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SYSTEM AND MEfflOD FOR CLOSED LOOP MIMO PRE-CODING AND 
FEEDBACK 

The present invention generally relates to closed loop MIMO (Multiple Input Multiple 
Output) pre-coding and feedback, and more specifically to closed loop MIMO pre-coding 
and feedback for pwposes of the IEEE 802.16(e) and IEEE 802. l l(n) standards. 

BACKGROUND OF THE INVENTION 

As will be apparent to one of skill in the art there are numerous problems with the current 
IEEE 802.16(e) standard that need to be resolved including: 

[1] MIMO channel feedback bandwidth reduction 
[2] Antenna group selection 
[3J MIMO channel feedback ageing 
[4] Vector quantization for the MIMO channel 
[5] MIMO feedback flow control associated MAC design 
(6) Feedback channel design 
[7] Feedback STC coding and channel sounding 

While several solutions have been proposed in IEEE802. l 6( e) and IEEE802. ll (n) for the 
closed loop MIMO pre-coding transmission, they are not practical for the following 
reasons: 

(1) The Hausholder transform based SVD beam former feedback: The problem 
with this approach is that it is too complex for mobile channel realization 

(2) Single user based fixed sub-channel allocation: The problem with this 
approach is that it has 2-3 times capacity loss compared to multi-user diversity 

[3] Receiver based vector channel quantization: The problem with this approach 
is that it exponentially increases terminal complexity 

A need exists therefore for an improved system and method for enabling closed loop 
MIMO pre-coding and feedback. 

Copy provided by USPTO from the IFW Image Database on 06127/2005 
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SUMMARYOFfflEINVENTION 

It is an object of the invention to provide a closed loop MIMO pre-coding and feedback 
system and method for the IEEE802.16(e) and IEEE 802.1 l(n) standards. 

It is another object of the invention to provide a closed loop MIMO pre-coding and 
feedback system and method for the WiMAX forum. 

It is another object of the invention to provide a multi-user allocation for an OFDMA 
banded sub-channel 

It is another object of the invention to provide feedback ageing processing 

It is another object of the invention to provide differential feedback of a MIMO channel 

It is another object of the invention to provide Givens-rotation based decomposition of a 
beam-former 

It is another object of the invention to provide a multi-user scheduled downlink (DL) 
MIMO transmission 

It is another object of the invention to provide MAC control of MIMO feedback 

It is another object of the invention to provide a space time coded MIMO feedback 
channel 

It is another object of the invention to provide combined sounding of a MIMO channel 
and CQI (channel quality indicator) feedback 

It is another object of the invention to provide first multi-user feedback of a MIMO 
channel to a basestation (BTS) by MIMO channel compression or uplink (UL) MIMO 
channel sounding 

It is another object of the invention to provide a Multi-user selection and allocation 
strategy 

It is another object of the invention to provide multi-user pre-coding transmission to 
increase the range or to separate the inter-user interference. 

Copyprovi m the IFW Image Database on 06/27/2005 
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DETAILED DESCRIPTION OF THE INVENTION 

The following provides a glossary of the terms used in this application: 

• AMC 
• BS orBTS 
• CL_MIMO 
• CQI 
• CQICH 
• DFf 
• FB 
• FDD 
• FFf 
• MIMO 
• MLD 
• MSE 
• MSS 
• PUSC 
• QoS 
• SISO 
• SVD 
• STTD 
• SM 
• SQ 
• TDD 
• VQ 

Adaptive Coding and Modulation 
Base Station 
Closed Loop MIMO 
Channel Quality Indicator 
CQichannel 
Discrete Fourier Transform 
Feedback 
Frequency Duplex 
Fast Fourier Transform 
Multiple Input Multiple Output 
Maximum Likelihood Detector 
Minimum square error 
Mobile Subscriber Station 
Partially Utilized Sub-Channel 
Quality of service 
Single Input Single Output 
Singular Value Decomposition 
Space Time Transmit Diversity 
Spatial Multiplexing 
Scalar Quantize 
Time Duplex 
Vector Quantize 

The embodiments set forth below represent the necessary information to enable those 
skilled in the art to practice the invention and illustrate the best mode of practicing the 
invention. Upon reading the following description in light of the accompanying drawing 
figures, those skilled in the art will understand the concepts of the invention and will 
recognize applications of these concepts not particularly addressed herein. It should be 
understood that these concepts and applications fall within the scope of the disclosure and 
the accompanying claims. 

