WD 2008/ 060246PCT/ SG2007/ 000388 1 Met hod and system for encoding a
data matri x and nethod and system for decodi ng an encoded data matri x
Field of t¥® dosgodas On 5 Enbodi ments of the invention gaAG@EvdNo00388
relate to a method and a systemfor encoding a data matrix and a

met hod and a system for decoding an endoded data matrix. 10
Background of the invention According to the Miltiple-input

Mul ti pl e- oMephod (AbABy Toamrufnic atradinge hndhbgynahuiti @ rgidainand
antennas of a transgq r .and ;oul tiple_ receiv nj ennas . of _a receiver
are 15 used for th%glf %%%s?nc’%:sf%ﬁ‘%fﬁ% %t%n%?cfeé’gr#a%aomaﬂ:ﬁéx
transmtter to the receiver. M MO has been considered in several

communi cat i on . standards in order to achi eve a hi gher throughput.
Al t hough Mmd £ ues have al ready shown to achi eve high
per f orgrance gain, the availability of 20 either full or parti al

channel state information (CSI) at the transmtter, e.g. a

base- st at EBRoginen T & ho iAo geReradi K, redpteate @ Imefdwd and
addi ti ona B i St . gV c ity UGL)
Such cl oséd?%é{o%ﬁ s"cheerreelg'%%v@n%een co%nsgﬁgérﬁegﬂgng{?%%%frﬁ% %S)IE%EIH
802. 16, ahdr 3¢EFodEng @iy sharadeRy olade oatEi¥E) for application of
beanform ng or multi-user precoding. However, channel state
information estimation for the downlink channel at a base-station is
not pidssi baekgrowWdl commud datvienrtisyst ens usi ng FDD (frequency

di vision duplexing), and it is also not straight forward in

communi cation systens using TDD (tine division duplexing) due to the
m smat _CthdSccbh_ﬂziIfga_d:icO tfrfeewﬂnﬁl | )pﬁd—qm@utgﬁlblltﬁﬁl;&oﬁf@lt Z(m@)bnlel
state information is typically estimted by the receiving nobile

t er ni nal ,Cﬂfﬁ&?ﬁ%%%%ﬂgﬁwo&afck CERECHEERDETHE | FHCTAAS OF 2

unf ort unat ehysmieBs 28 anhidhbifceddagkebanduhgid. o 50 ARl 8o
term nal may conpute a beanfornming 5 vector or matrix, which is

usualty &Rt tEHor e dcRRTorS int &y antlRFRxSTEPRM CEHRRIF €% thi s
vect or or¢ @k el e dredid@ivlerhasitmbonbbendas esStfldg Bh
conpressi on and quantization the feedback bandw dth requirenent may
be great | FeY@RRIE PIHELLCRi e SRR BN ERI BF A5 ake mrh s wey én higher
subst ant i gh,@nARMTNIGRMEN 38 TR e MRLEY g FM { grhoagnal, 4.
frequency division multipléexing). For comunication systens accor 8’. ng
to | EEE 88204 rtaniadiizom-h igdn ewirdormasee dagsn s ubhe aavd idrabils tar of
allo ed tr ]SS 4 b
Feedback S gun Sar Faraniy, Shafed SRperEned il (iend 2t e
sub carrieraminityesguio.e -3 82 beistes stwliioh 0§ 50865 e ermemundwert i4nbi t s

case), a i f, C b rrier Wll require 416 bit
(which i ngi%bg%]g’nétfyg&e%tqqglvére%? SZ%lvolblaﬁ §lcégre1§¥m Ho" %%chk gﬁlfle\ﬁn%
hundr eds sémdiiirsed reveert icoeipl exdnye retiocaibasesstlat ¢ bisadlooposehames
chal I engi ng_t ask, hence | ow,co [ he h can. provj ood
per f or nan%%v%&ef%\m Cfoé’é?‘d'ﬁ%é:l?q' a‘f’eﬂbﬁ)ﬁﬁbﬁr ;EHegﬁé{%?@? %'SMS‘%P&
the izBventéons AeOmidIGitierong Tenbedrmeppl 0fathen | 6 S drFbrrd ndebhod
for encoding a data matrix having at |least a first conponent and a
second ¢ eTHS 8% BHEGANED wherei n the val ue of the first 30
conponent is determ ned, the nunber of bits to be used for encodi ng

the second conponent is selected based on the value of the fikst
conponent Howgie e chirdinsdnmsdadst indogmebded esthpt Bon Mo dibect ed
nunber of ;hi ts, fin (o] '] C d Qrt scription
of the fi%ﬁ%@l@?{%%&%}aﬁt\%& %%bg%dlggeg%% éﬁofgtﬁggi%%%&%llgnq%e

expl d@lnedctrethoviiadttior efyertence usd. ngh&Dir §dragsency division

duplexing), and it i1s also not straight forward in

communication systems using TDD (time division duplexing} due

to the mismatch in the radio frequency front end. Hence, the



Figure 1 shows a comuni cation system according to an 10enbodi nent of
the invention. Figure 2 shows a flow diagram according to an

enbodi ment wefoédiRodspvention. 15 Figure 3 shows an encodgf/aseeidiing
to an enbodi nent of the invention. Figure 4 shows a

t hr ee- di nensi onal coordi nate system 28 Figure 5 shows a
t hr ee- di nensi onal coordi nate system Detail ed description
Figure 1 shawnsed siomimamirctimat isys tismtiplcatter dsumitedirb®Ehe

enbodi nen . inwent i qn._ _The .conmuni cati,on_system 100 i ncl udes a
t ransni tt%?e%bﬁfﬁ%ﬁ%ﬂeécﬁ%%}l%. @Fﬁg"tﬁgﬁsﬁ?t¥§erfb ?%&?dgg‘ea

pl uralitybatetstansivn. aitiennamfdunegelyl r a6gei te &nd enigh K2 dpicng
30 coupled_w,th respective sending unit_104.  Each sending unit 104
i s suppl igangx)i’%%a?f C%E(pgzh%tm‘%fﬂf l’ﬁ%rﬂ‘l?aéi YANI CORRER & hegmforming
., XNTIST wheeeoNToi Sndthe x WA /16 Q246 PCY SG2007/ 900388 & Jwirder  of
transmt antennas 103. Each sending unit 104 transmts the respective

conponent "B+ t3Fe 3 tgat \?é'{fjt SOTRTESION§IE ReVEeEPR R F viea it Mef 0183,
such t hat rabapgetherbadie ¢ itdRal4eCkPht Xoh S w%%rn%fﬁsaéj@{‘%ﬂ& ted
y

signal vector is 5 received by the transmtter urality of
recei ve aff@npbzATiom téwcH ioke bantehdbh 1050wt enercom@Eedan th a

respectivg.g Pvidg gy t 106, in formof the received NR x 1 signal
vect or .y&; ﬁ%z ..., YNR] T via a comrmuni cati on channel 108. NR

denotlds t he nunber of receive antennas 105. 10 Since NR and NT are
assuned t e bi t he.Comruni cation system 10Q i.s .a M MO
(oo o) efndnepd et a0 KRG EBTIL L 08 Lo SR oy e
(or t hogonedmureianion dinsiteinen emlolphexOnoY systiergordih NeqaeNgy= 4
or 8 and &5 Wor Ki E@Jl%}% gﬁcent r gequemé of 5 GHz with a system
bandwi dt i of - 2PHEP - BRHT - EGei v & Can COHRBN 1B Ut 61 N ELIHh &CCoFRdRENt
of the receivErt domallnveator 2pvardbhhewi @5RECEd Vel 160 RN @3t ri: & 30

outp by the receivi uni.it 106 coupled to the antenna and fed to a
det eg‘t'r’or ai’éei.alﬁﬁ’é:attreéﬂ%rﬁrs i ntEﬁglsﬁEF%%?%t?%sd%‘%a tHe eFfuineat fof

channel 198 detempindihee ansTichraibenyas: Lo and I 888l Ve 25pits
antennas 105 can be nodel ed by a conplex NR x NT channel matrix H.
The recei WRRAAYNEAS E8PoCAFTegH Bélhr Fegehrasild ke dvpiich 4s 50%
conpl ex CausSdrthtNQvee VeEliels Wa%@izeéﬁ’d NBag NG 2 MAHAAC Y subor
exanpl e, the communication system 100 i s a cormunication
carrier will require 416 bits (which is 100% increment over 4
20 bits case). To feedback a few hundreds of bits in a timely
manner to a base-station will pose a challenging task, hence
a low complexity scheme that can provide good performance at

low feedback rate is highly desirable.

