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Apart from computational complexity, another problem with unstructured VQs is their
inability to adapt to different channel statistics. Most proposed quantization techniques for
compressing channel state feedback assume that the MIMO channel taps are independent and
identically distributed (1ID) across spatial dimensions. In practice, however, the statistical

35  distribution of MIMO channels is often highly correlated spatially and across frequency. VQs
designed based on the IID assumption may not provide the desired performance over the wide

range of channel statistics typically found in wireless environments. On the other hand,
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30 into time domain channel taps. The time-domain channel taps that fall within a predetermined
delay spread are selected and then further transformed across the spatial dimension into the
“eigen’-domain. The resulting transformed coefficients are quantized individually using
quantizers of different rates (or resolutions) adaptively computed according to the variances of
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35 The channel state feedback is decoded by the transmitter using quantization codebooks
of the corresponding rates (or resolutions) to obtain estimates of the transformed coefficients,
i.e. quantized transformed coefficients. The rate or resolution of each quantizer is computed in

the same manner as in the receiver based on the relative variance of the corresponding
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BRI EF DESCRI PTION OF THE DRAW NGS Fig. 1 illustrates an exenpl ary

conmuni cati on system Fig. 2 illustrates an exenplary comruni cati on
system usi ng an adapti ve feedback schene. 10Fig. 3 illustrates an exenplary
comuni cati on system usi ng an adaptive feedback schene. Fig. 4

illustrates an exenplary nethod for encoding channel quali t{y f eedback
accor di ngarstorowee ceefcidntrehtbsequently, inverse transiprmstiony grgrarRie 4R YAHAFSLr v
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the OF n Fi ig. 9 illustrates an

exend ary transformation processor for t he OFDM f eedback decoder shown in
Fig. 7. Figure 10 geEp ESCRApTIoN DEIiR DRAGEINGS 2 M D system
according to the present invention. Fig. 11 illustrates the performance of

the adaptive F@e&b‘&é‘l&at%ﬁ@ﬁéemP‘IaEVsQ%f‘%ca}"ﬁ”Isb’ﬁ§m 6 25and 7. DETAILED

DESCRI PTI N ig 2 jjjuE%4t88 bh @gerﬂﬁﬁé{r} &rﬁrﬂ@nnéﬁt@\ﬁﬂs?&@m EXREN adaptieeiedbasdnt s of
the present |nvent| on are describ in the context of a nmultiple antenna

conmmuni c8¢hede - syst em 10 shown in F| g. 1. The 30 multiple antenna
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comuni cat i onfghannelratdd ah @xampREPAEtHDHASA RBodiRg cRiend usitty rleabddrmacterding
referred to herein as the transmttlng station, while the second station 16

i s r&Yer eONG XCAYIANEMPLEBISAtng station. Those skilled in the art will
appreci ate thalg sheisfratesbnekambrity feddBaw ches@dtdosiraDFOM dystérRy each incl ude

both a tr ansmF‘tgt (7ar|llu§trggteg %geelx\ér%rplafrg?freedbac(aldre%géercggragn &gWsys e‘fintwI ons.
Fig. 8 illustrates an exemplary transformation processor for the OFDM feedback encoder
shown in Fig. 6.
20 Fig. 9 illustrates an exemplary transformation processor for the OFDM feedback decoder
shown in Fig. 7.
Figure 10 illustrates the performance of a MIMO system according to the present
invention.
Fig. 11 illustrates the performance of the adaptive feedback scheme illustrated in Figs. 6
25 and7.

DETAILED DESCRIPTION
Referring now to the drawings, exemplary embodiments of the present invention are
described in the context of a multiple antenna communication system 10 shown in Fig. 1. The
30  multiple antenna communication system 10 may, for example, comprise a multiple-input, single-
output (MISO) system, or a multiple-input, multiple-output (MIMO) system. Those skilled in the
art will recognize, however, that the principles illustrated by the disclosed embodiments can be
applied in other types of communication systems.
The multiple antenna communication system 10 comprises a first station 12 transmitting
35  asignal over a communication channel 14 to a second station 16. The first station 12 is
referred to herein as the transmitting station, while the second station 16 is referred to as the
receiving station. Those skilled in the art will appreciate that the first station 12 and second

station 16 may each include both a transmitter and receiver for bi-directional communications.
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The Iink fromthe transmtting station 12 to the receiving station 16 is
referred to as the downlink. The link fromthe receiving station 16 to the
transmtting station 12 is referred to as the uplink. In one exenplary
enbodi ment, the transmtting station 12 is a base station in a wreless
comuni cati on network, and the receiving station 16 is nobile station. The
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\
25 The transmitting station 12 (e.g., base station) transmits signals {-\',,, (f)}m:l generated

by a transmit signal processor 102 to the receiving station 16 (e.g., mobile station). There are
M downlink channels (one from each transmit antenna). The downlink channels from the

transmitting station 12 to the receiving station 16 are assumed to be linear time invariant

channels with a channel response g,,, (t) in the time domain and Gm (f) in the frequency

30 domain. The baseband signal r(t) received at the receiving station 16 is given by:

M

r(t) =[x, (0 * g, (O]+v() Eq. 1

m=1
where * denotes convolution and v(r) is the baseband noise. The m ™ downlink channel may

be modeled as:



gm(t)=lct",,k5(t -TAEg. 2 where Cmk are the channel coefficients of the
channel fromthe in th antenna and rk are the delays. A channel esti nator
204 at the receiving station 16 generates an estinmate of the in th downlink
channel according to: 5ni(t)=lani,k6(1 kris)Eq. 3 k=1 where m=1, ..., A
and 7', is a sanpling interval used to quantize the delays rk . Note that
{0 in Eg. 3 is not necessarilykequal to Kin Eg. 2. The channel estinates
k", (1)}:"1,1 are provi dedrfje= & reced(e—<i,dnal processor 202 foreq. 2

dermpdul ating the recei véd basépand signal Af r (1) . Additionally, the
channel estimates (gni (t)}input to a feedback encoder 206. 10The feedback
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di scr et edawniipk £harinebagoafsling'®: r esponse filter with 15Q non-zero tap
coefficients. e.g., k",(t)-[n}, =EaEq. 4 k=1 where in = 1, Al . Consequently,
t he probl em of cormunicay' ng O { }_:z%"?_ to the transmtting station 12
is edquivalent to the )e'm A i cating {k",[171},A := Th detbodi ment
shown in Fig. 2 uses an adaptf=fe quanti zation techni que that assigns a

20greater nunber of bits to the nore significant channel J?fs 2and 3 Iﬁsser
nunber twhereen|ess... M and T, is a sampling interval used to quantize the delays ¢, . Note that

N M
O in Eq. 3 is not necessarily equal to K in Eq. 2. The channel estimates {g,,, (t)},,,=1 are

provided to a receive signal processor 202 for demodulating the received baseband signal

A M
r(l) . Additionally, the channel estimates {gm (f)},,,=, are input to a feedback encoder 206.

A M
10  The feedback encoder 206 receives the channel estimates {gm (’)},,,=| from the channel

A M
estimator 204, quantizes the channel coefficients in {gm (t)},,,=| , and feeds back the

quantized channel coefficients to the transmitting station 12.

The estimated channel response Em (7) for the downlink channel from one transmit

antenna can be conceptually associated with a discrete-time finite impulse response filter with

15 @ non-zero tap coefficients, e.g.,

0
g.(1) o g, n=>4a,06n-n] Eq. 4

k=1

A i\l
where m =1, ..., M . Consequently, the problem of communicating {g,,, (f)},,,=| to the

A M
transmitting station 12 is equivalent to the problem of communicating {gm [’7]},,,=1 .