In accordance with a broad embodiment of the invention there is provided a way of 
facilitating closedloopMIMO pre-coding and feedback in a communications network 
operating in accordance with the IEEE 802.16(e) and IEEE 802.1 l(n) standards. 

Prior to describing the details, however, a brief overview of an IEEE 802.16(e) / IEEE 
802.1 l(n) environment in accordance with a broad embodiment of the invention is 
presented in Figure 1. As will be apparent to one of skill in the art the various boxes 
depicted therein are representative of algorithms which may be embedded in software, 
firmware or an ASIC (application specific integrated circuit). The broader inventions are 
not intended to be limited in this regard. 

USP O from the FW Image Database on 06127/2005 
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As shown in Figure 1 particular embodiments of the invention can be largely grouped 
into four categories of algorithms for purposes of illustration: 

• Multi-User Selection (Embodiment 1.0): includes algorithms for organizing users, 
organizing antennas and selecting sub-bands; 

• Quantized MIMO Channel Feedback (Embodiment Group 2.0): includes 
algorithms for facilitating feedback from a terminal to a BTS; 

• MAC Layer (Embodiment 3.0): includes algorithms for the overall operation of 
the IEEE 802.16(e) or 802.1 l(n) environment 

• Feedback channel for MIMO channel information MIMO (Embodiment 4.0): 
includes the feedback channel structure with the channel sounding capability and 
space time coding on the feedback channel. 

In accordance with an embodiment of the invention Embodiments 1.0 and 3.0 occurs 
predominately within an associated BTS, Embodiment 2.0 predominately within an 
associated terminal, and Embodiment 4.0 occurring in both. 

Regarding the sulrEmbodiments of Embodiment 2.0 (2.1 and 2.2) one of skill in the art 
will appreciate that these algorithms are generally alternative to each other and need not 
co-exist. Similarly their respective sub-Embodiments are alternatives and need not co­
exist. 

In accordance with an embodiment of the invention the sub-Embodiments of 
Embodiment 4.0 co-exist. 

Figures 2 and 3 present a comparison of SVD to Antenna Grouping for purposes of 
providing context for Embodiment 1.0. 

Figure 4 presents an antenna! grouping algorithm in accordance with an embodiment of 
the invention (Embodiment 1.0.1 -Modes Selection) 

Figure 5 presents an antenna grouping algorithm in accordance with an embodiment of 
the invention (Embodiment 1.0.2 - Antenna Grouping Criterion) 

Figure 6 presents an antenna grouping algorithm in accordance with an embodiment of 
the invention (Embodiment 1.0.3 - Antenna Group Selection) 

Figure 6A presents a multi-user pre-coding algorithm in accordance with an embodiment 
of the invention (Embodiment 1.1.0 - Dirty Paper coding) 

Figure 6B presents a multi-user pre-coding algorithm in accordance with an embodiment 
of the invention (Embodiment 1.1. l - Multi-User Pre-coding with assigned set of users) 

Copy prov! by USPTO from the FW Image Database on 0612712005 
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Figure 6C presents a multi-user pre-coding algorithm in accordance with an embodiment 
of the invention (Embodiment 1.1.2 -Multi-User Pre-coding with multi-user diversity) 

Note, the designations 6A through 6C were chosen in the interests of time and does not 
necessarily suggest a relationship with Figure 6 or each other. 

