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FREQUENCY BAND EXTRAPOLATION 
BEAMFORMINGWEIGHT COMPUTATION 

FOR WIRELESS COMMUNICATIONS 

BACKGROUND 

0001. In a wideband 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. 1 is an example of a block diagram of a wireless 
communication system in which a base station beam forms 
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 beam forming 
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 beam forming weight computation pro 
CCSS, 

DETAILED DESCRIPTION 

Overview 

0009 Techniques are provided to facilitate the computa 
tion of beam forming 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 
beam forming 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 beam forming 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 beam forming weights. Finally, downlink beam 
forming weights are computed from the downlink spatial 
projection. The downlink beam forming weights are for use 
by the first communication device when beam forming 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 of the first communication 
device. The downlink spatial projection for a given frequency 
Subband is computed from the spatial projection of the uplink 
beam forming 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 2001)-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 
2001)-20(N) have access to those data network facilities. 
0011. The BS 10 comprises a plurality of antennas 18(1)- 
18(m) and the MS's 2001)-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 beam forming 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 2002), it applies beam forming 
weights to the message to be transmitted via the plurality of 
antennas 18(1)-18(m) to the MS 2002). 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 2001)-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 beam forming 
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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 
beam forming weights for all frequency bands by extrapolat 
ing from knowledge gained for beam forming weights in some 
of the frequency bands. The following description downlink 
beam forming 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 beam forming weights in any 
system with frequency mismatch. 
0015 These techniques involve low complexity that can 
significantly improve the process of downlink beam forming 
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 WiMAXTM, when the 
partial usage of subchannels (PUSC) mode is used transmis 
Sion. The instantaneous beam forming weights associated 
with reception of an uplink transmission are computed and 
the projection of the beam forming weights is then computed 
in the received tiles, from which the downlink beam forming 
weights are computed for any other bands. To reiterate, the 
techniques described herein are applicable to the process of 
setting downlink beam forming 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 Turning to 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 beam forming module 13 comprises 
logic that applies beam forming 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. The beam forming 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 beam forming 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 
beam forming 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 
beam forming weight computation process 100 is described in 
connection with a TDD-OFDMA system, such as that used in 
a WiMAXTM 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 Turning to 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, in a WiMAXTM 
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 apartially 
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 
L=512, a downlink PUSC sub-channel in a major group con 
tains some data Subcarriers in ten (10) clusters and is made up 
of 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 
beam forming weights in a TDD OFDMA system. 
0027. With reference to FIG. 6, the process frequency 
band extrapolation beam forming 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. i. . . . , i, are the indices of 
received signals subcarriers in J tiles respectively. One index 
of subcarriers in the nth received PUSC tile may bei. Let size 
of FFT, the maximum number of subcarriers, be L, 1sizi 
... <i?sL. For example, in an uplink PUSC tile, S(m) for 
1smsM 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 

Si (1) || Si (1) " 
1 Sig (2) Sig (2) 

R. = XX" : 
i g 

Si (M) Si (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 beam forming weights of the uplink tiles 
are estimated using the channel covariance matrices com 
puted at 130. Two methods are described herein to compute 
the beam forming 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}, i. 
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 
RIr, r, ... r,t), where r, for 1smsM. is the mth 
column vector in R. Applying the maximum ratio combin 
ing, the Sum of the columns of the uplink channel covariance 
matrix R, is computed as: Urie're . . . +e'r 
where e' ={r, }'r, 1/(abs({r, }r, 1)). for 2sms.M. is 
the phase rotation of the mth column 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 beam forming 
weight W, as W.U. f(norm (U)) where norm() is the 
Euclidean horm operation. After applying above Sum algo 
rithm to the estimated uplink channel covariance matrix 
{R}, in received Juplink tile, a group of the beam forming 
weights vectors {W}, is obtained for all received Juplink 
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 Jesti 
mated uplink channel covariance matrix {R} , let 

ii.1 
.2 R, = ". 