25 Summary of the invention

According to one embodiment of the invention, a method for
encoding a data matrix having at least a first component and
a second component is provided wherein the value of the first
30 compeonent is determined, the number of bits to be used for
encoding the second component is selected based on the value

of the first component, the second component is encoded using



5 system according to Wfi |EEE 802.11n, W Max | EEE 802. 16, or 3GPP
LTE (Third Generation Partnership Project Long Term Evol ution). For

i nst ance, wieoasm4ni cati on system 100 uses OFDM ( or t hagrmsad2007/000388
frequency division nultiplexing ). 10 The comruni cati on system 100
may use beanform ng for the data transm ssion. As an exanpl e,

ei gen-subspace beanformng is explained in the follow ng. Wth

ei gen- beardrigtRFEted pursstmedc 8148 n2BAdtEe nhl esdcxsaigndand e

achi eved. g &, BYq uUsi ng Si ngdl ar Val ue Decé6nposition (SVD), the M MO
channel matrix H can be deconposed according to H =. UDVH(2) 20 where
Uof size Ng x Rand V of size NT x R are both unitary matrices,

andDi saRxT@g;'ﬁgod’@AC rég ;|{l|0>§1 %%T%ih%t E@gu% t he singular values of H as
its diag ; i of H 25 To perform

ei gendsubspace beanform ng, V needs to be fed back fromthe receiver,

e.g. a mopjJe termnal, .to.the . transmtter, e.g. a base-station. ot a
Tobi | 6 CoMMTT AT T FERAVRERES BRaLPS: Srreltier e EthLrse belod
i nf or mat ivahth mafeNériary Hoe timl dirpliiedswi th a matrix E such that the
| ast row of 30 V consists of only real nunbers. Hence, equation (2)
may be expressed as: 5 WD 2008/060246 6 H = UDEVH = UDVH where

r): =DE angh g=/B aHbweher @ ommihdgabesh §jste Sed&Mlinkllo an

PCT/ SG2007/ 000388 (3) _.(4) -HH - and viiT represents the | ast
colum? of Vv . 10 wRRedipentyef, the-1pveWEfoR- + n(5) = (UDEVH) X + n
To transmt data on the first K eigen nodes (where K R), 15 the
beanform ng matrix Wis defined as the first K colum vectors of V,
i.e., =(6Hlawrehe ahoassd ey sigaakmxatcordling ceb tan tampodinentdata
signal u by: 25 T .dth _of the feedback channel, i.e. the
conmmuni cati on chaﬁ%ﬁ?gggé%ﬂ%gnfhe receiver 102 to feed back channel
state information to the transmtter is limted so Whas to be WO

2008ﬁg60%ﬂﬁ££a¥g%%&&l@Q%%S%%cgder according to an embodiment of the

invention.
Figure 4 shows a three-dimensional coordinate system.
20 Figure 5 shows a three-dimensional coordinate system.

Detailed description

Figure 1 shows a communication system 100 according to an

25 embodiment of the invention.

The communication system 100 includes a transmitter 101 and a
receiver 102. The transmitter 101 includes a plurality of
transmit antennas 103, each transmit antenna 103 being

30 coupled with a respective sending unit 104.

* Each sending unit 104 is supplied with a component of a

Np x 1 signal vector x =[21,x2,...,xNTfI where N7 is the



quantized, and the transmtter 101 receives the quantized version of
W denoted as It is desirable that the quantization of Wis sinple in
5 i nmpl emenvetnesusemasl | ow i n conpl exity, has | ow st or agepaEsEhoRNeIRE S
and is flexible with respect to an adj %sti ng of the antenna setting.
It is assuned that the comunication channel 108 is estimted 10
accurately, and that there is no error _or _delay in the feedback
conmuni cabiBReEnhnerangpit prisnmed 1160 n§achnbyndhedi wpbet1F t he
quanti zat { o h1 08 e tosddia dddridapoheadbaekihandWidlh dctor =
consi dered. Hence L instead of W is being used as beanformng matrix
by the trapbnrytils d¥apeqatlye anierng 16w ngudbsthapt abbogeiar, the

el gen-beagl o119 N AASEd: U, DAL SAALIRnLAL VEHCCPUROPI T AN, [ Used
as an exanpfe, however,~other types of beantorm ng 0ods” may e
used dccordempved oy higre embodimigrites 02t bg anpbatabhty 20F Avswmridieng t o

mbodj, t of [ ti ..a feedback ' i
Gvens 1ot AEPERE (151 1R e RSP ARG R PT o CHREO T 6

h
q
G vens rotaspenisive Bbcaintiray yuriit 11i06, suchoas dY¥ithé hisceiasnl npank he
represented as foll ows: (NT i(I)N21,0i) rrTi? e S1f... ejLi.
P-ii twiidihmlitvabdd¥AY 2l { NI . gy 17 (91230 WhRhEn Rt Sord
di agonal matrix and Qi%is [léia:‘\?%ed asy:NR] 2 2
channel 108. NR denotes the number of receive antennas 105.

10

Since N and Np are assumed to be bigger than one, the

communication system 100 is a MIMO (multiple-input multiple-
output)} system, for example a MIMO-OFDM (orthogonal frequency
division multiplexing) system with Ny = NR = 4 or B8 and

15 working at a center frequency of 5 GHz with a system
bandwidth of 20MHz.

Each receive antenna 105 receives one component of the
received signal vector y and the respective component is

20 output by the receiving unit 106 coupled to the antenna and
fed toc a detector 107.

The transmission characteristics of the communication
channel 108 between the transmit antennas 103 and the receive

25 antennas 105 can be modeled by a complex Nr x Ny channel

matrix H.

The received signal vector y can be written as



8 21i

(Wi) =_ 0000 - 000 cos (yli)Osin (Vii) OLi-i-10 - sin

(vii)Ocos (wii) 0 00O O (10) where Ik denotes the k-dinensional

uni ty mat rwe.2068mG088anple, a 4 x 2 unitary matri x W canedigsomotdogsns as
1000 O ei 42100 00e3+310 000ei $41 TiTile, T 1\ X 221 |W21) 231 O 31)
241 041) 5

10

15

20

25

30

where n is a complex Gaussian noise vector with zero mean and

variance o3 .

For example, the communication system 100 is a communication
system according to Wifi IEEE 802.11ln, WiMax IEEE 802.16, or
3GPP LTE (Third Generation Partnership Project Long Term
Evolution}. For instance, the communication system 100 uses

OFDM (orthogonal frequency division multiplexing ).

The communication system 100 may use beamforming for the data
transmission. As an example, eigen-subspace beamforming is
explained in the following. With eigen-beamforming, a

performance gain and simple decoding can be achieved.

By using Singlhlar Value Decdmposition (SVD), the MIMO channel

matrix H can be decomposed according to

H

H = UDV (2)

where U of size NR x R and V of size Ny x R are both unitary

matrices, and D is a R x R diagonal matrix consisting of the
singular values of H as its diagonal elements, and R is the

rank of H.

To perform eigen-subspace beamforming, V needs to be fed back
from the receiver, e.g. a mobile terminal, to the
transmitter, e.g. a base-station of a mobile communication
network. In oxder to reduce the amount of information in V, V

may be multiplied with a matrix X such that the last row of

V consists of only real numbers.

Hence, equation (2) may be expressed as:



10 Therefore, a 4 x 2 unitary matrix Wcan be fully described by only
ten paraneters: $11' (1)21' +31. W1' W1, WI1l' (1)22' 432" WB2f W2
I n tabl e lwotzhes/i&xdens rotati on paraneters necessary f arctdczod0038s
description of a matrix using Gvens rqtations for various dinmensions
of the matrix are given. D nension of W Nurmber of par anet ers
Paranmeters 2 x 1 2 (1)11, w1 WD 2008/ 060246PCT/ S&2007/000388 9 2 x 2
2 111, W1 3 x 14 111, +21/ W1, WB1 3 x 2 6 111/

i = Upsv”®

H (3)

UDV

i

-where D=DZ and V=VE and where

5
X = diaglexpsj * arg FH (4}
and ‘__IET represents the last column of V0.
y=H+n
- (vov?)x +n (5)
= (QQ._EH) %+n
To transmit data on the first K eigen modes (where K £ R},
15 the beamforming matrix W is defined as the first K column
vectors of ¥, i.e.,
= ‘—_f(l:K) (6)

20 The transmitted signal x is related to the K x 1 data signal
u by:

X = Wn {7)
25 The bandwidth of the feedback channel, i.e. the communication

channel used by the receiver 102 to feed back channel state

information to the transmitter is limited so W has to be



121/ wWe1, V31, 122/ WB2 3 x 3 6 111/ 121, W11 W1, 122/ WB2 4 x 1
6 111/ 121/ 131, W1, W1, W1 4 x 2 10 111, 121/ 131/ Wl/ Ws1,
VA1, 122/ WO 2008/060246 PCT/SG2007/000388
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15
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7

quantized, and the transmitter 101 receives the quantized

version of W, denoted as #.

It is desirable that the quantization of W is simple in
implementation and low in complexity, has low storage
requirements and is flexible with respect to an adjusting of

the antenna setting.

