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It would be desirable to use differential feedback and
iterative Jacobi rotation for potential feedback
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FIG 6 is a graph of differential feedback and
feedback delay for SCVE-C at a high speed; and

FIG 7 is a graph of non differential feedback and
feedback delay for SCMVE-C at a high speed. FIG 8A
Is a block diagramof a transmtter including a
precoding matri x generator for processing differential
or non-differential feedback bits in accordance with
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single-input, multiple-output (SIMJ) for the high data
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given by way of example and to be understood in conjunction
with the accompanying drawings wherein:

FIG. 1 is a graph showing the frame error rate (FER) versus
signal-to-noise ratio (SNR) using a Typical Urban 6 (TU-6)
channel model. A comparison of ideal and quantized feed-
back is given;

FIG. 2 is a graph showing the frame error rate (FER) versus
signal-to-noise ratio (SNR) using a Spatial Channel Model
Extended C (SCME-C) channel model. A comparison of ideal
and quantized feedback is given. As observed there is less loss
from quantized feedback for the SCME-C channel model
than the TU-6 channel model. This is due to correlation prop-
erties of the SCME-C channel model;

FIG. 3 is a graph comparing differential feedback and
non-differential feedback;

FIG. 4 is a graph of feedback using different resetting
intervals;

FIG. 5 is a graph comparing differential feedback with
feedback delay for SCME-C at a lower speed,;

FIG. 6 is a graph of differential feedback and feedback
delay for SCME-C at a high speed; and
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EMBODI MENTS  When referred to hereafter, the
termnology "wireless transmt/receive unit (WRU)"
includes but is not limted to a user equi prment (UE),
a nobile station, a fixed or nobile subscriber unit, a
pager, a cellular tel ephone, a personal digital
assistant (PDA), a conputer, or any other type of user
devi ce capabl e of operating in a wireless environnent.
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rel ation such that: D2=JHRJ. Equation (4)
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ar BESY 10A and 10B show different embodiments of the
precoding matrix generator used in the feedback generator of
F1G. 9B;

FIGS. 10C and 10D show different embodiments of the
precoding matrix generator used in the feedback generator of
F1G. 9C,;

FIG. 11 shows a comparison of double codeword perfor-
mance for single user MIMO (SU-MIMO) to single-input,
multiple-output (SIMO) for the high data throughput SNR
regions; and

FIG. 12 shows a comparison of the performance for single
and double codewords using uplink precoding MIMO for two
or more antennas at the WTRU and an evolved Node-B (eNo-
deB) with an SCME-C channel.




matrix into a diagonal matrix. D agonalization is
typically used in wireless communi cati ons and si gna
processi ng applications to separate nultiple signals
and/or to separate the desired signal and
interference. Equation (4) describes the process of

di agonal i zi ng the channel correlation matrix Rinto a
di agonal matrix D2. In Equation (4), the Jacobi
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(6a) A qaébgi Q‘bt§t1§hnisoi1§ed4t0 pepfdrmasa®ix diagonaliza-
tion. The channel response matrix H (or the estimate of chan-
nel response matrix) can be decomposed into:

H=UDV#, Equation (1)

where U and V are unitary matrices, i.e., UZU=I and VZV=L
Disa diagonal matrix that has singular values in the diagonal,
V is the eigen-matrix (consisting of eigen-vectors) and can be
used as a precoding matrix at the transmitter, and V# is the
Hermetian of a precoding matrix (eigen-matrix) V. The chan-
nel correlation matrix R is defined as:

R=H7H; Equation (2)

which is the product of the Hermitian transpose of the channel
response matrix H and the channel response matrix H itself.
The channel correlation matrix R can be decomposed into:

R=VD?V#, Equation (3)

Jacobi rotation is used to perform the matrix diagonaliza-
tion on the channel correlation matrix R such that:

D*=J7R]J. Equation (4)

Diagonalization is a process of transforming any arbitrary



where O and are estimtes of paraneters for the Jacobi
rotati on. The paraneters 0 and S can be obtai ned by
the equations 9 and 10. The paraneters U and $ can

al so be obtained by solving the equation 6b below V =
%i\lé%Z I cb)= CO s(e)eigssin(-6)eij5 -Equation (6b)

matrix into a diagonal matrix. Diagonalization is typically
used in wireless communications and signal processing appli-
cations to separate multiple signals and/or to separate the
desired signal and interference. Equation (4) describes the
process of diagonalizing the channel correlation matrix R into
a diagonal matrix D*. In Equation (4), the Jacobi rotation
matrix J is multiplied with the channel correlation matrix R
from the right-hand side, and the Hermitian transpose of
Jacobi rotation matrix J is multiplied with the channel corre-
Jation matrix R from left-hand side. The resulting matrix is D*
which is a diagonal matrix. When comparing Equations (1)
and (3), it is observed that diagonalizing the channel response
matrix H to find the eigen-matrix V is equivalent to diagonal-
izing the channel correlation matrix R to find eigen-matrix V.
Equation (3) can be rewritten as:

VARV=D?. Equation (5)

When comparing equations (4) and (5), it is observed that
the Jacobi matrix J becomes the eigen-matrix V when the
channel correlation matrix R is diagonalized using eigen-
value decomposition (or SVD) and Jacobi rotation for the
diagonalization transform. The Jacobi rotation transform or
precoding matrix (or the estimate of Jacobi rotation transform

or precoding matrix) for a 2x2 configuration s represented as:

c:os(?))cejq?5 sin(@)ejé

Equation (6a)
—sin(@)  cos(®) [’
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- si n(b) cos(P) The precoding matrix (eigen-matrix) V
is represented as: [ v= VIl V12 1 V21 V22 Equation (7)
The channel correlation matrix R is represented as:
ril Y12 1 R = Y21 r22

where 6 and ¢ are estimates of parameters for the Jacobi
rotation. The parameters 6 and ¢ can be obtained by the
equations 9 and 10. The parameters 6 and ¢ can also be
obtained by solving the equation 6b below.