ii.M 

wherer, for 1smsM, is the mthrow vector in R, Apply 
ing maximum ratio combining, the Sum of the rows of the 
uplink channel covariance matrix R, is computed as: U, { 
f, he'r,+...+e"f,}'', where e' =r, {i,}''/(abs( 
f{r, 37), for 2sms.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 beam forming weight 
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Was: W =U/(norm (U)), where norm() is the Euclidean 
norm operation. After applying sum algorithm to the esti 
mated uplink channel covariance matrix {R}, in received 
J uplink tile, a group of the beam forming weights vectors 
{W} is obtained for all received Juplink tiles. 
0036) Next, at 150, a spatial projection is computed for the 
beam forming weights of the uplink tiles. Conceptually, the 
space in which the BS 10 resides is divided into N sit-sector 
spatial Subsectors or segments. Using the beam forming 
weights {W} that are computed at 140, the spatial pro 
jection of the estimated beam forming weights of the Juplink 
tiles to N. Subsectors is 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 beam forming 
weights to improve the beam forming 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 beam forming weight vector W, the group 
of the beamforming weights vectors {W}, an FFT 
operation is applied with FFT size Nusco- to obtain the 
spatial projection gain vector in N sts. Subsectors as: 
G-FFT(WN ). The number of subsectors N sit-sector sit-sector 

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 sit-sector 

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 Nubsector 
0041. The spatial projection gain vector G, is denoted: 
Gilgil gia. . . . 9...N., where the scalar g, is the 
complex-valued spatial projection gain for the Subsector k 
and the received uplink tile n. T denotes the Transpose opera 
tion. 
0042 Next, for each subsectork, where 1sksN, 
the spatial projection gains in all J received uplink tiles are 
combined as: 

where x 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 Pitt is used. For example, 
the threshold P is set as: 

1 Nsubsector 
P - 

k=1 
Phreshold = 

Nsubsector 

Nsubsector 2 
1 1 1 Nsubsector 
10SNR/10 P P 3. N 1 k N XE P. , silisector subsector 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 P < Phreshold 
gik gik if Pk a Phreshold 

for all received uplink tiles (1sns.J) After this updating 
process (if necessary), a group of updated complex-valued 
spatial projection gain values g for 1sns.J and 
1sksNite is obtained. 
0045 General Spatial Projection Method 
0046 Let A(0.J.) denote an array steering vector (or array 
response vector) for the DOA (direction of arrival) 0, and 
the uplink or downlink carrier wavelength (w or w). For 
example, for a uniform circular array (UCA), 

2 2 2 A(8,A) = |-icos(e) -ji cos(9–7) 

0047 where T stands for Transpose operation and r is the 
radius of the circular array. For a uniform linear array (ULA), 

2D . 2D T 
A(8,A) = 1 it sin(9) ''(M-1 since) 

0048 where D is the distance between two adjacent anten 
nas. The array steering (response) vector A(0. W) is used to 
generate a projection matrix E. 
0049. For each subsector, an angle p is chosen in the 
subsector, for 1sksN The projection matrix is com sit-sector 

puted as: E-A(p. 2) A(p, w). . . A(p) )). For each 
beam forming weight vector W, in the group of the beam 
forming weights vectors {W, },, the projection matrix E is 
applied to the beam forming weight vector W, to obtain the 
spatial projection gain Vector in Ns. 'subsectors as 
G, -'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. 