It 1s assumed that the communication channel 108 is estimated
accurately, and that there is no error or delay in the
feedback communication channel, so in the following, only the
impact ,of the quantization error due to the limited feedback
bandwidth is considered. Hence W, instead of W, is being

used as beamforming matrix by the transmitter 101.

In the following description, only eigen-beamforming based on
SVD (singular value decomposition) is used as an example,
however, other types of beamforming methods may be used

according to other embodiments of the invention.

According to one embodiment of the invention, a feedback
scheme is used which uses Givens rotations for the
compression of the matrix W. According to Givens rotations, a

unitary matrix, such as W in this case, can be represented as

follows:
ﬂ =
min (Ng—1,K) . : N
i ] —1.1 T
D; (li_]_ e ¢1’l ej(bN l’l) H Gls (\Vli) XlNTxK

(9)

where Dj is a diagonal matrix and Gjj is defined as:



132/ WB2, W2 4 x 3 12 111/ 121/ 131/ W1, V31/ WAl/ 122/ 132/

V32, W2, 133, W3 4 x 4 12 011/ 121/ 131/ V21, W81, WAl, 122/
WO 2008/060246 PCT/SG2007/000388
8
(T 1 0 0 0 0
0 cos(wli) 0 sin(wli) 0
G5 (w1i) =] O 0 L-i-1 0 0 (10)
0 —sin(y13) 0 cos(y1;) O
] 0 0 0 0 INT—l_
where Iy denotes the k-dimensional unity matrix.
5
For example, a 4 x 2 unitary matrix W can be written as
1 0 0 0
0 ej $21 0 0 T T T
W=, s o | %G1 (va1)es (vs1) Gy (vaa)
0 Jo41
o 0 0 e i (11)
10 0 0 10
01 © 0 1

T T
0 0 o332 0 X G3p (w32) G0 (va2) x

ej¢42ﬂ 00

00 0

10 Therefore, a 4 x 2 unitary matrix W can be fully described by

only ten parameters: ¢11, 921, 931, VY21, W31, V41, 922, 032,

W32, V42-
In table 1, the Givens rotation parameters necessary for the
15 description of a matrix using Givens rotations for wvarious

dimensions of the matrix are given.

Dimension | Number of | Parameters
of W parameters
2 x 1 2 ¢11, W21




132/ VB2,

draft

W2,

133/ V43
G vens rotation paraneters,

encode t hewD 2es40exat i ve par aneter,
is sunmarized in table 2,
bits assigned to w, and b(1)

S

. €.

the nunber of bits to be used to

wher e

t he nug%

represents the nunber of

according to the | EBE13200710003858

Tabl e 1 The nunber of bits assigned to the

er of bits assigned to S. An

it

e

unequal bit _assignment is used due to the different ranges of v a
S. v has al fahgé frof20 to n/2, |Whilev$ihas a 10 range from O to 21
by IDS1 3243 46 W 2008/ 060246PCT/ SG2007/ 000388 10 Using a
assi gnment| $o¥ W and| ¢1) as for |éxqapmpbe giwen bysiable 2, w and calr
be quantized accordihg to (12) and (13) (where * and $ represent
quanti zed M®r%idn of | & and (1)) | 4The beanfps i ngs TRtdisxca st hen be
recovered jat_the 5 trapsmitter 101 according to(14). kmtbm 2bw +1b+2
3 =3 6 ¢11, 921, W21, W31, 922, VW32
4 =1 6 011, 921, 931, V21, W31, W41
4 x2 10 011, ¢21, 31, W21, V31, W41, 022,
032, W32, W42
4 =3 12 ¢11, ®21, 031, W21, W31, Wa1l, 22,
032, W32, W42, 933, V43
4 x4 12 $11, 21, 031, W21, ¥31, Va1, ¢22.

$32, W32, W42, 933, V43

Table 1

The number of bits assigned to the Givens rotation

parameters,

i.e.

the number of bits to be used to encode the

respective parameter, according to the IEEE 802.11n draft is

summarized in table 2, where_bw represents the number of

bits assigned to Wy, and b¢ is the number of bits assigned to

¢. An unequal bit assignment is used due to the different

ranges of ¥y and ¢. ¥ has a range from 0 to w/2, while ¢ has a

10

range from 0 to 2=x.

Dy By
1 3
2 7

.3 5
4 &

Table 2



where k =0, 1, . , 2Y -1 m 2 Y kmtb,11 where 241 2b41 10 O =
mn(- Il i=1 D [_j li_i e$14... i-1i e(1)-NT, TT LI 1=i+1 Tr\
-g-ii thi)wo2008lu6se46 (14) A desi red property of the quamdIZsi20evioasss
the beanform ng matri xmay for exanple fﬁ t hat the diagonal elenents
of 15 the matrix OWare nmaxim zed and e of f-di agonal el enments of
the matrix OWNare mnimzed. According to one enbodi nent of the

i nvent i onYsihe anurifer sefidinentagor gwednd o saw etuwrexamplenigiive) by
conmponent, i S nQ flxed 20 but. depends, on t he Shﬁngf anqgt her vector

or matrix-Eotpamett 2N A GRhEE FBRRERERd FPEXE Ut tratdi2 REG h§SAt
I t fi t [irg d t di
enbodi ment VTG VT RBG b SR SRerE P CRTPEPEAR Y R o YR 5

h f i d WO
3008 0802 pé%%%%m Gkl T & SERACLEERECBheOT Hh AN O
conpolent tranhelterem led. accbrd20g, ¢bhed nunber of bits to be used for

encodi ng the second 5 conponent is selected based on the value of the
first conponent.

" kr T b
= + where k =0,1,...,2 ¥ -1 (12)

gb\lf+l 2bl[f+2 )

- kn s b

b = + where k =0,1,...,2 ¢ _ 1 (13)
2b¢—1 2b¢

ﬁ =

10 min (Np—1,K)

7 .z Ny
' 3PN —1,1 "
&(11—1 L l) IT ef; (911)] % Inpxx

i=1 1=i+1

{14)

A desired property of the guantization of the beamforming

matrix W may for example be that the diagonal elements of
15 the matrix WW are maximized and the off-diagonal elements of

the matrix WW are minimized.

According to one embodiment of the invention, the number of
bits assigned to a vector (or matrix) component is not fixed
20 but depends on the size of another vector or matrix

component.

A method for encoding a data matrix having at least a first
component and a second component.according to one embodiment

25 of the invention is illustrated in figure 2.

Figure 2 shows a flow diagram according to an embodiment of

the invention.



In 203, the second conponent is encoded using the sel ected nunber of

bits. 10 In 204, the first conponent is encoded. Note that the
order in wwochogtoee4éi r st conponent and the second conmpaUAVEG2867@00388
encoded is not limted, i.e. 204 may be_15 carried out before (or

si mul taneously to) 203. The size of a &6rrponent is for exanple the
absol ute val ue of the conponent in the case of a real or conplex
conponent. The size of a conponent may al so be sone norm (e.g. the
Eucl i di antg0 r f t s a C t.4S
R A e R e
second conponent is for exanple selected based on the size of the 25
first co n : j t, . the n r-0f hits.to used far
encodi ngrr{gf"lzeﬂgée"coénlga gg‘rﬁr%%r%%tcy ?gg%ssefcécﬁgdgggsefdo%nelf%oedlarﬁis%%uet eS8l be
of thé ficstpcomponentse Brtedhbasedt bpnxths faluexahpiee &Fidata vector.
30 In one_enbodi nent, the first conponent and the second conponent

i ncl ude aRgre°tYttangul ar) information. WO

2008/ 060246PCT/ SG2007/ 000388 12 According to one enbodi ment of the

i nvention, the second conponent is a paraneter _incl]uding angular

i nf or mat | BA #93a TR SEGARhGABROFEAENS daRaOHRR rising tifotrdrecdata
mat ri x. FormsXangd &itdde representation is a representati on according
to 5 Gvens rotations. The data nmatrix for exanpl e includes channel
stat &0 nformation. For exanple, the, data matrix is a beanform ng
matrix. oo U, dahi Tlid dogleneXagpLecaggeded by a receiver of a
conmuni cation systemto be trgnsmtte to a transmtter of the
comuni cation system The data matrix nmay thus be a matrix including
channel s i r i in.o r S i nf or mat i Qn a
comun cat o AT i3z dry WRtbne BhESE L ont VAR A 8re. o

i nf or mat | EcEpRcrdnpangnty arenessodadclhar act elimtitad, df. £.h@04 may be
co i cation. channel hat s fed ck fromthe receiver to the
Cranam ¢ cer LA i esir (ot meg BRsart Y ore i e a

mul ti pl e-input multiple-output conmunication system An encoder for

exanple carrying o the method il lustrated jn fiqgure IS
T hunt rat o (4 G & BorFengns,ie S5 et drene ot S ted e RS

to an enbuik nenipdferihdn rreNtthes. ofhe esspder Rblick adbrdeeaer. fae
encoding a, data matri x 305 30 having at |least a first conponent 306
and a secOhtf b RAPOBGRE Wﬁﬁcﬁlﬁgeb‘én%@%rn%@ 019 -esliFpFaclidian
recei2oes @SrmNK .a chhpbienengadess308nhACt Wi eSonp AR TNiiRGGier gUi t
301 configured to determine the value of the first conponent and a
sel ecti ng"®F¥ ek t 302 configured to sel ect the nunber of bits to be
used for encoding the second conponent 307 based on the value 5 of

the first conponent 306. The encoder 304 further includes a first
encodi ng B¢ a0 e driftisgiicebet sedchae emeodiatnridiea gsoment 307

using the sgeleetad U R S encadi ng.:Gir cui t, 305
10 confi gcl:.ll’ d’to enco eg'{ ﬁg{afnplrl%t sgg%gﬁgﬁ%?%%%'& WSS B knd
25 first component. In one embodiment, the number of bits to be

used for encoding the second component is selected based on

the absolute value of the first component.