Equation (6b)

[vu Vi2 ] B J(@ (?5) ~ [cos(@)eﬁ’ sin(@)ej‘}

Var Va2 —sin(@  cos(d

The precoding matrix (eigen-matrix) V is represented as:

V= [Vu Vi2 ] Equation (7)

V21 V22

The channel correlation matrix R is represented as:

[ rin iz ] Equation (8)

ra1 2

For non-differential feedback, the precoding matrix V
feedback is performed. Since the precoding matrix V is
equivalent to the Jacobi rotation matrix J by comparing Equa-
tions (4) and (5) as discussed in previous sections, the pre-
coding matrix V can be transformed into the Jacobi rotation
matrix J. Feeding back the precoding matrix V is equivalent to
feeding back the Jacobi rotation matrix J or feeding back the
parameters 6 and ¢ of the Jacobi rotation matrix. The feed-
back of the precoding matrix V can be represented by two
elements: 6 and ¢, instead of v 11, v12, v21, and v22 (the
elements or the eigen-vectors of the precodlng matrix V) or
r11,r12, r21, and r22 (the elements of the channel correlation



Equati on (8) For non-differential feedback, the
preco ding matrix V feedback is perfornmed. Since the
precoding matrix V is equivalent to the Jacob
rotation matrix J by conparing Equations (4) and (5)
as discussed in previous sections, the pre-coding
matrix V can be transfornmed into the Jacobi rotation
matri x J. Feeding back the precoding matrix Vis
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oﬂsmg?ﬁgmk?wmgﬂ&’%ﬁq&mmsti x R or equivalently

its elenents r1l, r12, r21, and r22)., The Jacob
transform paranmeters 0 and (1) can be computed using
the follow ng two equations: where rii is the

cor r espgam(ds + tan(#)owl arld apd h col um. T
further reduce teddback over head, differenti al
processing is introduced in which only the changes or
differengesrof the parameters of matrix trangdBh
and Asﬂgﬁéw N updates are conputed, and fg%ibackgﬁﬁ
To avoid erf® accunul ati on and propagation introduced
by differential processing, an approach that conbines
differential and non-differential feedback is
considered in which a differential feedback wth
PRHAY £ & ¢ elefént Sf BhaRtRATorreldifoAMhaftix R that
corresponds to the i row and j** column.

To further reduce feedback overhead, differential process-
ing is introduced in which only the changes or differences of

the parameters of matrix transform (A6 and A¢) between
updates are computed, and fed back.

el enent of, Zch@gije.lmgor relation matrix R that Eqélation 9)

To avoid error accumulation and propagation introduced
by differential processing, an approach that combines differ-
ential and non-differential feedback is considered in which a
differential feedback with periodic error reset is proposed.

Differential Feedback

The differential feedback using an iterative Jacobi trans-
form is proposed. For feedback instance n, the Jacobi rotation



The differential feedback using an iterative Jacob
transformis proposed. For feedback instance n, the
Jacobi rotation J(n) is applied on channe
correlation matrix R and is expressed by:
J(n)HR(Nn)J(n)=D2Equation (11) For the next feedback
i nstance n+l, if the Jacobi rotation matrix i s not
updated dlagonallzatlon of matrix R using Jacobi
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the channel changes, the Jacobi rotation or transform needs to

be updated for correct diagonalization:

ATNVE [T R (n+1) ()| AT 3)=AJ (Y D*AJ(n)=D?;  Equation (13)

where Al(n) is the delta of the feedback update at feedback
instance n. The differential feedback or delta feedback Al(n)
is estimated and computed at the receiver and is sent back to
the transmitter from the receiver for updating the precoding
matrix J(n) for the next precoding process J(n+1) at transmit-
ter (and/or at the receiver if needed).

The differential feedback or delta feedback AJ can be
obtained from D? where:



(d22 -d11)- tan(At))2 + tan(6,0)- 1 = 0; and 1dl121
-di 2 esifk .= 101121. Equation (15) Equation (16)
Alternatively, the differential feedback AJ can be
conputed at the receiver by multiplying the Hermtian
transpose of the previous preco ding matrix J(n) wth
the preco ding matrix J(n+l1l) by: Af(n)=J(n)l1J(n+l1);
Equation (17) where J(n+l) can be conputed fromthe
correl ation tr x,R(n-F1) at the receiver a on (14
descri bed i tilons (2) and (4) for feedbigwﬂwn( )
I nstanc ﬁ? Qf iransm tter receives the feedback
AJ(n) and u e@ or the precoding matri x update for
J(n+l). Note that the precoding matrix is denoted as J
(which is equal to V as J andV are equival ent as
dlscusse n prev

gollowmg quations (15) and (16) can be used to
obtaln the differential precoding matrix AJ, (i.e., to obtain AB
and AQ):

Equation (15)

di» Equation (16)

Alternatively, the differential feedback AJ can be computed at
the receiver by multiplying the Hermitian transpose of the
previous precoding matrix J(n) with the precoding matrix
J(n+1) by:

ATm)=J ) (n+1); Equation (17)

where J(n+1) can be computed from the correlation matrix
R(n+1) at the receiver as described in Equations (2) and (4)
for feedback instance n+1. The transmitter receives the feed-
back AJ(n) and uses it for the precoding matrix update for
J(n+1). Note that the precoding matrix is denoted as J (which
isequal to'V as Jand V are equivalent as discussed in previous
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sections). The previous precoding matrix J(n) at the
transmtter is updated to obtain the next precoding
matrix J(n+l). The transmtter first receives and
decodes the feedback bits, and transl ates those
feedback bits to a delta precoding matrix ALL This can
be perfornmed at the transmtter by nultiplying the
previ ous precoding matrix J(n) that is used at the
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eam;mﬁsﬂh&t arjacenty sNb-eanhark dmresauree dack
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tt d, th
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t h
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cianchiRionialipefibacls hhal o] Shnsidtaisdofor fepdback

boverh¢ad gedustinn apd performance dnfjprovemeritzat i on.
Differential feedback can be reset every N transmission
timing intervals (TTIs), every N feedback intervals, every
certain period of time or aperiodically for avoiding error
accumulation or propagation due to differential processing. N
is a predetermined integer. At each reset, non-differential
feedback is used. Non-differential feedback occurs every N
TTIs or every N feedback intervals and differential feedback
is used for the remaining TTTIs or feedback intervals. At the

11



For exanpl e a codebook consisting of eight codewords
which requires three (3) feedback bits for

quanti zation is used for non-differential feedback,
whil e four codewords are used for differentia

f eedback, which requires fewer feedback bits (2 bits).
The feedback can be based on averages over nultiple
resource blocks (RBs), (e.g., 2, 5, 6, 10 RBs), where

RSB EH0EE 0 MR RS i U El BRI Wi,

glggtfwegﬁlsﬂlel q%fggtsl:mme%@twefefq élrnmdlgll’erengrak}Ofekedbaclgs
codaepo
(%n%fﬁb?d%gamfcoaiggmg Kels%%ﬂibﬂ@ko[(. gin of the |
The YeldBaCk 8be cﬁeﬂﬁ gl F Mﬂ ferentia
gon ) hacdl,d esslﬂﬁs@cﬁe [PYSY i hiés) %ﬁgg‘ oﬂmmfﬁrm foﬁ Jewor

o 9F g}%ﬁﬁ%‘iﬁlﬂﬁ@%@ﬁﬁgﬁeﬁﬁpﬁ ik @E@ éaklﬁse)a g

tf@q@@@ paptizaddmnd i nprove the performance for

Si Ok XRTIuADED JRDRNK SarisaBEeDhoo - c0gfvmrds

TafliehYe é‘éﬁ'{%@ eﬂ%@i@bﬁsﬁl"@? t@Zatl@ﬁflsru%ed
oronent :f%g‘:%m}t; f? back Kwhile 1our cadasdords seused

PGl Tf%é@@%?@wguw@iég@»fefi@&wm
| @bits) Fherfdedbatdt can be based on averages over multiple
resource blocks (RBs), (e.g., 2, 5, 6, 10 RBs), where a RB 1s
defined as a block with multiple subcarriers (e.g., 12 or 25
subcarriers).

Two codebooks are preferably used. However, any other
number of codebooks may be used. A differential codebook,
used for quantization, concentrates on the origin of the (6, ¢)
plane for differential feedback, while a non-differential code-
book is uniform with codewords evenly distributed. Any
desirable number of codewords may be included in a code-
book. A combined differential and non-differential feedback
can reduce the feedback overhead and improve the perfor-
mance for the MIMO precoding.

Simulation Assumptions

The simulation assumption and parameters used are given
in Table 1 below.

-]
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Ant enna configurations Fading correl ation between
transmt/recei ve antennas Myvi ng speed Data nodul ation
Channel codi ng Coding rate Equalizer G oup feedback
Feedback error Feedback del ay Channel Estimation 2.0
GHz 4.096 mllion synbols/sec 5 Mz 0.5 ns (2048
synbol s) 6 1536

TABLE 1
Parameter Assumption
Carrier frequency 2.0 GHz
Symbol rate 4.096 million symbols/sec
Transmission bandwidth 5 MHz
TTI length 0.5 ms (2048 symbols)

Number of data blocks per TTI 6
Number of data symbols per TTI 1536

Fast Fourier transform (FFT) 512

block size

Number of occupied subcarriers 256

Cyeclic Prefix (CP) length 7.8125 psec (32 samples)

Channel model Typical Urban (TU6), SCME-C

Antenna configurations 2 x 2 (MIMO)

Fading correlation between p = 0 for TUG6, and SCME-C

transmit/receive antennas

Moving speed 3 km/hr, 30 km/hr, 120 km/hr

Data modulation QPSK and 16QAM

Channel coding Turbo code with soft-decision decoding

Coding rate Y5 and Y3

Equalizer LMMSE

Group feedback One feedback per 1, 12 and 25
subcarriers

Feedback error None (Assumed ideal)