US 2009/02701 18 A1 

10051) The spatial projection gain vector G, is denoted 
G, Ig, 1 g2 . . . 9,N., where the scalar g, is the 
complex-valued spatial projection gain for the Subsector k 
and the received uplink tile n. Next, for each subsector k, 
where 1sksNet, the spatial projection gains in all J 
received uplink tiles are combined as 

2 P = XIgik 
=l 

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. 
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 beam forming 
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. flex 

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 G, as: 

Gi Gi 
$in kmax 

3in.1 3in 2 - 3 in Nsubsector) 
$in kmax 

T 
- 13.1 3, 2 3in Nsubsector 

The calculation of relative spatial projection gain G, removes 
the phase shift generated in the process of estimation of the 
beam forming weights in the received uplink tile n. 
0054 Next, the time difference between all estimated 
DOAS whereig, I-0 and the DOA with the maximum power 
that is in Subsectork. For each ke|1. Nail, if gld-0. 
the following computations are made: 

0055 (1) Form a row vector 

32. 33.k 3 J. 
Qk as Q = = 41.k 42.k . . . 4J-1.k l, 

31k 

where q for 1svs.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 

where ld, is the absolute value of q for 1svs.J-1, 
and d for 1svs.J-1 is the element in the updated 
vector Q. 

0057 (3) Obtain the frequency difference between the 
nth tile for 2sns.J and the first tile as F. If f, . . . 
f, '-i-i, is-i ... i-il', where T stands for Trans 
pose operation. The frequency difference is in the units 
of Subcarrier spacing frequency. 

0.058 (4) Set the range of time difference in the unit of 
sampling interval. First, denote a vector D, as D, Ild, 
k-dial, lds -92.l. . . . . 19-14-9-2.ld, d2. . . . 
dy-2. 
0059 Calculate the mean value of the all elements in 
the vector D as 

-2 

dyk d = - k = 2 

10060. Then set the vector of time difference T as 

-c: cil if d > a. 

Taif k = k (-c2: c2l if ai > d > a2 
-c3 : C3 f d is d2 

I0061 where Tai T, T, ... ty, N, is the num 
ber of elements of the vector of time difference, a, a 
c1 c2, cs are practical parameters. 

10062 (5) Generate the phase matrix das d=27th T, 
k/L, where, for example, L is the FFT size of FFT in a 
WiMAX communication system. 

0.063 (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 

Eirik = abs(e'-kron(ones(Nine, 1), Q)) 

&ft &f .2 &f Ntime 

8 ft 8ft 2 2: Nine 

fi-1, 1 fi-1,2 fj-1, N. 

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. e. for 1svs.J-1 and 1susName, is an 
element in the matrix E. The three values of the time 
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difference which are corresponding the three minimum 
peaks are obtained as 

J-l 

It peak 1 peak 2 peak 3 = arg n t} it. 

I0064 (7) Update the vector of time difference T, as 

- 1 - 1 1 1 to 1 + 0 
- 1 - 1 1 1 

Tiff.k = to + 4. O 4. i. 
- 1 - 1 1 1 

to st 4 O 4. 

0065 (8) Update the phase matrix das 
I0066) d=27tfT/L, where L is the size of FFT in 

the WiMAX communication system. 
0067 (9) Finally, the time difference C between the kth 
Subsector and the kth Subsector is obtained. First, 
calculate a matrix as 

Ediff.k = abs(e' - kron (ones (15, 1), Q: )) 

f 1.1 ft 1, 2 . . . 

0068 where kron(X,Y) is the Kronecker tensor product 
of X and Y, ones(15.1) is a column vector with 15 ones, 
and abs() stands for taking absolute value of each ele 
ment in the matrix. fit, for 1svs.J-1 and 1sus 15, is 
a element in the matrix E. Then the values of the time 
difference which correspond to the minimum peak as 

J-l 

peak in 3. t} are obtained. it 

0069 Finally the time difference C between the kth 
Subsector and the kth Subsector as 
10070 C, it is obtained. A group of time differ 
ence values {C} are those computed for all subsec 
tors with IgldO. 