The data matrix is for example a data vector.
30 _
In one embodiment, the first component and the second

compeoneht include angle (or angular) information.



The encoder 300 is for exanple part of a transceiver, e.g. a

mul tiple-input multiple-output transceiver. 15 The first encodi ng
circuit mawoleogtdiezseane as the second encodi ng circuit.pd/sE20emiod3sgan
be a hardware circuit, e.g. an integrated circuit, designed for the
respective functionality or also a 20 ogrammabl e unit, such as a

processor 0 rarmed for t he respective functionality. A processor
may for %‘éﬁﬁ? ?M}E@g‘ Y &t Fhet iBREREIORo iR er9cond
processor c@xﬁp@n&LtSG.Lé c&rﬁa@meﬂ&t &%euuemngeangemytﬁrﬁom?a%mwfdlang
to ot her enbodi nents of the invention a nethod and a decoder for

decodi ng BAPEREIRMERL X3 A ddifp et Heﬁalﬁnoene@eretép%é&ﬁm r@ﬁﬁi@neﬁpr
of an enc t t ACLRLEH h Qﬁﬁﬁ{
reference(gét;%{;‘[r]|£%u(rite}m§t J'faér}ijg:the gﬁéggleﬁgdésg? ed W t reference toto
figure 3 @Feeps odiediorgd 14 exanple part of a transceiver, e.g. for
decodi ng channel state information fed back to the transceiver. In
one enbodi nent, sinple direct quantization is used for the 5

quanti zat Tl @ita/eua*tri}( o?rorg@rxelm@llleymaﬂ_udaa; cloaporierdtsatelhe bi t
assignnent_to rrpone s af ve vect ors hol ding channel
rat e B RRET I ey S Far v SEEoRTER TRLTT Hndt HEEeHRng
depend onm#feiweiric propertr es of the vectors such that for exanple,
a hi g_[b resol ution of dense areas is 10 achieved, i.e. such that for
subset’s of the vector space of which the vectors to be coded are

el enent s fige Hat@md irWhiigh fRr ekapbibhen¥6§s@nsy tH ReLHoded zan
occur can be coded with higher spatial resolution than subsets where

fewer vectIPRUREGRGQUSYSESY §ooke ExpBaMFERE] the faamsaifiger of
encodi ng ofe accrf&rdm&aﬂlldﬁsts&%tteql | Bkl gHES ﬁatﬁﬁegaw QO 2 matrix
|

expressed with Gvens rotations. For exanple t assi gnrrent to
one of tHeAt¥ix piaxdadimg whapaede Sshtentngermaieian, Tie adeodords 20

al so ke aﬂpfaﬁpa&%rpta&%rutaep!cbgﬁwea ﬁre%atﬁe@fﬁé t%noeh%f matri x

or vector conponents Is carrie as exanpl e
conponent&eefivactamds thie aramariittes, wet . obhfoowmt icol wpecidiyeng

quant | Zeq. - HRGL:orP TRAGILTRILS o2 (LNE<! INENLLAN, AL Al GO B2 pnl T ed

for quanti Sation o corrponents 0 matri ces W n-one

col um, ithgtaris diddaback maom theayebeigptitoith® tidsnsmdltimrs and
each coI um may be interpreted as a matrix (with only one colum) the
conponents of which are quantized. 30 As an exanple, it is explained
in tké f dieovwagnirdwad idnx s sttemt ieorfarbegmlmléﬁarrgnlmempore—wdp&t
encoded accjgcr dr C“% one enbodi, e i s assuned that the second

conponent™ pélt f"E‘ulné'CﬁgﬁPBv@ﬁSB?/‘“rrul tiplication with a

matrix as was 15 expl ained with reference to equatron (3)) such that
w can be vvrrtten as glad% \%a W2leitil sin '1121 (Geonetry view
poi nt) (18Y" (VSRR HP¢Ee 56Vﬁ?9 ot ke g Jﬁé%tﬁra&ﬁerw
w sati sfigsgude » Wd F13uddrated in figure 3.
25
Figure 3 shows an encoder 300 according to an embodiment of

the invention.

The encoder 300 is an encoder for encoding a data matrix 305
30 having at least a first component 306 and a second

component 307, which the encoder 300 for example receives as

input.



22 + r2 = 1(16) 10 In addition, there is a matchi ng between the

G vens rotation view point and the Geonetry view point since rl and
r2 are rel @oedofog02@1 by ri = cos(v2l) and r2sin(1ly2l) .r@EaGEd07ano3she
geonetry view point in (15) and the constraints 15 according to (26),
the follow ng can be seen: V%en r2 is Targe (and accordingly, w2l is

Iarge i.e. close to_- or -i.e. the absolute value of w2l is %Iose to
), The Fnqoder 309 Lncthere Br T iR Gifcuity 30dc 58t ifgpred
W th | ow 20 deasahidtdeorny Hhouk efgfeetfi@ee Ampfifadaeng Whes1edtisy

smal | (and accordingly, w2l is snal e. close to 0), ri is |arge.
Ther ef or e€3%cUiE ROF comifdarsedi Bw eeiee%u?%w%r HE pitentedel with

hi gh resﬁlatléd b e\PQo%ﬁgx%/ REQ24B8EGTA SO R0 gsEﬁe'b%T Zhe: vhiue

one enbodi nent, the nu of bits assigned to enco

f unct Pon of tﬁeeﬂmia¢2pow@pehnaréoﬁn turn related to the value of y21

when G vens rotations are used. 5 For a better understanding, figures
4 and 5 illustrate the geonetrical interrelation of the paraneters of
t he vect drhev.erfiggiere 39 4sfowshart hnekudesremsiionsl cooddngate rsystedn3

400. 10 The di pat tem 400 i ncl ud first 401 d
xi's 402 PG &oaere b onee PP (AP 4O A e EBBnd axi &

402 defi rléiel&edﬁeiﬂ@m%%r B&eb@.eephﬁd Augeind encoding cifichetf Bost
conponent of w) corresponds to a E pint in 15 this plane 404. The
seconl cHIRIUNEMTSSt B, RESHRellP ot BEST AP X YT e ds to a point on
the third axis 4083. Together the first conponent and the second
conponent of w define a point on a sphere 405 because of the

const r ai M REPEAeLCSNY; dér TPRoedrPPe? PR T p¥5ia itERSEELTES / f Br JF 22

(note thaf, 1%0&%521&9&%55%18&15& COF4RSRONAS- to a one bit
assi gnnment for w21 One val ue (t [arger value) defines a first

circle 406 on the sphere 405 and the ot her value (the smaller val ue)

def i Rgs %ﬁ&g@g@ %Joel% 7c99 Lbe ﬁﬁg%@ A05. a%‘ée The hadigl. g gt he

two circles 7 CorT spon to t valUe rio it can be seen that
if r2is snmﬂdlngwcunydiange (second circle 407) and that if r2 is
large, rl1l is small (first circle 406). A point on the second circle
407 to which the 30 vector w may correspond is indicated by an "x"
and a poimtciorcuite deirr e @i hekdwd06 ¢tbreiich ¢ e \eectiotegrmigd
COfresDO%ﬂéé%lt designed for the respective functionality oxr also a
20 programmable unit, such as a processor, programmed for the
respective functionality. A processor may for exzample be a
RISC (reduced instruction set computer) processor or a CISC

(complex instruction set computer).

25 According to other embodiments of the invention a method and
a decoder for decoding an encoded first component and an
encoded second component of an encoded data matrix according
to the method described with reference to figure 2 and the
encoder described with reference to figure 3 are provided.

