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1. 

SYSTEMAND METHOD FORCHANNEL 
INFORMATION FEEDBACKNAWIRELESS 

COMMUNICATIONS SYSTEM 

This application claims the benefit of U.S. Provisional 
Applications: No. 61/159,689, filedon Mar. 12, 2009, entitled 
“Method and Apparatus for Feeding Back Channel Correla 
tion Information in Wireless Communications Systems'; No. 
61/162,591, filed on Mar. 23, 2009, entitled “System and 
Method for Adaptive Codebook Designs for Multiuser 
MIMO'; and No. 61/234,113, filed on Aug. 14, 2009, entitled 
“Adaptive Feedback for MIMO Communications, which 
applications are hereby incorporated herein by reference. 

TECHNICAL FIELD 

The present invention relates generally to wireless commu 
nications, and more particularly to a system and method for 
channel information feedback in a wireless communications 
system. 

BACKGROUND 

Generally, in a wireless communications system, the com 
munications system's capacity may be significantly 
improved when a transmitter (also referred to as a base station 
(BS)) has full or partial knowledge of a channel over which it 
will be transmitting. Information related to the channel may 
be referred to as channel state information (CSI). CSI may be 
obtained by the transmitter over a reverse feedback channel. 
A receiver (also referred to as a mobile station (MS)) of 
transmissions made by the transmitter may transmit CSI back 
to the transmitter over the reverse feedback channel. The 
receiver may estimate the channel, generate the CSI, and feed 
the CSI back to the transmitter. 

However, since CSI feedback consumes communications 
system bandwidth, there is a desire to minimize the amount of 
information being fedback to the transmitter. Reducing the 
amount of information being fedback may involve the use of 
techniques such as compression, quantization using code 
books, partial information feedback, and so forth. 

Channel information may be in the form of instantaneous 
channel feedback information, Such as, codebook based lim 
ited rate feedback, or statistical channel information, such as, 
channel mean, channel correlation matrix, and so forth. Chan 
nel information is typically fedback from the receiver to the 
transmitter. 

Transmit precoding/beam forming with limited feedback 
has been studied extensively and demonstrates significant 
performance gain in single user multiple input, multiple out 
put (SU-MIMO). In general, a precoding codebook needs to 
be designed and maintained at both transmitter and receiver to 
facilitate the operation of limited feedback transmit precod 
ing. The precoding codebook may be a collection of candi 
date precoding matrices and vectors and may serve as a com 
mon dictionary of current channel conditions to the 
transmitter and receiver. 

It has been realized that codebooks should be designed to 
match the underlying channel characteristics. For example, 
for SU-MIMO independent identically distributed (iid) Ray 
leigh fading channels, Grassmannian line/subspace packing 
(GLP) based codebook has been shown to achieve near opti 
mal performance. On the other hand, those GLP codebooks 
perform not so well under spatially correlated fading chan 
nels, wherein other codebooks have been shown to be rela 
tively more robust, e.g., discrete Fourier transform (DFT) 
based codebooks and Householder based codebooks, among 
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2 
others. Other examples of codebooks may be complex Had 
amard transform (CHT) based codebooks. 

SUMMARY 

These and other problems are generally solved or circum 
vented, and technical advantages are generally achieved, by 
embodiments of a system and method for channel informa 
tion feedback in a wireless communications system. 

In accordance with an embodiment, a method for a com 
munications device operation is provided. The method 
includes receiving a pilot transmitted by a controller, com 
puting a channel estimate for a channel between the controller 
and a communications device, the computing being based on 
the pilot, computing a channel correlation matrix for the 
channel based on the channel estimate, transmitting a reduced 
rank representation of the channel correlation matrix to the 
controller as a first feedback information, adapting a first 
codebook based on the reduced rank representation of the 
channel correlation matrix, computing a representation of the 
channel using the adapted first codebook, transmitting the 
representation of the channel as a second feedback informa 
tion, and receiving a transmission beam formed based on the 
first feedback information and the second feedback informa 
tion. 

In accordance with another embodiment, a method for 
communications node operations is provided. The method 
includes estimating a communications channel between a 
communications node and a controller serving the communi 
cations node, quantizing the estimated communications 
channel based on an adapted codebook by selecting a code 
word from the adapted codebook that maximizes a first selec 
tion criterion, transmitting an index to the selected codeword 
to the controller, estimating channel statistics for the commu 
nications channel, adjusting the adapted codebook based on 
the channel statistics, quantizing the channel statistics based 
on a channel statistics codebook by selecting a channel sta 
tistics codeword from the channel statistics codebook that 
maximizes a second selection criterion, transmitting a chan 
nel statistics index to the channel statistics codebook to the 
controller, and receiving a transmission from the controller, 
wherein the transmission is precoded based on the index and 
the channel statistics index. 

In accordance with another embodiment, a method for 
quantizing feedback information is provided. The method 
includes receiving a pilot transmitted by a controller, com 
puting a channel estimate for a channel between the controller 
and a communications device, the computing being based on 
the pilot, transforming the channel estimate into its represen 
tation in a Subspace of the channel, quantizing the trans 
formed channel estimate using a codebook, thereby produc 
ing an index to a codeword in the codebook, transmitting the 
index to the controller, and receiving a transmission beam 
formed based on the index and the subspace. 

In accordance with another embodiment, a method for 
communications node operation is provided. The method 
includes estimating a communications channel between a 
communications node and a controller serving the communi 
cations node, transforming the estimated communications 
channel with channel statistics, thereby producing a trans 
formed estimate of the communications channel, quantizing 
the transformed estimate of the communications channel 
based on a first codebook by selecting a codeword from the 
first codebook that maximizes a first selection criterion, trans 
mitting a first index to the selected codeword to the controller, 
estimating the channel statistics for the communications 
channel, adjusting the first codebook based on the channel 
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statistics, quantizing the channel statistics based on a second 
codebook by selecting a second codeword from the second 
codebook that maximizes a second selection criterion, trans 
mitting a second index to the second codebook to the control 
ler, and receiving a transmission from the controller, wherein 
the transmission is precoded based on the first index and the 
second index. 
An advantage of an embodiment is that both short term 

channel information and long term channel information may 
be used to improve communications system capacity. The 
short term channel information may be used to adjust trans 
mission precoding to meet rapidly changing channel condi 
tions, while the long term channel information makes use of 
channel statistics to allow for the adaptation of codebooks and 
channels using slowly changing channel parameters. 
A further advantage of an embodiment is that a number of 

techniques for reducing feedback information overhead are 
provided. Reduced feedback information overhead may help 
to improve overall communications performance by allowing 
a greater percentage of communications to be used in trans 
mitting information. 

Yet another advantage of an embodiment is that an alter 
native approach to deriving feedback information is provided 
that may reduce both the amount of feedback information 
needed as well as the amount of resources required for deter 
mining the feedback information. Reductions in the amount 
of feedback information as well as the amount of resources 
may help to both improve overall communications system 
performance as well as reduce costs by reducing resources 
needed at communications devices operating in the commu 
nications system. 
The foregoing has outlined rather broadly the features and 

technical advantages of the present invention in order that the 
detailed description of the embodiments that follow may be 
better understood. Additional features and advantages of the 
embodiments will be described hereinafter which form the 
subject of the claims of the invention. It should be appreciated 
by those skilled in the art that the conception and specific 
embodiments disclosed may be readily utilized as a basis for 
modifying or designing other structures or processes for car 
rying out the same purposes of the present invention. It should 
also be realized by those skilled in the art that such equivalent 
constructions do not depart from the spirit and scope of the 
invention as set forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the embodiments, 
and the advantages thereof, reference is now made to the 
following descriptions taken in conjunction with the accom 
panying drawings, in which: 

FIG. 1 is a diagram of a portion of a communications 
system; 
FIG.2a is a diagram of a BS: 
FIG.2b is a diagram of a MS; 
FIGS. 3a through 3d are diagrams of models of channel 

information feedback with and without codebook quantiza 
tion; 

FIG. 4a is a flow diagram of MS operations for feeding 
back channel information to a BS: 

FIG. 4b is a flow diagram of BS operations for transmitting 
to a MS; 

FIG. 5a is a flow diagram of MS operations for feeding 
back partial channel information to a BS: 

FIG. 5b is a flow diagram of a first BS operation for trans 
mitting to a MS based on received partial channel informa 
tion; 
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4 
FIG. 5c is a flow diagram of a second BS operation for 

transmitting to a MS based on received partial channel infor 
mation; 

FIG. 6a is a flow diagram of MS operations in feeding back 
long term channel information to a BS; 

FIG. 6b is a flow diagram of MS operations in receiving a 
transmission from a BS: 

FIG. 6c is a flow diagram of BS operations in adapting a 
codebook using long term channel information received from 
a MS; 

FIG. 6d is a flow diagram of BS operations in transmitting 
information to a MS; 

FIG. 7a is a flow diagram of MS operations in receiving a 
transmission from a BS: 

FIG.7b is a flow diagram of BS operations in transmitting 
information to a MS; 

FIGS. 8a and 8b are plots of signal to noise ratios versus 
throughput for several different SU-MIMO communications 
system configurations; 

FIG. 8c is a plot of signal to noise ratio versus throughput 
for several different MU-MIMO communications system 
configurations; 

FIG. 8d is a plot of signal to noise ratio versus throughput 
for several different SU-MIMO communications system con 
figurations using different codebooks; 

FIG. 9a is a diagram of a wireless communications system 
utilizing dual codebooks to improve communications perfor 
mance; and 

FIG.9b is a wireless communications system utilizing dual 
codebooks and channel transformation to improve commu 
nications performance. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

The making and using of the embodiments are discussed in 
detail below. It should be appreciated, however, that the 
present invention provides many applicable inventive con 
cepts that can be embodied in a wide variety of specific 
contexts. The specific embodiments discussed are merely 
illustrative of specific ways to make and use the invention, 
and do not limit the scope of the invention. 
The embodiments will be described in a specific context, 

namely a Third Generation Partnership Project (3GPP) Long 
Term Evolution (LTE) compliant wireless communications 
system. The invention may also be applied, however, to other 
wireless communications systems, such as those compliant to 
technical standards such as, LTE-Advanced (LTE-A), 
WiMAX, and so forth, that make use offeedback information 
to improve communications system performance. The 
embodiments may be applied to both single user multiple 
input, multiple output (SU-MIMO) and multiuser multiple 
input, multiple output (MU-MIMO) communications sys 
temS. 

