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SYSTEMS AND METHODS FOR PUCCH back ” , RAN WG1 , April 2010 ; and 3 ) Document No . 
FEEDBACK IN 3GPP WIRELESS R1 - 103332 , “ Way Forward On UE Feedback ” , May 2010 . 

NETWORKS In Release 10 LTE systems , a mobile station ( or user 
equipment ) performs feedback of precoder matrix index 

5 ( PMI ) , rank indicator ( RI ) , and channel quality indicator 
Matter enclosed in heavy brackets [ ] appears in the ( COI ) to the base station ( or eNodeB ) . In the 3GPP RANI 
original patent but forms no part of this reissue specifica - # 60 meeting , a way forward on feedback in Release 10 was 
tion ; matter printed in italics indicates the additions agreed upon . Release 10 uses implicit feedback of precoder 
made by reissue ; a claim printed with strikethrough matrix index ( PMI ) , rank indicator ( RI ) , and channel quality 
indicates that the claim was canceled , disclaimed , or held 10 indicator ( CRI ) . The user equipment ( UE ) or mobile station 
invalid by a prior post - patent action or proceeding . ( MS ) spatial feedback for a subband represents a precoder 

and CQI is computed based on the assumption that the 
CROSS - REFERENCE TO RELATED eNodeB or base station ( BS ) uses a specific precoder ( or 

APPLICATION ( S ) AND CLAIM OF PRIORITY precoders ) , as given by the feedback , on each subband 
15 within the CQI reference resource . It is noted that a subband 

The present application is [ related to an application for may correspond to the whole system bandwidth . 
reissue of U . S . Pat . No . 8 . 599 , 761 , issued Dec . 3 . 2013 on A precoder for a subband is composed of two matrices . 
U . S . Non - Provisional patent application Ser . No . 13 / 104 . The precoder structure is applied to all transmit ( Tx ) antenna 
644 filed May 10 , 2011 , and claims the priority to and the array configurations . Each of the two matrices belongs to a 
benefit under 35 U . S . C . $ 119 ( e ) of the filing date of U . S . 20 separate codebook . The codebooks are known ( or synchro 
Provisional Patent Application No . 61 / 334 , 685 , filed May n ized ) at both the base station ( eNodeB ) and the mobile 
14 , 2010 , entitled “ PUCCH COI / PMI / RI FEEDBACK IN station ( user equipment ) . Codebooks may or may not change 
REL - 10 ” . Provisional Patent Application No . 61 / 334 , 685 is over time for different subbands . The two codebook indices 
assigned to the assignee of the present application and ] The together determine the precoder . One of the two matrices 
content of the above - identified patent documents is hereby 25 targets the wideband or long - term channel properties . The 
incorporated by reference into the present application as if other matrix targets the frequency - selective or short - term 
fully set forth herein . [ The present application hereby claims channel properties . It is noted that a matrix codebook in this 
priority under 35 U . S . C . $ 119 ( e ) to U . S . Provisional Patent context should be interpreted as a finite , enumerated set of 
Application No . 61 / 334 , 685 . ) matrices that , for each resource block ( RB ) , is known to both 

30 the mobile station ( or UE ) and the base station ( or eNodeB ) . 
TECHNICAL FIELD OF THE INVENTION It is also noted that that a Release 8 precoder feedback may 

be deemed a special case of this structure . 
The present application relates generally to wireless net Two messages are conveyed in this way : 1 ) Release 10 

works and , more specifically , to the CQI , PMI , and RI feedback will be based on implicit feedback similar to 
feedback mechanism for the physical uplink control channel 35 Release 8 feedback ; and 2 ) two codebook indices will 
( PUCCH ) in Release 10 of 3GPP wireless networks . specify a precoder in Release 10 , with one codebook tar 

geting wideband and / or long - term channel properties and 
BACKGROUND OF THE INVENTION the other codebook targeting frequency - selective and / or 

short - term channel properties . 
In 3rd Generation Partnership Project Long Term Evolu - 40 In the RAN1 # 60bis meeting , another way forward on 

tion ( 3GPP LTE ) , Orthogonal Frequency Division Multi - mobile station ( or UE ) feedback in Release 10 was also 
plexing ( OFDM ) is adopted as a downlink ( DL ) transmis - agreed upon . A precoder , W , for a subband is a function of 
sion scheme . two matrices , W1 and W2 , ( i . e . , where W1€C1 and W2C2 ) . 

The 3GPP LTE ( Long Term Evolution ) standard is the last W1 is also referred to as a first PMI , and W2 is also referred 
stage in the realization of true 4th generation ( 4G ) mobile 45 to as a second PMI in this disclosure . The codebooks C1 and 
telephone networks . Most major mobile carriers in the C2 are codebook 1 and codebook 2 , respectively . The first 
United States and several worldwide carriers have PMI targets wideband ( or long - term ) channel properties . 
announced plans to convert their networks to LTE beginning The second PMI targets frequency - selective ( or short - term ) 
in 2009 . LTE is a set of enhancements to the Universal channel properties . For the physical uplink control channel 
Mobile Telecommunications System ( UMTS ) . Much of 50 ( PUCCH ) , the feedback corresponding to the first PMI and 
3GPP Release 8 focuses on adopting 4G mobile communi - the second PMI may be sent in different or the same 
cations technology , including an all - IP flat networking archi subframe , unless the payload is too large to send the first 
tecture . PMI and the second PMI in the same subframe on PUCCH . 