30
A decoder for decoding an encoded first component and an

encoded second component of an encoded data matrix is for



17 5 indicated there are values of The total by an "o" in figure 4.
Note that in this exanple, 8 points per circle. This neans that for
both r2 (i.e. for w21), 3 bits are allocated for nunber of bits to
represent wis 1+3 = 4 bits. It can be seen that the points on the
first circle 406 are closer to each otHér conpared to the points on
t he second circle 407. 10 To achieve a | ower (average) quantization
error, accordinlg reronefeabodimersiwdr,t ve g.n\femt denpdime charberl of
bits assianedd 9,08, 98herl et aqeqlding to L yalye of rl. An
exanpl e for "a possi bl e bit™ assi ghnmen 8 "W i€ Tl ustrated in
fig. 5. 15 Figure 5 shows a three-di nensional coordi nate system 500.

Simlar ta _the coordinate system 400 shown in figure 4, the
coor i nat 76y SEeATEG0 THEF CUBLTLY 1T G851 5. Sacbhh3Ba & Foshe
and a bhi rghzaxiis2503n dhevéttst et Sghdlaang hher20) sesmpshands. T0R

define a plane 504. The conpl ex nunber ithe first conponent
of w) cor rddpEFdLInBeRt pb? ntOTRPRF S REaVECtPRE $8cHNdVRBRITH &ML BN

W, assumedHsanke ke ECRELELRPOIV) tn%ya_vF&Q.EmerH ther thigd O3 q
25 As in figure 4, the conplex nunber xiejkl (the first conponent of

W) cor r es gt *pePa ep8rPRENH ot e Pt GO4CPAStapavel the v cipsmed
that r2 nﬁﬁxﬁ@%ﬁaﬁ 8?'%%§ﬁ§fg,%ﬁhﬁﬁﬁlﬁ%koﬁ%tighkgf Je QL€ gg%?s is

assignment 1s use 1 ‘As ‘above,” a value o corresponds to a
poi nt 16n tévdieliedd 30eaxdgchOhatThiod arufperetvablietbé vectdef ispessea of
first circle 506 on a sphere 505 and the smaller value of r2 defines
a second "PACE tEEeVEE7CBRH FRPIFIRGE 505 FRBEpRef® $05C "asipn

figure 4, \jigchhg set 8F pRENYScHddd idd a0 5eR8t EahNbcédh)canl e RUHRES
of bits assigned for chi is in this exanple 5 selected dependi ng on

the size ofithphipberegpapiel IswrBitivmidaassiugaedsfore$ [fapen r2 is
large (i.&cMRLlsl Sshakge)rand wlies on the first circle 506, and
four bits are assigned to .11 when r2 is small (i.e. 4,21 is small)
and wlPies on the second circle 507. Note that this can also be 10

seen as a -hi SSj e i rl _si 2 1 s:-lar ifrlis
smal | (fi rIglt %(I:li%r %hggg‘g@%nghdﬁrgg I‘lﬁ%hgoﬁa#ri Fg%di{é% i g% r%agcefclé‘nd
circle 504L1luBteatedt hnstbitrassiignremtlicthereaanet f Dxireossidalde with

poi e 19 daray 90, hell Shofloele 00, 30010 RossLble, boU s o v

iv a 5.
on the second ¢irciré 587
possi bl e polenpsiEopaded Nod IHY & Aud Re dhat 8RCEnDEyVeRR: tha 1R RES | S
nmore evenly 20 distributed.

20 also be applied to other applications where a quantization of
matrix or vector components is carried out. Note that as
examples, compenents of vectors (i.e. matrices with only one
column) are gquantized. However, embodiments of the invention
can also be applied for quantization of components of

25 matrices with more than one column, in particular, & matrix
‘may be split into its columns and each column may be

interpreted as a matrix (with only one column) the components

of which are quantized.

30 As an example, it is explained in the following how a 2 x 1
unit-norm beamforming vector w is encoded according to one
embodiment. It is assumed that the second component is real

(e.g. this is achieved by multiplication with a matrix as was



If it is assuned that the probability of the two values of w2l are
equal, the total nunber of bits to represent wis 1+2=3 (first
circl e 506woa9sk0kidAsS (second circle 507) i.e. 25 four pitsc08v/0003s8
average. Pl ease note that the encodi ng of the vector conponents
zleilll and r2 of the vector w as abov® may al so be seen as an
encodi ng of the vector ($11,e1)21, 11, 21/V22) which, 30 according to
t he repr esgitaitriegh wafthwrgitelrenhe hel paodit @wel®® r gtuath dit wnicguebg
correspoq%§ £,Q, W. Gbnerally, a matrix may 19 be encoded by encodi ng
a matrix Borvect §° of paraneters which uniquely identify the matrix
such as it is the case with the vector of paraneters di (1-11f
(1)2101210122) mwhich uniquely identifies w As it is done in the
above exanple eérle the 5 nunber of bits assigned to the encodi ng of
$11 depends”on wheg size of W21, the nethod illustrated in figure 2
may be used to nc de-such a paraneter vect or. As an exanpl e,
table 4 shows birte’®33ijgnments for 1 A0.heanformng vector ..
according to The adiltional bit a e%%ﬁﬁ%&hvﬁSFhBSl% the 15 (15)
vari able bit ald ocation nethod according to an embodi ment of the
invention. The|egglk didaded "remark” in table 3 gives a reference to
tables 5, 6, i 7 respecti Vel y,(CinenpiReatian wsecpiad) how nany
bits are allocatediPo¥2}11lfor each of the possi bl e bit

conbi pations for W21 in the respective average 20 feedback bit case.
Ayerage Feedback bits: Bits allocated Traditional Allocation

Vari abl e Ald daeatirdit nlprWP brbperb$2lwlsatdidfidd (dependi ng on W21)

2 2 _
w1+w2—1

2 2 _
=>rl+r2—-1

(16)

10 In addition, there is a matching between the Givens rotation

view point and the Geometry view point since ri and rs are

related to yp1 by r{ = cos(ypi) and rp = sin(yz1).

Based on the geometry view point in (15) and the constraints
15 according to (26), the following can be seen:
When rs is large (and accordingly, w21 is large, i.e. close
T T , ) i
to 5 or _E' i.e. the absolute value of Y371 is close to E)'

r1 is small. Therefore it is possible to encode ¢11 with low

20 resolution without a great loss of accuracy.

When ro is small (and accordingly, ypi is small, i.e. close

to 0), r1 is large. Therefore it is desirable in view of

accuracy that ¢77 is encoded with high resolution.



Remark 4 1 3 1 2,4 Table 4 6 2 4 2 5,4,4,3 Table 58 35 3 6,6,5,5,
Table 6 WD 20081060246PCT/ SG2007/ 000388 20 5, 5, 4, 4 Table 3 The
assi gnnmentwefwpdsigoRaginber of bits is just an exanpl e, there@edoRe
anot her assignnent that lead to better 5 perfornmance. Bit

representative of Bits allocated for Tdfal number of 411 feedback

10

15

20

25

30

Therefore, in one embodiment, the number of bits assigned to

encode ¢17 is a function of rxr7 and rp, which are in turn

related to the value of Y231 when Givens rotations are used.

For a better understanding, figures 4 and 5 illustrate the

geometrical interrelation of the parameters of the vector w.
Figure 4 shows a three-dimensional coordinate system 400.

The coordinate system 400 includes a first axis 401, a second
axis 402 and a third axis 403. The first axis 401 and the

second axis 402 define a plane 404. The complex number
zqej¢11 {the first component of w) corresponds to a point in

this plane 404. The second component of w, assumed to be

real, corresponds teo a point on the third axis 403.

Together, the first component and the second component of w
define a point on a sphere 405 because of the constraint

(16) . Consider two different (positive) values for rp (note

that two possible values for ry corresponds to a one bit
assignment for y¥z1). One value (the larger value) defines a

first circle 406 on the sphere 405 and the other value (the

smaller value) defines a second circle 407 on the sphere 405,

The radii of the two circles 406, 407 correspond to the value

ri1. It can be seen that if rs is small, r7 is large (second
circle 407) and that if rp is large, rj is small (first

circle 406). A point on the second circle 407 to which the
vector w may correspond is indicated by an "' and a point on

the first circle 406 to which the vector w may correspond is



W1 bits 045123 Table 4 The possi bl e val ues of w21
corresponding to the possible bit 10 conbinations for w21 in table 4

are 1/ 8nangodednetdsp t hat order correspondi ng to the bigcgaisbiabisens
given in table 4 fromtop to botton). Bit representative of W21 Bits

allocated for chi' 411 Total nunber of 1¥eedback bits 00 5 7 01 4 6 10

4 6 11 35
indicated by an "o" in figure 4. Note that in this example,

there are 8 points pef circle. This means that for both
values of rp (i.e. for ysq), 3 bits are allocated for o711 -

The total number of bits to represent w is 143 = 4 bits.

It can be seen that the points on the first circle 406 are
closer to each other compared to the points on the second

circle 407.