FIG. 1 illustrates a portion of a communications system 
100. Communications system 100 includes a base station 
(BS) 105 and a mobile station (MS) 110. BS 105 communi 
cates with MS 110 over channel 115, and MS 110 feeds back 
information, including channel information, to BS 105 over 
feedback channel 116. Channel 115 may include a downlink 
(DL) channel (from BS 105 to MS 110) and an uplink (UL) 
channel (from MS 110 to BS 105), while feedback channel 
116 may be used exclusively for MS 110 to transmit infor 
mation back to BS 105. 
BS 105 includes a processor 120, a transmitter 125 with at 

least one transmitantenna 126, and a receiver 130 with at least 
one receive antenna 131. Similarly, MS 110 includes a pro 
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cessor 140, a receiver 145 with at least one receive antenna 
146, and a transmitter 150 with at least one transmit antenna 
151. 

Receiver 145 of MS 110 receives transmissions made by 
transmitter 125 of BS 105 and from the received transmis 
sions, processor 140 may compute channel information, Such 
as channel mean, channel correlation matrix, and so forth. 
The channel information (in full or partial form) may be 
transmitted back to BS 105, where it is received by receiver 
130 and provided to processor 120 that makes use of the 
channel information to design future transmissions. 

The channel information fedback to BS 105 by MS 110 
may be in the form of time domain channel information or 
frequency domain channel information or a combination 
thereof. Time domain channel information may be in the form 
of short term channel information or long term channel infor 
mation, while frequency domain channel information may be 
in the form of Subband channel information or wideband 
channel information. In general, long term channel informa 
tion and/or wideband channel information may be collec 
tively referred to as channel statistics. Short term channel 
information may include channel mean, and so on. 

Examples of long term channel information include long 
term channel statistics, a function of the long term channel 
statistics, a time domain channel correlation matrix, eigen 
vectors of the time domain channel correlation matrix, eigen 
values of the time domain channel correlation matrix, angle 
of arrival and/or angle of departure of the channel, and so 
forth. Examples of wideband channel information include 
wideband channel characteristics, a function of the wideband 
channel statistics, a wideband channel correlation matrix, 
eigenvectors of the wideband channel correlation matrix, 
eigenvalues of the wideband channel correlation matrix, 
angle of arrival and/orangle of departure of the channel, and 
SO. O. 

The discussion provided below focuses mainly on time 
domain channel information, i.e., short term channel infor 
mation and/or long term channel information. However, the 
embodiments presented herein may be operable with either 
time domain channel information or frequency domain chan 
nel information. Therefore, the discussion of time domain 
channel information should not be construed as being limit 
ing to either the scope or the spirit of the embodiments. 

Short term channel information may be useful in designing 
transmissions at BS 105 due to rapidly changing channel 
conditions due to factors such as rapid mobility, channel 
fading, and so forth. Long term channel information may also 
be useful in designing transmissions, but may be more useful 
in adapting codebooks, transforming channels, and so on. 
Although both are useful on their own for designing trans 
missions, adapting codebooks, transforming channels, and so 
forth, it may be possible to combine short term channel infor 
mation and long term channel information at different pro 
portions/frequencies to further enhance communications sys 
tem performance. For example, since long term channel 
information may remain Substantially constant over short 
periods of time, long term channel information may not need 
to be fedback to BS 105 at a high frequency. However, long 
term channel information may provide a more accurate pic 
ture of actual channel behavior over time and may be more 
useful in adapting and transforming the transmission design 
since they tend to be immune to transient changes in the 
channel. 

FIG.2a illustrates a BS 201. Data 200, in the form of bits, 
symbols, or packets for example, destined for a plurality of 
MSs being served are sent to a scheduler 204, which decides 
which MSs will be transmitted to in a given time/frequency 
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6 
opportunity. For example, with MU-MIMO, scheduler 204 
may select L out of KMSS for transmission at a given time, 
where K and L are integer values and L is less than or equal to 
K. The selection of the LMSs may be based on factors such 
as maximizing throughput, service history, MS priority, infor 
mation priority, and so forth. While for SU-MIMO, scheduler 
204 may select single MSS for transmission at a given time. 

Data for MSs are processed by modulation and coding 
block 210 to convert to transmitted symbols and add redun 
dancy for the purpose of assisting with error correction or 
error detection. The modulation and coding scheme is chosen 
based in part on information about the channel quality infor 
mation feedback 215. 
The output of modulation and coding block 210 is passed to 

a transmit beam forming block 220, which maps the modu 
lated and coded stream for each MS onto a beam forming 
vector. The beam formed outputs are coupled to antennas 216 
through RF circuitry. The transmit beam forming vectors may 
be determined by transmit beam forming block 220, which 
may determine the transmit beam forming vectors based on 
channel quality information feedback 215 as well as informa 
tion from scheduler 204, which may include information 
regarding the MSS selected for transmission, and so on. 

Feedback decode/channel information reconstruct unit 
202 decodes feedback information from channel quality 
information feedback 215. Decoding feedback information 
may involve the use of a codebook 205 if channel quality 
information feedback 215 was quantized using a codebook by 
a MS. Codebook 205 may be a baseline codebook as specified 
by a technical standard, provided by an operator of a commu 
nications system that includes BS 201, or so forth. Alterna 
tively, codebook 205 may be an adapted codebook that is 
originally a baseline codebook that has been adapted using 
long term channel information (in full or partial form) or a 
function of long term channel information provided by the 
MS. Adaptation of codebook 205 may be performed by code 
book adjust unit 206. Codebook adjust unit 206 may adapt 
codebook 205 using feedback information provided in chan 
nel quality information feedback 215. Codebook 205 may be 
implemented as a memory capable of storing a number of 
different codebooks, such as different baseline codebooks for 
different channel models, different codebooks for different 
MSs, different adapted codebooks for different MSs, and so 
forth. 

In addition to including a baseline codebook and an 
adapted codebook, codebook 205 may also include additional 
codebooks that may be used to quantize channel information. 
For example, codebook 205 may include a codebook used to 
quantize channel statistics (either time domain channel sta 
tistics and/or frequency domain channel statistics), a trans 
formed channel estimate, wherein a channel estimate is trans 
formed based on a Subspace of the channel. Such as a long 
term channel eigenspace, a wideband channel eigenspace, 
and so forth. 

Additionally, channel quality information feedback 215 
may be encoded to protect from transmission errors. If so 
protected, feedback decode/channel information reconstruct 
unit 202 may remove the encoding used to protect channel 
quality information feedback 215 to produce feedback infor 
mation. 

Output of feedback decode/channel information recon 
struct unit 202 (e.g., channel state information, channel sta 
tistics, channel correlation matrices, and so forth) may be 
provided to channel estimate transform unit 230. Channel 
estimate transform unit 230 may be used to transform an 
estimate of the channel to comply with a transformed channel 
model used at the MS. For example, channel estimate trans 
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form unit 230 may transform the channel estimate into a 
Subspace of the channel, e.g., a long term channel eigenspace 
or a wideband channel eigenspace, representation of the 
channel estimate. Additional details on the transformed chan 
nel model are provided below. Channel quality information 
feedback 215 may also be provided to scheduler 204, which 
may use the information in its scheduling of MSs. 

Scheduler 204 may use any of the known scheduling dis 
ciplines in the literature including round robin, maximum 
Sum rate, proportional fair, minimum remaining processing 
time, or maximum weighted Sum rate; generally scheduling 
decisions are based on channel quality information feedback 
215 received from the plurality of MSs. Scheduler 204 may 
decide to send information to a single MS via transmit beam 
forming (SU-MIMO) or may decide to serve multiple MSs 
simultaneously through MU-MIMO communications. 

Modulation and coding block 210 may perform any num 
ber of coding and modulation techniques including quadra 
ture amplitude modulation, phase shift keying, frequency 
shift keying, differential phase modulation, convolutional 
coding, turbo coding, bit interleaved convolutional coding, 
low density parity check coding, fountain coding, or block 
coding. The choice of modulation and coding rate in a pre 
ferred embodiment may be made based on channel quality 
information feedback 215 in a preferred embodiment and 
may be determined jointly in scheduler 204. 

While not explicitly illustrated, it is obvious to those of 
ordinary skill in the art that OFDM modulation can be used. 
Further, any number of multiple access techniques could be 
used including orthogonal frequency division multiple 
access, code division multiple access, frequency division 
multiple access, or time division multiple access. The mul 
tiple access technique may be combined with the modulation 
and coding block 210 or the transmit beam forming block 220 
among others. 