The 3GPP LTE standard uses orthogonal frequency divi - Also , periodic and aperiodic reports are independent . 
sion multiplexing ( OFDM ) for the downlink ( i . e . , from the 55 Thus , there is an important difference in feedback 
base station to the mobile station ) . Orthogonal frequency between Release 8 ( Rel - 8 ) and Release 10 ( Rel - 10 ) of 3GPP 
division multiplexing ( OFDM ) is a multi - carrier transmis - networks . In Release 8 , only one codebook index specifies 
sion technique that transmits on many orthogonal frequen - a precoder . However , in Release 10 , two codebook indices 
cies ( or subcarriers ) . The orthogonal subcarriers are indi - specify a precoder . Furthermore , these two codebook indices 
vidually modulated and separated in frequency such that 60 in Release 10 may be sent in different subframes or in the 
they do not interfere with one another . This provides high same subframe . 
spectral efficiency and resistance to multipath effects . Based on current discussions in RAN1 group about the 

The following documents and standards descriptions are refinement of UE feedback , there are two possible ways of 
hereby incorporated into the present disclosure as if fully set performing precoding : 1 ) W = W1xW2 or 2 ) W = W2xW1 , 
forth herein : 1 ) Document No . R1 - 101683 , “ Way Forward 65 with W1 or the first PMI targeting wideband / long - term 
For Rel - 10 Feedback Framework ” , February 2010 ; 2 ) Docu - channel properties and W2 or the second PMI targeting 
ment No . R1 - 102579 , “ Way Forward On Release 10 Feed frequency - selective / short - term channel properties . It is 
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likely that the Rel - 10 feedback mechanism will be largely ( PUSCH ) , the PMI values being associated with a PUSCH 
different from that of Rel - 8 feedback scheme based on the codebook . The PUCCH codebook is a subset of the PUSCH 
two codebook structure . Furthermore , the design philosophy codebook . 
of the corresponding feedback mechanisms should be tai - For use in a wireless network capable of communicating 
lored towards detailed ways of performing matrix multipli - 5 with mobile stations , a base station is operable receive 
cation of the corresponding two codebook matrices . precoder matrix index ( PMI ) values from a mobile station in 

Therefore , there is a need in the art for improved devices a physical uplink control channel ( PUCCH ) , the PMI values 
being associated with a PUCCH codebook . The base station and methods for providing feedback information related to 

COI , PMI , and RI in Rel - 10 wireless networks based on the also is operable to receive the PMI values from the mobile 
station in a physical uplink shared channel ( PUSCH ) , the double codebook structure for both physical uplink control 10 PMI values being associated with a PUSCH codebook . The channel ( PUCCH ) periodic feedback and physical uplink PUCCH codebook is a subset of the PUSCH codebook . shared channel ( PUSCH ) aperiodic feedback . In particular , A method of operating a base station is provided . The 

there is a need in the art for improved devices and methods method includes receiving precoder matrix index ( PMI ) 
for providing feedback information related to CQI , PMI , and values from a mobile station in a physical uplink control 
RI in Rel - 10 wireless networks that minimize overhead 15 channel ( PUCCH ) , the PMI values being associated with a 
signaling while improving the granularity of the feedback PUCCH codebook . The method also includes receiving the 
information . PMI values from the mobile station in a physical uplink 

shared channel ( PUSCH ) , the PMI values being associated 
SUMMARY OF THE INVENTION with a PUSCH codebook . The PUCCH codebook is a subset 

20 of the PUSCH codebook . 
To address the above - discussed deficiencies of the prior Before undertaking the DETAILED DESCRIPTION OF 

art , it is a primary object to provide , for use in a wireless THE INVENTION below , it may be advantageous to set 
network , a mobile station that transmits feedback values in forth definitions of certain words and phrases used through 
a physical uplink control channel ( PUCCH ) to a base station out this patent document : the terms “ include ” and “ com 
of the wireless network . The mobile station is operable to 25 prise . ” as well as derivatives thereof , mean inclusion without 
transmit to the base station a subband second precoder limitation ; the term " or . ” is inclusive , meaning and / or : the 
matrix index ( PMI ) associated with a particular subband and phrases “ associated with ” and “ associated therewith , ” as 
a subband channel quality indicator ( CRI ) value associated well as derivatives thereof , may mean to include , be 
with the particular subband together in a subframe of the included within , interconnect with , contain , be contained 
PUCCH . 30 within , connect to or with , couple to or with , be communi 

A method of operating a mobile station is provided . The cable with , cooperate with , interleave , juxtapose , be proxi 
method includes transmitting to a base station a subband mate to , be bound to or with , have , have a property of , or the 
second precoder matrix index ( PMI ) associated with a like . Definitions for certain words and phrases are provided 
particular subband and a subband channel quality indicator throughout this patent document , those of ordinary skill in 
( CRI ) value associated with the particular subband together 35 the art should understand that in many , if not most instances , 
in a subframe of a physical uplink control channel such definitions apply to prior , as well as future uses of such 
( PUCCH ) . defined words and phrases . 

For use in a wireless network capable of communicating 
with mobile stations , a base station is provided that is BRIEF DESCRIPTION OF THE DRAWINGS 
operable to receive from a mobile station feedback values 40 
transmitted in a physical uplink control channel ( PUCCH ) . For a more complete understanding of the present disclo 
The base station is operable to receive a subband second sure and its advantages , reference is now made to the 
precoder matrix index ( PMI ) associated with a particular following description taken in conjunction with the accom 
subband and a subband channel quality indicator ( CRI ) panying drawings , in which like reference numerals repre 
value associated with the particular subband together in a 45 sent like parts : 
subframe of the PUCCH . FIG . 1 illustrates an exemplary wireless network that 

A method of operating a base station is provided . The performs feedback for the PUCCH and the PUSCH accord 
method includes receiving from a mobile station a subband ing to the principles of the present disclosure ; 
second precoder matrix index ( PMI ) associated with a FIG . 2 illustrates a base station in communication with a 
particular subband and a subband channel quality indicator 50 plurality of mobile stations according to an embodiment of 
( CRI ) value associated with the particular subband together the disclosure ; 
in a subframe of a physical uplink control channel FIG . 3 illustrates a 4x4 multiple - input , multiple - output 
( PUCCH ) . ( MIMO ) system according to an embodiment of the present 

For use in a wireless network , a mobile station that disclosure ; 
transmits precoder matrix index ( PMI ) values to a base 55 FIGS . 4A and 4B illustrate an alternative for reporting 
station in a physical uplink control channel ( PUCCH ) , the CQI , PMI , and RI in PUCCH periodic wideband feedback 
PMI values being associated with a PUCCH codebook . The mode according to one embodiment of the disclosure ; and 
mobile station also transmits the PMI values to the base FIGS . 5 - 10 illustrate a plurality of alternatives for report 
station in a physical uplink shared channel ( PUSCH ) , the ing CQI , PMI , and RI in PUCCH periodic wideband feed 
PMI values being associated with a PUSCH codebook . The 60 back mode when the subset indicator ( SI ) value is O accord 
PUCCH codebook is a subset of the PUSCH codebook i ng to other embodiments of the present disclosure . 