The embodiment shown in Fig. 2 uses an adaptive quantization technique that assigns a
20  greater number of bits to the more significant channel taps and a lesser number to the less
significant channel taps. The bit allocations are adaptively computed based on long term
statistics of the channel taps, such as the relative powers or variances of the channel taps, so
that a predetermined distortion measure of the resulting quantized channel response is
minimized for the total number of available bits. Two logical feedback channels are used: a low-

25 rate feedback channel 18a (the slow feedback channel) to feed back the bit allocation and a
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significant channel taps. The bit allocations are adaptively conputed based
on long termstatistics of the channel taps, such as the relative powers or
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statistics fromthe netric cal cul ator can be
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guanti zati on decoders rate controller uanti zati on
decoder Bit 2iqaljienearbecespitanires the statistioguaa the tzamnnthmﬁf@tlorté%f ficients based

on the recei Yﬁgfeléldh%kr(?&%!j&efb@é{ tﬁé"ﬁarﬁé’i\%ftm a%‘é‘ﬁ“?@%m‘éhmbluﬂa?hﬁr fThe
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decoding rate or resolution Is term ned %yr he rate controller 112 based
on f eedB4rkization ¢reopers 1éplaﬁéa?tﬁat?n°0fﬂtf@H$ft1H8 a@é\ua@tﬁﬁtlm fegodenss! th ogngeate

recei vi ggirsdtad bPRe %@antf%a %F}Qﬁ’ﬁél \é@éfﬁ@leﬁtg%a§éht@n FRNLENd Bits 43 &iddd érhtﬁe fast
receiving station 16 could feed back the statistical nmetric fromthe netr

cal 4l atesAbaokchanpelt 18t The deeeing tate ef reselptiof isidgtereyneddyithe 13ig C@'ﬂ‘é‘t“iebf‘ﬂ 212

coul d cpagidtdh B FRIF %Mﬂoe&mwfporame%eet é&\ﬂollé’r%Bgat th% @té;uag rsaatuea 18N
enbodi nent that elim nates the sl ow feedback channel The

r ef er enflerRainedr shexiate ¢padrglierr2 16iajdhe recaivipa statign; 1ﬁm°e'atf%ef&6%ﬁ5<dﬂ%ﬁ18§5te%t are

the Sani%etr'crfrénhﬁweerﬁgtﬂg'cﬁ'ﬁﬂlrato‘i hewank nné: tabk cc?r‘utroﬁé}& or AfRsirdsniiging katiben212
conput es the channel statistics, of uplink channel, which is assuned to

be the SUHCeBPYtRheeQfgsppNEag PtSla”‘?Or‘f’@"EIovml i nk channel , and deternines the
bi t3eal | ocati pps 3fiemutkthan chidarherd titieihingtes thé\sIbeéemﬁ,chérh%I aBanmed

same reference numbers are used in Figs. 2 and 3 to indicate components that are the same.

In the embodiment shown in Fig. 3, the transmitting station 12 computes the channel statistics

of the uplink channel, which is assumed to be the same as the statistics for the downlink

channel, and determines the bit allocations from the channel statistics. In this case, the channel
35  statistics are collected after quantization so that the same statistics can be generated at both

the transmitting station 12 and receiving station 16. Those skilled in the art will appreciate that

the metrics used to compute the bit allocations in a current rate control period will be used to

determine the bit allocations in the next rate control period. The metric calculator 214 computes

6



35statistics are collected after quantization so that the same statistics
can be generated at both the transmtting station 12 and receiving station
16. Those skilled in the art will appreciate that the nmetrics used to
conpute the bit allocations in a current rate control period will be used
to determine the bit allocations in the next rate control period. The
metric ctiecdtistior emmacnenm)tf@seach Isharteh tapased op éheyauaniized etroap! qasficieats
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other statistics are su rate control 216, whi det er m nes
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channel coef ficrents. nmetric ca | at or 214 uses 5the quantized channel
coef f§ ci tetiaptzasi qr@dnefwoafﬂ@'amsémeweat i acyfreplgRteraNtrabparedde apupdtetprebibi t
al I ocat i gfszafiods fbhﬁe%ﬁrafeﬂé&\tr‘épﬁgrb‘al ‘é‘rb'tcé%caTBﬁs Bbrhp@kl RLdkisARsocQERUT €d

in the previous rate control period are used quanti zati on decoders
to det er FPMEC! PROLAEUSRY égtf@rqttaﬁézaj@aﬁ@pczc@ds &%ﬁwmm%@qup@am%the

In the egbadize®ehshreherdidhdi 9s. 2 and 3, the bit allocation for Q channel
taps may be 10conputed so that the mean-squared difference between the

esti mat ed chalhBp ePbegimaes shayn inSigR2nd s theddt ajlesationrion Q@ chamahiars dnavae

desc{g bedohplieWso ki t@%&@@&h@@@ diffe RO bEtWRA uﬁ@@étmméd bmen@@yor@eratna itaf
the estimated channel tap amk , respectively, and

(A Kl & h
veg\ 02 Zﬁ%%ﬁg@f/ %%f'onhs %‘%nghaé %gszg}'eéeﬁc?()l?wqh%g?f"fe 12” )deg:gtrr%ghgfet@hg%{/lm

with Nk quantization points used to quantize 15a k . The source coding rate

of kO 'ﬁné@ﬁdrﬁggr@&tﬁgemrﬁ&%{%hé%lm ah)j £hredpaai es, deiepunber of bits

all ocated to quant| ze each (real-valued) el enent of "ak . The goal is to

find the optlgg b|; aIAoca7t|on Zjector = (R, R2,..., RQ so as to
m ni m ze &,he s@m af, negn-, gquar.ad, dis OSRK f I V, by
D(R) D(RkA) Eq. 15 Kk llk 20 he |stort?on gglsmtgrthégkch\gﬁﬁbgeﬁ%na%a%? Gt @Q)

D(RK ) =dénd@ akikEw@r ganliber 2Mpoyreiiptdion Zﬁi WaR I\qu‘égnlwt?z@xbt@ pglhfsfds‘éHlt(S q&éhti%@l ve

exactly since the distortion D(RA) is a highly non- i near function

However , good, approximate s on can be m 2

Bennk t - Zai/dorThGe?roé‘Fﬁ? %W?@t‘?fcgt: s definedt a Z 16 > Ny which
denotes the number of bits allocated to quantize each (real-valued) element of fik . The goal is

to find the optimal bit allocation vector R = (R, R,.....R;) so as to minimize the sum of mean-

squared distortions of all channel taps given by:

Q
D(R) = D D(R). £q.5
k=1

20 The distortion D(R,) for a channel tap is given by:

D(R)=E|a, - 0,3, Eq 6

The above optimization problem is difficult to solve exactly since the distortion D(R,) is

a highly non-linear function of R,\. . However, a good, approximate solution can be derived

using the Bennett-Zador-Gersho asymptotic formula for D(R,) given by:

25 D(R)~27Maly, Eq. 7

where k=1.2,....0, O'k is the variance of vector channel tap d,\ and }; is a quantity that

depends on the joint probability density Py () of &; and some design characteristics of the



25D(Rk ) 2-2R ,21/ kEq. 7 where kcr2 is the variance of vector channel tap
4k and rk is a quantity that depends on the joint probability density Pk O
of ak and sone design characteristics of the quantizer &k (.).
Substituting Eq. 7 into Eq. 5 reveals that the conponents of the opti nal
vector Rthat mnimzes D(R) are given by: 1cricrk Rk = R+ log 2(FIF.,
cyj YEq. 8uantizef @y (-k=3ustituting @qThetd M Rva WET
nunber of bits 5all ocated pge?qvectorﬁchannael%ﬁﬁe@&sngﬁﬁgﬁtg%{tht?cp?#gﬂ Veior
el enent s Rothaf pinimizee [ [3rdre gadehyydi stributed for all k except for their -2M
variance (e.g., Pk (X) =/ PIX 1 C k) for all k for sone normalized density
function p(x)) and that thelquantized-éy{(}( ()} for all k have the sane
desi gn characteristi&;tlhen—{](fg entical for all k. In this case,
Eq. 8 sinplifies to: for R :1,(ﬂj=.,ajb/j.)”9 ‘ In order to lg‘h}ntize t he
channel tap coefficients at different rates according to their variances,
the receiving station 16 and,transytig ng station 12 nust store,

ﬁf@d% Qldg

respect i foeky 1, 2.he @ncedesn § Sddridfesathe BUbab® hemasdsbitger s of
different source coding rates. Since 15the rates conputed using Eq. 9 may
not éxactPatpdpenvadtas chewnidi tdpl e rates, certain roundi ng operations may be
performed when conputing the rates, {Rk }. To ensure that the overall rates
after roundi mgsuiring thattthenteemn\tsdsfe{ft;a}pa@ii(ﬂe}htioénytdmriiﬁlﬂ@dﬁbagk K BRgepefor Ikir one
can conpute the rates for the channel taps sequentially as:
=2M
variance (e.g., Py (x) = O-k P(X/O'k ) for all & for some normalized density function

p(x)) and that the quantizers {Qk(-)} for all k¥ have the same design characteristics, then {n}

are identical for all k. In this case, Eq. 8 simplifies to:

_ O
10 R, =R+ log . o Eq. 9
o)

j=I
for k=1.2....,0.
In order to quantize the channel tap coefficients at different rates according to their
variances, the receiving station 16 and transmitting station 12 must store, respectively, the
encoders 206 and decoders 104 of multiple quantizers of different source coding rates. Since

156 the rates computed using Eq. 9 may not exactly match the available rates, certain rounding

operations may be performed when computing the rates {R,( } To ensure that the overall rates

after rounding will not exceed the capacity of the feedback channel 18, one can compute the

rates for the channel taps sequentially as:
k-1 ~
R, = QR_Z'/lej +log 2
kK~ -
O—k+1 ([—[Q )l/(Q k+l) Eq. 10
O

J=k

20 where k=1.2,...,0 and 1!3.1 denotes an approximation of RJ due to rounding. It may be

observed that where RJ = R, forallj=1,2, .., k-1, R, computed by Eq. 9 and Eq. 10 will be

the same. To ensure good performance, it is preferable to compute the rates in the descending
order of the corresponding channel-tap variances and to use rounding-up operations so that the
dominant channel taps are assured of an adequate number of bits.