Figure 7 presents a direct differential encoding algorithm in accordance with an 
embodiment of the invention (Embodiment 2 .1. 1.0 -Architecture (1)) 

Figure 8 presents a direct differential encoding algorithm in accordance with another 
embodiment of the invention (Embodiment 2.1.1.0 - Architecture (2)) 
Figure 9 presents a direct differential encoding algorithm (FB) in accordance with an 
embodiment of the invention (Embodiment 2.1.1.1 - Differential Encoder: 1 bit DPCM) 

Figure 10 presents a direct differential encoding algorithm (FB) in accordance with an 
embodiment of the invention (Embodiment 2.1.1 .2 - Differential Encoder: 1 bit Delta/ 
Sigma) 

Figure 11 presents a direct differential encoding algorithm (FB) in accordance with an 
embodiment of the invention (Embodiment 2.1.1 .2 - Differential Encoder: 1 bit Delta/ 
Sigma) 

Figure 12 presents a direct differential encoding algorithm (FB) in accordance with an 
embodiment of the invention (Embodiment 2.1.1.3 - Differential Encoder Operation) 

Figure 13 presents a direct differential encoding algorithm (FB) in accordance with an 
embodiment of the invention (Embodiment 2.1.1.4 - Feedback Channel) 

Figure 14 presents a differential encoding of transfonned MIMO channel algorithm in 
accordance with an embodiment of the invention (Embodiment 2.1.2.1 - Differential 
encoding of unitary matrix) 

Figure 15 presents a differential encoding of transformed MIMO channel algorithm in 
accordance with an embodiment of the invention (Embodiment 2.1.2.2 - Differential 
encoding of vector weights) 

Figure 16 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.0 - Givens Rotation Architecture) 

Figure 17 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.1 - Givens Rotation for 2-Transmit 
Antenna) 

Figure 18 presents an SVD based Givens transfonn SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.2 - Givens Rotation for 3-Transmit 
Antenna) 

Copy provi by USPTO from the IFW Image Database on 08/27/2005 
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Figure 19 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.3 - Givens Rotation Architecture for 4-
Transmit Antenna) 

Figure 20 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.4 - Givens Rotation Architecture for n­
Transmit Antenna) 

Figure 21 presents an SVD based Givens trans.form SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.5 - Truncation of Givens Expansion) 
Figure 22 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.6 - Truncation of Givens Expansion) 

Figure 23 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.7 -Bit Allocation (1)) 

Figure 24 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.1.7 - Bit Allocation (2)) 

Figure 25 presents an SVD based Givens transform SQ algorithm in accordance with an 
embodiment of the invention (Feedback requirement Example) 

Figure 26 presents an SVD based Givens transform VQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.2.1 - Grassmann Subspace Packing) 

Figure 27 presents an SVD based Givens transform VQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.2.2 - Spherical Code Based Quantizer (1)) 

Figure 28 presents an SVD based Givens transform VQ algorithm in accordance with an 
embodiment of the invention (Embodiment 2.2.2.3 - Spherical Code Based Quantizer (2)) 

Figure 29 presents a receiver based Givens transform in accordance with an embodiment 
of the invention (Embodiment 2.2.3.0 - Architecture) 

Figure 30 presents a receiver based Givens transform in accordance with an embodiment 
of the invention (Embodiment 2.2.3.1 - Search Criteria) 

Figure 31 presents a receiver based Givens transform in accordance with an embodiment 
of the invention (Embodiment 2.2.3.2 - Feedback method) 

Figure 32 presents an SVD based pre-coding algorithm in accordance with an 
embodiment of the invention (SVD Decomposition >>> cost n3

) 

Figure 33 presents an SVD based pre-coding algorithm in accordance with an 
embodiment of the invention (SVD Decomposition>>> cost n3

) 

Copy provided by USPTO trom 1,e IFW Image Database on 0Bf27/2005 
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Figure 34 presents a MAC Support for CL-MIMO algorithm in accordance with an 
embodiment of the invention (Embodiment 3 .0 -- FDD MIMO channel feedback ( 1)) 

Figure 35 presents a MAC Support for CL-MIMO algorithm in accordance with an 
embodiment of the invention (Embodiment 3.0 -- FDD MIMO channel feedback (2)) 