A method of operating a mobile station is provided . The 
method includes transmitting precoder matrix index ( PMI ) DETAILED DESCRIPTION OF THE 
values to a base station in a physical uplink control channel INVENTION 
( PUCCH ) , the PMI values being associated with a PUCCH 65 
codebook . The method also includes transmitting the PMI FIGS . 1 through 10 , discussed below , and the various 
values to the base station in a physical uplink shared channel embodiments used to describe the principles of the present 
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a 

disclosure in this patent document are by way of illustration Information Theory . Both references are hereby incorpo 
only and should not be construed in any way to limit the rated by reference into this disclosure as if fully set forth 
scope of the disclosure . Those skilled in the art will under herein . 
stand that the principles of the present disclosure may be closed - loop codebook - based transmit beamforming may 
implemented in any suitably arranged wireless network . 5 be used in a case where a base station forms a transmit 

FIG . 1 illustrates exemplary wireless network 100 , which antenna beam toward a single user or simultaneously toward 
performs feedback for the physical uplink control channel multiple users at the same time and at a certain frequency . 

( PUCCH ) and physical uplink shared channel ( PUSCH ) An exemplary description of such a system may be found in 
according to the principles of the present disclosure . In the Quentin H . Spencer , Christian B . Peel , A . Lee Swindlehurst , 
illustrated embodiment , wireless network 100 includes base 10 Martin Harrdt , “ An Introduction To the Multi - User MIMO 

Downlink , ” IEEE Communication Magazine , October 2004 , station ( BS ) 101 , base station ( BS ) 102 , base station ( BS ) which is hereby incorporated by reference into this disclo 103 , and other similar base stations ( not shown ) . Base sure as if fully set forth herein . station 101 is in communication with Internet 130 or a A codebook is a set of pre - determined antenna beams that 
similar IP - based network ( not shown ) . 15 are known to mobile stations . A codebook - based pre - coding Depending on the network type , other well - known terms MIMO may provide significant spectral efficiency gain in 
may be used instead of “ base station , such as “ eNodeB ” or the downlink closed - loop MIMO . In the IEEE 802 . 16e and 
" access point ” . For the sake of convenience , the term “ base 3GPP LTE standards , a four transmit ( 4 - TX ) antenna limited 
station ” shall be used herein to refer to the network infra feedback based closed - loop MIMO configuration is sup 
structure components that provide wireless access to remote 20 ported . In IEEE 802 . 16m and 3GPP LTE Advanced stan 
terminals . dards , in order to provide peak spectral efficiency , eight 

Base station 102 provides wireless broadband access to transmit ( 8 - TX ) antenna configurations are proposed as a 
Internet 130 to a first plurality of mobile stations ( or user prominent precoding closed - loop MIMO downlink system . 
equipment ) within coverage area 120 of base station 102 . Exemplary descriptions of such systems may be found in 
The first plurality of mobile stations includes mobile station 25 3GPP Technical Specification No . 36 . 211 , “ Evolved Uni 
111 , which may be located in a small business ( SB ) , mobile versal Terrestrial Radio Access ( E - UTRA ) : Physical Chan 
station 112 , which may be located in an enterprise ( E ) , nel and Modulation ” , which is hereby incorporated by 
mobile station 113 , which may be located in a WiFi hotspot reference into this disclosure as if fully set forth herein . 
( HS ) , mobile station 114 , which may be located in a first To eliminate the need for the phase calibration process in 
residence ( R ) , mobile station 115 , which may be located in 30 cases where channel sounding signals or common pilot 
a second residence ( R ) , and mobile station 116 , which may signals ( or midamble ) are not used for data demodulation 
be a mobile device ( M ) , such as a cell phone , a wireless purpose , closed - loop transformed codebook - based transmit 
laptop , a wireless PDA , or the like . beamforming may be utilized . An exemplary description of 

For sake of convenience , the term “ mobile station " is used such a system may be found in IEEE C802 . 16m - 08 / 1345r2 , 
herein to designate any remote wireless equipment that 35 “ Transformation Method For Codebook Based Precoding , ” 
wirelessly accesses a base station , whether or not the mobile November 2008 , which is hereby incorporated by reference 
station is a truly mobile device ( e . g . , cell phone ) or is into this disclosure as if fully set forth herein . The trans 
normally considered a stationary device ( e . g . , desktop per - formed codebook method utilizes the channel correlation 
sonal computer , vending machine , etc . ) . Other well - known information to enhance the performance of the standard 
terms may be used instead of “ mobile station ” , such as 40 codebook , especially in the highly correlated channels , as 
" subscriber station ( SS ) " , " remote terminal ( RT ) " , " wireless well as to eliminate the need of phase calibration among 
terminal ( WT ) " , " user equipment ( UE ) ” , and the like . multiple transmit antennas . Typically , the channel correla 

Base station 103 provides wireless broadband access to tion information is based on second - order statistics and thus 
Internet 130 to a second plurality of mobile stations within changes very slowly , which is similar to long - term channel 
coverage area 125 of base station 103 . The second plurality 45 effects , such as shadowing and path loss . As a result , the 
of mobile stations includes mobile station 115 and mobile feedback overhead and computation complexity using cor 
station 116 . In an exemplary embodiment , base stations relation information are very small . 
101 - 103 may communicate with each other and with mobile FIG . 2 illustrates a diagram 200 of a base station 220 in 
stations 111 - 116 using OFDM or OFDMA techniques . communication with a plurality of mobile stations 202 , 204 , 