Channel quality information feedback 215 may, for pur 
poses of illustration, be in the form of quantized channel 
measurements, modulation, coding, and/or spatial formatting 
decisions, received signal strength, and signal-to-interfer 
ence-plus-noise measurements. A processor 235 may be used 
to execute applications for BS 201, and may be used to control 
the operation of units such as codebook adjust unit 206, 
channel estimate transform unit 230, modulation and coding 
block 210, scheduler 204, and so forth. 

FIG.2b illustrates MS 203. MS 203 may have one or more 
receive antennas 251, connecting through RF circuitry to a 
receiver signal processing block 250. Some of the key com 
ponents of receiver signal processing block 250 include chan 
nel estimation block 255, eigen decomposition block 260, 
and a mobility estimate block 265. 

Channel estimation block 255 may employ any number of 
algorithms known in the art including least squares, maxi 
mum likelihood, maximum a postiori, Bayes estimator, adap 
tive estimator, a blind estimator, or so forth, to estimate a 
channel between MS 203 and its serving BS. Some algo 
rithms exploit known information inserted into the transmit 
signal in the form of training signals, training pilots, while 
others use structure in the transmitted signal Such as cyclos 
tationarity to estimate coefficients of the channel between the 
BS and the MS. 

Eigen decomposition block 260 may be used to compute 
eigen components of a channel correlation matrix of a chan 
nel between MS 203 and its serving B.S. According to an 
embodiment, eigen decomposition block 260 may make use 
of eigen decomposition to compute the eigen components 
from the channel correlation matrix provided by channel 
estimation block 255, which may then be fedback to the BS 
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8 
serving MS 203. According to an embodiment, a subset of the 
total number of eigenvalues are fedback to the BS. For 
example, if the channel correlation matrix decomposes into 
four eigen components, then two largest eigen components 
may be fedback. It may be also possible to further reduce the 
amount of information fedback to the BS by quantizing the 
eigenvalues using quantization block 275 using codebook 
280. Codebook 280 may be a baseline codebook as specified 
by a technical standard, provided by an operator of a commu 
nications system that includes MS 203, or so forth. Alterna 
tively, codebook 280 may be an adapted codebook that is 
originally a baseline codebook that has been adapted using 
long term channel information (in full or partial form) or a 
function of long term channel information measured by MS 
203. Adaptation of codebook 280 may be performed by code 
book adjust unit 282. Codebook adjust unit 282 may adapt 
codebook 280 using channel information, Such as long term 
channel information measured by MS 203. Codebook 280 
may be implemented as a memory capable of storing a num 
ber of different codebooks, such as different baseline code 
books for different channel models, different adapted code 
books adapted from different baseline codebooks, and so 
forth. 
A channel estimate transform block 270 may be used to 

transform a model of the channel between the BS and MS 
203. For example, channel estimate transform unit 230 may 
transform the channel estimate into a Subspace of the channel, 
e.g., a long term channel eigenspace or a wideband channel 
eigenspace, representation of the channel estimate. The trans 
formation of the model of the channel between the BS and MS 
203 may allow for a reduction in the amount of channel 
feedback information by feeding back a different form of 
channel feedback information that may be amenable to quan 
tization using codebooks as well as reduced dimensionality, 
which leads to reduced codebook size, thereby increasing 
codebook resolution while maintaining constant codebook 
size or reducing codebook size while maintaining codebook 
resolution. Transforming the model of the channel with quan 
tization may be shown to be equivalent to codebook quanti 
zation of an untransformed model of the channel. A detailed 
discussion of the transformation of the model of the channel 
is provided below. 
As discussed above, channel state information produced 

from information provided by channel estimation block 255 
may be quantized using a quantization block 275. Quantiza 
tion block 275 quantizes the channel state information using 
codebook 280. An index from codebook 280 may be output 
from quantization block 275. An estimate of the amount of 
channel variation, produced by mobility estimate block 265, 
may be used to improve the quantization algorithm by initial 
izing the algorithm from a previous quantization level or 
adjusting the amount of localization. 

Feedback block 285 generates a new feedback message by 
combining the codebook indices output from quantization 
block 275. Generate channel quality information block 290 
generates a special feedback control message employing the 
outputs of feedback block 285 to produce channel quality 
information feedback 215. Generate channel quality informa 
tion block 290 may also apply an error correcting code to 
protect information in the feedback message from errors. 

FIG.3a illustrates a first model 300 of codebook quantiza 
tion of channel information feedback, wherein a baseline 
codebook is used for quantization. First model 300 includes a 
channel to be quantized H 305 and a baseline codebook 
W. 306. A quantizer 310 may have a transfer function 
expressible as 

IPR2023-01273 Page 15



US 8,649,456 B2 

arg max wipaseline Hw. 

An output of quantizer 310 may be an index to codeword w, 
in baseline codebook W. 306 that satisfies the transfer 
function of quantizer 310 and may be fedback to a transmitter, 
Such as BS 201. 

FIG. 3b illustrates a second model 325 of codebook quan 
tization of channel information feedback, wherein an adap 
tive codebook is used for quantization. Second model 325 
also includes a channel to be quantized H330. But rather than 
a baseline codebook, second model 325 includes an adaptive 
codebook dow, 331. Adaptive codebook dW. 
331 may be based on a baseline codebook W., for 
example, adaptive codebook dW 331 may be a result 
of a multiplication of a baseline codebook We with a 
function of a channel correlation matrix (or some other long 
term channel information) db. A quantizer 335 may have a 
transfer function expressible as 

arg max ipaseline 

An output of quantizer 335 may be an index to codeword w, 
in a baseline codebook W, that satisfies the transfer 
function of quantizer 335 and may be fedback to a transmitter, 
Such as BS 201. 
At the transmitter, in order to reconstruct the channel esti 

mate of the channel to be quantized H 330, the transmitter 
may need an index to the baseline codebookW and the 
long term channel information, Such as the channel correla 
tion matrix, channel statistics, or so forth, dd, used to adapt the 
baseline codebook W. Therefore, a receiver, Such as 
MS 203, should provide, as feedback information, the index 
to the baseline codebookW and the long term channel 
information, such as the channel correlation matrix, channel 
statistics, or so forth, dd, to the transmitter. The receiver may 
utilize codebook quantization to reduce feedback information 
overhead. If codebook quantization is used, then it may be 
necessary to use multiple codebooks, one for the index and 
one for the longterm channel information. Furthermore, if the 
long term channel information is in the form of a channel 
correlation matrix, then the receiver may further reduce feed 
back information overhead by feeding back a reduced rank 
representation of the channel correlation matrix. 

Adaptive codebook dW 331 and channel to be 
quantized H330 match in terms of having the same first and 
second order moments. Adaptive codebook d W331 is 
commonly referred to as being a matching codebook. 

FIG. 3c illustrates a third model 350 of codebook quanti 
zation of channel information feedback, wherein a baseline 
codebook is used for quantization after a channel transforma 
tion has been applied. Second model 325 may be equivalently 
expressed as third model 350 and includes a transformed 
channel to be quantized HV 355 that may be a transformed 
version of channel to be quantized H 330 and a matching 
codebook to HV 356, where V may be an eigenvector matrix 
based on the channel correlation matrix R. A quantizer 360 
may attempt to quantize the transformed channel HV (e.g., 
transformed channel to be quantized HV 355) in its long term 
channel eigenspace rather than quantizing the channel H 
(e.g., channel to be quantized H330) directly. An output of 
quantizer 360 may be an index to a codeword in matching 
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10 
codebook to HV 356 that satisfies the transfer function of 
quantizer 360 and may be fedback to a transmitter, such as BS 
201. 
At the transmitter, in order to reconstruct the channel esti 

mate of the channel to be quantized H 330, the transmitter 
may need an index to the matching codebook to HV and V, the 
eigenvector matrix based on the channel correlation matrix R. 
Therefore, a receiver, such as MS 203, should provide, as 
feedback information, the index to the matching codebook to 
HV and V, to the transmitter. The receiver may utilize code 
book quantization to reduce feedback information overhead. 
If codebook quantization is used, then it may be necessary to 
use multiple codebooks, one for the index and one for V. 

FIG. 3d illustrates a fourth model 375 of channel informa 
tion feedback, wherein a channel transformation has been 
applied. Fourth model 375 may feedback full or partial infor 
mation of a transformed channel HV 380 without codebook 
quantization of the information. Techniques such as partial 
information feedback may help to reduce feedback overhead. 

FIG. 4a illustrates a flow diagram of MS operations 400 for 
feeding back channel information to a BS. MS operations 400 
may be indicative of operations occurring in a MS. Such as 
MS203, as the MS feeds back channel information, both long 
term channel information and short term channel informa 
tion, to a BS, such as BS 201. MS operations 400 may occur 
while the MS is in a normal operating mode and is commu 
nicating with the BS. 

According to an embodiment, since short term channel 
information may be more transient than long term channel 
information, the MS may feedback short term channel infor 
mation at a higher frequency than it feeds back long term 
channel information. For example, the MS may feedback 
short term channel information every few ms, the MS may 
feedback long term channel information every tens or hun 
dreds of ms. 