Figure 36 presents a MAC Support for CL-MIMO algorithm in accordance with an 
embodiment of the invention (Embodiment 3.1 - TDD MIMO channel feedback) 

Figure 37 presents a MAC Support for CL-MIMO algorithm in accordance with an 
embodiment of the invention (Embodiment 3 .0 -- FDD MIMO channel feedback ( 1)) 

According to the embodiment of the invention shown in Figure 37, MIMO feedback 
channel allocation information element (MIMO_CQICH_Alloc_IE) is provided 

This IE is used by BS to assign one or more fast feedback channel (CQICH) to a MSS for 
the MSS to provide MIMO feedback. 

Table 1 - MIMO_CQICH Alloc IE 

Alloc IE O f 

ents 

+ 
{ 

CID 
Duration d 

=ObOOO, the COICH is deallocated: 
d = Obl 11. t oor feedback 

e until 

Frame o set back 
the same 

ffset. If the 

If d !=obOOO 

Num COICH Allocation to the MSS 
ID 

Copy provided by USPTO from the IFW Image Database on 06/2:1/2005 
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feedback 

Format Index 

After a MSS receives such a IE. the MSS may continuously transmit the following 
information defined in Table 1 during the assignment duration or until the CQICH(s) is 
deallocated. The information bits may be mapped to the assigned CQICH(s) in the 
following way: 

For the first frame where CQICH(s) is allocated, the payload of first CQICH is first filled 
and the payload of second CQICH is filled up and so on until the all assigned CQICH(s) 
in the frame is filled up; for the following frames, the above is repeated 

Table 2. MIMO feedback. 

~ Size Notes 

for ( i=O; i < Num MIMO feedback; i++) rf the Num MIMO feedback> 
I the feedback either }aver 
lba.c;ed or AMC band based, 
~hall be in the order so that the 
haver or AMC band who has the 
maximnm COi ~ first. 

l. 
Feedback content formatted as indicated bv format ~ See Table xx Feedback format. 

index 
l 
If (Format index =- 4) 

A veraQ'e interference i bits AveraQ'e interference 
If (Fonn:1t index= 4) 
STTD/BLAST Selection Um Db0: SITO is selected 

rlbl: RT AST is selected 
l 

Table 3 MIMO feedback formats 

Copy provided by USPTO from the IFW Image Database on 06127/2005 
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LAST selection I 
e number of bits = I 
dex indicated in the 

0 

indicated in 

Joe IE e. . 4/5/6 bits 

Also provided in accordance with an embodiment of the invention is a MIMO_Feedback 
Request message 

This message may be used by BS to request-MIMD feedback information from a MSS 
who support MIMO operation. 

Table 4 - MIMO Feedback request message format 

Syntax Size Notes 

MIMO Feedback Reauest messae:e 
i:-ormat n f 
Num MIMO feedback ~ Nu mer of feedbacks formatted based on the 

i:;'ormat index defined below 
Leno-th of band index l bits rndication of the Jent:!th of AMC band index 

Copy provided by USPTO from the IFW Image Database on 06/27/2005 
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Lenl!th of COi value index 1-hits. rndication of the Jene.th of COi value index 
Format Index 3 bits See Table Z 

1 

Also provided in accordance with an embodiment of the invention is a MIMO_Feedback 
Response message 

This message may used by MSS to request MIMO feedback information to BS as a reply 
after receiving MIMO feedback request or as an unsolicited MIMO feedback. 

Table 5 - MIMO Feedback response message format 

fu'.!!tax Size Notes. 