While only six mobile stations are depicted in FIG . 1 , it 50 206 , and 208 according to an embodiment of this disclosure . 
is understood that wireless network 100 may provide wire - As shown in FIG . 2 , base station 220 simultaneously 
less broadband access to additional mobile stations . It is communicates with multiple of mobile stations through the 
noted that mobile station 115 and mobile station 116 are use of multiple antenna beams , each antenna beam is formed 
located on the edges of both coverage area 120 and coverage toward its intended mobile station at the same time and same 
area 125 . Mobile station 115 and mobile station 116 each 55 frequency . Base station 220 and mobile stations 202 , 204 , 
communicate with both base station 102 and base station 206 , and 208 employ multiple antennas for transmission and 
103 and may be said to be operating in handoff mode , as reception of radio wave signals . The radio wave signals can 
known to those of skill in the art . be Orthogonal Frequency Division Multiplexing ( OFDM ) 

Exemplary descriptions of closed - loop transmit beam - signals . 
forming schemes based on codebook design can be found in : 60 In this embodiment , base station 220 performs simulta 
1 ) D . Love , J . Heath , and T . Strohmer , “ Grassmannian neous beamforming through a plurality of transmitters to 
Beamforming For Multiple - Input , Multiple - Output Wireless each mobile station . For instance , base station 220 transmits 
Systems , ” IEEE Transactions on Information Theory , Octo - data to mobile station 202 through a beamformed signal 210 , 
ber 2003 , and 2 ) V . Raghavan , A . M . Sayeed , and N . Boston , data to mobile station 204 through a beamformed signal 212 , 
“ Near - Optimal Codebook Constructions For Limited Feed - 65 data to mobile station 406 through a beamformed signal 214 , 
back Beamforming In Correlated MIMO Channels with and data to mobile station 408 through a beamformed signal 
Few Antennas , ” IEEE 2006 International Symposium on 216 . In some embodiments of this disclosure , base station 
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220 is capable of simultaneously beamforming to the mobile FIG . 3 illustrates a 4x4 multiple - input , multiple - output 
stations 202 , 204 , 206 , and 208 . In some embodiments , each ( MIMO ) system 300 according to an embodiment of the 
beamformed signal is formed toward its intended mobile present disclosure . In this example , four different data 
station at the same time and the same frequency . For the streams 302 are transmitted separately using four transmit 
purpose of clarity , the communication from a base station to 5 antennas 304 . The transmitted signals are received at four 
a mobile station may also be referred to as downlink receive antennas 306 and interpreted as received signals 308 . 
communication and the communication from a mobile sta Some form of spatial signal processing 310 is performed on 
tion to a base station may be referred to as uplink commu the received signals 308 in order to recover four data streams 
nication . 312 . 

Base station 220 and mobile stations 202 . 204 . 206 , and 10 An example of spatial signal processing is Vertical - Bell 
208 employ multiple antennas for transmitting and receiving Laboratories Layered Space - Time ( V - BLAST ) , which uses 
wireless signals . It is understood that the wireless signals the successive interference cancellation principle to recover 
may be radio wave signals , and the wireless signals may use the transmitted data streams . Other variants of MIMO 
any transmission scheme known to one skilled in the art , schemes include schemes that perform some kind of space 
including an Orthogonal Frequency Division Multiplexing 15 time Division Multiplexinó 15 time coding across the transmit antennas ( e . g . , Diagonal Bell 
( OFDM transmission scheme . Laboratories Layered Space - Time ( D - BLAST ) ) . In addition , 
Mobile stations 202 , 204 , 206 , and 208 may be any device MIMO can be implemented with a transmit and receive 

that is capable receiving wireless signals . Examples of diversity scheme and a transmit and receive beamforming 
mobile stations 202 , 204 , 206 , and 208 include , but are not scheme to improve the link reliability or system capacity in 
limited to , a personal data assistant ( PDA ) , laptop , mobile 20 wireless communication systems . 
telephone , handheld device , or any other device that is The MIMO channel estimation consists of estimating the 
capable of receiving the beamformed transmissions . channel gain and phase information for links from each of 

The OFDM transmission scheme is used to multiplex data the transmit antennas to each of the receive antennas . 
in the frequency domain . Modulation symbols are carried on Therefore , the channel response “ H ” for NXM MIMO sys 
frequency sub - carriers . The quadrature amplitude modula - 25 tem consists of an NXM matrix , as shown below : 
tion ( QAM ) modulated symbols are serial - to - parallel con 
verted and input to the inverse fast Fourier transform ( IFFT ) . 
At the output of the IFFT , N time - domain samples are [ a1 a2 . . . a1M | 
obtained . Here N refers to the IFFT / fast Fourier transform 221 222 . . . a2m H = ( FFT ) size used by the OFDM system . The signal after IFFT 30 
is parallel - to - serial converted and a cyclic prefix ( CP ) is Lani am2 . . . anM ] 
added to the signal sequence . The CP is added to each 
OFDM symbol to avoid or mitigate the impact due to 
multipath fading . The resulting sequence of samples is The MIMO channel response is represented by H and and 
referred to as an OFDM symbol with a CP . At the receiver 35 represents the channel gain from transmit antenna N to 
side , assuming that perfect time and frequency synchroni - receive antenna M . In order to enable the estimations of the 
zation are achieved , the receiver first removes the CP , and CP and elements on elements of the MIMO channel matrix , separate pilots may 
the signal is serial - to - parallel converted before being fed be 
into the FFT . The output of the FFT is parallel - to - serial As an extension of single user MIMO ( SU - MIMO ) , 
converted , and the resulting OAM modulation symbols are 40 multi - user MIMO ( MU - MIMO ) is a communication sce 
input to the QAM demodulator . nario in which a base station with multiple transmit antennas 