According to an alternative embodiment, the MS may not 
automatically feedback long term channel information. 
Rather, the MS may feedback long term channel information 
in response to an instruction issued by its serving BS. The BS 
may issue the instruction based on its own timing or due to an 
occurrence of an event, such as an error rate exceeding a 
threshold, a failure to meet a specified quality of service 
requirement, an addition or deletion of other MSs, or so on. In 
addition, the MS may also feedback short term channel infor 
mation in response to receiving an instruction from the BS. 
MS operations 400 may begin with the MS receiving a pilot 

(or a pilot signal) transmitted by the BS (block 405). A pilot 
may be a special signal transmitted by BSs to help MSs served 
by the BSS to acquire system information, measure channels, 
and so forth. According to an embodiment, rather than trans 
mitting a pilot, the BS may transmit a reference signal. 
According to another embodiment, the BS may not transmit 
either a pilot or a reference signal. Instead, the MSs served by 
the BS may need to search for transmissions made by the BS. 
The MS may measure a channel between the BS and itself 

using the pilot or the reference signal and then using the 
channel measurement generate an estimate of the channel 
(block 407). If the BS transmits neither the pilot nor the 
reference signal, the MS may be able to measure the channel 
by measuring transmissions made by the BS over a window of 
time. 
The MS may perform a check to determine if it is time to 

feedback long term channel information to the BS (block 
409). As discussed previously, the MS may feedback long 
term channel information at a lower frequency than a fre 
quency that it feeds back short term channel information. 
Alternatively, the MS may feedback long term channel infor 
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mation in response to receiving an instruction from the BS. If 
it is not time to feedback long term channel information, the 
MS may optionally update its long term channel information 
using the estimate of the channel (block 411). The MS may 
then feedback short term channel information by quantizing 
the estimate of the channel (block 413) and feeding back an 
index corresponding to the quantized estimate of the channel 
to the BS (block 415). 

If it is time to feedback long term channel information, the 
MS may compute the long term channel information to feed 
back (block 417). For example, if the long term channel 
information is a channel correlation matrix, the MS may 
either feedback the channel correlation matrix in its entirety 
or a part of the channel correlation matrix. For example, if the 
MS feeds back a part of the channel correlation matrix, the 
processing that the MS may need to perform may include 
eigenvalue decomposition and eigenvalue selection. The MS 
may the feedback the long term channel information (block 
419). 
The MS may then receive a transmission from the BS, 

wherein the transmission was beam formed using channel 
information fedback by the MS (block 421) and MS opera 
tions 400 may then terminate. 

FIG. 4b illustrates a flow diagram of BS operations 450 for 
transmitting to a MS. BS operations 450 may be indicative of 
operations occurring in a BS, such as BS 201, as the BS 
receives feedback channel information from a MS, such as 
MS 203, that it uses to transmit information to the MS. BS 
operations 450 may occur while the BS is in a normal oper 
ating mode and is serving the MS. 
As discussed previously, the MS may feedback short term 

channel information with higher frequency than it does feed 
ing back long term channel information. According to an 
embodiment, the BS may be able to specify the frequencies 
for both the long term channel information and the short term 
channel information. According to an alternative embodi 
ment, the BS may be able to initiate the MS into feeding back 
channel information (either long term or short term channel 
information) by sending an instruction to the MS. 
BS operations 450 may begin with the BS receiving chan 

nel information fedback by the MS (block 455). The BS may 
reconstruct the channel information (block 457). For 
example, the channel information may be encoded to protect 
from transmission errors. The BS may decode the feedback 
channel information to reconstruct the channel information. 
Additionally, if the channel information is in the form of an 
index to a codebook, the BS may reference the codebook to 
reconstruct the channel information. Furthermore, the chan 
nel information may be an index to a matching codebook for 
a transformed channel estimate, the BS may use information 
from the matching codebook corresponding to the index and 
perform an inverse transformation to reconstruct the channel 
information. 
The BS may perform a check to determine if the feedback 

channel information is long term channel information (block 
459). As an example, long term channel information may be 
denoted by a flag set to a specific value in the feedback 
channel information. If the feedback channel information is 
long term channel information (block 459), then the BS may 
process the feedback channel information (e.g., long term 
channel information) (block 461). For example, the BS may 
use the long term channel information to adapt a baseline 
codebook that it will use to unduantize short term channel 
information. Furthermore, the BS may use the long term 
channel information to update an inverse transformation that 
it may use to reconstruct channel information quantized 
based on a transformed channel estimate. 
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12 
The BS may use the feedback channel information (either 

long term channel information or short term channel infor 
mation) to adjust transmitter parameters (block 463). For 
example, the BS may use the feedback channel information to 
compute a precoder for use in transmissions to the MS. The 
BS may use the adjusted transmitter to transmit to the MS 
(block 465) and BS operations 450 may then terminate. 

According to an alternative embodiment, if the feedback 
channel information is long term channel information, the BS 
may elect to not use the feedback channel information to 
adjust transmitter parameters or transmit to the MS. Instead 
the BS may decide to wait for feedback channel information 
that is short term channel information. 

FIG.5a illustrates a flow diagram of MS operations 500 for 
feeding back partial channel information to a BS. MS opera 
tions 500 may be descriptive of operations occurring in a MS 
when the MS is computing feedback information (in the form 
of a channel correlation matrix (a form of long term channel 
information)) and then feeding the channel correlation matrix 
back to a base station (BS). MS operations 500 may execute 
periodically or continuously. Alternatively, MS operations 
500 may execute upon occurrence of an event, such as when 
the MS receives a message requesting that it provide feedback 
information, or when a measured value exceeds a threshold. 
For example, a measured error metric, such as bit-error rate, 
frame-error rate, packet-error rate, or so forth, exceeds a 
specified threshold. 
MS operations 500 may begin with the MS measuring a 

pilot(s) transmitted by the BS over a channel between the BS 
and the MS (block 505). Pilot(s) may be known sequences 
transmitted by the BS at known frequencies and times for use 
by receivers, such as the BS, to measure channel information. 
Alternatively, if the BS does not transmit pilots, the MS may 
measure transmissions made by the BS over time to measure 
channel information. From the measurement of the pilot(s), 
the MS may estimate a channel correlation matrix R (block 
510). Estimation of the channel correlation matrix R from the 
pilot(s) is well known by those of ordinary skill in the art of 
the embodiments and will not be discussed herein. 
Once the MS estimates the channel correlation matrix R, 

the MS may perform eigen decomposition of the channel 
correlation matrix R (block 515). Since the channel correla 
tion matrix R is a Hermitian matrix, eigen decomposition may 
be defined as: 

where S. S. . . . , s are non-negative real-valued eigenvalues 
in decreasing order, and u, u, . . . , u, are corresponding 
eigenvectors. {s, u, is often referred to as the i-th eigenmode 
of the channel correlation matrix R. Optimal transmitter (e.g., 
the BS) performance may rely on the eigenmodes of the 
channel correlation matrix R. Therefore, the eigenmodes {s. 
u, matter more to the transmitter than the channel correlation 
matrix R. Therefore, the eigenmodes may be fedback to the 
BS rather than the channel correlation matrix R. 

Additionally, the eigenvector u is more important than the 
eigenvector ux, since S >sy. In many instances, it may be 
possible to approximate the channel correlation matrix R by a 
partial Sum of its leading eigenmodes to reduce the feedback 
overhead without having to significantly sacrifice the accu 
racy of the feedback information. For example, it may be 
possible to use: 

R-S 1414'+S-424' in place of RS 1414'1+S2424'+ . . . 
SwliviiN. 

In other words, only the two leading eigenmodes are fedback 
to the BS instead of all Nt eigenmodes. 
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The actual number of eigenmodes that are fedback to the 
BS may be dependent on factors such as the operating envi 
ronment of the wireless communications system, the signal 
ing, encoding, and so forth, used in the wireless communica 
tions system, and so on. One possible technique may be to 
feedback all eigenmodes larger than a threshold (either an 
absolute threshold or a relative threshold). In general, the 
reduction in the feedback overhead may be on the order of 
1-K/Nt, where K is the number of eigenmodes fedback and 
Nt is the number of eigenmodes. 
The MS may construct a reduced rank representation of the 

channel correlation matrix R by using only the first Keigen 
modes of the eigen decomposition of the channel correlation 
matrix R (block.520). The MS may then feedback the reduced 
rank representation of the channel correlation matrix to the 
BS (block 525). The MS may also feedback a representation 
of the channel (block 527). For example, the MS may feed 
back the channel estimate or a quantized version of the chan 
nel estimate. The MS may then receive a transmission from 
the MS, wherein the transmission may be beam formed based 
on feedback information provided by the MS (block 530). MS 
operation 500 may then terminate. 

FIG. 5b illustrates a flow diagram of a first BS operation 
550 for transmitting to a MS based on received partial channel 
information. BS operation 550 may be descriptive of opera 
tions occurring in a BS when the BS receives feedback infor 
mation from a MS. BS operation 550 may execute periodi 
cally or whenever the BS receives feedback information from 
the MS. 
BS operation 550 may begin when the BS receives a 

reduced rank representation of a channel correlation matrix R 
(block 555). The reduced rank representation of the channel 
correlation matrix R may be in the form of Keigenmodes 
from the BS. As discussed previously, the Keigenmodes may 
be a partial sum approximation of an eigen decomposition of 
the channel correlation matrix R (computed by the MS based 
on measurements of pilot(s) transmitted by the BS, for 
example). The BS may make use of the reduced rank repre 
sentation of the channel correlation matrix R in its transmit 
ter's parameters, such as transmit precoding vector, matrices, 
and so on (block 560). The BS may then transmit to the MS 
using the adjusted transmitter (block 565) and BS operation 
550 may then terminate. 