IMIMO Feedback Reouest messal!e format O f 
Nnm MJMO feedh,.,-1,- ~ ~umPr of feedb<>rl,-s formattp,I 

:>ased on the Format index 
t,-finPrl hP}ow 

Format index ~ bits 
for ( i=0· i <Num MIMO feedback; i++) rf the Num MIMO feedback> 

. the feedback. either laver 
ciased or AMC band based. 
~hall be in the order so that the 
haver or AMC band who has the 
,n<>vim11m COi ,, fird 

f - -- k content formatted as indicated bv format ~ See Table xx. Feedback format. 
lndex 
_}_ 

l 

If <Format index == 4) 
AuPr<>nP i ~ f bits I\. ver:i ~e interferr.nl'P. 

lf<Format index== 3) 
STTO/BI A,ST Selection 1 bit 'lhQ: SITD selected 

'lh 1 · RT AST sel,-rted 

Also provided in accordance with an embodiment of the invention is a MIMO feedback 
MAC header 

This UP generic MAC header may be used by MSS to provide MIMO feedback 
information. 
One or more MIMO feedback header(s) may be sent by a MSS at once if one header is 
not enough. 

Copy provided by USPTO from the IFW Image Database on 06'27/2005 
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E4 '.::= 11 1) 
MIMO feedback (8) I 1) rypeC6)=000001 

MIMO feedback (8) MIMO feedback (8) 

MIMO feedback (8) HCS (8) 

The Type (6) may be set to 000001 to indicate a MIMO feedback MAC header. In each 
MIMO feedback header, there are 3~ bits payload may be used for the MIMO feedback 
purpose. 
The mapping of feedback information bits (table Y) on to MIMO feedback header(s) may 
be provided as follows: the payload field in the first MIMO feedback header is filled and 
then the second, until preferably all the information bits are mapped. 

Figure 38 presents a CQICH Based MIMO Channel Sounding Algorithm ( 1 transmit 
antenna) in accordance with an embodiment of the invention (Embodiment: 4.1.1 -
TDD MIMO channel sounding) 

Figure 39 presents a CQICH Based MIMO Channel Sounding Algorithm ( 1 transmit 
antenna) in accoxdance with an embodiment of the invention (Embodiment: 4.1.2 -
Sounding CQICH channel for PUSC) 

Figure 40 presents a CQICH Based MIMO Channel Sounding Algorithm (2 transmit 
antennas) in accordance with an embodiment of the invention (Embodiment: 4 .1.3 -
Sounding CQICH channel for PUSC) 

Figure 41 presents a CQICH Based MIMO Channel Sounding Algorithm (2 transmit 
antennas) in accordance with an embodiment oftheinvention (Embodiment: 4 .1.4 -
Sounding CQICH channel for PUSC) 

Figure 42 presents a CQICH Based MIMO Channel Sounding Algorithm (1 transmit 
antenna) in accordance with an embodiment of the invention (Embodiment: 4.1.5 -
Sounding CQICH channel for Optional PUSC) 

Figure 43 presents a CQICH Based MIMO Channel Sounding Algorithm (2 transmit 
antennas) in accordance with an embodiment of the invention (Embodiment: 4.1.6 -­
Sounding CQICH channel for Optional PUSC) 

Copy provided by USPTO from the IFW Image Database on 0lli27/2005 
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Figure 44 presents a CQICH Based MIMO Channel Smmding Algorithm (2 transmit 
antennas) in accordance with an embodiment of the invention (Embodiment: 4.1.7 -
Sounding CQICH channel for Optional PUSC) 

Figure 45 presents a CQICH Based MIMO Channel Sounding Algorithm (2 transmit 
antennas) in accordance with an embodiment of the invention (Embodiment: 4.1.8 -­
Sounding CQICH channel for Optional PUSC) 

Figure 46 presents a CQICH Based MIMO Channel Sounding Algorithm in accordance 
with an embodiment of the invention (Embodiment: 4.1.9. -- sounding MIMO Feedback 
channel) 

Figure 47 presents a CQICH Support of Differential Encoding Algorithm in accordance 
with an embodiment of the invention (Embodiment: 4.1.10. -mini tile support for 
differential CQI) 

Figure 48 presents a space time coding for CQICH algorithm in accordance with an 
embodiment of the invention (SISO construct) 