25 The computation of bit allocations according to Egs. 8 and 9 represent one exemplary

embodiment of the invention, which is based on the ratio of the standard deviation o, of each

8



20where k =1.2,...,Q and hl denotes an approxi mati on of Rk due to rounding
It may be observed that where Al = Rfor all] =1, 2, ..., k -1, R
conputed by Eq. 9 and Eq. 10 will be the sane. To ensure good performance,
it is preferable to conpute the rates in the descendi ng order of the
correspondi ng channel -tap vari ances and to use undi ng-up operations s
Uhat ¢ heaDAFIABmIo (o aRRBRUE Aisendl 8128886 dealen oA HUEAUE e (et V5P B13 .

25The coppihvehiidin@ladink c%!;r’pgﬁ‘a%h oNGit AReAMichsRst® or S arBhaett Geseph went

one exenpl ary enbodi ment of the invention, which is based on the ratio of

the st arfBRGt@N@biieMariances-at thsr chaapsl terhasREINd 9p to the geonetric nmean of
standard devi ation of all channel tais.QGher vari ations of the invention
t

i ncl ude the conputﬂtion of gllcz al\l ocat1 Easze)(; on the arithnetic nean of
sonme function of t ;a%a[?ei‘b @f) The! 7] Vjt ps according tg, 44 Rk =R
+ fk(ak2)- -2, f;(0-,2.) j=1 5v\/nere@§9.1.2....,0‘ and {f,j(*)};?ci'. | denot es
a set of nonotonically increasing functions. For exanple. when Aeozz

log(yl x)/2 , Eq 11isthga same® as Eg. 8. ternatively, when, fk(x)=
090 ere b T T o BB OBH R e IR B Pt
of the standard deviation ark of each channel tap with respect to _the
aver age seammbesel (arileaty, \Mar Edgdhisthe sgmeias A §e AdeBtGravheant b7 m
statistics about the channel response (e.g., 222 \ 10in the preferred
enbodi mest, fosalkkathe kit @pyatiante cemaptat eseshoniherilativg megatuds theortardad er ent
channel taps can be expressed as: 1Q Eq. 12 i

deviation o, of each channel tap with respect to the average standard deviation.

More generally, if s denotes some long-term statistics about the channel response (e.g.,

2 2 2 . .
10  in the preferred embodiment, s = (0'1 50750 ) ), the computation of bit allocations for

different channel taps can be expressed as:
1 & _
Rk=R+Ak(s)—§ZA,(S), Eq. 12
j=1

where k=1,2,....0 and A, (-) denote some bit allocation function designed for the k™ channel
tap. Eq. 12 can be computed sequentially according to:
k=1 A
_OR-D. R,

1 g
R, = +A,(8)—— > A (s
15 & O—k+1 k() Q—k+1,z=; ,() Eqg. 13

where k=1.2,...,0 and f?l denotes an approximation of R due to rounding.

As mentioned above, in order to implement the invention, the transmitting station 12 and
receiving station 16 must implement multiple encoders and decoders with different rates and
distortion levels so that different levels of quantization can be provided according to the

20  measured statistics. Alternatively, one can use a single tree-structured vector quantizer (TSVQ)
to provide different levels of quantization. The encoder for a TSVQ stores a balanced encoding
tree of hyperplanes of depth ¢ — 1, i.e. each node of the trees, indexed by a bit sequence

d-1
be {0,1} . corresponds to the normal (column) vector Py of a multidimensional

hyperplane and a threshold 771) . For example, the depth of the tree may be chosen as

25 d= QJWQR . Given an (estimated) vector channel tap ak . the encoding process begins at

the root node of the tree with the corresponding hyperplane (p,77) and calculates:



)=1 where k =1,7 2 and A k O denote sone bit allocation function designed
for the k th channel tap. Eg. 12 can be conputed sequentially according
to: ORi?) Qk+1l where k =1. 20 and R denotes an approximation of /? due
to roundi ng. As nentioned above, in order to inplenent the
invention, the transmtting station 12 and receiving station 16 nust

i npl ement nultiple encodg[fj] gndr<depoders wth different rates and
distortion levels so tha?ldi Frédhta) evBl)s of quanti zation cangger4pr ovi ded
accor di ng to the 20 neasured statistics. Alternatively, one can use a

si ngl e t VB®Est fuicHenaiep 4 aee-bit seplaiMuppizer WNSvQputpet gnuaisice ifdk * Der eero if evdl s
of quantj i.Qn. n [ r a TSVQ stores a bal anced encodi ng tree of
hyper pl ahé@gggptd%%{ﬂﬁhgeg&%%r Fééé?ora%% ° node of the trees, indexed by a bit
sequence b E {0, 1}d-1 responds te the norgal (columm) vector Pb of a
mul ti di mensi onal hypebgzgn% Czlrﬁ:’g“tjay(e?k?ag[ql] T?al) For exanpl eEq.t1r5e dept h
of the tree may be chosen as 25d = 111/101? . G ven an (estimted) vector
chanrfel tsiqg the kyperbleee gi)G of|, NBatRoAESSH D Othe Sake df BRI PR efder 2d6 tdpeatsh ee
with the corresponding hyperplane (p , ri) and calculates: Db[li= gl (PTak
- 17) , Eq.thieprogese @t gubsesiend davetseandacoompetdsi t scal ar quanti zer whose out put
equals one if x >0 or zero if x 0. At the next |level, the encoder 206
conputes b[2] =- qbgmlb_mdfqg 4Si ng 4 he Dyperpl ane p41, 01, 01 that
corresponds to the v of1b El-n—] & encidder /206 repeats thi sEpriécess at
subsequent |evels and conputes: b[n] = q, (p Tbhn_i fik - qbn i)Eq. 16 where
h =(b[ 1]wheg 2= (5[] b]3]..urdis F 1) hentih thebrembef obbitss RRal@hteddat @dinfizing dyast i zi ng
aik is reached. At this tinme, the encoder 206 outputs the RA bit sequence
(17[ 1], bpaghedRAtXhi§ bmet the encoder 206 outputs the R, bit sequence (5[1].6[2].....5[R,]) for the

10 vector channeltap a, .
Upon receipt of the encoded bit sequence (5[1],5[2].....5[R,]) . the decoder 104 of

TSVQ generates a quantized channel tap a, based on a decoding tree of depth d whose

nodes at each level contain quantized channel taps with the corresponding level of quantization.
The hyperplane used at each level depends on the output bits computed at the previous levels.

15 In addition, the hyperplanes used in a TSVQ (along with the corresponding decoding tree of
quantized vectors) are designed to match the statistical distribution of a, .

In a practical communication system, the channel taps may vary slowly from one
feedback time instant to another. Thus, differential quantization of the channel taps may be
used. In this case, the principles described herein can operate in conjunction with any

20  differential quantization scheme to quantize the changes in the channel taps from one time
instant to another.

The principles of the present invention can be applied to Orthogonal Frequency Division
Multiplexing (OFDM) systems. In an OFDM system, the frequency-domain baseband received-

signal may be modeled as:

25 rik] = Hf[k]s[k] + W[k]' Eq. 17

where k=12, N, Hf[k] is an Mgz X Ny matrix denoting the MIMO channel response, r{k}
is the received signal, s[4] is the transmitted signal, and w[] is the noise-plus-interference
component at the " subcarrier frequency in an OFDM wireless communication system with ;.
transmit antennas and », receive antennas, respectively. The noise component w{k] is

30 assumed to be statistically independent across frequency. but its covariance matrix, denoted by

10



10vector channel tap ilk. Upon receipt of the encoded bit sequence
(b[1],b[2]b[12 A]) , the decoder 104 of TSVQ generates a quanti zed channel
tap ak based on a decoding tree of depth d whose nodes at each | evel
contain quantized channel taps with the corresponding | evel of

guanti zation. The hyperpl ane used at each | evel depends on the output bits
conput ed at g r} 151 n addj ti on, e hyperpl anes, us i n a
TSVQ (al (;g \Kﬁhlt‘ﬁpb? Z{BWLEE diMRy \@ecw fﬁ%q%ep% r%]tfg'ﬁtq%?@(?si%ec?%%%eﬁar e
deS|gnedt cht istribution of ilk In a practical
communi cX'BR egf;%rﬂﬁy in%%%t %hﬁgketgaps may vary slowy from one feedback
time instant Toe selvingrstatibBinuis, esﬂmfasrtb@tmainGQU&ﬂtkllka@¢6\?f‘@fset"r@éamﬁné/‘{
taps may be used. In this case, the principles described herein can operate
in conj ufibe wbievactdhanns) rORONSE isrdaiNEAPS quant i zat i on schene to quantize the
changes in the channeI_Laps from_one time instant to another. The
principles of the presht|kfeedRion [ddHbe kdpplied to O'thogondq. F8equency
Di viston Multiplexing (OFDM systems In"an OFDM system the

f r equencys.doomb n.. bas epaads ks tay 883 8tahd BRder ReatiDEtedfel , @3 are2durdilie at the
11 f[K]s[k] + W k]Eq. 17 where k, HAI( ] is an 17R x nr matrix denoting the