The total bandwidth in an OFDM system is divided into can simultaneously communicate with multiple mobile sta 
narrowband frequency units called subcarriers . The number tions through the use of multi - user beamforming schemes 
of subcarriers is equal to the FFT / IFFT size N used in the such as Spatial Division Multiple Access ( SDMA ) to 
system . In general , the number of subcarriers used for data 45 improve the capacity and reliability of a wireless commu 
is less than N because some subcarriers at the edge of the 
frequency spectrum are reserved as guard subcarriers . In In the present disclosure , two matrix indices specify a 
general , no information is transmitted on guard subcarriers . precoder . More specifically , a matrix index specifies WlECI 

Because each OFDM symbol has finite duration in time and a matrix index specifies W2€C2 , where Cl and C2 are 
domain . the sub - carriers overlap with each other in fre - 50 two codebooks . The rank of the codeword W = W1xW2 ( or 
quency domain . However , the orthogonality is maintained at W2xW1 ) is defined as the rank of W . 
the sampling frequency assuming the transmitter and For the case of W = W1xW2 , codebook C1 contains code 
receiver have perfect frequency synchronization . In the case words having the structure of : 
of frequency offset due to imperfect frequency synchroni 
zation or high mobility , the orthogonality of the sub - carriers 55 
at sampling frequencies is destroyed , resulting in inter 
carrier - interference ( ICI ) . 

The use of multiple transmit antennas and multiple 
receive antennas at both a base station and a single mobile 
station to improve the capacity and reliability of a wireless 60 together with the identity matrix . Codebook C2 contains 
communication channel is known as a Single User Multiple codewords having dimensions of : 2x1 , 2x2 , 8x3 , 8x4 , 8x5 , 
Input Multiple Output ( SU - MIMO ) system . A MIMO sys - 8x6 , 8x7 , and 8x8 only . 
tem promises linear increase in capacity with K , where K is In the eight transmit ( 8 Tx ) antenna codebook of the 
the minimum of number of transmit ( M ) and receive anten - overall precoder ( W ) , the maximum rank of the codeword is 
nas ( N ) ( i . e . , K = min ( M , N ) ) . A MIMO system can be imple - 65 8 . If the number of codewords of rank “ k ” in the 8 Tx 
mented with the schemes of spatial multiplexing , a transmit codebook are denoted rz , then the total number of codewords 
receive beamforming , or transmit / receive diversity . in the 8 Tx codebook is : 

s 

w 01 
o 13 
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[ W 0 ] 1 

1 , a 
0 ñ La ] 

E { 1 , - 1 , j , - 1 } , û E 
k = 1 

k = 3 

In one embodiment of the disclosure , the codebook of the The subset S2 contains rank 2 , rank 3 and rank 4 code 
overall precoder ( W ) has the following property : words . The subset S3 contains rank 5 , rank 6 , rank 7 , and 

rank 8 codewords . 
In one embodiment of the disclosure , the overall precod 

10 ing matrices may be partitioned into K subsets , wherein a 
ri + 12 = rk . log , ( K ) 1 bits subset indicator ( SI ) is reported from the 

mobile station to the network to indicate to which subset the 
recommended overall precoding matrix of the mobile station 

That is , the total number of codewords for rank 1 and rank 15 belongs . 
2 are the same as the total number of codewords from rank For a particular example , the overall precoding matrices 

are partitioned into two subsets according to the rank of the 3 to rank 8 . A special example is : 
overall precoder . When the subset indicator ( SI ) bit is equal 
to 1 , the rank of the recommended overall precoder of the 

20 mobile station is greater than 2 . Otherwise , when the SI bit 
ri = r2 = is equal to 2 , the rank of the recommended overall precoder 

is less than 3 : k = 3 

Rank of MS 
recommended 

overall precoder 

In this case , the codewords may be uniformly partitioned 
into four subsets : i ) subset SO contains rank 1 codewords ; ii ) 25 
subset S1 contains rank 2 codewords ; iii ) subset S2 contains 
rank 3 and rank 4 codewords ; and iv ) subset S3 contains 
rank 5 , rank 6 , rank 7 , and rank 8 codewords . 

In one embodiment of the disclosure , the codebook of the a 
overall precoder ( W ) has the following property : 

1 and 2 
3 to 8 

30 

In another example , the overall precoding matrices are 
partitioned into four subsets ( S0 , S1 , S2 , and S3 ) . Then , a 
2 - bit subset indicator ( SI ) indicates to which subset the 
recommended overall precoder belongs : ri = rand rk = 2 rk . 35 

k = 2 k = 5 k = 2 

Subset in which MS - recommended 
overall precoder belongs SI 

SO 
In a particular example , the codewords can be uniformly 

partitioned into four subsets : SO , S1 , S2 and S3 . The subset 
SO contains rank 1 codewords targeted for a closely spaced , 
cross - pole antenna configuration with the structure of : 

00 
01 
10 
11 

w = * * | 2 ) , a € 11 , - 1 , j , 1 ) , 

grae - Women q = 0 

In one embodiment of the disclosure , the mobile station 
45 reports a first PMI or W1 and a second PMI or W2 in 

different subframes or the same subframe , depending on the 
SI values . For example , in the case where SI has only one 

where the antenna group beam ñeG 1 , 2 ) and where bit , as suggested in the previous embodiment : 1 ) when the 
SI value is 0 , then first PMI and the second PMI may be 50 reported in different subframes or the same subframe ; and 2 ) 
when the SI value is 1 , the first PMI and the second PMI are 
always reported in the same subframe . Furthermore , in the 
special case where the first PMI is always set to be the 

55 identity matrix when SI value is 1 , the mobile station only 
The term G , k , 2 ) represents the set of all k - column subsets needs to report the matrix index related to the second PMI . 

of the DFT - based generator matrix , G , Q ) , having the ele FIGS . 4A and 4B illustrate an alternative for reporting 
CQI , PMI , and RI in PUCCH periodic wideband feedback ments : 
mode according to one embodiment of the disclosure . The 

60 mobile station transmits subframes 401 - 406 with the indi 
cated feedback reports when the subset indicator ( SI ) is 0 . 