Figure 49 presents a space time coding for CQICH algorithm in accordance with an 
embodiment of the invention (Embodiment 4.2.1.-- SITO support) 

Figure 50 presents a space time coding for CQICH algorithm in accordance with an 
embodiment of the invention (Embodiment 4.2.2. - SM support) 

Figure 51 presents a MIMO feedback channel ageing algorithm in accordance with an 
embodiment of the invention (Embodiment 4.3.1. - Receive ageing beam-former 
correction) 

Figure 52 presents a MIMO feedback channel ageing algorithm in accordance with an 
embodiment of the invention (Embodiment 4.3.2. - Mitigation of ageing) 

Figure 53 presents a pre-coding of MIMO pilot algorithm in accordance with an 
embodiment of the invention (Embodiment 4.4.1 - Pre-coding of MIMO pilot) 

Figure 54 presents a pre-coding of MIMO pilot algorithm in accordance with an 
embodiment of the invention (Embodiment 4.4.2 - Pre-coding of MIMO pilot) 

Figure 55 presents a pre-coding of MIMO pilot algorithm in accordance with an 
embodiment of the invention (Embodiment 4.43 -MIMO pilot of pre-coding large 
antenna array) 

Copy provided by UsPTO from the IFW Image Database an 06/27/2005 
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The IEEE 80'2. 16(a, d and e) and 80'2. l l (n) standards are hereby incorporated by 
reference. 

Figure 56 provides an overview of Vector Pre-coding ( code-book construction) for 
purposes of context and comparison 

Figure 57 provides an overview of Vector Pre-coding (code-book optimiz.ation) for 
purposes of context and comparison 

Figure 58 provides an overview of Vector Pre-coding (vector quantize channel) for 
purposes of context and comparison 

Figure 59 provides an overview of Matrix Pre-coding (column by column vector 
quantiz.e channel-I) for purposes of context and comparison 

Figure 60 provides an overview of Matrix Pre-coding (column by column vector 
quantize channel-2) for purposes of context and comparison 

Figure 61 provides an overview of Matrix Pre-coding (decompression of quantiz.ed 
channel-I) for purposes of context and comparison 

Figure 62 provides an overview of Matrix Pre-coding (decompression of quantized 
channel-2) for purposes of context and comparison 

Figure 63 provides an overview of Matrix Pre-coding (code book design) for purposes of 
context and comparison 

Figure 64 provides an overview of Matrix Pre-coding (code book design) for purposes of 
context and comparison 

Figure 65 provides an overview of Matrix Pre-coding (vector quantize channel) for 
purposes of context and comparison 

Copy provided by USPTO from tie IFW Image Database on 06/27/2005 
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WE CLAIM: 

A method comprising: 
at a basestation: 

15 

broadcasting pilot information to one or more receivers; and 
receiving channel information from at least one of said one or more 

receivers in response to said pilot information, 
wherein said channel information is compressed using differential encoding 

A method comprising: 
at a receiver, receiving pilot information broadcast from a basestation; and 
in response to said pilot information, transmitting channel information to said 

basestation, 
wherein said channel information is compressed using differential encoding 

A method comprising: 
at a basestation: 

broadcasting pilot information to one or more receivers; and 
receiving channel information from at least one of said one or more 

receivers in response to said pilot information, 
wherein said channel information is compressed using a givens rotation 

transformation. 

A method comprising: 
at a receiver, receiving pilot information broadcast from a basestation; and 
in response to said pilot information, transmitting channel information to said 

basestation, 
wherein said channel information is compressed using a givens rotation 

transformation 

A method comprising: 
at a basestation having a plurality of antennas: 

broadcasting pilot information to one or more receivers; 
receiving channel information from at least one of said one or more 

receivers in response to said pilot information, and 
assigning one or more antennas to said at least one of said or more users 

based on said received compressed channel information. 

A system comprising: 
either transmit or receive circuitry as is appropriate; and 
circuitry adapted to carry out the methods set out above. 

Copy provided by USPTO from the IFW Image Database on 06127/2005 
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