Feedback delay 2and 6 TTIs

Channel Estimation Ideal channel estimation

Simulation Results and Discussions

FI1G. 1 shows the performance of MIMO precoding for a
TU6 channel model and vehicle speed at 3 km/hr. The per-
formance of MIMO precoding with group feedback of differ-
ent group sizes is compared. No group feedback is feedback
per subcarrier which requires the highest feedback overhead.
Group feedback uses one feedback for every L subcarriers.
About 0.3 dB degradation 1s observed for group feedback
using one feedback per 12 subcarriers with respect to the
performance of no group feedback, 1.e., L=1. About 0.8 dB
degradation in performance is observed for group feedback
using one feedback per 25 subcarriers with respect to no
group feedback. |
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512 256 7.8125 psec (32 sanples) Typical U ban (TU6),
SCME-C 2 x 2 (MM)) p =0 for TU6, and SCVE-C 3 kni hr,
30 knihr, 120 kmi hr QPSK and 16QAM Turbo code with
soft - deci si on decoding 1/2 and V3 LMVSE One feedback
per 1, 12 and 25 subcaariers None (Assuned ideal) 2
and 6 TTls

In addition, the performance of MIMO precoding with and
without quantization is compared in FIG. 1. With differential
feedback that uses 2 bits per feedback group, about 0.3 dB
degradation results from quantization for all group feedback
sizes, L=1, 12 and 25 subcarriers is observed. The feedback
was updated every TTI and was reset every 10 TTIs.

FIG. 2 shows the performance of MIMO precoding using
group feedback and codebook quantization for an SCME-C
channel and vehicle speed at 3 km/hr. About 0.1 dB degrada-
tionis observed for group feedback using one feedback per 12
subcarriers with respect to the performance of no group feed-
back, i.e., L=1. About 0.2 dB degradation is observed for
group feedback using one feedback per 25 subcarriers with
respect to no group feedback. In addition about 0.3 dB deg-
radation due to quantization that uses 2 bits per feedback
group is observed.

FIG. 3 shows the performance comparison for MIMO pre-
coding using differential and non-differential feedback. The
performance of combined differential and non-differential
feedback that uses a mixed 2 bits/3 bits scheme is compared
against non-differential feedback using 3 bits. Combined dif-
ferential and non-differential feedback uses 2-bit quantiza-
tion with 3-bit quantization at each resetting period.

It can be observed that the performance of differential
feedback using fewer bits (2 bits) with a proper resetting
interval for differential processing is similar to the perfor-
mance of non-differential feedback using full feedback and
more bits (3 bits). The combined differential and non-differ-
ential feedback can reduce the feedback overhead by as much
as 33% as compared to feedback overhead of non-differential
feedback, depending on the iteration interval and reset period.
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| deal channel estimation Sinulation Results and

Di scussi ons FIG 1 shows the performance of M MO
precodi ng for a TU6 channel nodel and vehicle speed at
3 kmihr. The performance of M MO precodi ng with group
feedback of different group sizes is conpared. No
group feedback is feedback per subcarrier which
requires the highest feedback overhead. G oup feedback
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FIG 5 shows the performance of M MO precodi ng using
differential feedback with feedback delay for an
SCME- C channel and vehicle speed 3 knih. The conbi ned
performance degradation for 2-bit quantization and
feedback delay is about 0.3 dB for feedback delay of 2
TTls and about 0.4 dB for feedback delay of 6 TTls
with respect to no quantization and no feedback del ay.
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825,-825,2, a plurality of constellation mapping units
8301-830", a plurality of fast Fourier transform (FFT)
units 8351-835", a precoder 840, a subcarrier mapping
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processi ng may be perfornmed by nore or | ess conponents
and the order of processing nay be sw tched.

Transnmit data 805 is first dermultiplexed into a
plurality of data streans 8121-812" by the
demul ti pl exer 810. Adaptive nodul ati on and codi ng




The encoded data after rate matching 8221-822,2 is
preferably interleaved by the interl eavers 8251-825".
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transmtted via the antennas 8651- 865" FI G 9A is
a block diagram of a receiyer 900 that receives and
processes signals transni tted by the transmtter 800
of FIG 8A in accordance with the present invention. A
singl e decoder may be used in the SCWcase. The
receiver 900 may be a WIRU. The precoder matri x
codeword index is assunmed to be fed back fromthe base
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After M MO decodi ng, the decoded data 9321-93; is
processed by the | FFT units 9351-935, for conversion
to tinme domain data 9381-938". The tinme domain data
9381-938, is processed by the data denodul ators

9401- 940" to generate bit streams 9421-942". The bit
streans 9421-942, are processed by the deinterl eavers
9451- 9457" whi ch performthe opposite operation of the
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where His the channel matrix. The precoding for
spatial nultiplexing, beanform ng, and the |like, can
be expressed as: x-Ts;(Equation 20) where s is the
data vector and T is a generalized precoding matrix or
transformmatrix. In the case when transm t

ei genbeanformng is used, the precoding or transform
matrix T is chosen to be a beanform ng matri x V which

' S OphaisfdtakFierhAppedliAReS 42| BU 2R ltiplexed+With
f%aéhﬁaﬂa th%hﬁl ‘E@gggers igg) O sbr a‘ﬂﬁé Q{ﬁlﬂ?‘lﬁé 'g3a T
e e T L
&L, ZRhieohF Féfr qonés: (ﬁﬁig&ﬁﬁ,; otpu stk éi@mansod@t
pnss&lt-sss nedl CPi iseaddad tuehchsti®ld\NBomaan dqaadteeam
ey @?3) %%@r@@ sABaAIOY, uAnd 880, 866, . Haredioe

o "Eﬁﬁ.dﬁi s e TEN IR TR R

maiileRBas Si-ghest SNIR, | argest channel
capddtity9dy is adhloekt dMgE arm abh eeteier90@that irgeéves

b@ﬁgg 9%?%@.%%% Iﬂéllsoﬁan%ﬁﬁﬁfééﬂ éﬁe%ﬁ%@ghm of
c} I t Agingle
 decoder gy hense nsﬁ%rﬁ S W 6age ﬁegssﬁ%ffemﬁﬁgr by

obeMAWHIRLE.i ed to apply to SC FDI\/A Because t he SVD
opeffhé precedet tmatrix wddwgordl inslexersnas surhedeftobe Bed