M MO Chaﬂagémlttm@wm A2 [Flok ex@nblbﬁthe seeindertdsi graahe! s];sétlstuds ¢an tehellected at the
t tt t t
the Kt hreai HAEn RSB AV B Rl e s B S B PO BB S
177. tr aasgtienasahetonas transh nttlnB statioei \2ehrmnyte nsasy ferdisarcthaned! Yl 8a 2k ereme@éY

t, 18, b t St lv. ] hnde
Fr etbnoyesebed! ALEpdIN Hen thervra P kBl IRy B FRREBe BRRPSionne may
vary w t btatisiegueacyiso bb eompaledairactyes tmmmarcsnpteog etbtiaahaexsmg theheecpoanat i t y
I nsi de th pegyyﬁ a&ﬁsgsq%isrt%%ﬁ'ay%@.g{dzgn“e0{69%5‘%Qh 15@3 es the channel {Hfpri)

and the Koi anne response I s defined as
S5Hf [ i d-nr " 11c Eig BkﬂLEqatei&nfaxenipla:y fnethod.50 perfdémed by tiee fekdibacs enteden 206 for

second- of g(%dlr?gt c‘%anﬁgl' ecs?m% éccoro[mdﬂo ong' %b%\éﬁ]ﬁérﬁblLr% f%tedtggb‘? encoder 206 receives

15 channel estimates from the channel estimator 204 and computes statistics (e.g., variance) for

each of the channel coefficients (block 52). The rate controller 216 determines the rates for a
corresponding set of multi-rate quantizers 212 based on the channel statistics (block 54). The
multi-rate quantizers 212 then individually quantize respective channel coefficients at the rates
determined by the rate controller based on the statistics of the channel coefficients (block 56).
20  In some embodiments, statistics computed in the current rate control period before quantization
are used to determine the source coding rates. In other embodiments, the statistics computed
after quantization in the current rate control period are used to determine the source coding
rates for the next rate control period.
Fig. 5 illustrates an exemplary method 60 performed by the feedback decoder 104 for
25  decoding channel estimates according to one exemplary embodiment. The rate controller 112
for the feedback decoder 104 determines the source coding rates for a plurality of quantization
decoders 110. The quantization decoders 110 then decode the channel estimates using the
rates determined based on the bit allocation feedback the rate controller (block 64). In some
embodiments, the rates can be determined based on feedback of the bit allocations or channel
30  statistics from the feedback encoder 206 (block 62). In other embodiments, statistics computed
in a current rate control period based on feedback of the quantized channel estimates may be
used in the subsequent rate control period to determine the rates for the quantization decoders
110.
Fig. 6 illustrates an exemplary feedback encoder 300 for the receiving station 18 in an
35 OFDM system. The feedback encoder 300 includes a whitening filter 302, a transformation
processor 304, scaling unit 306, metric calculator 308, rate controller 310, and variable-rate
11



transmtting station 12. For exanple, the second-order channel statistics
can be collected at the receiving station 16 by averagi ng over many

real i zati ons observed over a certain time period and then sent to the
transmtting station 12 through a slow feedback channel 18a as previously
10descri bed. Alternatively, when the noise spectrumis relatively flat, at
|l east part of the channel statistics nmay also be co d dl ectly at the

t r ansmi t&CHY) A4antizperB 122 Thsifieguernny doswimeracat! rpspmeer{p fe Sédnnst i Cs
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t hod ba d f di h |
oot i mat oo A 20EG R o S SRR & ol B P B P LT e
15 chan r@Q st iwnitesing fike? B0 hlrest BAGME 2 REtdATRE Qlerfh b@%c?ﬁ@EﬁH@e% nét i cs

he channel coefficients e rate

v ncegﬁzﬁ grf each QW
cont r ol I'g$P%91%° TRAHBRCY ?ﬁPE%SPPB‘i"”%SW? é%%@ﬁﬁier@'%eftové'tawﬁl ti-rate

quanki z e chan tati tlcs nulti-rate
quan%l z%r gorgr@ t?ﬁgn%r t?]) e‘i-,Q N‘ ehyepas rr%%pﬁé‘é‘f ity liélig hRe WE% i CPBREl

at the rates dztﬁ ing;d by the rate controller based on the statistics of
the chanessonsodir&#dntis trenltaskidrBid by GhfsferaatioR PRREESE 03 as Heddrivatiig s
conputed in the current rate control period before quantization are used to

det er m Rgoré B&aﬁ@@l‘b%nt@%‘i}e@%rro%?ﬁplek DaRbESerfGRAYIXRNLE,, X he..skaty %He(f‘% ‘o

conputed after quantization in e current rate control perr od &r'e use

det er m ne deR6tes By SNSRI F BrEndfaine drahndiRBeMBXfhts! 8hEe sEAMg Rt 3B6sEAEs tHa 9- 5
illustrates an exenpl ary nethod 60 perforned by the feedback decoder 104
for 25deéotfbmpdcftmnnelcoe@tremtresx dy dlogidiantgs pandimestesdnp davigtiesbdtiersealed The
ratenyco mMeHe b I h

co dfong rgéé génﬁérr A hlaﬂnel cggfﬂggﬁg a%;“} %g"??%;?déﬁgdﬁ\@g%rug b_)(fgﬁgﬁon%m% Ilg@gtl on
decoder &g (@ variabie d@@bdlenl\tﬁe:tQIMaanMerae&‘tz Meeasctos qngntizkes 31e2tafe ddegeedn ned
based o t t t I

some. enpiong epl AR Ll REINR S scdbh, bR, B el SIS e ¢
al | ocat bamBlesmith it veliargs. Jhawvestor Q@nﬁrzmnSﬂama‘Yeéddba@'hplenwntHrsemer (bl ock
62). In 18 t

et od AnLs eparRest HEtiBers® Wibahieh? nEREPURRcioa efll BETNiER AGRAL 250

t helSubbegeetto qianezectomqromwpenanefdrmeﬂ chefficiantsnieintihe rates for the

quanti zationg ary

f eedback encoggfﬁgg%%?#&toﬁeu?e&tgl raﬂtézesé:a'gﬂlt rgﬁs é-h ﬁ&%énﬁ t%oar\ﬁ’@ggﬂém The
f eedbackelesiedased3o0the sel efdesiancastif thanframyeney dapaigehanng! coelficies nAtneirc

gr 0cesSlic ANy %ﬁ@omﬂﬂeé’me va%gﬁcesrg?ttﬁé t?ar‘%?drﬁt'éh%h%ne?ggefﬂ&@nt? ?9@?&&9' | er

10, and varia vector quantizers 312. frequency domain
channel coréiens® qeatgrmifas)the bt arkpwpaforraﬁ*hé@ctersqqaﬁﬁmsrmzcmsecrran thee noi se
covariance matrices {RMk]} are input to the whitening filt 302. The
whi 2&ni vayiahcés efthgoRarfriet saeffimertar or axathple egivarga thhel hittbiudaetby wae c drerminakerng
t he channel response at each frequency by the correspondi ng square-root of

the nois |an 5accor Xx18 to enerate a ened channel
respons%fel{tﬁ f1 ﬁseg?el'ﬂ%a'&ﬁia?'eehg é%%tﬂnerk = ncggs?ri—fa?mf%h% %s then
transfornmed by transformation progessor 30 as described in nore detail
bel ow into a vector of conpl ex-valued coeffijcients X = (X1, X2, ). where
r/c denotes the nunber of, transfofnmed channel coefficients. The scaling
unit 306 scales the Branét.@rm'aq 1a.n_n1—ﬂ_coe ficients in X by tételb
correspondi ng st andar d dewnj atrzbns The $ & ed 1

\

e
As shown by Eq. 19, the number of bits allocated to a particular coefficient depends on how
large its variance is relative to the geometric mean of all the variances. After quantization, the

25  encoded bits are sent to the transmitting station 12 via the fast feedback link 18b.