FIG.5c illustrates a flow diagram of a second BS operation 
575 for transmitting to a MS based on received partial channel 
information. BS operation 575 may be descriptive of opera 
tions occurring in a BS when the BS receives feedback infor 
mation from a MS. BS operation 575 may execute periodi 
cally or whenever the BS receives feedback information from 
the MS. 
BS operation 575 may begin when the BS receives a 

reduced rank representation of a channel correlation matrix R 
(block 580). The reduced rank representation of the channel 
correlation matrix R may be in the form of Keigenmodes 
from the BS. As discussed previously, the Keigenmodes may 
be a partial sum approximation of an eigen decomposition of 
the channel correlation matrix R (computed by the MS based 
on measurements of pilot(s) transmitted by the BS, for 
example). From the reduced rank representation of the chan 
nel correlation matrix R, the BS may be able to regenerate an 
approximation of the channel correlation matrix R (block 
582). The BS may make use of the approximation of the 
channel correlation matrix R in its transmitter's parameters, 
Such as transmit precoding vector, matrices, and so on (block 
584). The BS may then transmit to the MS using the adjusted 
transmitter (block 586) and BS operation 575 may then ter 
minate. 
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FIG. 6a illustrates a flow diagram of MS operations 600 in 

feeding back long term channel information to a BS. MS 
operations 600 may be indicative of operations occurring in a 
MS, such as MS 203, as the MS provides channel informa 
tion, e.g., long term channel information, to a BS. Such as BS 
201, serving the MS. MS operations 600 may occur while the 
MS is in a normal operating mode and while the BS continues 
to serve the MS. 
MS operations 600 may begin with the MS receiving a pilot 

transmitted by the BS (block 605). The pilot may be a signal 
transmitted by the BS that may be used to assist the MS to join 
a communications network containing the BS, measure chan 
nels, and so forth. Using the pilot, the MS may measure a 
channel between itself and the BS and from the measurement 
of the channel, the MS may determine an estimate of the 
channel (block 607). According to an embodiment, instead of 
the pilot, the MS may use a reference signal transmitted by the 
BS or other transmissions made by the BS to measure and 
determine an estimate of the channel. 
From the estimate of the channel, the MS may be able to 

generate or update long term channel information for the 
channel. For example, the MS may maintain a channel cor 
relation matrix R for the channel and the MS may update the 
channel correlation matrix R with the estimate of the channel. 
Using the channel correlation matrix R, the MS may compute 
a function of the channel correlation matrix R (block 609). As 
an example, the MS may compute a square root of the channel 
correlation matrix R, expressible as VR. Although the discus 
sion focuses on the square root of the channel correlation 
matrix R, other functions may be used, such as VR, instead of 
VR, where R is a reduced rank of the channel correlation 
matrix R using k leading eigenmodes. 
The function of the channel correlation matrix R may be 

used to adapt a baseline codebook to produce an adapted 
codebook (block 611). As an example, the MS may adapt the 
baseline codebook as follows: 

d: W a normalize(VR baseline), 
where function normalize() normalizes each column to be of 
norm 1, and W is the baseline codebook. The MS may 
provide as feedback channel information the long term chan 
nel information, such as, long term channel statistics, the 
channel correlation matrix R, a function of the channel cor 
relation matrix R, a reduced rank representation of the chan 
nel correlation matrix R, or a function of the reduced rank 
representation of the channel correlation matrix R (block 
613). Codebook quantization may be used to reduce feedback 
information overhead. MS operations 600 may then termi 
nate. 

FIG. 6b illustrates a flow diagram of MS operations 625 in 
receiving a transmission from a BS. MS operations 625 may 
be indicative of operations occurring in a MS, such as MS 
203, as the MS receives a transmission from a BS, such as BS 
201, serving the MS. MS operations 625 may occur while the 
MS is in a normal operating mode and while the BS continues 
to serve the MS. 
MS operations 625 may begin with the MS receiving a pilot 

transmitted by the BS (block 630). The pilot may be a signal 
transmitted by the BS that may be used to assist the MS to join 
a communications network containing the BS, measure chan 
nels, and so forth. Using the pilot, the MS may measure a 
channel between itself and the BS and from the measurement 
of the channel, the MS may determine an estimate of the 
channel (block 632). According to an embodiment, instead of 
the pilot, the MS may use a reference signal transmitted by the 
BS or other transmissions made by the BS to measure and 
determine an estimate of the channel. 
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The MS may quantize the estimate of the channel using an 
adapted codebook (block 634). As discussed previously, the 
adapted codebook may be a baseline codebook adjusted using 
a function of a channel correlation matrix R or a function of a 
reduced rank representation of the channel correlation matrix 
R. Quantization of the estimate of the channel may include 
selecting a codeword from the adapted codebook that satisfies 
the following expression 

arg max ipaseline 

where H is the estimate of the channel, d is the long term 
channel information, Such as long term channel statistics, a 
channel correlation matrix R, a reduced rank representation 
of the channel correlation matrix R, a function of either a 
channel correlation matrix R, or a reduced rank representa 
tion of the channel correlation matrix R, and w, is a codeword 
from a baseline codebook W. 
The MS may transmit as feedback channel information to 

the BS, an index to the codeword in the baseline codebook 
W that satisfies the above expression (block 636). The 
MS may then receive a transmission from the BS, wherein the 
transmission is beam formed based on the information fed 
back by the MS (block 638) and MS operations 625 may then 
terminate. 

FIG. 6c illustrates a flow diagram of BS operations 650 in 
adapting a codebook using long term channel information 
received from a MS. BS operations 650 may be indicative of 
operations occurring in a BS, such as BS 201, as the BS adapts 
a codebook using feedback channel information provided by 
a MS, such as MS 203. BS operations 650 may occur while 
the BS is in a normal operating mode and is serving the MS. 
BS operations 650 may begin with the BS receiving chan 

nel information feedback from the MS (block 655). Accord 
ing to an embodiment, the feedback channel information 
includes long term channel information, Such as long term 
channel statistics, a channel correlation matrix R, or a 
reduced rank representation of a channel correlation matrix 
R. According to another embodiment, the feedback channel 
information includes a function of either a channel correla 
tion matrix R or a reduced rank representation of a channel 
correlation matrix R. The BS may reconstruct the channel 
correlation matrix R, the function of the channel correlation 
matrix R, the reduced rank representation of a channel corre 
lation matrix R, the function of the reduced rank represen 
tation of a channel correlation matrix R, or longterm channel 
statistics using the feedback channel information (block 657). 

If the feedback channel information only included the 
channel correlation matrix R or the reduced rank representa 
tion of a channel correlation matrix R, then the BS may 
compute the function of the channel correlation matrix R or 
the function of the reduced rank representation of a channel 
correlation matrix R. (block 659). The BS may adapt the 
codebook, for example, a baseline codebookW, using 
either the function of the channel correlation matrix R or the 
function of the reduced rank representation of a channel cor 
relation matrix R to produce an adapted codebook (block 
661). The BS may save the adapted codebook (block 663) and 
BS operations 650 may then terminate. 

FIG. 6d illustrates a flow diagram of BS operations 675 in 
transmitting information to a MS. BS operations 675 may be 
indicative of operations occurring in a BS, such as BS 201, as 
the BS transmits information to a MS, such as MS 203. BS 
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operations 675 may occur while the BS is in a normal oper 
ating mode and is serving the MS. 
BS operations 675 may begin with the BS receiving feed 

back channel information from the MS (block 680). Accord 
ing to an embodiment, the feedback channel information 
includes short term channel information, such as an index to 
a codeword in a baseline codebook W, or an adapted 
codebook that satisfies 

arg max 
vie paseline 

H is the estimate of the channel, d is the long term channel 
information, such as long term channel statistics, a channel 
correlation matrix R, a reduced rank representation of the 
channel correlation matrix R, the function of either a channel 
correlation matrix R, or a reduced rank representation of the 
channel correlation matrix R, and w, is a codeword from a 
baseline codebook W. 
The BS may reconstruct the short term channel informa 

tion using the feedback channel information, i.e., the index to 
the adapted codebook (block 682) and use the short term 
channel information to adjust its transmitter's parameters 
(block 684). The BS may then use the adjusted transmitter to 
transmit information to the MS (block 686) and BS opera 
tions 675 may then terminate. 
As discussed previously, it may be shown that quantizing a 

transformed channel HV in its long term channel eigenspace 
may be equivalent to quantizing the channel H directly, with 
added advantages that may include a reduction in feedback 
channel information as well as resources, such as memory, 
processing power, and so forth, at a MS that is generating the 
feedback channel information. 