= 0 , 1 , . The mobile station also transmits subframes 411 - 416 with 
the indicated feedback reports when the subset indicator ( SI ) 
is 1 . The subset indicator ( SI ) is reported by the mobile 

The subset S1 contains rank 1 codewords targeted for a 65 station less frequently , similar to RI feedback in Rel - 8 . In a 
co - polarized , closely - spaced , uniform linear array antenna subframe where the mobile station is configured to report 
configuration with the structure of : both PMI and CQI , the mobile station reports both the first 

( 16 " ) . . . = explim 72min + $ ) q = 0 , 1 , . . . , Q - 1 . - mln + = ) , , 1 , . . . - l . 
9 Wmn TIL 
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PMI and the second PMI if SI = 0 ( as shown in FIG . 4A ) . mobile station performs transmission on set S subbands with 
However , if SI = 1 , the mobile station reports only the second the currently reported first PMI and the subband second PMI 
PMI . if the first PMI is configured to be reported in the feedback 
By way of example , subframes 401 and 404 contain the subframe of the currently reported subband second PMI and 

subset indicator ( SI = 0 ) . Subframes 402 , 403 , 405 , and 406 5 the last reported periodic wideband first PMI . 
contain the first PMI and the second PMI ( i . e . , matrices W1 In FIG . 9 , the mobile station transmits subframes 911 - 915 
and W2 ) , as well as the channel quality indicator ( CQI ) with the indicated feedback reports when the subset indica 
values . Subframess 411 and 414 contain the subset indicator tor ( SI ) is 0 . The reporting mechanism is similar to that 
( SI = 1 ) . Subframes 412 , 413 , 415 , and 416 contain the presented in FIG . 6 , except that the wideband first PMI and 
second PMI values , as well as the channel quality indicator 10 the subband second PMI are never sent in the same sub 
( CQI ) values . frame . The periodicity of the subframes where the mobile 
FIGS . 5 - 10 illustrate a plurality of alternatives for report stations is configured to feedback the wideband first PMI 

ing CQI , PMI , and RI in PUCCH periodic wideband feed may be configured by higher layer signaling and may be 
back mode when the subset indicator ( SI ) value is O accord - multiple times the feedback periodicity of the subframes 
ing to other embodiments of the present disclosure . 15 when the mobile station is configured to feedback only the 

In FIG . 5 , the mobile station transmits subframes 511 - 515 subband second PMI . The CQI is computed assuming that 
with the indicated feedback reports when the subset indica - the mobile station performs transmission on set S subbands 
tor ( SI ) is 0 . The first PMI and the second PMI are both with the currently reported subband second PMI and the last 
obtained from the wideband channel ( i . e . , the mobile station reported periodic wideband first PMI . 
assumes transmission on set S subbands ) , W2 ' and W2 " are 20 In an advantageous embodiment of the present disclosure , 
obtained from the wideband channel following the reporting the mobile station feeds back the subband second PMI in 
subframe , conditioned on the last reported periodic wide - those cases where the mobile station is also configured to 
band feedback of the first PMI . The reporting periodicity of feed back the CQI value for selected subbands ( i . e . , mobile 
both the first PMI and the second PMI in the same subframe station selected subband COI ) . For example , in FIG . 7 , the 
may be configured by higher layer signaling ( e . g . , RRC 25 mobile station transmits subframes 1011 - 1015 with the 
signaling ) . The reporting periodicity of the first PMI and the indicated feedback reports when the subset indicator ( SI ) is 
second PMI may be multiple times the reporting periodicity 0 . In subframes 1013 and 1014 , where the mobile station is 
of only wideband second PMI . configured to feedback the subband CQI value ( e . g . , CQI 

The CQI is computed assuming that the mobile station SB1 ) , the mobile station will also report the corresponding 
performs transmission on set S subbands with the currently 30 subband second PMI ( e . g . , W2 SB1 ) . 
reported first PMI and second PMI if the first PMI is In the subframes where the mobile station is configured to 
configured to be reported in the feedback subframe of the feed back wideband PMI / CQI ( e . g . , subframe 1012 ) , the 
currently reported second PMI and the last reported periodic mobile station may use a method proposed in one of FIGS . 
wideband first PMI . 4 - 9 . However , for the subframe where the mobile station is 

In FIG . 6 , the mobile station transmits subframes 611 - 615 35 configured to feed back the subband CQI value , the mobile 
with the indicated feedback reports when the subset indica - station will also feed back the corresponding subband sec 
tor ( SI ) is 0 . The first PMI is obtained from the wideband ond PMI , together with the reported subband CQI values . 
channel . The mobile station assumes transmission on set S Advantageously , combining the subband CQI value and 
subbands . However , the second PMI ( for subband SB1 ) is the subband PMI value ( i . e . , the second PMI ) in the same 
obtained assuming that the mobile station is only transmit - 40 subframe reduces the size of the overhead . This is because 
ting on the corresponding subband SB1 . The CQI value is separating PMI into a first PMI and a second PMI allows the 
computed assuming that the mobile station performs trans - second PMI to be combined with CQI using a reasonable 
mission on set S subbands with the reported first PMI and payload and increases the overall granularity of the first PMI 
the subband second PMI . In this alternative , the wideband and the second PMI . 
first PMI and the subband second PMI are always transmit - 45 In Release 8 , the codebook for the PUCCH is the same as 
ted in the same subframe ( e . g . , subframe 612 ) . the codebook for the PUSCH . In an advantageous embodi 

In FIG . 7 , the mobile station transmits subframes 711 - 715 ment of the disclosure , different codebook granularity may 
with the indicated feedback reports when the subset indica - be used for PUCCH feedback and PUSCH feedback . 
tor ( SI ) is 0 . The reporting mechanism is similar to that Accordingly , the codebooks for the PUCCH feedback and 
presented in FIG . 5 . However , the difference is that the first 50 PUSCH feedback are different . For example , the codebooks 
PMI and the second PMI are not be sent in the same on which PUCCH feedback is based are subsets of the 
subframe . The CQI value is computed assuming that the codebooks on which PUSCH feedback are based . More 
mobile station performs transmission on set S subbands with specifically , in the dual codebook structure , the PUSCH and 
the currently reported second PMI and the last reported PUCCH codebooks have the following relationship : 
periodic wideband first PMI . 55 C . PUCCH C . PUSCH and C PUCCH CC PUSCH , where 