Fig. 7 illustrates a feedback decoder 400 at the transmitting station 12 for an OFDM

system. The feedback decoder 400 reverses the operations applied by the feedback encoder

300 at the receiving station 16 to generate a quantized estimate {ﬁ'f[k]} of the whitened

12



10and transfornmed channel coefficients are then quantized individually by
correspondi ng vari able- rate (or variable resolution) vector quantizers
312. The vector quantizers 312 are designed offline for different rates (or
resol uti ons) based on, for instance, zero-nean |ID Gaussian sanples with
unit variance. The vector quantizers 312 may, for exanple, conprise

quant i soriebreskGe (HHETL TBE feadfebinPbseiitlpo B pur T S i R o
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308 compyhRstollify FahhaL6ERCiBhts! ?ﬁg#é}?{&%@ﬁﬂ@?%éﬁ@ﬂ?@s thOB Biideafod & ealR®.

rate controller 310 determ nes ocation for each vector quantizer
312 basedeender AR x0Vairdederawesdhe r#e of resakiten efdbe teegdend82 FEhe bi aligslaionsgi ven

a total [é F=T UAHESL I i
coeffi ci g#td Qjﬁg%?ﬁ%g?@h%idgﬁe%ccor Jf%tg’mp létfeﬁib§ tﬁ@fg"mﬂgﬂg@g ’h?se, chﬁee
nunber ofMapNer2siPe GRegtvEW Htation 1oabasedondie webative ivaiianves eéherttrnstonmpdw | ar ge

i ts vari ageifcidrts Vi@t ih\Gnldan bRRIBEOMRbMItke SRR InBlhatdiolRteRBFRe. After
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quanti zati on, the 25encoded bits are sent to the transmtting station 12

via the fEEEVINGsHRHIPRCIE qvehihe ity feedback change! 18aj Theaaaling erit 404 seadisdok
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decoder 400 reverses the operations appl y the%iee ack encoder 300 at

the recel PP the Ry¢ramtragsferdalion oreaessel 498 anplicscan iBveseadeasformn to the spaleg of

t he whitened channel response {H [Id} . The feedback decoder ﬁO? Lncl udes
a pl ur al iEPyetetions inth&tﬁar@wwdd@eﬁici&@@,to90Qadube|gwaﬂuantmaj4yerisinnér g kl] of
transformati on processor 406, and rate controller 408. Based on the

recei vedthbivwsgené@ehm@nb'gg@{sieom%kgp}iers 402 generate the estinates of the
transforned channel coefficients! The rate controller 408 indicates the bit
al | ocati on t oMeag hndmiiaebglemtid@2for whixipfizitg trer Mk R thd1gystérth @apscity @sebyt i on of
t he decoder 402. The bit allocations used by the quantization decoders 402
ar e Sonpderaed lipnt the quattezedovititendd efiard@Brelporisbel Hér[de] rBpBeExaAFolé NRe bEHRAIVI NO
station 16 based on the relative variances of thée transfornmed coefficients,
whi ch i nprecedercdemobeel e P| Avle ahdt meaRirizes Sedink Shp&al ok tHeOk MiehoghdyrcaMinded by
the receiving station 16 over the slow feedback channel 18a. The scaling
unit 404° e42¢99edin@st i mat es of the transformed channel coefficients by
their respectiv andar jatiopns. Kinally, i nverse transfornmation
processor 406 agwﬁe:sizn(f{‘ﬂmgefé)ﬂfﬁsﬂz ram'té’n;LET)spal ed reproduycppons of
the transfornmed coefficients to produce the quantized version { H[kil of
the whi t'¥E8 ildhrenotes §poatse whpse ERlumas are the eigenvectors of the matrix

20 ﬁ'f[k]“ ﬁ'f[k] and D(p, [k],pz[k],'“,pnr [£]) denotes a diagonal matrix with

X n
diagonal elements {Pj [k]}ji] , which are given by:

1 1

pj[k]z H o Ay k]

J
0 otherwise

if Ay Lk]> p o
) q.

. 1
where j = 1,2, n; ({2 [k]}2) is the set of the corresponding eigenvalues of

T¥/ H 33+ - . n
H' [k]" H k] and x>0 is selected such that er:‘ p,lk]=1. Moreover, {p,[k]} may also

25  be used as the channel quality indicators (CQI) across different frequencies and different eigen-
modes, which are often needed for resource scheduling and link adaptation.

Fig. 8 illustrates the operation of transformation processor 304 for transforming the
. . a v
whitened frequency domain channel response {Hf [k]}k=1 . The transformation processor

304 performs a two-dimensional linear transformation of the whitened channel response
13



Many inportant quantities for maxim zing the link and the system capacity
can be r, 15derived fromthe quantized whitened channel response t rif [K]/
. For exanple, the optimal precoder, denoted by Pfkj. that maxim zes the
| ink capacity at the k frequency can be conputed according to: 13[1(]= U
ElI[kID(pl [k ], p,[KkK], , P7 [Id)Eq. 20 where LI, tk] denotes a matrix whose

col ums
P, [k] pn,

la if

?{Be( illgg gi genvectors of the matrix 20HSI [kriflif[k] and D(Pi [Kk],
¥ Enoties vtk AIP 1 ahs o Ede?ff Mk XI {o ac%%%g {at Iug\%?ﬂf?% lc(:fr'n?%‘%g%ﬁ {Fi

j.1 , which are given by: where | = 1

t he set fothQ blearver coefijo@nch, mgsmogmnwalguesm@ffrequ Holelf WaiddnehlgAanmind p > 0
I s selected such_t hat L p [kl1=1. Moreover, {p,[11l} may also i=1 25be used

as the chaprek ek}, i@fr@@é&{vgnéfﬁg&r‘a AREORM ?"O\{vlf\?erngetchgﬁr%g%%géﬁ s and

di fferent eigen- rmdes whi ch ar

resource sc I ng and

| i nk ada{)ﬁatﬁﬁ Fig. 8 illustrates the opreratlon of transformation
processo for thf‘?%ﬁﬁ“d"r“fﬁ'?@faﬁh@qu fenserm(Eqa éﬁwaw&we@ﬁl& a198|the
resP@ns%émﬁLn{éﬁ%la}ﬂ read H8nd %)?s'f'esnf\ RIAL Od%{fﬁa O%%ﬁ?nserﬁ WgﬁHSI rungat%%}]

t wo- di nensi onal

ar transfornation of ene

{Hf [ kn fewer number of channel taps within a window of time indices, denoted by # < {1,2.---.N}.
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Each channel tap of the resulting channel response {H,[n]},. is further transformed spatially,

as described below, to obtain a set of transformed vector channel taps {X[1]} which is then

nel’ »

stacked to form the transformed coefficient vector X = vec(X[1]. X[2],---.X[|W []), where |I¥ |

denotes the number of indices in ¥ .

According to one of the embodiments of the invention, the spatial transformation is done
according to X[n] = U7, vec(H,[n]) for all neiv . where U,, denotes a matrix comprising

the eigenvectors of of the full ¥, by 151 correlation matrix of the whitened channel

response, which is given by:
N

Dy = E[Z vec(Hf[k])vec(Hf[k])H] ‘ Eq. 22
k=1

where, Vec(A) denotes a vector formed by stacking all columns of A into a single vector.

The matrix Uz can either be fed back to the transmitting station 12 using the slow

feedback channel 18a, or alternatively, it may be estimated using measurements on the uplink.

This transformation corresponds to the full Karhunen-Loeve Transform (KLT) on the spatial

channel taps. Besides U TR , the transmitting station 12 also needs the variance of each

component of X[#], which can also be made available to the transmitting station 12 through

the slow feedback channel 18a, in order to calculate the proper allocation of source bits for a
given bit budget.
According to another exemplary embodiment, the spatial transformation is done

according to X[r] = vec( H, [”]Ur) forall 1 €W  where U, denotes the matrix with

eigenvectors of the ’77 by }’ZT transmit channel correlation matrix are used instead of the

eigenvectors of @ ;. The transmit channel correlation matrix @1y is given by:

Dy = E[Z@[H” ﬁ,m]. Eq. 23



Jfk.1 into a vector of transformcoefficients X to achieve a substanti al
conpression of the channel coefficients. As shown in Fig. 8, the
frequency-donmai n whitened channel - response {IIl fild} k=l is first
converted into a tinme-domain whitened channel response {H [n{},"\, i
through an inverse fast Fourier Transform (IFFT) operation. Depending on

t he 5nmaxi del ay spread of the s st eng the tinme-do es nse y then
be t 1 une PR IO P H AR IEl Dy S0P REH S VAT SO TR

i ndi ces, denoted by fé)] c {1,2,.Nl. Each channel tap of the resulting
channel "B S(ﬂbtge dtni g| | th
descri becEi be?‘o%vﬁn%ﬂg&obt %%ln%pesdﬁaﬁqﬁerﬂ%@ @?ﬂrred cﬁéﬁgchaﬁhg}ﬁdt@eﬁ)sj
{X[nllne" , which is then stacked to formthe transforned cgefficient

vect or XC@‘U’W‘@& Sivan by Yedrace okfhe appespongingr € k1Y "4 3@HRAEX Bs™ e h@nber of
i ndi ces |n |f According to one of the enb ments of the

i nventio spéttf@lfu“t r@,ng)‘,,tqr,q;@tn(gn),;kﬁg{pr}ewaemo Aij 4 dendited the UTHR vec(
H [In) for alf tie IV, where Um denotes a matri X corrpr|5| ng the

ei genyect(ers af+ 0§ dyhgy fubl-1 R &
whi tenedt(channel ) t*sypglnse‘b V\,h)llcs: blﬁ%”g%/a\%ﬁ%h.ths%?ﬁ?%w&gﬁ& Foth e IHP' °
E[Ivec(l—tfqtth&xlem(nl-ch‘flthecdn)aﬁrik AN A=1 Eq. 22 where, vec( A) denotes a vector
formed by stacking all coI ums of Ainto a single vector. The matrix U TR
can either bey ' ~

f eedback chan né?%a@gg hk'ge?trh %é@?\%g: gk ft?th%ﬁ%%%ﬂﬂtnrg?t%t;dﬁ;gz LI]JJS}F%% SO

measur errmusamrtaheeimmbl dsrkalteirkuusew,nams? ok @Bfirhated LRING #ReX3NEBNdrds dthefraldrse
Kar hunen- Loeve Transform (KLT) on the spati al 20channel taps. Besides U TR

, the tr lso hevrlance of ech co one
A P A R R A (RO SR S
t hr ough

Og ’7] which can also be made available to the transmitting station 12 through the slow

feedback channel 18a, in order to calculate the proper allocation of source bits for a given bit
budget.

According to another embodiment, the spatial transformation is done according to

e
X[n] = VeC(UR H,[”]UT) forall n€W  where U, denotes the matrix with

15 eigenvectors of an n, by n, receive channel correlation matrix given by

A
Dy =E{Z l/[k]ﬁj[k]H:l. Eg. 24
P

The matrix (DRX can be derived from q)fu]] by summing its diagonal sub-matrices of size

Hry

nR by hy,.e.qg., CDRX = Z[(Dfull]1+(i—|)nm,:inm-‘I+(i—l)nmzl‘n,¢,\, .
i=l
Similarto Uz, the matrix Uz can either be fed back to the transmitting station 12
20  using a slow feedback control channe! 18a, or alternatively, may be estimated using
measurements on the reverse link. Besides U 7 and U, , the transmitting station 12 also
needs the variance of each component of X[I?] . which can also be made available to the

transmitting station 12 through the slow feedback channel 18a, in order to calculate the proper
allocation of source bits for a given bit budget.

25 According to yet another embodiment, the spatial transformation is done according to
X[n] = vec( H,[n]W, ) where W, denotes the IFFT transform matrix whose element at

15



t he sl ow feedback channel 18a, in order to calculate the proper allocation
of source bits for a given bit budget. According to another exenplary
enbodi ment, the spatial transformation is done 25according to X[ n] =
vec([n]UT) for all 12 E W, where UT denotes the matrix with eigenvectors
of the M by nr transmt channel correlation matrix are used instead of the
ei genvectors, of cID |UJJ-1hThe transmt channel correlation matrix Ca TX is

gi ven bytheaD"ra and 1 Ul Fldetuirfri islgideh bEcex 2B j Natjd NV hatm ool tfhe%a@m{mg
correlation matrix 11) Tx can be derived from t he fu channel

cor rel at igforThd &b hidds: 1nSREE b b boh g g}ggﬁfgeﬁé‘sé.bﬁtfﬂ%%' row

and the th colum 1s given by the trace oF
submat r i availabl¢ 19 the tiansmitingdstation BTkroulh tﬁe@léw fééldba&k drnhelA®BACin didié to 1+(

JI)n 17 +1) b - + 1
SU%)ITBII’I X (#[%?% prgn%ﬁlulgga;ﬁpﬁ?tg%“rﬁ? R'ttsrfgﬁlagWﬂ”PP%’Hp@?fe) pt% gg q Itoh col)urm of
the Matrix A Attbe trangmiging statian 1Q| ammWerbetréﬁﬁoMbnh@aM)@d td ﬁx@&@ibrb&ud!ﬁi

station f eedback channel or rnat i vel be
esti mat e%&ﬁﬁggﬁg%@%gg o?@m i FRE 8\?&%3"1 fr?ﬂye”% ALY White Xeq H@n”e}/
transmtti ng s0 needs the variance of each conp nt of 10X n]
. whi ch rgg% {? Eﬂ&aaéﬁa%ﬁeﬁ%?@ 9OTF‘hSU%rF'é?l%Ff?‘ﬂ?tfPfﬁ’@fds\te&qugxel§ firstr ough

t he sl ow feedback channel 18a, in order to calculate the proper allocation
of sour cCéV'%ﬁ?Ct@tOfa)setanguawrmzebrtr‘anisfunimvect&mcbamemgapso{Xi{vml}hq\r antodirgesyatiat he

spatial transformation is done according to X[n] = vec(UHR H [n]U 7.
) for alttansfoEmlisthewgpediB cdenede X Thietopédics tié E&rés'é%h&iﬁ ¥pelRhmipf an n8
by nt? receive channel correlation matrix given (NRx EI[K]IH[kiliEq.

24 19 quantized whitened channel response H, [17]. The whxtened channel response {ﬁ;[n]}ne!f'

is then zero-padded to form {ﬁ,’ [n]};f=l which is then transformed back into the frequency

domain through an FFT operation to generate the domain quantized whitened channel

N

response {H (K1}

Note that the truncation and the zero-padding operations, shown in Figs. 6 and 7 may be
15 omitted for channel taps that have small variances because for this scenario, no source bit will
typically be allocated.
In this subsection, we demonstrate the performance benefit of the invention through a
MIMO-OFDM system. The overall system bandwidth is assumed to be 5MHz with a FFT size of
512. The number of occupied subcarriers is 300, which are equally divided into 25 chunks (12
20  subcarriers each). The subcarrier spacing is 15 kHz. The performance is simulated with the
3GPP spatial channel model with the pedestrian B channel profile in a micro-cell environment.
Fig. 10 shows the performance of the invention with four transmit antennas and two
receive antennas. Specifically, it plots, as a function of the bit budget, the difference in the SNR
levels required to achieve a certain ergodic capacity level (e.g., 5 bits per channel use) between
25 the ideal case where the transmitting station 12 has perfect knowledge of the instantaneous
channel state and the case where the instantaneous channel state is compressed using the
invention before being fed back to the transmitting station 12. The bit budget is normalized
according to the number of chunks available in the system. As shown in Fig. 10, exploiting the
spatial correlation among different elements of the channel matrix through different spatial
30 transformation is very beneficial in reducing the amount of fast feedback. For example, to
achieve within 1 dB of the ideal closed-loop capacity, about 3.5 bits per chunk (for a total of 3.5
x 25 = 63 bits over the whole band) is required if uneven bit-allocation across is applied only
across different time-domain channel taps with no spatial transformation. However, if a fixed

FFT transform is applied to each channel coefficient as described in the previous section, less
16



k=1 The matrix (1) RX can be derived fromCD fun by summ ng its di agonal
sub-matrices of size ntrx n Rby rip, e.g., CORX =. Simlar to UT , the
matrix U R can either be fed back to the transmitting station 12 20using a
sl ow feedback control channel 18a, or alternatively, may be estimted using
measur ertbant 8 bas petahuniefer s éotaliafis0 besvateaise WholamandRs reduied td actsduet withirg 1
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1 7]} " Ei £ - t H; 11 ilch is then transforne
baok i n8 P REPECEHERETRIE e FipOhEh babie EtesgialBrs esoed Rk PR3
dondd n gactivniig epplisdi akmwd.ét:jﬂéiammlchmrﬂs(mrwtetal ofh10 bits ovel?xlﬂ‘teawhdgabarﬁd)gs needeg

[ t. - ' ti ' | OS. ALY e

L5om 1 S A & FEC DR PratbeRRTEAsn T bB Prafhuct BedTelorRs itk
scenar i affordabledn theaebeérse Vink,lontyph Gahibye withialol H¢RTreh the ideal closed-lobp S
subsect b%%%%cg.emnst rate the perfornmance benefit of the invention through

a MM system The overall system bandwidth is assunmed to be 5MHz with
a FFT size ofCobigquenhy the fdeeback ermoden(Simay hcsinie @hbodimedBQurthdricompasea

equ% ! ytr%é’fl)rqgaqw%rE)trgcezs§orC§Hﬂntlc(>§ra§1:st%rm said channel coefficients o create transformed
channel coefficients. The transformation processor 304 may in some embodiments transform
frequency domain channel coefficients into time domain channel coefficients, select said time
domain channel coefficients within a predetermined delay spread, and may in some
embodiments further transform said selected time domain channel coefficients to eigen domain
25  channel coefficients.