10 To achieve a lower (average) quantization error, according to

one embodiment of the invention, the number of bits assigned
to &11 is selected according to the value of rj. An example

for a possible bit assignment for w is illustrated in fig. 5.
15 Figure 5 shows a three-dimensional coordinate system 500.

Similar to the coordinate system 400 shown in figure 4, the
coordinate system 500 includes a first axis 501, a second
axis 502 and a third axis 503. The first axis 501 and the
20 second axis 502 define a plane 504. The complex number
qej¢11 (the first component of w) corresponds to a point in
this plane. The second component of w, assumed to be real,

corresponds to a point on the third axis 503.

25 As in figure 4, the complex number pﬁg¢11 (the first
component of w) corresponds to a point in the plane 504.
As above, it is assumed that r; may have two different values
for rp , i.e. a one bit assignment is used for ypi. As
above, a value of rp corresponds to a point on the third

30 axis 503. The larger value of rs defines a first circle 506

on a sphere 505 and the smaller value of rp defines a second



Table 5 15 The possi bl e values of v21 corresponding to the possible
bit WO 2008/ 060246PCT/ SG2007/000388 21 7/16n (in that order

cor r espondwinobsmetdae bit conbi nations given in table 5 ddgsB200m06388
botton). Bit representative of W21 Bits_allocated for 411 Tot al

nunber of feedback bits 000 6 9 001 6 %010 5 8 011 5 8 100 5 8 101 5

8
circle 507 on the sphere 505. The sphere 505, as in figure 4,

is the set of points fulfilling constraint (16).

The number of bits assigned for ¢171 is in this example

5 selected depending on the size of rp. For example, two bits

are assigned for ¢17 when rp is large (i.e. ypq1 is large)
and w lies on the first circle 506, and four bits are
assigned to ¢11 when rp is small (i.e. ypq is small) and w

lies on the second circle 507. Note that this can also be

10 seen as a bit assignment depending on rq since rs is large if
ri is small (first circle 506) and rs is small if rq is large

{second circle 507).

Due to this bit assignment, there are four possible points
15 for w on the first circle 506 and 16 possible points for w on

the second cirecle 507.

It can be seen that compared with the possible points for w
in figure 4, the distance between the points is more evenly
20 distributed.

If it is assumed that the probability of the two values of
yo1 are equal, the total number of bits to represent w is

1+2=3 (first circle 506) and 1+4=5 (second circle 507) i.e.

25 four bits on average.

Please note that the encoding of the vector components
q§j¢11 and rp of the vector w as above may alsc be seen as

an encoding of the vector (¢11, ¢271, W21, ¥p2} which,

30 according to the representation of w with the help of Givens

rotations, uniguely corresponds to w. Generally, a matrix may



110 4 7 111 4 7 Table 6 5 The possible values of w21 correspondi ng
to the possible bit conbinations for 11/21 in table 6 are 1/32n,

3/ 32n, 5/ 3%e2008@en¢ 9/ 32n, 11/32n, 13/32n, and 15/ 32n KGmsdzoetooaassier
corresponding to the bit conbi nations ?éven in table 6 from 10 top to
bottom . For exanple, for average 4 bi feedback, in the traditional

schenme, 1 bit is_assigned for v21 and 3 bits are assigned for chi,
whil e in PRecerdeth Ry smcoddtdon Behehd QECHRErdy o PEFagetemsodiAeht

of the inye m@:r_y ﬂdetﬂttlﬂys talel padted EQEnVRd ANdiL Ofe 4id Hidhethe
assigned to The actual assignnent (whether 2 bits or 4 bits)

depends ovred:’rtmmmﬁ umremer2isandli s ¢ghverp i nypabl ehﬂchTm*ﬁqlﬁa@ml eis
the same as the one illustrated in figures 4 and 5.

2008/ 060 24GECT Sezn a7/ 330388 1s2dopgr inhehe aaleovd eﬁﬁﬂnﬁﬁawheé@bébﬁ of
6 bits, dependi th | |
o nce ot oo AN G (a8 a0k o Vg%ﬁ%ﬂ%?f@l%%ﬁ% o RRRepds®onties

accordlng to 5 Li e..far.th ase era feed ack
of 8 bits> The ac\l? SEbI Aaégcgoglnﬁ%ﬁifmtgag? eﬁnbglqlé%ﬁ’ u8ed
quanti zat gr%@agher esqmlstarg, Ehﬁ@t?& theryand 4 may be carrl ed out

based on and (13) urt her exanpl e tabl e 7 shows bit
assi gnments for a 3 x 1 beanform ng vector for a M MO system

vviththr nt c t tiqnal _bit
al | ocat i on rf‘ gn{épl% tﬁgﬂ\?/%r ?a ﬁgggln? %%%%ngenngrrse%od a%cor ing to
an eifodi meamtf@fmirhe viemvemt i on. As in tabl e 3, the colum headed

"remark" gives a reference to tables 9 or 10, respectively, in which
it is specified how nmany bits are allocated to b+11l for each of 20

t he possible bi | natl ons fors (pﬁ in the respective case. As
above, the \assi‘j?a 9 Vadh f bits is just an exanple, thefe
agsi

coul d be anoth nt &:hawzhead to 25 better performance. Bits
al | ocat ed

according to the traditional bit allocation method and the
15 wvariable bit allocation method according to an embodiment of
the invention. The column headed "remark"™ in table 3 gives a

reference to tablées 5, 6, or 7 respectively, in which it is

specified how many bits are allocated to b1 for each of the

possible bit combinations for wys71 in the reepective average

20 feedback bit case.

Bits allocated

Traditional
Average Allocation Variable Allocation
Feedback b¢11
bits:
Pys1 | P11 | Pyoyr | (depending on | Remark
y21)
4 1 3 1 2, 4 Table 4
6 2 4 2 5, 4, 4, 3 Table 5
8 3 5 3 6, 6, 5, 5, Table 6




G vensProposed WD 2008/ 060246PCT/ SG2007/ 000388 23 Aver age Feed-
Remar k back bv31l bv21 13021 boll bv31l bv21 b421 boll bits:

WO 2008/060246 PCT/SG2007/000388
20

Table 3

The assignment of the number of bits is just an example,
there could be another assignment that lead to better

5 performance.

‘ Total
Bit \
Bits allocated for | pumber of
representative of
$11, b1 feedback
o1 :
bits
4 5
1 2 3
Table 4

The possible values of W91 corresponding to the possible bit
10 combinations for yoq1 in table 4 are 1/8mand 3/8xm (in that

order corresponding to the bit combinations given in table 4

from top to bottom).

: Total
Bit
Bits allocated number of
representative
for ¢11, bgyq feedback
of yo21 ;
bits
00 5 7
01 4 6
10 4 ' 6
11 3 5

Table 5
15

The possible values of Y1 corresponding to the possible bit

combinations for yopq1 in table 5 are 1/16xm, 3/16m, 5/16m, and



2, 2, Table 8113311 3,4 3,4 8

10

i5

WO 2008/060246 PCT/SG2007/000388

21

7/16én {(in that order corresponding to the bit combinations

given in table 5 from top to bottom).

. Total
BRit ,
Bits allocated for number of
representative
, d11, b(])ll feedback
of wa1 ' ;
bits
000 6 2
001 6 2
010 5 8
011 5 8
100 5 8
101 5 8
110 4 7
111 4 7
Table 6

The possible values of w91 corresponding to the possible bit
combinations for yo71 in table 6 are 1/32n, 3/32n, 5/32=xn,

1/32n, 9/32w, 11/32w, 13/32%, and 15/32n (in that order
corresponding to the bit combinations given in table 6 from

top to bottom).

For example, for average 4 bits feedback, in the traditional

scheme, 1 bit is assigned for yp; and 3 bits are assigned
for ¢11, while in the variable allocation scheme according to
an embodiment of the invention, 1 bit is allocated for y»q
and 2 or 4 bits are assigned to ¢;7. The actual assignment

(whether 2 bits or 4 bits) depends on the value of yp71 and

is given in table 4. This example is the same as the one

illustrated in figures 4 and 5.



|.D,1. C)" i 1, LOTable 12 2 2 4 4 2 2 SP 9 Table 7
representative

Bi t

10

15

20

25

WO 2008/060246 PCT/SG2007/000388
22

For the case of average feedback of 6 bits, depending on the

value of W91, which has four possible values since bysq= 2,

5 bits, 4 bits, or 3 bits are assigned to ¢11, according to
table 5. Likewise, for the case of an average feedback of 8
bits, the actual bit assignment is given by table 6. The

quantization and reconstruction of the y and ¢ may be

carried out based on (12) and (13). 1

As a further example, table 7 shows bit assignments for a

3 x 1 beamforming vector

rlej ¢11 Cos Yo1 COs \[.r31ej ¢11
W = r2ej¢21 = | sin yp7 cos \p31ej¢21 {18)
3 siny3;

e.g. for a MIMO system with three transmit antennas according
to the traditional bit allocation method and the wvariable bit
allocation method according to an embodiment of the
invention. As in table 3, the column headed "remark" gives a
reference to tables 9 or 10, respectively, in which it is

specified how many bits are allocated to by, for each of

the possible bit combinations for wpq in the respective

case.