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 
bandy. 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 pathin 
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 is arg min I y -1, I, 
where 1sns.J. Forkel, Napplying the time differ 
ence C and the FFT size L in a WiMAX system, the spatial 
projection gain for the frequency Subcarriery is obtained as 

| > 0 k closest , where 
2Fok (y-iclosest L. if Ig 

- $closest k g 
gyk - 

O if lg. = 0 closest-k 

27 LC (y-il)/L is the phase rotation to the spatial projec 
tion gain of the closest received tile. 
0074. If it is desired to estimate downlink beam forming 
weights in a frequency band spanned by Y Subcarriers y, the 
estimated spatial projection gain for each subcarrier y, is 
computed as S. gig.2 . . . gy ", where T stands for 
Transpose operation, and 1s12Y 
0075 Phase Rotation Based on Parameters of Main Path 
Per Subsector Method 
0076 Based on a group of values of the time difference 
{C} between the kth Subsector and the kth Subsector, for 
all k yith Igld0, ea vector S2, is computed as S2, e'“ 

li 

0077 Combining the vector S2 and the spatial projection 
gain in J received uplink tiles g., for 1 sins.J the parameter 
h of main path in kth subsectoris obtained as h: Ig, g, 
..g., IS2', where H stands for Hermitian operation. 
0.078 Based on the parameters {h}, the spatial projection 
gain in J received uplink tile is 
updated as 

helekin' if |g| > 0 
g = 
ink 0 if |g| = 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 Subcarriery, is computed as 

he joky L if |g| > 0 
gyk - 

where 2JLCy/L is the phase rotation based on parameter of 
main path in kth Subsector. 
0079 If it is desired to estimate downlink beam forming 
weights in a frequency band spanned by Y Subcarriers y, the 
estimated spatial projection gain for each subcarrier y, is 
computed as Sig, 2 . . . g.,N. ", where T stands for 
Transpose operation, and 1sl3Y. 
0080. Now, at 180, the downlink beam forming weights are 
computed by spatial inversion. At 170, the vector of the N 
sector spatial projection gain for each desired frequency band 
was computed G, for 1sls Y. Using the spatial projection 
information computed at 150, two methods of inversion of the 
spatial projection are provided to compute the downlink 
beam forming 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 beam forming weights. If 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. 
I0081. IFFT-Based Inversion of Spatial Projection Method 
I0082 For the estimated spatial projection vector G, in the 
group of the estimated spatial projection vectors {G} ?', an 
IFFT operation with size N is used to obtain the vector 
of the inversion of the spatial projection as WIFFT (G, 
Nase)-w, w, ... w.x. Finally, the estimated 
beam forming weights W., in a frequency band spanned by Y 
subcarriers y, can be computed as W.W. W. . . . 
wa? norm{w, w, . . . W... for 1sley. For 
example, if we estimate a beam forming weights for each 
downlink PUSC cluster, Y=30 when the FFT size L=512. 
I0083) General Method of Inversion of Spatial Projection 
10084) For each estimated spatial projection vector G, in 
the group of the estimated spatial projection vectors { 
G,} , the projection matrix E is applied to the estimated 
spatial projection vector G, to obtain the vector of the inver 
sion of the spatial projection as W ={ee'}'EG,w, 
W.2. Wul 7. Finally, the estimated beamforming weights 
W, in a frequency band spanned by Y subcarriers y, can be 
computed as W-w, w, ... wa? norm{w, w, ... 
Wyll', for 1ss Y. For example, if we estimate a beam 
forming 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 beam form 
ing performance when there is the frequency mismatch, and 
the computation complexity of these techniques is relatively 
minimal. 
I0086 Although the apparatus, system, and method for the 
frequency band extrapolation beam forming weight computa 
tion techniques are illustrated and described hereinas 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 beam forming 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 beam forming weights from the base 
band signals in the frequency Subband from the channel 
covariance matrix: 

computing a spatial projection of the uplink beam forming 
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 beam forming 
weights; and 

computing downlink beam forming weights from the 
downlink spatial projection, wherein the downlink 
beam forming weights are for use by the first communi 
cation device when beam forming 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} , where J is the number of tiles, i, is,..., ii, are the 
index of baseband signals for Subcarriers in J tiles respec 
tively, and wherein computing the uplink beam forming 
weights comprises computing a group of beam forming 
weight vectors {W}, for the J tiles. 

