmitter coupled to the plurality of antennas, wherein
the transmitter is configured to apply beamforming
weights to a transmit signal to generate corresponding
ones of a plurality of weighted signals that are supplied
to respective ones of the plurality of antennas;

a controller coupled to the transmitter configured to:
store data representing reception of a transmission sent

by another communication device and received at the
plurality of antennas, wherein the transmission uses
some but not all frequency subbands within a fre-
quency band space and wherein the data represents
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baseband signals carried in the frequency subbands of
the received transmission;
compute a channel covariance matrix from data repre-
senting the baseband signals in the frequency sub-
bands with respect to the plurality of antennas of the
first communication device;
compute uplink beamforming weights from the base-
band signals in the frequency subband from the chan-
nel covariance matrix;
compute a spatial projection of the uplink beamforming
weights;
compute a downlink spatial projection for a given fre-
quency subband from the spatial projection of the
uplink beamforming weights; and
compute downlink beamforming weights from the
downlink spatial projection, wherein the downlink
beamforming weights are for use by the first commu-
nication device when beamforming a downlink trans-
mission via the plurality of antennas of the first com-
munication device to the second communication
device.
22. The apparatus of claim 21, wherein the controller is
further configured to compute frequency domain variations in
the channel between the first communication device and the
second communication device based on difference in time of
arrival of signals from different direction of arrivals at the
plurality of antennas of'the first communication device, and to
compute the downlink spatial projection for a given fre-
quency subband based on the spatial projection of the uplink
beamforming weights and the frequency domain variations.
23. Logic encoded in one or more tangible media for execu-
tion and when executed operable to:
store data representing reception of a transmission sent by
a second communication device and received at a plu-
rality of antennas of a first communication device,
wherein the transmission uses some but not all fre-
quency subbands within a frequency band space and
wherein the data represents baseband signals carried in
the frequency subbands of the received transmission;

compute a channel covariance matrix from data represent-
ing the baseband signals in the frequency subbands with
respect to the plurality of antennas of the first commu-
nication device;

compute uplink beamforming weights from the baseband

signals in the frequency subband from the channel cova-
riance matrix;

compute a spatial projection of the uplink beamforming

weights;

compute a downlink spatial projection for a given fre-

quency subband from the frequency domain variations
and the spatial projection of the uplink beamforming
weights; and

compute downlink beamforming weights from the down-

link spatial projection, wherein the downlink beam-
forming weights are for use by the first communication
device when beamforming a downlink transmission via
the plurality of antennas of the first communication
device to the second communication device.

24. The logic of claim 23, and further comprising logic
configured to compute frequency domain variations in the
channel between the first communication device and the sec-
ond communication device based on difference in time of
arrival of signals from different direction of arrivals at the
plurality of antennas of the first communication device, and
wherein the logic to compute the downlink spatial projection
for a given frequency subband is configured to compute the
downlink spatial projection based on the spatial projection of
the uplink beamforming weights and the frequency domain
variations.