FIG. 7a illustrates a flow diagram of MS operations 700 in 
receiving a transmission from a BS. MS operations 700 may 
be indicative of operations occurring in a MS, such as MS 
203, as the MS receives a transmission from a BS, such as BS 
201. MS operations 700 may occur while the MS is in a 
normal operating mode and while the BS continues to serve 
the MS. 
MS operations 700 may begin with the MS receiving a pilot 

transmitted by the BS (block 705). Using the pilot, the MS 
may measure a channel between itself and the BS and from 
the measurement of the channel, the MS may determine an 
estimate of the channel (block 707). The MS may then trans 
form the estimate of the channel into a long term channel 
eigenspace by applying V, an eigenvector matrix based on a 
channel correlation matrix R (block 709). The MS may main 
tain the channel correlation matrix R and update it accord 
ingly based on estimates of the channel. The MS may com 
pute V as needed from the channel correlation matrix R. 
The transformed estimate of the channel may be quantized 

using a matching codebook (block 711) and an index to a 
codeword from the matching codebook as well as V may be 
transmitted to the BS as feedback channel information (block 
713). The feedback of the index and V may occurat different 
frequencies. Since V is a function of long term channel infor 
mation (a channel correlation matrix R) and may change 
relatively slowly, updates to V may be fedback to the trans 
mitter at a lower rate than the index, which provides short 
term channel information. To help reduce feedback informa 
tion overhead, V may also be quantized, wherein the quanti 
zation of V may make use of a codebook different from the 
matching codebook used to quantize the transformed esti 
mate of the channel. 
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As an example of the reduction in feedback channel infor 
mation as well as resources, consider a situation where a BS 
has four transmit antennas. With direct quantization of the 
estimate of the channel, a codebook may need to be a dimen 
sion four codebook, while with quantization of the trans 
formed estimate of the channel, the dimension of the code 
book may depend on V. So if V includes two dominant 
eigenvectors of the channel correlation matrix R, e.g., V is a 
dimension two matrix, the matching codebook is a dimension 
two codebook. The MS may receive a transmission that is 10 

18 
TABLE 1 

Codebook designs 

Codebook Adaptive Baseline codebook 

Codebook1 GLP No GLP 
Codebook 2 R-GLP-2 Yes, k = 2 in eq. (2) GLP 
Codebook3 R-GLP-8 Yes, k = 8 in eq. (2) GLP 
Codebook 4 CHT No CHT 
Codebook 5R-CHT-2 Yes, k = 2 in eq. (2) CHT 
Codebook 6 R-CHT-8 Yes, k = 8 in eq. (2) CHT 

TABLE 2 

Simulation ASSumptions 

Parameters 

Channel model 
Fading scenario 
Sample density 
UE speed of interest 
Number of antenna elements (BS, UE) 
Antenna separation (BS, UE) 
Scheduler 
Receiver algorithm 
Channel Estimation 
Channel correlation update 
Channel correlation accuracy 

beam formed based on information provided in the feedback 
channel information (block 715) and MS operations 700 may 
then terminate. 

FIG.7b illustrates a flow diagram of BS operations 750 in 
transmitting information to a MS. BS operations 750 may be 
indicative of operations occurring in a BS, such as BS 201, as 
the BS transmits information to a MS, such as MS 203. BS 
operations 750 may occur while the BS is in a normal oper 
ating mode and is serving the MS. 
BS operations 750 may begin with the BS receiving feed 

back channel information from the MS (block 755). Accord 
ing to an embodiment, the feedback channel information 
includes an index to a codeword to a matching codebook used 
to quantize a transformed estimate of a channel, wherein the 
transformation moves the estimate of the channel into its long 
term channel eigenspace. 

The BS may reconstruct the channel information using the 
feedback channel information, i.e., the index to the matching 
codebook (block 757) and use the channel information to 
adjust its transmitter's parameters (block 759). The BS may 
then use the adjusted transmitter to transmit information to 
the MS (block 761) and BS operations 750 may then termi 
nate. 

Consider an 8x2 configuration wherein each transmitter is 
equipped with 8 antennas and each receiver is equipped with 
2 receive antennas. In an initial study, a situation where one 
stream transmission per user and flat fading channels is con 
sidered. Extension to more general cases is possible. In the 
following, codebooks such that each codeword is an 8x1 
transmit beam forming vector are presented. For each 
receiver, maximal ratio combining (MRC) is performed in 
SU-MIMO. Full channel state information is assumed avail 
able at the receiver side, while quantization of the channel is 
done through an 8-antenna 4-bit codebook. Six different 
codebook designs are used as listed in Table 1. Other numeri 
cal simulation assumptions and parameters are listed in Table 
2. 
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Assumption 

Spatial Channel Model (SCM) 
Urban Macro 
15ksample second 
3 Kmth 
(8, 2) 
(0.5,0.5) and (4, 0.5) wavelength 
Greedy user selection (2 users out of 10) 
MRC for SU-MIMO and MMSE for MU-MIMO 
Ideal 
Updated once per 1000 samples 
Computed from 1000 channel samples; Ideal 

FIG. 8a illustrates a data plot of signal to noise ratio (SNR) 
versus throughput for SU-MIMO with antenna spacing of 
0.5) and 0.5 at transmitter and receiver, respectively, for 
wireless communications systems using the six different 
codebooks shown in Table 1. FIG. 8b illustrates a data plot of 
signal to noise ratio (SNR) versus throughput for SU-MIMO 
with antenna spacing of 4.0W and 0.5W at transmitter and 
receiver, respectively, for wireless communications systems 
using the six different codebooks shown in Table 1. 
As expected, the adaptive codebooks perform better than 

fixed GLP and CHT codebooks. Compared with the fixed 
CHT design, the adaptive codebook achieves about 0.8 dB 
performance gain for antenna spacing of (0.5W. 0.5W) and 1.8 
dB performance gain for antenna spacing of (4.0, 0.5W). 
Once again, for SU-MIMO, the performance improvement 
may not be large enough to justify the additional complexity 
associated with adaptive codebooks. 

For MU-MIMO, a pool often (10) users carrying greedy 
userscheduling is considered. Up to two users may be sched 
uled in a single time instance. In an initial study, a situation 
where one stream transmission per user and flat fading chan 
nels is considered. Extension to more general cases is pos 
sible. In the following, codebooks such that each codeword is 
an 8x1 transmit beam forming vector are presented. For each 
receiver, minimum mean square error (MMSE) combining is 
chosen as a default receiver model. Additional considerations 
include: full channel state information to be available at the 
receiver side, while quantization of the channel is done 
through an 8-antenna 4-bit codebook. Again, Table 1 lists the 
six different codebook designs studied and Table 2 lists 
numerical simulation assumptions and parameters. 

FIG. 8c illustrates a data plot of signal to noise ratio (SNR) 
versus throughput for MU-MIMO with antenna spacing of 
0.5) and 0.5 at transmitter and receiver, respectively, for 
wireless communications systems using the six different 
codebooks shown in Table 1. Also shown in FIG. 8c is curve 
representing an optimum codebook. FIG. 8d illustrates a data 
plot of signal to noise ratio (SNR) versus throughput for 
SU-MIMO with antenna spacing of 4.0 and 0.52 at trans 
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mitter and receiver, respectively, for wireless communica 
tions systems using the six different codebooks shown in 
Table 1. Also shown in FIG. 8d is curve representing an 
optimum codebook. 

FIG. 9a illustrates a wireless communications system 900 
utilizing dual codebooks to improve communications perfor 
mance. Wireless communications system 900 includes a 
transmitter 905 transmitting to a receiver 910 over a channel 
915. Receiver 910 provides feedback information to trans 
mitter 905 to allow transmitter 905 to improve performance. 

However, instead of using a baseline codebook that 
remains fixed, wireless communications system 900 utilizes 
an adapted codebook that may be adjusted over time to meet 
changing operating conditions. Like baseline codebooks, 
adapted codebooks are shared by both transmitter 905 and 
receiver 910 (shown as adapted short term codebook 920 for 
receiver 910 and adapted short term codebook 925 for trans 
mitter 905). 

Adjusting the adapted codebook may be performed using 
long term channel information, such as long term channel 
statistics, a channel correlation matrix R, a reduced rank 
representation of the channel correlation matrix R, a function 
of either the channel correlation matrix R, or the reduced rank 
representation of the channel correlation matrix R. As 
receiver 910 adjusts its adapted short term codebook 920 
using long term channel information, receiver 910 may either 
feedback the long term channel information or a function of 
the long term channel information back to transmitter 905 so 
that transmitter 905 may also adjust its adapted short term 
codebook 925. An example of a function of the long term 
channel information fedback to transmitter 905 may be a 
reduced rank version of the long term channel information. 
Once transmitter 905 receives the long term channel infor 
mation or the function of the long term channel information 
fedback by receiver 910, transmitter 905 may reconstruct the 
long term channel information in order to adjust its adapted 
short term codebook 925. The feedback of the long term 
channel information or the function of the long term channel 
information may occur at a different frequency (usually 
lower) than the feedback of the quantized short term channel 
information, such as measurements of channel 915. 

In order to further reduce feedback channel overhead, 
receiver 910 may also quantize the long term channel infor 
mation or the function of the long term channel information. 
The quantization of the long term channel information or the 
function of the long term channel information may be per 
formed using a long term codebook (shown as long term 
codebook 930 for receiver 910 and long term codebook 935 
for transmitter 905). The quantization of the long term chan 
nel information or the function of the long term channel 
information may occur at several levels. A first quantization 
level may be a codebook level quantization of the long term 
channel information, wherein an index may be used to repre 
senta quantized version of the long term channel information. 
With codebook level quantization, only the index needs to be 
fedback to transmitter 905. A second quantization level may 
be a scalar level quantization of the long term channel infor 
mation, wherein individual terms of the long term channel 
information may be quantized to a desired precision. With 
Scalar level quantization, a long term codebook may only 
have to store scalar values at the desired precision. For 
example, if a value of a term of the long term channel infor 
mation is actually 0.33333333, a scalar value with two deci 
mal place precision may be 0.33 may be stored in the long 
term codebook. 