The metric calculator may in some embodiments determine an individual statistic for
each channel coefficient, the individual statistic may in some embodiments comprise the relative
power of the channel coefficient. The rate controller may in some embodiments determine said
rates for said channel coefficients in descending order of said relative powers. The individual

30  statistic may in some embodiments comprise the variance associated with the channel
coefficient. The rate controller 216, 310 may in some embodiments determine said rates for said
channel coefficients in descending order of said variances. The rate controller 216, 310 may in
some embodiments determine the rates based on statistics collected in a current rate control
period, and wherein said statistics are computed before quantization of the channel coefficients

35 in the current rate control period.

The feedback encoder 206 may in some embodiments transmit the rate over a slow
feedback channel, and transmits quantized channel coefficients over a fast feedback channel.

The rate controller 216, 310 may in some embodiments determine rates based on statistics

17
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descri bedréspohbﬁegémtﬁyhmusoldﬁém@@f cldmnes cagdidierasiby aleasitirirdy statistits openid ciirunmls!
1ts.over

(for a total aof the ole band) is needed to achieve within 1
06 of -t R Tiafh. 5B Boiehufd i ey thfed R A s R SR b0 S e Sl 1
af 26 dabd&may in beme embodindnitkeasure sa@rstatishicevea st latecdhtio! pdiddraman t he
i deal cl.o -] Qo erfornance.. Consequently, the feedback encoder 6, may
oot aetr RARrRSH HATRET San THea e Heisl e rordran o PR PeaPe S 1o
t r ansf ostatistes thaytiasoek enaefdimente sbsiptise theeatiendesarshidrotadne lvasffieients.
coefficients., The transfornation processor 304 i.n sonme enbaqdi nent s
Cranst or m 1 - To8 BRebEdORRHPE A el ' DSERT PlopRe b e B TP A e
coef fi cpenessor 486 &g trassfocmingidddiznnal ckficikets to eeddte chesftosnad ¢Hannela
pr termned . del.ay spread nd. may. in sone e di ments further transform
DA PR S Pt SRR S Pt P B Seer 200 b g i A SR o annl
coef f i ciramtferm said channel coefficients into frequency domain coefficients. The feedback decoder
104 may in some embodiments further comprise a scaling unit 404 for scaling said channel
coefficients based on statistics of said channel coefficients and decoding said scaled channel
coefficients. The quantization decoder 110 The feedback decoder 104 may in some

35 embodiments be implemented using a decoder of a tree-structured vector quantizer.
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The netric calculator may in sone enbodi nents determ ne an individual
statistic for each channel coefficient, the individual statistic may in
sonme enbodi ments conprise the relative power of the channel coefficient.
The rate controller may in sone enbodi nents determne said rates for said
channel coef fihe patent investesoragdiongowsdale @iricticdud irf thatwas thaweiose The

i ndi vidyal .30statjstjc may in nme_ enbodi nent s. rise.the yariance
nssoct arRaelirak 2ehBHh et Gyl ArFafiah Fom prgerial eBesieT=yPT 8 D9 Teenteny They
ijn somé peeémdgmbndii?edetadwm b\@c@r&ﬁdﬁrécﬁﬁ%l respectAaslllhanneind astfréstactensl snd n
escendi rder of sai ariances. e rate control|er 216, 310 may in
Sone entdruRcingPiin g% mBFas and pauldledhy Tehed Fiubs puderiier samA s, o
curr ént imabdedciortteravhbrpegd thdreirand wherein said statistics are conputed
bef ore quanti zation of the channel coefficients 35in the current rate
control period. The feedback encoder 206 may in sonme enbodi nents
transmt the rate over a slow feedback channel, and transmts quantized
channel coefficients over a fast feedback channel. The rate controller 216,
310 may in sone enbodi nents determ ne rates based on statistics collected
in a previous rate control period, and wherein said statistics are conputed
after quantization of the channel coefficients in the previous rate control
period. The feedback encoder 206 may in sone enbodi nents transmt the
guanti zed channel coefficients over a fast feedback channel and may in sone
enbodi ments conprise a whitening filter 302 to whiten said 5channel
coefficients. The feedback encoder may in sonme enbodi nents further
conprise a scaling unit 306 to scal e said channel coefficients based on
statistics of said channel coefficients prior to quantization. The rate
controller 216, 310 may in sone enbodi nents determne bit allocations for
sai d quantizers based on said statistics. The multi-rate quantizers 212,
312 may in some l1lOenbodi ments conprise an encoder of tree-structured vector
guanti zers desi gned based on said statistics. Additionally, the
f eedback decoder for decodi ng channel coefficients quantized by a variable
rate quanti zer conprises a rate controller 408 to determ ne correspondi ng
rates for a plurality of channel coefficients; and a quantization decoder
402 to individually decode said 15plurality of channel coefficients at
rates determned by said rate controller 408. Said rate controller 408 may
in some enbodi nents determ ne said corresponding rates for a plurality of
channel coefficients by receiving said rates froma receiving station over
a sl ow feedback channel. Said rate controller 408 may in sonme enbodi nents
determ ne said corresponding rates for a plurality of channel coefficients
by receiving statistics of said channel coefficients 20froma receiving
station over a slow feedback channel, and conputing said rates based on
said received statistics. Said received statistics nmay in sone enbodi nents
conprise the variances of said channel coefficients. Said rate controller
408 may in sone enbodi nents determ ne said corresponding rates for a
plurality of channel coefficients by measuring statistics of said channel
coefficients, and computing said rates based on said nmeasured statistics.
Said rate controller 25408 may in sone enbodi nents neasure said statistics
inafirst rate control period and conputes said rates based on said
nmeasured statistics in a second rate control period. Said statistics may in
sone enbodi ments conprise the variances of said channel coefficients.
The feedback decoder 104 may in sonme enbodi nents further conprise a
transf orm processor 406 for transform ng said channel coefficients to
create transfornmed channel
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30coefficients prior to decoding. Said transform processor 406 may in sone
enbodi nents transform said channel coefficients into frequency donmain
coefficients. The feedback decoder 104 may in sone enbodi ments further
conprise a scaling unit 404 for scaling said channel coefficients based on
statistics of said channel coefficienCeAmg decodi ng said scal ed channel
coefficE&EHS.IThe ﬂuantization decoder 110 The feedback decoder 104 may in
sonme 35 Be i npl enented using a decoder of a tree-structured

vect or qIUﬁnt iAZekthod r$50) of quantezing ¢eenél s:talﬂdwédibédfik éfmyhact@fze_inyr_SE,h be carried
out I n other s.than [hose specl]lC set 10rt eln wthout
departing fr(ﬂv’%?%g%?ﬂ ?@f‘sq'eﬁgqf&ﬁléfﬁf‘%??&@%‘@&%éﬂq%&%’&?g The present
embodi ment s am&\gﬁ@aln:ymuﬁﬁtmig&ncedl_uiantyeéflcﬁamﬁséfﬁcieﬁt_s lak }alﬂ@éadaéﬂml@ecfimteﬂ@n
restrictive, and a anges coming within the nmeani ng and equival ency
range of the appeﬁﬁgﬁﬁﬁ$ﬂgﬁémé§%'5intended to be enbraced therein. CLAIM

What is claimed is: 1. A nethod (50) of quantizing channel state feedback
characteri zed., by: de m_pi n atistics for a plurality of channel
oot 11 oitent o resyehE BB RRUAT Thihes ottt rasuting $9pHnE| So ciammive:
coef fi cicestts trabsfomteeisctd@heraskfiednizased on said statistics (54,56). 2. The
nmet qu (50) of claim1 further conprising transform ng said channel
coefficients to create transformed channel coefficients. 10 3. The nethod
(50) of 3cl ai Mha dteee (50) bf aaisf D e Sardlorehienssd cerelel cadffdris toocresteat e
transfoqnedfchqfq%% creff'ciﬁgts conprises: transform ng frequency domain
channel "€88PITRT &Pl FRET'AGRCHNEPH channel coefficients; and 15sel ecting
time donmi n thaskehingdettemyaptmimtidnng! codiicihed Rtotimedotiginaghafmsiead. 4.
The nethod (50) of claim3 further conprising transform ng said sel ected
time donain channépe'B@g%i%ﬁgnts to ei gen domai n channel coefficients.

15 selecting time domain channel coefficients within a predetermined delay spread.