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

S (1) || Si (1) " 
1 Sig (2) Sig (2) 

R = iXX : : 
i g 

Si (M) Si (M) 

where a maximum number of Subcarriers is L. Such that 
1sisi,< . . . <isL, and S. (m) for 1smsM 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 
beam forming weights is based on columns of the channel 
covariance matrices. 

5. The method of claim 4, wherein computing the uplink 
beam forming 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 Ur +e'r, s 
2+...+e'"r, where R-Ir, r, . . r.l, and r, for 
1smsM, is the mth column vector in R, e={r}"r/ 
(abs ({r}Hr)), for 2smsM, 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 
beam forming weights further comprises normalizing the Sum 
of the columns of the channel covariance matrices to produce 
a beam forming weight W, as W =U, f(norm (U)), where 
norm() is the Euclidean norm operation, thereby obtaining a 
group of beam forming weight vectors {W}, i for the J 
tiles. 

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

8. The method of claim 7, wherein computing the uplink 
beam forming 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{r+e' 
re--... +e'r', where is 

ii.1 
ii.2 

R = 

ii.M 

f, for 1smsM is the mth row vector in R, e' =r, { 
f,}''/(abs(f, {r})), for 2sms 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. 

in 

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

10. The method of claim 2, wherein computing the spatial 
projection of the uplink beam forming weights comprises 
computing a spatial projection gain vector G, for the beam 
forming weight vectors {W}, , of the J tiles to N sit-sector 
Subsectors in a space in which the first and second commu 
nication devices reside is divided, where G. g. g . . . 
9...N.I., g, is a complex-valued spatial projection 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 beam forming weights comprises 
computing, for each beamforming weight vector W, in the 
group of the beam forming weights vectors {W}, .. a Fast 
Fourier Transform operation with size N sit-sector, to obtaia the 

subsector) in Nsubsector 
Subsectors, and combining the spatial projection gains in all J 
received tiles as 

spatial projection gain vector G, =FFT(W, s 

2 Pk = X13, 
=l 

for each subsectork, where 1sksN sit-sector 
12. The method of claim 10, wherein computing the spatial 

projection gain comprises computing an array response vec 
tor A(0, ) for the plurality of antennas of the first communi 
cation device A(0, ) for a direction of arrival 0 and a subcar 
rier wavelength w associated with the received uplink 
transmission; computing a projection matrix E=A(cp.) 
A(pm)... A(py w), for an angle (p, in the Subsector, for subsector 

1sksN ; for each beam forming weight vector W, in sit-sector 

the group of the beam forming weights vectors {W},', 
applying the projection matrix E to beam forming weight 
vector W, to obtain the spatial projection gain vector G, in 
Na. Subsectors as G-E'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 

O if P < Phreshold 
gik F 

gi, k if Pk a Phreshold 

for all received uplink tiles (1sns.J) and for all sectors 
1 SksNsubsector. 

14. The method of claim 10, wherein computing frequency 
domain variations comprises determining which Subsector 
has the greatest power, denoted Subsectork, where f 

kmax = argmax P; 

computing a vector of the relative spatial projection gain G, 
aS 

G = 
3in kmax 

3in 3in 2 3in Nsubsector 
Sinkmax 

T 
3, 1 3, 2 . Sin Nicol 

where T denotes for Transpose operation; and computing a 
time difference of arrival of signals at from subsectors in 
which Ig, d0 and the arrival of signals from the subsector 
k, with the maximum power to produce a group of time 
difference values {C} for all subsectors with gld0. 