Transmitter 905 may make use of a precoding matrix as 
recommended by receiver 910 in an indicator fedback by 
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receiver 910 in transmissions to receiver 910. Alternatively, 
transmitter 905 may make use of a precoding matrix as rec 
ommended by receiver 910 to determine an alternate precod 
ing matrix that it may use in transmissions to receiver 910. 
FIG.9b illustrates a wireless communications system 950 

utilizing dual codebooks and channel transformation to 
improve communications performance. Wireless communi 
cations system 950 includes a transmitter 955 transmitting to 
a receiver 960 over a channel 965. Receiver 960 provides 
feedback information to transmitter 955 to allow transmitter 
955 to improve performance. 

Wireless communications system 950 makes use of a chan 
nel transformation in addition to adapting a codebook of short 
term information to improve communications performance. 
According to an embodiment, a transformation V applied to 
channel 965 may be based on long term channel information. 
Particularly, the transformation V may be a function of a 
channel correlation matrix R for channel 965. Preferably, the 
transformation V may be the eigenvectors of the channel 
correlation matrix R. 

Additionally, instead of using a baseline codebook that 
remains fixed, wireless communications system 950 utilizes 
an adapted codebook that may be adjusted over time to meet 
changing operating conditions. Like baseline codebooks, 
adapted codebooks are shared by both transmitter 955 and 
receiver 960. Since channel 965 undergoes a transformation 
by transform V, a codebook that matches the transformed 
channel is used by both transmitter 955 and receiver 960 
(shown as matching codebook 970 for receiver 960 and 
matching codebook 975 for transmitter 955). 
As discussed previously, the matching codebooks (match 

ing codebook 970 and matching codebook 975) may be 
adapted based on long term channel information, Such as long 
term channel statistics, a channel correlation matrix R, a 
reduced rank representation of the channel correlation matrix 
R, a function of either the channel correlation matrix R, or the 
reduced rank representation of the channel correlation matrix 
R. 

Since the transform V is based on long term information, 
receiver 960 may not need to feedback information related to 
Vatas great a frequency as it feeds back short term informa 
tion, i.e., indices to matching codebook 970 used to quantized 
the transformed channel. Therefore, the feedback of the long 
term information related to the transform V may occur at a 
different frequency (usually lower) than the feedback of the 
short term information related to the quantized transformed 
channel. 

In order to further reduce feedback channel overhead, 
receiver 960 may also quantize the long term information 
related to the transform V by using a V codebook (shown as V 
codebook 980 for receiver 960 and V codebook 985 for trans 
mitter 955). The quantization of the long term channel infor 
mation related to the transform V may occurat several levels, 
for example, at a codebook level or at a scalar level. 

Transmitter 955 may make use of a precoding matrix con 
structed based on the transformed channel information pro 
vided by receiver 960 in transmissions to receiver 960. 

Advantageous features of embodiments of the invention 
may include: a method for a communications device opera 
tion, the method comprising: receiving a pilot transmitted by 
a controller, computing a channel estimate for a channel 
between the controller and a communications device, the 
computing being based on the pilot; computing a channel 
correlation matrix for the channel based on the channel esti 
mate; transmitting a reduced rank representation of the chan 
nel correlation matrix to the controller as a first feedback 
information; adapting a first codebook based on the reduced 

IPR2023-01273 Page 21



US 8,649,456 B2 
21 

rank representation of the channel correlation matrix; com 
puting a representation of the channel using the adapted first 
codebook; transmitting the representation of the channel as a 
second feedback information; and receiving a transmission 
beam formed based on the first feedback information and the 
second feedback information. The method could further 
include, wherein the channel correlation matrix comprises a 
time domain channel correlation matrix or a frequency 
domain channel correlation matrix. The method could further 
include, wherein adapting a first codebook comprises multi 
plying a first codebook matrix with the channel correlation 
matrix or multiplying the first codebook matrix with a power 
of the channel correlation matrix. The method could further 
include, wherein computing a channel correlation matrix fur 
ther comprises computing a reduced rank representation of 
the channel correlation matrix. The method could further 
include, wherein computing a reduced rank representation 
comprises: performing eigen decomposition on the channel 
correlation matrix; and selecting n dominant eigencompo 
nents from results of the eigen decomposition of the channel 
correlation matrix as the reduced rank representation of the 
channel correlation matrix, where n is an integer number, 
wherein n is Smaller than a total number of eigencomponents 
in the results. The method could further include, wherein n is 
equal to two. The method could further include, wherein 
computing a reduced rank representation further comprises 
quantizing the n dominant eigencomponents. The method 
could further include, wherein computing a reduced rank 
representation of the channel correlation matrix further com 
prises computing a function of the reduced rank representa 
tion of the channel correlation matrix. The method could 
further include, wherein the function comprises a square root 
of the reduced rank representation of the channel correlation 
matrix. The method could further include, further comprising 
quantizing the representation of the channel correlation 
matrix. The method could further include, further comprising 
quantizing the reduced rank representation of the channel 
correlation matrix with a second codebook. The method 
could further include, wherein the first feedback information 
occurs at a first frequency in a time domain or a frequency 
domain and the second feedback information occurs at a 
second frequency in the time domain or the frequency 
domain, and wherein the first frequency is different from the 
second frequency. 

Advantageous features of another embodiment could 
include: a method for communications node operations, the 
method comprising: estimating a communications channel 
between a communications node and a controller serving the 
communications node: quantizing the estimated communica 
tions channel based on an adapted codebook by selecting a 
codeword from the adapted codebook that maximizes a first 
selection criterion; transmitting an index to the selected code 
word to the controller; estimating channel statistics for the 
communications channel; adjusting the adapted codebook 
based on the channel statistics; quantizing the channel statis 
tics based on a channel statistics codebook by selecting a 
channel statistics codeword from the channel statistics code 
book that maximizes a second selection criterion; transmit 
ting a channel statistics index to the channel statistics code 
book to the controller; and receiving a transmission from the 
controller, wherein the transmission is precoded based on the 
index and the channel statistics index. The method could 
further include, receiving a pilot transmitted by the controller, 
wherein the pilot is used in estimating the communications 
channel. The method could further include, wherein the chan 
nel statistics comprise time domain channel statistics, fre 
quency domain channel statistics, or a combination thereof. 
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The method could further include, wherein the time domain 
channel statistics comprise a function of a time domain chan 
nel correlation matrix, eigenvectors of the time domain chan 
nel correlation matrix, eigenvalues of the time domain chan 
nel correlation matrix, angle of departure orangle of arrival of 
the communications channel, and a combination thereof. The 
method could further include, wherein the channel statistics 
index corresponds to a quantized version of the time domain 
channel correlation matrix or to a quantized version of a 
function of the time domain channel correlation matrix. The 
method could further include, wherein the channel statistics 
index corresponds to quantized versions of elements of the 
time domain channel correlation matrix or to quantized ver 
sions of elements of a function of the time domain channel 
correlation matrix. The method could further include, 
wherein the channel statistics comprise a reduced rank rep 
resentation of the time domain channel correlation matrix or 
a reduced rank representation of a function of the time domain 
channel correlation matrix, and wherein the channel statistics 
index corresponds to quantized versions of elements of the 
reduced rank representation of the time domain channel cor 
relation matrix or to quantized versions of elements of the 
function of the reduced rank representation of the time chan 
nel correlation matrix. The method could further include, 
wherein frequency domain channel statistics comprise a 
function of frequency domain channel characteristics, eigen 
vectors of the frequency domain channel correlation matrix, 
eigenvalues of the frequency domain channel correlation 
matrix, angle of departure or angle of arrival of the commu 
nications channel, and a combination thereof. The method 
could further include, wherein the transmitting an index 
occurs at a first frequency and the transmitting a channel 
statistics index occurs at a second frequency, and wherein the 
first frequency is different from the second frequency. The 
method could further include, wherein transmitting an index 
occurs at a first frequency in the frequency domain and the 
transmitting a channel statistics index occurs at a second 
frequency in the frequency domain, and wherein the first 
frequency is different from the second frequency. The method 
could further include, wherein the first selection criterion 
comprises evaluating, where H is the estimated communica 
tions channel, is the channel statistics, Wbaseline is a baseline 
codebook, and wi is a codeword in the baseline codebook. 
The method could further include, wherein identical copies 

of the channel statistics codebook are maintained at both the 
communication node and the controller. The method could 
further include, wherein identical copies of the adapted code 
book are adapted in a same manner at both the communica 
tion node and the controller. 

Advantageous features of still another embodiment 
include: a method for quantizing feedback information, the 
method comprising: receiving a pilot transmitted by a con 
troller, computing a channel estimate for a channel between 
the controller and a communications device, the computing 
being based on the pilot; transforming the channel estimate 
into its representation in a Subspace of the channel; quantiz 
ing the transformed channel estimate using a codebook, 
thereby producing an index to a codeword in the codebook; 
transmitting the index to the controller, and receiving a trans 
mission beam formed based on the index and the Subspace. 
The method could further include, wherein the subspace is a 
long term channel eigenspace. The method could further 
include, wherein the Subspace is a wideband channel eigens 
pace. The method could further include, wherein transform 
ing the channel estimate comprises multiplying the channel 
estimate with a matrix based on channel statistics. The 
method could further include, wherein the channel statistics 
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comprise a channel correlation matrix. The method could 
further include, wherein the matrix comprises eigenvectors of 
a reduced rank representation of the channel statistics. The 
method could further include, wherein the matrix is based on 
a reduced rank representation of the channel statistics. The 
method could further include, wherein the codebook is 
matched to the transformed channel estimate. The method 
could further include, further comprising transmitting the 
subspace of the channel to the controller. The method could 
further include, receiving the subspace of the channel from 
the controller. 