4. The method (50) of claim 3 further comprising
transforming said selected time domain channel coefficients to eigen domain channel
coefficients.
20
5. The method (50) of any of claims 1-4, wherein determining statistics for a plurality of

channel coefficients comprises determining an individual statistic for each channel coefficient.

6. The method (50) of claim 5 wherein the individual statistic comprises the relative power

25  of the channel coefficient.

7. The method (50) of claim 6 wherein said rates are determined in descending order of

said relative powers.

30 8. The method (50) of claim 5 wherein the individual statistic comprises the variance

associated with the channel coefficient.

9. The method (50) of claim 8 wherein said rates are determined in descending order of
said variances.

35
10. The method (50) of any of claims 1-9, wherein the rates are determined based on
statistics collected in a current rate control period, and wherein said statistics are computed

before quantization of the channel coefficients in the current rate control period.
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20 5. The nethod (50) of any of clains 1-4, wherein determ ning statistics
for a plurality of channel coefficients conprises determ ning an individual
statistic for each channel coefficient. 6. The nmethod (50) of claimb5
wherein the individual statistic conprises the relative power 25o0f the
channel tbef fThd @athod (30) ofkiine0 hberib e rafes cratramdnitbe beira Saw tbedaacs ar e

determ I I . I, said relative wers.. 308. Th t hod, (50)
of ol ai e EMhRer e WhiEhiiaS) oPipt Rt NEBE el Wart msCEedback
associ at@@naglt h t he channel coefficient. 9. The method (50) of claim8
wherein said rates are determ ned in descending order of said variances. 35

10. The nmethod (50) of any of clains 1-9, wherein the rates are determ ned
base® on'&t at Thstinethod ¢50)et Brylof sleimsciut T, avhiergimthe ratestare defeenined basgttorwher ei n

sai d st atishi - . for uantizatian of the channel

coef fi C?éé%t%@bsf?\ol%h%dgxﬁ%ﬁﬁo%rs ggtee Cé)gtﬁ rpglr'ofie%dov%?ere'?f?LFhséatf‘?@?sn%ﬁ Btk

cl ai m 1(®fighavanitizatidreofithe elsarmebcdeffaiesis intteelpevieus aatelcontréi@edback channel
and wherein said quantized channel coefficients are transmtted over a fast
f eedback channel. 512. The nethod (50) of any of clains 1-11, wherein the
rates ar'd. detléermetbdd (e eficlaim $2 ahesdn the quahiizdtabdnigl caefficients aus traadngitted
contypol j L. said statistics are conputed after quantization
of t1Ee C aflg?le E%gp?%%ﬁbgl'i n the previous rate control period. 13. The
met hod (50) of claim 12 wherein the quantized channel coefficients are

transm tised v nel. . 14  The nethod 0) pf. apny of
o 15s, REend L35 br RrEte A Rk rel ddsarperein S hel halieR
whi t eni nitplydsisdvhitening skidosbenhélcioeffitients1515. The net hod (50) of any of clains
1-14, wherein individually quantizing said plurality of channel
coefficients at rates determ ned based on said rates conprises scaling said

chaihel 1&oef fliheiregthed 3 etiamnofsiams 9t 14; svhefeirs midividua iy gednticing fshidaileratity oind

quanti zipg i : icients. 2016, The. net hqd (50) accarding

o oy GRenEALSeRgalES: FRANGL A bactoh i Bk sl o8 e 3R crhR
coefficients based on statistics of said channel coefficients and quantizing said scaled channel
coefficients.

20 16. The method (50) according to any of claims 1-15, wherein individually quantizing said
plurality of channel coefficients at rates determined based on said statistics comprises:
determining bit allocations for said plurality of said channel coefficients based on said
statistics; and
individually quantizing said plurality of channel coefficients at rates determined based on
25 said bit allocations.

17. A feedback encoder (206) for quantizing channel state feedback, said feedback encoder
characterized by:
a metric calculator (214, 308) to compute statistics for a plurality of channel coefficients;
30 a plurality of multi-rate quantizers (212, 312) to individually quantize said plurality of
channel coefficients at rates determined based on said statistics; and

a rate controller (216, 310) to determine said rates for said quantizers.

18. A method (60) of decoding channel state feedback characterized by:
35 individually determining rates for a plurality of channel coefficients (62), wherein said
rates are a function of the statistics of said channel coefficients; and

decoding said plurality of channel coefficients at said individually determined rates (64).
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plurality of channel coefficients at rates determ ned based on said
statistics conprises: determning bit allocations for said plurality of
sai d channel coefficients based on said statistics; and

i ndividually quantizing said plurality of channel coefficients at rates
det er mi ned baBedmethod &y ioflclaint 1&Whees d&tesninihd ratés fe edhaakty oneieheel ( 206)

for quantizing, channel state feedback, said feedback encoder chagracterized
by 1 boefloths A rs EoRlna o Brox PR e S 4 DoLOHDR @ s iesrids T or a
pl ur al i tohaohelchannel coefficients; 30a plurality of nulti-rate quantizers
(212, 312) to individually quantize said plurality of channel coefficients
at rates determ ned based on said statistics; and a rate controller (216,
310) gt 0 ZﬂbaerTﬁelrmetSadi b atgsrdlfngrto ﬁﬁy of dwm@tﬂSé@r, whé&in é%tﬁﬂhigmglrftﬁé)}or@f
ecodi ng,chann state feedback characterized bhy: 35individya .

ot or m TGN & eheingl CosTERar ey oap R isgts Pl LM b lans rh o
sai d r atreseiding statibruowdriacsiow feddbacistrainhell bes carhp@mgGatharssddase®ehisaidi ent s;
and decadin itd plurality of channel coefficients at said individually
det er ni HS?'%&?%@'S('E%). 19. The method (60) of clai m 18 wherein deternining
rates for a plurality of channel coefficients conprises receiving said

r at frgqmareceivin tation.over a slow feedback channel. 520.The nethod
(60) Dacct di s Bettng tosp ofpiainad wherh Sqig ealvRd QESIGH SRy S e paFesol

pl ur al i tspidodhaeharwoefficieasf f i ci ents conprises receiving statistics of said
channel coefficients froma receiving station over a slow feedback channel,
and conputing said rates based on said received statistics. 1021. The net hod
(60) of 22l ai Mha0nethed G0N aseirding & ahy efttisinatlissit, adeimpstemtiningeateardrances of

sai d channel, cpefficients. 22. The net ho 0 ccording, to_ any  of

et e PONSHy SLFnbelSlBienia sarfigiorarBeSie St of S04 CAEH RGNS 2nd
coefi§i cicenmipstinpsgid retesforeais wiuraily f eiansbl eeffRfentohabeavaryae] measiréd stabstics.
and 15conputing said rates for said plurality of channel coefficients based
on said neasured statistics.

23. The method (60) of claim 20 wherein said statistics measured in a first rate control

period are used to compute rates in a second rate control period.

20 24, The method (60) of claim 23 wherein said statistics comprise the variances of said

channel coefficients.

25. The method (60) according to any of claims 18-24, further comprising transforming said
channel coefficients to create transformed channel coefficients

25
26. The method (60) of claim 23 wherein transforming said channel coefficients to create
transformed channel coefficients comprises transforming said channel coefficients into

frequency domain coefficients.

30 27 The method (60) according to any of claims 18-26, further comprising scaling said
channel coefficients based on statistics of said channel coefficients and decoding said scaled

channel coefficients.

28. A feedback decoder (104) for decoding channel coefficients quantized by a variable rate
35  quantizer, said feedback decoder characterized by:
rate controller (408) to determine corresponding rates for a plurality of channel

coefficients; and
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23. The nmethod (60) of claim 20 wherein said statistics neasured in a first
rate control period are used to conpute rates in a second rate control
period. 2024.The nmethod (60) of claim23 wherein said statistics conprise

t he variances of said channel coefficients. 25. The nethod (60) according

to any of cl asfgBarkBatdsh déccBBéﬂQOZ)qermﬂ\h&ld]? dbERRSY ﬂhr‘é@ty%@'cq%@é@%@hmentﬁo q

coefficients to create transformed channel coefficients

(60) of claim23 vHerES fetermingt by spidgatetontrellpatd). coefficients to create
transfornmed channel coefficients conprises transform ng said channel
coefficients into frequency domain coefficients. 3027. The net hod (60)
according to any of clains 18-26, further conprising scaling said channel
coefficients based on statistics of said channel coefficients and decodi ng
sai d scal ed channel coefficients. 28. A feedback decoder (104) for decoding
channel coefficients quantized by a variable rate 35quantizer, said

f eedback decoder characterized by: rate controller (408) to determ ne
corresponding rates for a plurality of channel coefficients; and a

guanti zati on decoder (402) to individually decode said plurality of channe
coefficients at rates determ ned by said rate controller (408).
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