In FIG . 8 , the mobile station transmits subframes 811 - 815 CPUCCH is the codebook defined for matrix Wi for PUCCH 
with the indicated feedback reports when the subset indica - feedback and C ; PUSCH is the codebook defined for matrix Wi 
tor ( SI ) is 0 . The reporting mechanism is similar to that for PUSCH feedback . 
presented in FIG . 6 except that wideband first PMI and Alternatively , the PUSCH and PUCCH codebooks may 
subband second PMI are not always sent in the same 60 have the following relationship : C , PUCCH CC , PUSCH and 
subframe . The periodicity of the subframes where the C PUCCH CC , PUSCH This allows for the possibility that 
mobile station is configured to feedback both wideband first both PUCCH and PUSCH feedback have the same feedback 
PMI and subband second PMI in the same subframe can be granularity for wideband feedback . The codebook of 
configured by higher layer signaling and should be multiple PUCCH can be subset - restricted from that of the PUSCH 
times the feedback periodicity of the subframes when the 65 codebook . The restricted subset could be signaled through 
mobile station is configured to feedback only the subband higher layer signaling , and mechanisms to perform a 
second PMI . The CQI value is computed assuming that the restricted subset could reuse the same ones defined in Rel - 8 . 

2 . 
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Furthermore , the codebook restriction for PUCCH may the mobile station is configured to transmit the wideband 
have the property that the restricted codebook will have the PMI in the second subframe when the subset indicator 
same property as that for the PUSCH feedback ( non - re has a second value . 
stricted codebook ) in terms of the payload relationship . 5 . The mobile station of claim 1 , wherein the mobile 
Because the PUSCH is used for data transmission , using the 5 station is configured to not transmit the wideband PMI to the 
PUSCH for feedback allows for a higher payload for the a higher payload for the base station when then wideband PMI is an identity matrix 
feedback as compared to using the PUCCH . For example , if and the subset indicator has a specified value . the non - restricted codebook has the property , 6 . A method of operating a mobile station , the method 

comprising : 
transmitting to a base station a subband precoder matrix 

[ 1 + 12 = 3 , index ( PMI ) associated with a particular subband and a ri + r2 = 
subband channel quality indicator ( CRI ) value associ 
ated with the particular subband together in a first 

then the restricted codebook for PUCCH feedback should 15 subframe of a physical uplink control channel 
( PUCCH ) ; and have the property . selectively transmitting a wideband PMI to the base 
station in the first subframe , in a second subframe , or 
not at all depending on a subset indicator and content 
of the wideband PMI ; 

wherein the particular subband comprises one of multiple 
subbands that are divided into multiple subsets , the 

where r ; ' stands for the number of overall precoding matrices subset to which the particular subband belongs identi 
which have rank i in the restricted codebook for PUCCH fied by the subset indicator . 
feedback . 7 . The method as set forth in claim 6 , further comprising : 

Although the present disclosure has been described with transmitting to the base station a wideband CQI value in 
an exemplary embodiment , various changes and modifica the PUCCH . 
tions may be suggested to one skilled in the art . It is intended 8 . The method as set forth in claim 7 , wherein a period at 
that the present disclosure encompass such changes and which the mobile station transmits the wideband PMI and 
modifications as fall within the scope of the appended 30 the wideband COI value is a multiple of a period at which 
claims . the mobile station transmits the subband PMI and the 

subband CQI value . What is claimed is : 9 . The method of claim 6 , wherein selectively transmit 1 . For use in a wireless network , a mobile station com osting the wideband PMI to the base station comprises : prising : 
at least one antenna ; and transmitting the wideband PMI to the base station in the 
a transmitting unit coupled to the at least one antenna and first subframe when the subset indicator has a first 

configured to transmit , via the at least one antenna , value ; and 
feedback values in a physical uplink control channel transmitting the wideband PMI to the base station in the 
( PUCCH ) to a base station of the wireless network ; 40 second subframe when the subset indicator has a sec 

wherein the mobile station is configured to transmit to the ond value . 
base station a subband precoder matrix index ( PMI ) 10 . The method of claim 6 , wherein selectively transmit 
associated with a particular subband and a subband ting the wideband PMI to the base station comprises : 
channel quality indicator ( CRI ) value associated with not transmitting the wideband PMI to the base station 
the particular subband together in a first subframe of 45 when then wideband PMI is an identity matrix and the 
the PUCCH ; subset indicator has a specified value . 

wherein the particular subband comprises one of multiple 11 . For use in a wireless network , a base station compris 
subbands that are divided into multiple subsets , the ing : 
subset to which the particular subband belongs identi at least one antenna ; and 
fied by a subset indicator ; and 50 a receiving unit coupled to the at least one antenna and 

wherein the mobile station is configured to selectively configured to receive from a mobile station , via the at 
transmit a wideband PMI to the base station in the first least one antenna , feedback values transmitted in a 
subframe , in a second subframe , or not at all depending physical uplink control channel ( PUCCH ) ; 
on the subset indicator and content of the wideband wherein the base station is configured to receive a sub 
PMI . 55 band precoder matrix index ( PMI ) associated with a 

2 . The mobile station as set forth in claim 1 , wherein the particular subband and a subband channel quality indi 
mobile station is further configured to transmit to the base cator ( CQI ) value associated with the particular sub 
station a wideband CQI value in the PUCCH . band together in a first subframe of the PUCCH ; 

3 . The mobile station as set forth in claim 2 , wherein a wherein the particular subband comprises one of multiple 
period at which the mobile station transmits the wideband 60 subbands that are divided into multiple subsets , the 
PMI and the wideband CQI value is a multiple of a period subset to which the particular subband belongs identi 
at which the mobile station transmits the subband PMI and fied by a subset indicator ; and 
the subband CQI value . wherein the base station is configured to selectively 

4 . The mobile station of claim 1 , wherein : receive a wideband PMI from the mobile station in the 
the mobile station is configured to transmit the wideband 65 first subframe , in a second subframe , or not at all 
PMI in the first subframe when the subset indicator has depending on the subset indicator and content of the 
a first value ; and wideband PMI . 
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12 . The base station as set forth in claim 11 , wherein the matrix indicator ( PMI ) selected from a codebook 
base station is further operable to receive from the mobile subset for transmission over the subset of subbands , 
station a wideband CQI value in the PUCCH . 