¢ %@lcksﬁ*cﬁns‘éHH)bﬁsé ! s"tﬁﬁb o ( MVRRIoHEFPINGTTE! ferp@il
V\ﬁ‘ Eﬁsio $ /H( R’a +R,)- " (Equation 21)
i

‘P ocessin trix,.R' and R e
corr %\trPGﬁlYl%ti dnghydes jas pgﬂ?%me&f éwag
805, x agiiueality oifiédBsotheval tBits B0 Hjﬁw, mplﬂlmlﬁﬁ of
t FEESinNBos cmrmela b@@@ﬁm%stimaﬁbﬁQﬂA atshﬂ)camer

s T
i AL a.azeﬁlraﬂgefoaﬁﬁai%ﬁﬁr&oga e
eRd¥eBa B WQIW peawers A
bﬁckwahd e;rmxrodorng:o’mbml QF Epl oystsa %ﬂeﬁﬁﬁk,, kfassgmtlal
MPaps & TR D 0upd he MRediih Ak CoOShERRBr d960Er FRET BIINO
Bcg'de]}giﬁf Heq ‘}H%ﬁnﬁfn ?gﬁ'ﬁgasen%b? gmgsg)
s ronallle 55 §P°§8@FW WUEEHFRNCSo FH%
eerder, Momexgmsyus fikelyhpod (ML) slespdst, apr a
cd&padles aing dre ophef adeneed teclinglss fodMIDViDe
codepql] ¢efitrihdhb FIG. 9A, the CP removal units 910,-910,,
remove a CP from each of the data streams 908,-908,
received by the antennas 905,-905,,. After CP removal, the
processed data streams 912,-912  output by the CP removal
units 910,-910,, are converted to frequency domain data 918, -
918,, by the FFT units 915,-915,. The channel estimator 920
generates a channel estimate 922 from the frequency domain
data 918,-918,, using conventional methods. The channel
estimation is performed on a per subcarrier basis. The sub-
carrier demapping unit 925 performs the opposite operation
which 1s performed at the transmitter 800 of FIG. 8A. The
subcarrier demapped data 928,-928,, is then processed by the
MIMO decoder 930.
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Si mul ati on Paraneters The sinmul ati on paraneters
assuned are provided in Table 1. The achievabl e
‘throughputs for various selections of the MCS for each
spatial streamare provided in Table 2 below. TABLE 2
MCS Achi evabl e Data Rate (Mops) Spectral Efficiency
(bps/Hz) 16QAM r7/8-16QAM r 3/ 4 19. 9680

After MIMO decoding, the decoded data 932,-932,, is pro-
cessed by the IFFT units 935,-935,, for conversion to time
domain data 938,-938, . The time domain data 938,-938,, s
processed by the data demodulators 940,-940,, to generate bit
streams 942,-942 . The bit streams 942,-942,, are processed
by the deinterleavers 945,-945,, which perform the opposite
operation of the interleavers 825,-825, of the transmitter 800
of FIG. 8A. Each of the deinterleaved bit streams 948,-948,
is then processed by each of FEC units 950,-950,,. The data
bit streams 952,-952_ output by the FEC units 950,-950, are
merged by the spatial de-parser 955 to recover data 962. The
feedback generator generates non-differential or differential
feedback bits, which are fed back to the precoding matrix
generator 875 of the transmitter 800.

FIGS. 9B and 9C show details of the feedback generator
960 of the receiver 900 of FIG. 9A.

If the feedback bits 870 include non-differential feedback
bits 870", the feedback generator 960 may be configured as the
feedback generator 960' shown in FIG. 9B. The feedback
generator 960" includes a precoding matrix generator 1005/,
which outputs a full precoding matrix 1010 (J) in the form of
its parameters 6 and ¢. The full precoding matrix 1010 is fed
to a feedback bit generator 1020, which uses a non-differen-
tial codebook 1015 to generate non-differential feedback bits
870"

If the feedback bits 870 include differential feedback bits
870", the feedback generator 960 may be configured as the
feedback generator 960" shown in FIG. 9C. The feedback
generator 960" includes a precoding matrix generator 1005",
which outputs a delta precoding matrix 1012 (AJ) in the form
of its parameters A and A¢. The delta precoding matrix 1012
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3.99 16QAM r7/8-16QAM r1/2 16.8960 3.38 16QAM
r7/8-16QAM r1/3 14.8480 2.97 16QAM r5/6- QPSK r1/8
11.08 2.22 16QAM r516- QPSK r1/2 10.752 2.15

is fed to a feedback bit generator 1020", which uses a differ-
ential codebook 1018 to generate differential feedback bits
870".

FIGS. 10A and 10B show different embodiments of the
precoding matrix generator 1005’ used in the feedback gen-
erator 960' of FIG. 9B. In one embodiment, the precoding
matrix generator 1005' generates a full precoding matrix
1010'used to generate non-differential feedback bits based on
Equations (1) and (65). In another embodiment, the precod-
ing matrix generator 1005' generates a full precoding matrix
1010" used to generate non-differential feedback bits based
on Equations (2), (9) and (10).