As above, the assignment of the number of bits is just an
example, there could be another assignment that lead to

better performance.

Bits allocated

Givens Proposed




Bits all ocated for

421 bol

conbi nati ons for w21 and WB1 (0 and 1)

021 and 4 Tot al

nunber

of feedback bits W81 W1

00349014391023711327 Table 8 5 The
possi bl e vaburess/sb24621 and y3 correspondi ng to the posspdi/ss20071000388

25n table 8 are 0.2967 and

0.8727. Bit
Average Remark
Feed- b b b b b
N Pyz1 [ Pwa1 | Péo1 | P11 | Pwzt | Pwoq | Pdog | P11
ack
bits:
2, 2, Table
8 1 1 3 3 1 1
3, 4|3, 4 8
3, 3,
Table
12 2 2 4 4 2 2 4, 4,
9
5, 6|5, 6
Table 7
Bit
* Bits allocated for Total
representative number of
$21 and ¢11
of feedback
V31 V21 ooy b4 bits
0 0 3 4 9
0 1 4 3 9
1 0 2 3 7
1 1 3 2 7
Table 8
5 The possible values of w31 and W33 corresponding to the

possible bit combinations for ypp and w37 (0 and 1) in table

8 are 0.28967 and 0.8727.

Bit Bits allocated for Total
representative number of
¢21 and $j1
of feedback
w31 W21 g1 Bé1q bits
00 00 3 6 13
00 01 4 5 13




representative of Bits allocated for 021 and 011 Total nunber of
f eedback bits WB1 V21 421 411 00 00 3 6 13 00 01 4 5 13 WO
2008/ 060249PCWREZA07/ 000388 24 00 10 5 4 13 00 11 6  PCT/SG2007/000388

10

15

24
00 10 5 4 13
00 11 6 3 13
01 00 3 5 12
01 01 4 4 12
01 10 4 4 12
01 11 5 3 12
10 00 3 5 12
10 01 4 4 12
10 10 4 4 12
10 11 5 3 12
11 00 3 4 11
11 01 3 4 11

11 10 4 3 11 ’
11 11 4 3 11

Table 9

The possible values of ysq Y31 corresponding to the possible
bit combinations for wypi and w31 (00, 01, 10, 11) in table 9

are 0.1396, 0.4363, 0.7156, and 1.0821.

For example, for average 8 bits feedback, the traditional
scheme assigns 1 bits for wpi and w31, and 3 bits for ¢
and ¢21, while in the variable allocation scheme according to
an embodiment of the invention, 1 bit is assigned for wygq
and y31 and 2, 3 or 4 bits aré allocated for ¢17. The actual

assignment {whether 2 bits, 3 bits or 4 bits) depends on the

value of Y1 and Y37 and is shown in table 8.

For 12 average feedback bits, the actual bit assignment is

shown in table 9. The guantization and reconstruction of ¢

may be carried out based on (13}. One difference from the two
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antennas case (i.e. 2 x 1 beamforming vector) is that the
values of ¥y (as specified in tables 9 and 10) are not

uniformly distributed as in (12).

Although in the embodiments described above, there is a focus
on quantization of a beamforming vector, when there are two
transmit antennas and two receive antennas, the feedback of a
beamforming matrix can be carried out analogously to the

feedback of a beamforming vector.

The variable bit allocation scheme described above can be
applied directly to a scheme where a matrix is expressed
using Givens rotation parameters (as in table 1). As
additional information, information about the rule according
to which the number of allocated bits is selected has to be
stored, for example the information of tables 5 to 10. The
variable bit allocation scheme can be considered as a hybrid
of the traditional Givens rotation approach and a codebook
based approach, since a code book is generated and used for
the Givens rotation parameters ¢and y. However, the variable
bit allocation scheme has a lower storage requirement than

traditional codebook-based feedback schemes.

The main differences between the variable bit allocation
scheme described above and the traditional Givens rotation
approach can be seen as:

~ The number of bits assigned to ¢ (bg) is a function of w;
and

- The guantized value of y may or may not be uniformly

distributed.

Thus, according to one embodiment of the invention, a simple

guantization scheme is provided for unit-norm beamforming



4 412 10 11 53 12 11 00 3 4 11 11 01 3 4 11 11 10 4 3 11 11 11 4 3
11 Table 9 The possible values of W21 V31 corresponding to the

possi bl e bwD 20@bézaat i ons for v2i and v31l (00, 01, 10, pchysGzpe7ioadsse 9
5are 0.1396, 0.4363, 0.7156, and 1. 0821 For exanple for average 8
bits feedback, the traditional '

vector based on variable feedback rate. The basic idea of
this embodiment can be seen as giving higher resolution in
dense areas and lower resolution otherwise. This can be

directly applied to existing Givens rotation based feedback
5 schemes by having the bits allocated to ¢ parameters (i.e.

the parameters ¢ji)to depend on the value of y parameters

(t.e. the parameters yii). Results show that the newly

proposed scheme can achieve a lower mean square error and
lower mean angular distance. The BER performance of the
10 close-loop MIMO system based on the proposed guantization

scheme also outperforms existing scheme.

This embodiment is not restricted to the use of eigen-
beamforming or Givens rotations, which have only been used to

15 give examples.

Iin one embodiment of the invention, due to the non-uniform
distribution of the Givens Rotation parameters y, Huffman

code is used to encode the Givens Rotation parameters Wy and
20 hence reduce the number of feedback bits required. Efficient

source coding may be achieved in this way.

For example, it can be seen that for unitary 3 x 2
beamforming matrices the ¢ parameters have a uniform

25 distribution from 0 to 360 degree (i.e. 0 to 2n), while the
v parameters have a non-uniform distribution in the range of
0 to 90 degree (i.e. 0 to ®=/2). It can further be seen that

the distribution of w31 is not symmetric and the

distribution of w1 and Y32 is symmetric.
30
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5 version of W21 (or 4/32) and w31 by only 1.94 bits and 1.77 bits
(instead of 2 bits for a granularity of four). Quantized val ue of

N 21 and V@D 20esaleedé | ity (i) Huf fman Code Bits for V21 mrT/8&Ra07/000383
Avg. bits for 4/21 arN132, (i)x(ii) 11,25 0.14714 110 3 0.44142 33.75
0.35496 0 1 0.35496 56.25 0.35146 10 2%.70292 78.75 0. 14644

While the invention has been particularly shown and described
with reference to specific embodiments, it should be
understood by those skilled in the art that various changes
in form and detail may be made therein without departing from

5 the spirit and scope of the invention as defined by the
appended claims. The scope of the invention is thus
indicated by the appended claims and all changes which come
within the meaniné and range of equivalency of the claims are
therefore intended to be embraced.

10
The feedback information, for example the information that is
used to generate the beamforming matrix V is transmitted from
the receiver 102 to the transmitter 101 for example using the
MIMO Control fixed field as it is illustrated in tables 12

15 and 13. The first lines of tables 12 and 13 give the bit

numbers.
BO Bl B2 B3 B4 B5 B6 B7 BB
Nec index Nr index Channel Grouping (Ng) Coefficient
width size
Table 12
B9 B10 Bl1l Bl12 B13 B14 B15
Codebook Remaining matrix Reserved
information | segment
20 Table 13

There are altogether 6 octets (i.e. 48 bits) in the MIMO
Control fixed field. Tables 12 and 13 show the first two
octets which are followed by four octets including the

25 sounding timestamp. Bits 9 and 10 are used for transmission

of codebook information.



111 3 0.43932 1.93862 Table 10 Quantized value of V31 Probability

(i) Huffrman Code Bits for w31,

(i)

Avg. bits for V31/ (i)x(ii) 11.25

0. 2722 10 woQniéshéer483. 75 0.47748 0 1 0.47748 56. 25 0. 229&/@@073)00388

0.6897 78.75

29

As explained above, the bits assignment for w is depending

i

on the value of ¢, e.g. when the value of ¢ is 0, two bits

are assigned to ¥y and when the value of ¢ is 1,

are assigned to

.

four bits

For example, when the Codebook Information given by bit 9 and

5
bit 10 is set t
are assigned fo
on the value of
10

o 00, 1 bit is assigned for ¢ and 2 oxr 4 bits

r ¥y (average 4 bits per subcarrier) depending

d.