15. The method of claim 14, and further comprising com 
puting the spatial projection gain for a frequency band 
spanned by Y Subcarriers y. Such that the spatial projection 
gain for each Subcarriery, is S. g. g . . . gy T. 
where T denotes the Transpose operation, and 1312 

16. The method of claim 15, wherein computing the down 
link spatial projection comprises computing, for a given Sub 
carriery, an index of a closest received tile to the subcarriery, 

iclosest = argminly - i. 

where 1 sins.J.; and for kel, N., applying the time 
difference C using a Fast Fourier Transform size L. to pro 
duce the spatial projection gain for the frequency Subcarriery 
aS 

O if lg. = 0 closest k 

where 2 LC (y-il)/L is a 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 G. gig.2 ...g.N. , where 
T denotes the Transpose operation, and 1sls.Y. 

17. The method of claim 15, wherein computing the down 
link spatial projection comprises computing a vector S2 as 
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S2-e''''' using the group of time difference values 
{C} between the kth Subsector and the k, Subsector, for all 
k with Igld0; computing a parameter hg, g, ...g., 
S2, from the vector S2 and the spatial projection gain in J 
received uplink tiles g, for 1sns.J., where H denotes the 
Hermitian operation; updating the spatial projection gain in 
the Juplink tiles using the parameters {h} such that 

computing the spatial projection gain for Subcarrier indexy as 

here it if ig, - 0 
gy = O if gil = 0 

where 2JUCy/L is the phase rotation based on the he parameter 
of main path in kth Subsector, and computing the spatial 
projection gain for a frequency band spanned byY Subcarriers 
y, such that the spatial projection gain for each frequency 
Subcarriery, is S. gig.2 . . . gy. , where T denotes 
the Transpose operation, and 1sls.Y. 

18. The method of claim 14, wherein computing the down 
link beam forming weights comprises computing an Inverse 
Fast Fourier Transform of the estimated spatial projection 
vector G, in the group of the estimated spatial projection 
Vectors {G} , , to obtain a vector of the inversion of the 
spatial projection as WIFFT (G. N.)-w, w 1 vs 2 * * 
YyN. and where the downlink beinforming weights 

subsector 

WYin a frequency band spanned byY subcarriersy, are W. 
a t a a g-Y." . . . will/norm{w, w, . . . Wall for 

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 S. gig.2 . . . gy. , where T denotes 
the Transpose operation, and 1sls.Y. 

20. The method of claim 14, wherein computing the down 
link beam forming weights comprises computing for each 
estimated spatial projection vector G, in the group of the 
estimated spatial projection vectors {G}, . 
W={EE''EG, w, w, ... W.", where T denotes 
the transpose operator and H denotes the Hermitian opera 
tion, and where the downlink beam forming weights W, in a 
frequency band spanned by Y subcarriers y, are WIw, 
W.2 ... W.7/norm {W. W.2 ... W, IT for 1sls.Y. 

21. An apparatus comprising: 
a plurality of antennas; 
a transmitter coupled to the plurality of antennas, wherein 

the transmitter is configured to apply beam forming 
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 beam forming weights from the base 
band signals in the frequency Subband from the chan 
nel covariance matrix: 

compute a spatial projection of the uplink beam forming 
weights; 

compute a downlink spatial projection for a given fre 
quency Subband from the spatial projection of the 
uplink beam forming weights; and 

compute downlink beam forming weights from the 
downlink spatial projection, wherein the downlink 
beam forming weights are for use by the first commu 
nication device when beam forming 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 
beam forming 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 beam forming weights from the baseband 
signals in the frequency Subband from the channel cova 
riance matrix: 

compute a spatial projection of the uplink beam forming 
weights; 

compute a downlink spatial projection for a given fre 
quency Subband from the frequency domain variations 
and the spatial projection of the uplink beam forming 
weights; and 

compute downlink beam forming weights from the down 
link spatial projection, wherein the downlink beam 
forming weights are for use by the first communication 
device when beam forming 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 beam forming weights and the frequency domain 
variations. 