FIGS. 10C and 10D show different embodiments of the
precoding matrix generator 1005" used in the feedback gen-
erator 960" of FIG. 9C. In one embodiment, the precoding
matrix generator 1005" generates a delta precoding matrix
1012' used to generate differential feedback bits based on
Equations (2), (12), (15) and (16). In another embodiment,
the precoding matrix generator 1005" generates a delta pre-
coding matrix 1012" used to generate differential feedback
bits based on Equation (17).

Precoding

The precoding is based on transmit beamforming (TxBF)
using, for example, eigen-beamforming based on SVD.
While SVD is optimal, other algorithms may be used by the
Node B.

As previously shown by Equation (1), for TxBF or eigen-
beamforming the channel matrix is decomposed using a SVD
or equivalent operation as:

H=UDV#;
where H is the channel matrix. The precoding for spatial
multiplexing, beamforming, and the like, can be expressed as:

x=Ts; (Equation 20)

where s is the data vector and T is a generalized precoding
matrix or transform matrix. In the case when transmit eigen-
beamforming is used, the precoding or transform matrix T is
chosen to be a beamforming matrix V which is obtained from
the SVD operation above, i.e., T=V. Alternatively, the precod-

21



16QAM r3/4- QPSK r1/6 10.24 2.05 16QAM r1/2- QPSK r1/ 3
8.192 1.64 16QAM r1/2-QPSK r1/6 7.168 1.43 16QAM
r1/3-QPSK r1/8 4.864 0.97 16QAM r1/4- QPSK r118

ing or transform matrix T is chosen from a codebook or
quantization. The selection of the codeword among codebook
or quantization for precoding matrix T is based on some
predetermined criterion, such as SINR, mean square error
(MSE), channel capacity, and the like. Based on estimated
channel matrix H, the precoding matrix among all candidate
precoding matrices which has highest metrics, such as highest
SNIR, largest channel capacity or smallest MSE is selected.
Alternatively, based on SVD operation, the codeword or pre-
coding matrix among all candidate precoding matrices in
codebook that is the best quantization of the matrix V is
selected. This is similar to eigen-beamforming for OFDMA,
modified to apply to SC-FDMA.

Because the SVD operation results in orthogonal streams,
the eNodeB can use a simple linear MMSE (LMMSE)
receiver. It can be expressed as:

R=R _HZ(AR, HF+R,)"; (Equation 21)

where R is a receive processing matrix, R and R,,, are cor-
relation matrices and H is an effective channel matrix which
includes the effect of the V matrix on the estimated channel
response. In FIG. 8A, the precoder 840 in the eNodeB (i.e.,
transmitter 800) produces the effective channel matrix at the
WTRU using the last quantized precoder matrix sent from the
eNodeB to the WTRU.

Feedback

An approach to feeding back the precoding matrix employs
a codebook-based MIMO precoding scheme using combined
differential and non-differential feedback as described previ-
ously in this specification.

This section presents selected simulation results for SU-
MIMO. A comparison between SU-MIMO and SIMO is dis-
cussed first, followed by a comparison of the performance for
single and double codeword SU-MIMO.
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3.840 0.77 It is worth noting that the maximum
achi evabl e t hroughput using a doubl e codeword and
practical code rates in 5 MHz is 19.968 Mps, which
scales to 79.87 Mips in a 20 MHz bandw dth, and has a
spectral efficiency of 4 bps/Hz. SIMO on the other
hand, is limted to 10.75 Mips in 5 MHz, a spectral
ef ficiency of 2.15. Therefore, SU M MO can al nost
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than 26 dB the achi evabl e throughput is approximately
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It is worth noting that the maximum achievable throughput
using a double codeword and practical code rates in 5 MHz is
19.968 Mbps, which scales to 79.87 Mbps in a 20 MHz
bandwidth, and has a spectral efficiency of 4 bps/Hz. SIMO,
on the other hand, is limited to 10.75 Mbps in 5 MHz, a
spectral efficiency of 2.15. Therefore, SU-MIMO can almost
double the uplink data rate compared with SIMO.

Comparison of SU-MIMO to SIMO

FIG. 11 shows a comparison of double codeword perfor-
mance for SU-MIMO to SIMO for the high data throughput
SNR regions. When the SNR is 24 dB, the maximum achiev-
able throughput is approximately 19 Mbps, and when the
SNR is greater than 26 dB the achievable throughput is
approximately 19.97 Mbps. From this comparison it is worth
noting that using SIMO the maximum achievable throughput
1s 10.5 Mbps at an SNR of 20 dB.

Comparison of SU-MIMO with Single and Double Code-
words
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themfairly. Also, it is inpractical to use the sane
nmodul ation for SCWfor both streans when using
precodi ng, so only conbinations of QPSK and 1 6QAM are
shown. Therefore, the higher throughput achievable
with DCWis not shown. FIG 12 shows a conparison of
the performance for single and double co dewords using
uplink preco ding MMO for two antennas at the WRU
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(CF’) Although the features and elements of the present mven-
tion are described in the preferred embodiments in particular
combinations, each feature or element can be used alone
without the other features and elements of the preferred
embodiments or in various combinations with or without
other features and elements of the present invention. The
methods or flow charts provided in the present invention may
be implemented in a computer program, software, or firm-
ware tangibly embodied in a computer-readable storage
medium for execution by a general purpose computer or a
processor. Examples of computer-readable storage mediums
include a read only memory (ROM), a random access
memory (RAM), a register, cache memory, semiconductor
memory devices, magnetic media such as internal hard disks
and removable disks, magneto-optical media, and optical
media such as CD-ROM disks, and digital versatile disks
(DVDs).
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renoving the CPs fromthe tine domain data streans to
generate a plurality of processed data streans;
converting the processed data streams to frequency
domai n data; perform ng channel estinmation on the
frequency domain data to generate a channel estimate;
generating a second precoding matri x based on the
channel estimte; and generating and transmtting
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phone, a vibration device, a speaker, a microphone, a televi-
sion transceiver, a hands free headset, a keyboard, a Blue-
tooth® module, a frequency modulated (FM) radio unit, a
liquid crystal display (LCD) display unit, an organic light-
emitting diode (OLED) display unit, a digital music player, a
media player, a video game player module, an Internet
browser, and/or any wireless local area network (WLAN)
module.
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9. The method of claim®6 wherein the transmtter is a
base station. 10. A nethod of providing precoding
f eedback conprising: receiving a plurality of feedback
bits; updating a first precoding matrix based on the
feedback bits, wherein the feedback bits are
differential feedback bits; precoding a plurality of
frequency domai n data streanms using the first preco
ding matrix; mapping the differential feedback bits to
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convertlng the processed data streams to frequency domain