Advantageous features of yet another embodiment 
include: a method for communications node operation, the 
method comprising: estimating a communications channel 
between a communications node and a controller serving the 
communications node; transforming the estimated commu 
nications channel with channel statistics, thereby producing a 
transformed estimate of the communications channel; quan 
tizing the transformed estimate of the communications chan 
nel based on a first codebook by selecting a codeword from 
the first codebook that maximizes a first selection criterion; 
transmitting a first index to the selected codeword to the 
controller; estimating the channel statistics for the communi 
cations channel; adjusting the first codebook based on the 
channel statistics; quantizing the channel statistics based on a 
second codebook by selecting a second codeword from the 
second codebook that maximizes a second selection criterion; 
transmitting a second index to the second codebook to the 
controller; and receiving a transmission from the controller, 
wherein the transmission is precoded based on the first index 
and the second index. The method could further include, 
wherein the channel statistics comprise time domain channel 
statistics, wherein the transmitting a first index occurs at a 
first frequency and the transmitting a second index occurs at 
a second frequency, and wherein the first frequency is differ 
ent from the second frequency. The method could further 
include, wherein the channel statistics comprise frequency 
domain channel statistics, wherein transmitting an index 
occurs at a first frequency in the frequency domain and the 
transmitting a channel statistics index occurs at a second 
frequency in the frequency domain, and wherein the first 
frequency is different from the second frequency. The method 
could further include, wherein the channel statistics comprise 
time domain channel statistics, frequency domain channel 
statistics, and a combination thereof. The method could fur 
ther include, wherein the time domain channel statistics com 
prise eigenvectors of a time domain channel correlation 
matrix for the communications channel, eigenvalues of the 
time domain channel correlation matrix for the communica 
tions channel, and a combination thereof. The method could 
further include, wherein transforming the estimated commu 
nications channel comprises multiplying the estimated com 
munications channel with the eigenvectors of the channel 
correlation matrix. The method could further include, 
wherein the first codebook and the transformed estimate of 
the communications channel have approximately identical 
first order moment and approximately identical second order 
moment. The method could further include, wherein identical 
copies of the first codebook are maintained at both the com 
munication device and the controller. The method could fur 
ther include, wherein identical copies of the second codebook 
are maintained at both the communication device and the 
controller. 

Although the embodiments and their advantages have been 
described in detail, it should be understood that various 
changes, Substitutions and alterations can be made herein 
without departing from the spirit and scope of the invention as 
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defined by the appended claims. Moreover, the scope of the 
present application is not intended to be limited to the par 
ticular embodiments of the process, machine, manufacture, 
composition of matter, means, methods and steps described in 
the specification. As one of ordinary skill in the art will 
readily appreciate from the disclosure of the present inven 
tion, processes, machines, manufacture, compositions of 
matter, means, methods, or steps, presently existing or later to 
be developed, that perform substantially the same function or 
achieve Substantially the same result as the corresponding 
embodiments described herein may be utilized according to 
the present invention. Accordingly, the appended claims are 
intended to include within their scope Such processes, 
machines, manufacture, compositions of matter, means, 
methods, or steps. 

What is claimed is: 
1. A method for communications node operations, the 

method comprising: 
estimating a communications channel between a commu 

nications node and a controller serving the communica 
tions node: 

quantizing the estimated communications channel based 
on an adapted codebook by selecting a codeword from 
the adapted codebook that maximizes a first selection 
criterion; 

transmitting an index to the selected codeword to the con 
troller; 

estimating channel statistics for the communications chan 
nel; 

adjusting the adapted codebook based on the channel sta 
tistics; 

quantizing the channel statistics based on a channel statis 
tics codebook by selecting a channel statistics codeword 
from the channel statistics codebook that maximizes a 
second selection criterion; 

transmitting a channel statistics index to the channel sta 
tistics codebook to the controller; and 

receiving a transmission from the controller, wherein the 
transmission is precoded based on the index and the 
channel statistics index. 

2. The method of claim 1, further comprising receiving a 
pilot transmitted by the controller, wherein the pilot is used in 
estimating the communications channel. 

3. The method of claim 1, wherein the channel statistics 
comprise time domain channel statistics, frequency domain 
channel statistics, or a combination thereof. 

4. The method of claim 1, wherein the transmitting an 
index occurs at a first frequency and the transmitting a chan 
nel statistics index occurs at a second frequency, and wherein 
the first frequency is different from the second frequency. 

5. The method of claim 1, wherein transmitting an index 
occurs at a first frequency in a frequency domain and the 
transmitting a channel statistics index occurs at a second 
frequency in the frequency domain, and wherein the first 
frequency is different from the second frequency. 

6. The method of claim 1, wherein the first selection crite 
rion comprises evaluating 

arg max HDwi, 
vie "baseline 

where H is the estimated communications channel, db is the 
channel statistics, W is a baseline codebook, and w, is 
a codeword in the baseline codebook. 
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7. The method of claim 1, wherein identical copies of the 
channel statistics codebook are maintained at both the com 
munication node and the controller. 

8. The method of claim 1, wherein identical copies of the 
adapted codebook are adapted in a same manner at both the 
communication node and the controller. 

9. The method of claim3, wherein frequency domain chan 
nel statistics comprise a function of frequency domain chan 
nel characteristics, eigenvectors of a frequency domain chan 
nel correlation matrix, eigenvalues of the frequency domain 
channel correlation matrix, angle of departure or angle of 
arrival of the communications channel, or a combination 
thereof. 

10. The method of claim3, wherein the time domain chan 
nel statistics comprise a function of a time domain channel 
correlation matrix, eigenvectors of the time domain channel 
correlation matrix, eigenvalues of the time domain channel 
correlation matrix, angle of departure orangle of arrival of the 
communications channel, or a combination thereof. 

11. The method of claim 10, wherein the channel statistics 
index corresponds to a quantized version of the time domain 
channel correlation matrix or to a quantized version of a 
function of the time domain channel correlation matrix. 

12. The method of claim 10, wherein the channel statistics 
index corresponds to quantized versions of elements of the 
time domain channel correlation matrix or to quantized ver 
sions of elements of a function of the time domain channel 
correlation matrix. 

13. The method of claim 10, wherein the channel statistics 
comprise a reduced rank representation of the time domain 
channel correlation matrix or a reduced rank representation of 
a function of the time domain channel correlation matrix, and 
wherein the channel statistics index corresponds to quantized 
versions of elements of the reduced rank representation of the 
time domain channel correlation matrix or to quantized ver 
sions of elements of the function of the reduced rank repre 
sentation of the time channel correlation matrix. 

14. A method for communications node operation, the 
method comprising: 

estimating a communications channel between a commu 
nications node and a controller serving the communica 
tions node: 

transforming the estimated communications channel with 
channel statistics, thereby producing a transformed esti 
mate of the communications channel; 

quantizing the transformed estimate of the communica 
tions channel based on a first codebook by selecting a 
codeword from the first codebook that maximizes a first 
selection criterion; 

transmitting a first index to the selected codeword to the 
controller; 

estimating the channel statistics for the communications 
channel; 
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quantizing the channel statistics based on a second code 
book by selecting a second codeword from the second 
codebook that maximizes a second selection criterion; 

transmitting a second index to the second codebook to the 
controller; and 

receiving a transmission from the controller, wherein the 
transmission is precoded based on the first index and the 
second index. 

15. The method of claim 14, wherein the channel statistics 
comprise time domain channel statistics, wherein the trans 
mitting a first index occurs at a first frequency and the trans 
mitting a second index occurs at a second frequency, and 
wherein the first frequency is different from the second fre 
quency. 

16. The method of claim 14, wherein the channel statistics 
comprise frequency domain channel statistics, whereintrans 
mitting an index occurs at a first frequency or granularity in 
the frequency domain and the transmitting a channel statistics 
index occurs at a second frequency or granularity in the 
frequency domain, and wherein the first frequency or granu 
larity is different from the second frequency or granularity. 

17. The method of claim 14, wherein the channel statistics 
comprise time domain channel statistics, frequency domain 
channel statistics, spatial domain channel statistics, or a com 
bination thereof. 

18. The method of claim 17, wherein the time domain 
channel statistics comprise eigenvectors of a time domain 
channel correlation matrix for the communications channel, 
eigenvalues of the time domain channel correlation matrix for 
the communications channel, or a combination thereof. 

19. The method of claim 14, whereina representation of the 
transformed estimate of the communications channel is a 
same or smaller dimensionality as a representation of the 
communications channel. 

20. The method of claim 14, wherein codewords in the first 
codebook have a same or smaller dimensionality as a number 
of transmit antennas or antenna ports of the controller. 

21. The method of claim 14, further comprising adjusting 
the first codebook based on the channel statistics. 

22. The method of claim 18, wherein transforming the 
estimated communications channel comprises multiplying 
the estimated communications channel with the eigenvectors 
of the channel correlation matrix. 

23. The method of claim 14, wherein the first codebook and 
the transformed estimate of the communications channel 
have approximately identical first order moment and approxi 
mately identical second order moment. 

24. The method of claim 14, wherein identical copies of the 
first codebook are maintained at both the communication 
device and the controller. 

25. The method of claim 14, wherein identical copies of the 
second codebook are maintained at both the communication 
device and the controller. 

ck ck k k k 
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