13 . The base station as set forth in claim 12 , wherein a in a second subframe , a value indicating a subband of 
period at which the base station receives the wideband PMI 5 the subset of subbands and CQI for the indicated 
and the wideband CQI value is a multiple of a period at subband . 
which the base station receives the subband PMI and the 22 . The mobile station as set forth in claim 21 , wherein the 
subband CQI value . mobile station is further configured to transmit the value 

indicating the subband of the subset of subbands to the base 14 . The base station of claim 11 , wherein : 
the base station is configured to receive the wideband PMI 10 station in a physical uplink control channel ( PUCCH ) . 

23 . The mobile station as set forth in claim 22 , wherein a in the first subframe when the subset indicator has a period at which the mobile station transmits the CQI for the first value ; and subset of subbands and the PMI is a multiple of a period at the base station is configured to receive the wideband PMI which the mobile station transmits the value indicating the 
in the second subframe when the subset indicator has a 15 has a 15 subband of the subset of subbands . 
second value . 24 . A method of operating a mobile station , the method 

15 . The base station of claim 11 , wherein the base station comprising : 
is configured to not receive the wideband PMI from the transmitting , from the mobile station to a base station in 
mobile station when then wideband PMI is an identity a first subframe , a channel quality indicator ( CQI ) for 
matrix and the subset indicator has a specified value . 20 a subset of subbands and a precoder matrix indicator 

16 . A method of operating a base station , the method ( PMI ) selected from a codebook subset for transmis 
comprising : sion over the selected subset of subbands ; and 

receiving from a mobile station a subband precoder transmitting , from the mobile station to the base station in 
matrix index ( PMI ) associated with a particular sub a second subframe , a value indicating a subband of the 
band and a subband channel quality indicator ( CQI ) 25 subset of subbands and CQI for the indicated subband . 
value associated with the particular subband together in 25 . The method as set forth in claim 24 , further compris 
a first subframe of a physical uplink control channel ing : 
( PUCCH ) ; and transmitting the value indicating the subband of the 

selectively receiving a wideband PMI from the mobile subset of subbands to the base station in a physical 
station in the first subframe , in a second subframe , or 30 uplink control channel ( PUCCH ) . 
not at all depending on a subset indicator and content 26 . The method as set forth in claim 25 , wherein a period 

at which the mobile station transmits the CQI for the subset of the wideband PMI ; of subbands and the PMI is a multiple of a period at which wherein the particular subband comprises one of multiple the mobile station transmits the value indicating the sub subbands that are divided into multiple subsets , the 35 35 band of the subset of subbands . subset to which the particular subband belongs identi 27 . A system , comprising : 
fied by the subset indicator . a base station configured to process received signals ; and 17 . The method as set forth in claim 16 , further compris a receiving unit within the base station , the receiving unit 

ing : configured to receive feedback values from a mobile 
receiving from the mobile station a wideband CQI value 40 station , wherein the feedback values include , 

in the PUCCH . in a first subframe , a channel quality indicator ( CQI ) 
18 . The method as set forth in claim 17 , wherein a period for a subset of two or more subbands and a precoder 

at which the base station receives the wideband PMI and the matrix indicator ( PMI ) selected from a codebook 
wideband CQI value is a multiple of a period at which the subset for transmission over the subset of subbands , 
base station receives the subband PMI and the subband CQI 45 and 
value . in a second subframe , a value indicating a subband of 

19 . The method of claim 16 , wherein selectively receiving the subset of subbands and CQI for the indicated 
the wideband PMI from the mobile station comprises : subband . 

receiving the wideband PMI from the mobile station in 28 . The system as set forth in claim 27 , wherein the base 
the first subframe when the subset indicator has a first 50 station is further configured to receive the value indicating 
value ; and the subband of the subset of subbands from the mobile 

receiving the wideband PMI from the mobile station in station in a physical uplink control channel ( PUCCH ) . 
the second subframe when the subset indicator has a 29 . The system as set forth in claim 27 , wherein a period 
second value . at which the base station receives the CQI for the subset of 

20 . The method of claim 16 , wherein selectively receiving 55 subbands and the PMI is a multiple of a period at which the 
the wideband PMI from the mobile station comprises : mobile station transmits the value indicating the subband of 
not receiving the wideband PMI from the mobile station the subset of subbands . 
when then wideband PMI is an identity matrix and the 30 . A method of operating a base station , the method 
subset indicator has a specified value . comprising : 

21 . A system , comprising : 60 receiving , from a mobile station at the base station in a 
a mobile station configured to determine feedback values ; first subframe , a channel quality indicator ( CQI ) for a 

and subset of two or more subbands and a precoder matrix 
a transmitting unit within the mobile station , the mobile indicator ( PMI ) selected from a codebook subset for 

station configured to transmit the feedback values to a transmission over the subset of subbands ; and 
base station , wherein the feedback values include , 65 receiving , from the mobile station at the base station in a 
in a first subframe , a channel quality indicator ( CQI ) second subframe , a value indicating a subband of the 

for a subset of two or more subbands and a precoder subset of subbands and CQI for the indicted subband . 

hand 
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31 . The method as set forth in claim 30 , further compris 
ing : 

receiving the value indicating the subband of the subset of 
subbands at the base station in a physical uplink 
control channel ( PUCCH ) . 

32 . The method as set forth in claim 31 , wherein a period 
at which the base station receives the CQI for the subset of 
subbands and the PMI is a multiple of a period at which the 
mobile station transmits the value indicating the subband of 
the subset of subbands . 10 