data;

performing channel estimation on the frequency domain

data to generate a channel estimate;

generating a second precoding matrix based on the channel

estimate; and

generating and transmitting feedback bits based on the

second precoding matrix.

2. The method of claim 1 wherein the second precoding
matrix is a delta precoding matrix and the feedback bits are
differential feedback bits.

3. The method of claim 1 wherein the second precoding
matrix is a full precoding matrix and the feedback bits are
non-differential feedback bits.

4. The method of claim 3 wherein non-differential feed-
back bits are generated by using a Jacobi rotation to perform
matrix diagonalization on at least one of a channel response
matrix and a channel correlation matrix associated with the
channel estimate.

5. The method of claim 1 wherein the feedback bits are
non-differential feedback bits, the method further compris-
ing:

mapping the non-differential feedback bits to a full precod-

ing matrix by using a non-differential codebook.

6. The method of claim 1 wherein the method is imple-
mented in a wireless communication system including a
transmitter and a receiver.

7. The method of claim 6 wherein the receiver is incorpo-
rated in a wireless transmit/receive unit (WTRU).

8. The method of claim 6 wherein the transmitter is an
evolved Node-B (eNodeB).

9. The method of claim 6 wherein the transmitter is a base
station.
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13. The nmethod of claim 11 wherein feedback is reset
every N feedback intervals, where Nis a predeterm ned
i nt eger. 14. The method of claim 11 wherein
feedback is reset aperiodically for avoiding error
accumul ati on or propagation due to differentia
processing. 15. The nmethod of claim 11l wherein the
method is inplemented in a wireless communication
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precoding a plurality of frequency domain data streams

using the first precoding matrix.

12. The method of claim 11 wherein feedback is reset every
N transmission timing intervals (TTIs), where N is a prede-
termined integer.

13. The method of claim 11 wherein feedback is reset every
N feedback intervals, where N is a predetermined integer.

14. The method of claim 11 wherein feedback is reset
aperiodically for avoiding error accumulation or propagation
due to differential processing.

15. The method of claim 11 wherein the method is imple-
mented in a wireless communication system including a
transmitter and a receiver.

16. The method of claim 15 wherein the receiver is incor-
porated in a wireless transmit/receive unit (WTRU).

17. The method of claim 15 wherein the transmitter is an
evolved Node-B (eNodeB).

18. The method of claim 15 wherein the transmitter is a
base station.

19. A method of providing precoding feedback compris-
ing:
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22. The nethod of claim 20 wherein a codebook

consi sting of four codewords that require two (2)
feedback bits for quantization is used for

differential feedback. 23. A receiver for providing
feedback to a transmtter for updating a first
precoding matri x used by the transmtter to precode a
plurality of frequency domain data streans, the
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22. The method of claim 20 wherein a codebook consisting
of four codewords that require two (2) feedback bits for
quantization is used for differential feedback.

23. A receiver for providing feedback to a transmitter for
updating a first precoding matrix used by the transmitter to
precode a plurality of frequency domain data streams, the
receiver comprising:

a channel estimator configured to generate a channe] esti-
mate by performing a channel estimation on frequency
domain data associated with a plurality of time domain
data streams transmitted by the transmitter;

feedback generator electrically coupled to the channel
estimator, the feedback generator configured to generate

feedback bits for transmission to the transmitter based
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a feedback bit generator electrically coupled to the
precodi ng matri x generator, the feedback bit generator
bei ng configured to generate and transmt feedback
bits based on the second precodi ng matri x. 25. The
recei ver of claim 24 wherein the second precodi ng
matrix is a full precoding matrix and the feedback
bits are non-differential feedback bits. 26. The
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they £ ef eV RIcHO8PO1Y19%m 24 wherein the second precoding
matrix is a full precoding matrix and the feedback bits are
non-differential feedback bits.