An example for a bit allocation with examplary values for ¢

and ¥ that for example occurs according to this rule for

four subcarriers is shown in table 14.

subcarrier subcarrier 2 subcarrier 3 subcarrier
1 4
¢b11 | w21 |¢11 V21 $11 Vo1 011 | Wo1
0 1 0 1 1 1 1 1 1 0 1
15 Table 14




0.02042 111 3 0.06126 1.77284 WD 2008/ 060246PCT/ S&2007/000388 28
VWhil e the invention has been particularly shown and described with
ref erence wo 28awd¥s6 c enbodi ments, it shoul d be under stmrmisdzgordomse
skilled in the art that various changes in formand detail my be
made therein without departing fromb5 £Re spirit and scope of the
invention as defined by the appended cl ains. The scope of the

i nvent i onS&i%%us indi cated by the appended clains and all changes
whi ch conme within the neaning and range of equival ency of the clains
are therefore intended to be enbraced. 10 The feedback i nformation,
for exanpl e & meetibvfdrivmt icovcadiay asdatednabripensratng tdte lgeanf er i ng

matrix V j 1Lt fr t he recei tg the transmtter 101
for exanp jzrsth{s?ér%&g%e&ﬁh l%%ggnfsrggf)gﬁi %éﬁﬁ?{]{% d ‘"glserl s illustrated
in tald estli? ER N 13 hellfd riskr sbmboneatolst dbt@snilizagnd 13 give the

bit nunbers. BO.,Bl 3 3.34.35.36 37 .38 Nc i ndex Nr. .i ndex Channel
wi dth G ot A5 %oz’flftiscithPesP?Ed bl 2999 Rg e gcona

component is selected based on the value of the first

component;

the second component 1s encoded using the selected number of
10 bits; and

the first component is encoded.

2. The method accoxrding to claim i, wherein the number of
bits to be used for encoding the second component is selected

15 based on the size of the first component.

3. The method according to claim 1, wherein the number of
bits to be used for encoding the second component is selected
based on the absolute value of the first component.

20 |
4. The method according to claim 1, wherein the data matrix

is a data wvector.

5. The method according to claim 1, whereln the first
25 compeonent and the second component comprise angle

informatiocn.

6. The method according to claim 1, wherein the second
component is a parameter including angular information of a

30 representation of the data matrix or another data matrix.



312 313 314 315 Codebook information Remaining matrix segment
Reserved 20Table 13 There are altogether 6 octets (i.e. 48 bits) in
the M MO OFotzpeofidked fiel d. Tables 12 and 13 show t hePdT/SG2DO7TI0NESSS
octets which are foll owed by four octe%i i ncl uding the 25 soundi ng
timestanp. Bits 9 and 10 are used for ansm ssi on of codebook
information. WD 2008/ 060246PCT/ SG2007/ 000388 29 As expl ai ned above,
the bits gssT%rﬂﬁﬁhCT‘%racinJ%dJ@@pé‘ﬁdFﬁ@l@nst hehgzgie B¥e S, e.g. when

the val uer@frdsdSedhidia Pid $er@sa8808068 LO0cyrdiily Wheikfag val ue of
4 is 1, four bits are assigned to y. For exanple, en t he Codebook

| nfor mat i B VES by bit 9 and bit 10 is set to 00, 1 bit is assigned
for 4 and 2 or 4 bits are assigned for y (average 4 bits per
subcarrier) depending on the value of S. An exanple for a bit

al | oca i o Viirsh esddysl aaroralings thoeldimntl, ywhénagirf ortheexiargel @adedur s

subcarri crorPidliss A it IHBBPHELERT. 2 5104 1T Vet a1l ver
.11 W1 411 W1 01 0
9. The method according to claim 8, wherein the data matrix
is a beamforming matrix.
10
10. The method according to claim 1, wherein the data matrix
is encoded by a receiver of a communication system to be

transmitted to a transmitter of the communication system.

15 11. The method according to claim 10, wherein the
communication system is a multiple-input multiple-output

communication system.

12. An encoder for encoding a data matrix having at least a
20 first component and a second component comprising
a determining circuit configured to determine the value of
the first component: '
a selecting circuit configured to select the number of bits
to be used for encoding the second component based on the
25 wvalue of the first component;
a first encoding circuit configured to encode the second
component using the selected number of bits; and
a second encoding circuit configured to encode the first
component.
30
13. The encoder according to claim 12, being part of a

transcelver.



1110110101010 15Table 14 30 Cains 1. A nmethod for
encoding a data matri x having at |least a first conponent and a second
conponent WO20e844086t he val ue of the first conponent | SPGRRGZOITONEHS

t he nunber of bits to be used for encoging t he second conponent is
sel ected based on the value of the firsSE conponent ; t he second
conmponent _i s encoded using the selected nunber of 10 bits; and the
first conpbnehipeiqnepedhetscording toheladindd, abedrdi PRt iclai m 1,

wher ei n tmﬁlawb&iﬁﬁu@iﬁﬁlﬂﬁl@oﬁ%%%f e&aﬁegeéwg the second

conponent is selected 15 based on the size of the first conponent.
3. The method according to claim1, wherein the nunbei of . bits to

be used fpg encpdi t SeLd Goupo ] t S t he
absol ute val ue o%%$%% f?%st Conﬁ%ﬁgﬁtgﬁgédbﬁ_§$#§Eﬁ§ﬂH§%“§gE%%€iﬁ& to
claimil, eherddds sdeomdtcompinant iof andahaodedtdata matSx Wierddnhod
accordi ng I ,eWherein the first .25 gonponent and the second
conponentt%%n%rl}(?%%é%n%}%% ncfoéqpr%’telngn}s dec%{::{e he nethod according to
claiml, whereilud hef secontleanponebhehs AspasdsehifedNcl udi ng
angul ar information of a 30 representatiqn_of the data matrix or

anot her d&t% WEYS%.of ATEE "RIEMERRUSEECEPAI RRCRBIRY AR SCRRer ei n

the represafit@i¢®n i$ deiaffids@NbakbancACERE dradud 0o B MENSE HQkat i ons.
5 B. .The method according to claim1, wherein the data matrix
conpri%esCHMRARRAC5t3M%S information. 9. The method according to

claims8, yhergidbddte SaldhdRidnpbnkata: eaBtos8H NG MR Mint dlermined
information what number of bits was used for encoding the

second component.

15 16. A decoder for decoding an encoded first component and an
encoded second component of an encoded data matrix comprising
a first decoding circuit configured to decode the encoded
first component;
a first determining circuit configured to determine the value
20 of the first component is determined;
a second determining circuit configured to determine the
number of bits which was used for encoding the second
component based on the value of the first component; and
a second decoding circuit configured to decode the encoded
25 second component using the determined information what number

of bits was used for encoding the second component.

17. A computer program product, which, when executed by a
computer, makes a computer perform a method for encoding a

30 data matrix having at least a first component and a second
component wherein

the value of the first component is determined;



10. The method according to claim1, wherein the data matrix is
encoded by a receiver of a communication systemto be transmtted to
a transm tyerzossostlae communi cati on system 15 11. The n@mitREo07/000388
according to claim 10, wherein the comruni cation systemis a

mul ti pl e-input multiple-output comuni 8ation system 12. An encoder
for encoding a data matrix having at |least a 20 first conponent and a
second coripenentibeongy itgiteg ta det aeginfag eheécdiny ciy isgisond t o
determ ne_the value of the first c onent ; a selecting circuit
cont i gur SPTRPRE RS (570 S AHePaBFAbPRS D FRLISEF fidle dricdti ng t he
second corpaeidntdased on the 25 value of the first conponent; a
first encoding circuit configured to encode the second conponent

usi nig t heth | RIWE Fnmrenest BSt 8ncaAgd austedneth e feddiatgdc nualpr of
confi guresk 40, encode the first conponent. 30 32 14. The encoder
according to claim 13, being part of a nultiple-input nultiple-output
transcei vidre finsl osmperiedd figr edeedediing an encoded first conponent
and an 5 encoded second conponent of an encoded data matri x wherein
the encoded first conponent is decoded; the value of the first
conponent is determ ned; t he nunber of bits which was used for
encodi ng the second conponent is determ ned based on the value of the
first 10 conponent; and the encoded second conponent is decoded using
the determ ned informati on what nunber of bits was used for encoding
t he second conmponent. 15 16. A decoder for decoding an encoded first
conponent and an encoded second conponent of an encoded data matri X
conprising a first decoding circuit configured to decode the encoded
first conponent; a first determning circuit configured to
determ ne the value 20 of the first conponent is determ ned; a second
determning circuit configured to determ ne the nunber of bits which
was used for encoding the second conponent based on the val ue of the
first conponent; and a second decoding circuit configured to decode

t he encoded 25 second conponent using the determ ned information what
nunber of bits was used for encoding the second conponent. 17. A
conput er program product, which, when executed by a conputer, makes a
conputer performa nethod for encoding a 30 data matri x having at

| east a first conponent and a second conponent wherein the val ue of
the first conponent is determned; 33 the nunber of bits to be used
for encoding the second conporient is sel ected based on the val ue of
the first conponent; t he second conponent is encoded using the

sel ected nunber of 5 bits; the first conponent is encoded.