26. The receiver of claim 23 wherein the receiver is a
wireless transmit/receive unit (WTRU) .

27. The receiver of claim 23 wherein the transmitter 1s an
evolved Node-B (eNodeB).

28. The receiver of claim 23 wherein the transmitter is a
base station.

29. A receiver for providing feedback to a transmitter for
updating a first precoding matrix used by the transmitter to
precode a plurality of frequency domain data streams, the
receiver comprising:

a channel estimator configured to generate a channel esti-
mate by performing a channel estimation on frequency
domain data associated with a plurality of time domain
data streams transmitted by the transmitter; and

a feedback generator electrically coupled to the channel
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a channel estimator configured to generate a channe
estimate by perform ng a channel estinmation on
frequency domai n data associated with a plurality of
time domain data streans transnmitted by the
transmtter; and a feedback generator electrically
coupled to the channel estimator, the feedback
generator configured to generate feedback bits for
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changes or differences of parameters of a matrix trans-
form.
31. The receiver of claim 30 wherein feedback is reset
every N transmission timing intervals (TTIs), where N is a

predetermined integer.
32. The receiver of claim 30 wherein feedback is reset

every N feedback intervals, where N is a predetermined inte-
ger.
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39. The receiver of cl aim 37 wherein a codebook
consi sting of eight codewords that require three (3)
feedback bits for quantization is used for

non-di fferential feedback. 40. The receiver of
claim 37 wherein a co debook consisting of four
codewords that require two (2) feedback bits for

quanti zati on is used for di fferential feedback. 41
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38. The receiver of claim 37 wherein two (2) bits are used
for differential feedback and three (3) bits are used for non-
differential feedback.

39. The receiver of claim 37 wherein a codebook consisting
of eight codewords that require three (3) feedback bits for
quantization is used for non-differential feedback.

40. The receiver of claim 37 wherein a codebook consisting
of four codewords that require two (2) feedback bits for
quantization is used for differential feedback.

41. A transmitter that performs precoding based on feed-
back provided by a receiver, the feedback being generated
based on a plurality of time domain data streams that the
receiver receives from the transmitter, the transmitter com-

prising;:
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46. A transmtter that perfornms precedi ng based on

f eedback provided by a receiver, the feedback being
gener ated based on signals that the receiver receives
fromthe transmitter, the transmtter conprising: a
precodi ng matrix generator configured to receive
feedback bits fromthe receiver and generate a
precodi ng matri x based on the feedback bits, wherein
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coupled to the precoding natrix generator, the
TR PRSP et S
a feedback bits to full precoding mapping unit for mapping
non-differential feedback bits to a full precoding matrix,
wherein the precoder uses the full precoding matrix to
precode the frequency domain data streams.
43. The transmitter of claim 41 wherein the receiver is a
wireless transmit/receive unit (WTRU).
44. The transmitter of claim 41 wherein the transmitter is
an evolved Node-B (eNodeB).
45. The transmitter of claim 41 wherein the transmitter is a
base station.
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precoding matrix, wherein non-differential feedback
occurs every Ntransmssion timng intervals (TTlIs) or
every N feedback intervals, and differential feedback
is used for the remaining TTls or feedback intervals,
where N is a predeterm ned integer. 54. The
transmtter of claim53 wherein two (2) bits are used
for differential feedback and three (3) bits are used

for
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aperiodically for avoiding error accumulation or propagation
due to differential processing.

50. The transmitter of claim 46 wherein the receiver is a
wireless transmit/receive unit (WTRU).

51. The transmitter of claim 46 wherein the transmitter is
an evolved Node-B (eNodeB).

52. The transmitter of claim 46 wherein the transmitteris a
base station.

53. A transmitter that performs precoding based on feed-
back provided by a receiver, the feedback being generated
based on signals that the receiver receives from the transmit-
ter, the transmitter comprising:

a precoding matrix generator configured to receive feed-
back bits from the receiver and generate a precoding
matrix based on the feedback bits, wherein the feedback
bits include differential feedback bits and non-differen-
t1al bits; and

a precoder electrically coupled to the precoding matrix
generator, the precoder being configured to precode a
plurality of frequency domain data streams using the
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precoding matrix, the precoder including: a feedback
bits to delta precodi ng mappi ng unit for mapping the
feedback bits to a delta precoding matrix; and a ful
precoding matri x generation and update unit for
generating and updating a full precoding matri x based
on the delta precoding matri x, wherein the precoder
uses the full precoding matrix to precode the fre-

quency pHaeBthghiattx, e Wherein non-differential feedback
occurs every N transmission timing intervals (TTIs) or
every N feedback intervals, and differential feedback is
used for the remaining TTIs or feedback intervals, where
N is a predetermined integer.

54. The transmitter of claim 53 wherein two (2) bits are
used for differential feedback and three (3) bits are used for
non-differential feedback.

55. The transmitter of claim 53 wherein a codebook con-
sisting of eight codewords that require three (3) feedback bits
for quantization is used for non-differential feedback.

56. The transmitter of claim 53 wherein a codebook con-
sisting of four codewords that require two (2) feedback bits
for quantization is used for differential feedback.

57. The transmitter of claim 53 wherein the precoder com-
prises:

a feedback bits to full precoding mapping unit for mapping
non-differential feedback bits to a full precoding matrix,
wherein the precoder uses the full precoding matrix to
precode the frequency domain data streams.

58. A transmitter that performs precoding based on feed-
back provided by a receiver, the feedback being generated
based on signals that the receiver receives from the transmit-
ter, the transmitter comprising:

a precoding matrix generator configured to receive feed-
back bits from the receiver and generate a precoding
matrix based on the feedback bits, wherein the feedback
bits represent changes or differences of parameters of a
matrix transform; and
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a precoder electrically coupled to the precoding matrix
generator, the precoder being configured to precode a
plurality of frequency domain data streams using the
precoding matrix, the precoder including;

a feedback bits to delta precoding mapping unit for
mapping the feedback bits to a delta precoding
matrix; and

a full precoding matrix generation and update unit for
generating and updating a full precoding matrix based

~ on the delta precoding matrix, wherein the precoder
uses the full precoding matrix to precode the fre-
quency domain data streams.
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