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Abstract—Practical precoding schemes inevitably have to deal In a MU-MIMO scheme, the set of users to be simultane-
with the problem of imperfect, rather than ideal, channel ously served must be selected, as well as the number of data
state information at the transmitter (CSIT). This impairme nt streams to be conveyed to each of them. Many user/streams

permeates all the processing steps conducted at the transtteir lecti thods h b d in th ntext of
side and it also conditions the receiver design. This papeatkles selection methods have been proposed In the context o

the problem of designing multiuser MIMO-OFDM (MU-MIMO- ~ MU-MIMO ranging from the optimal, albeit computationally
OFDM) schemes when only limited feedback is available, witta  costly, exhaustive search to low-complexity suboptimal-pr

particular emphasis on the case of IEEE 802.11ac. After deving cedures (see for example [6] for some new results and an
a statistical model for the interference caused by limitedeedback ,,qated literature review). Unfortunately, direct apgiion of
valid for various linear precoding schemes, it is shown howHtis ) : -
information can be incorporated to the processes of user sattion these schemes to IEEE 802.11ac—I|k(_a systems_ Is not t_”mal a
and link adaptation in the context of IEEE 802.11ac. Extensie Most methods are geared towards single-carrier architectu
simulation results are presented assessing the performaaof the or OFDMA-based schemes where each subcarrier/resource
various limited-feedback designs and comparing them withheir block can be independenﬂy assigned_ Notable excepti@s ar
perfect CSIT counterparts. the works [7]-[9], where the semi-orthogonal user selectio
(SUS) algorithm introduced in [3] was adapted to multi-
stream multicarrier users transmitting strictly usinghogonal

The latest generation of wireless local area networlkequency division multiplexing (OFDM) (i.e., frequeneynot
(WLANSs), formally approved as IEEE 802.11ac [1], aims atsed for multiple access), resulting in the generalized- mul
a spectral efficiency approaching 43 bit/s/Hz, a figure thtarrier semiorthogonal user selection (GMSUS) alganith
represents nearly a three-fold increase with respect t&eIERnd directly applicable to IEEE.802.11ac. Unfortunately,
802.11n. Such a dramatic improvement is achieved by, on ahese references assume the availability of perfect channe
hand, including transmission modes based on 256-QAM mastate information at the transmitter (CSIT), and therefidne
ulation and, on the other hand, by using multiuser multipl@resented results should be taken as upper bounds of what
input multiple-output (MU-MIMO) techniques [2]. Amongcan be achieved in a practical system, where the quality
the many MU-MIMO techniques that have been proposed the CSIT is constrained by quantisation effects and/or
during the last decade, two of them stand out, namely, zedelays. Very recently, authors in [10] have explored theaf
forcing beamforming (ZFBF) [3] and block diagonalizatiodimited feedback has on MU-MIMO when using BD in the
(BD) [4]. Whereas ZFBF aims at canceling both inter- andontext of IEEE 802.11ac. It is shown in [10] that limited-
intra-user interference, BD, in its original form, just eanfeedback dramatically impacts the overall system throughp
cels inter-user interference leaving intra-user proogssd a performance since quantisation imperfections permeéfierdi
subsequent beamforming/equalisation step. RemarkaBBfZ ent key processing stages such as the precoder design, the
and BD lead to the same solution for the case of singlaser selection process and the link adaptation (transonissi
antenna receivers, while for multi-antenna receiversptiost mode selection). Regrettably, this quantisation anabygjsies
appropriate of these techniques, from a sum-rate pointa,vi only to a MU-MIMO scheme based on the use of BD at
changes depending on the operating SNR region [5]. the transmitter side with zero-forcing (ZF)-based reasivin

The IEEE 802.11ac standard does not specify a partidight of the results in [10], it is natural to wonder how the
lar form of MU-MIMO precoding although constrains thislimited feedback will affect other popular MU-MIMO schemes
processing step to be implemented at the access point (AB)that a fair comparison can be established under realistic
and to take a linear form, thus making ZFBF- or BD-baseaperating conditions.
designs attractive alternatives for the downlink segm€fitat This paper proposes a general framework to evaluate
is actually specified in the standard is the accuracy of tiee performance of various linear multicarrier MU-MIMO
channel information that the AP (transmitter) will have aschemes when taking into account that the accuracy of the
hand to design the MU-MIMO precoder. In particular, IEEEhannel information fedback to the AP is limited by finite-
802.11ac defines feedback methods specifying how each ysercision quantisation. The analysis is subsequentlyigpart
channel matrix can be efficiently conveyed to the transmittalarized to the quantisation specifications described & th
under limited-feedback constraints [1]. IEEE 802.11ac standard. To this end, the statistical maxtel f
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the multiuser interference caused by the quantisaticaatedl the power allocation matrix of all symbols transmitted on
. . . . . . T
precoding imperfections introduced in [10] is expanded tﬂjbcarrierq, and sy[q] = 351 lq] sT g ectux

. Uiy |
encompass other popular designs such as thpse baseqs vector containing the symbols simultaneously trartechit
ZFBF [3] and coordinated BD (BD-SVD) [4]. The mterferencq0 the MSs in/ on subcarrier;. Assuming a uniform power

characterisation is then incorporated to the processesaf u

selection and link adaptation to optimize the overall tiyigout allocation among subcarriers, the power allocation medric
i e Py|ql, for all g, must satisfy the constraint
performance in the specific context of IEEE 802.11ac net-u[Q] 4 fy

works. || Lo,
This introduction concludes with a brief notational remark Z Zpui.,l[Q]Hfui,z[tJ]IIQ = &, (3)
Vectors and matrices are denoted by lower- and upper-case i=11=1 Na

bold letters, respectively, while non-bold letters aredusar
scalars,D(x) is a (block) diagonal matrix with: at its main
diagonal, [4/| is the cardinality of subset/, (.)7 and (.)#
denote transpose and complex transpose, respectitglys
the P x P identity matrix, ||a|| denotes the Euclidean norm
of a vectora, and,_R andC are the sets of real and complex Y.,,[0] = Gu[dH . [dzuld] + Gu,ldn, [d]
numbers, respectively.

where Pr is the available power for all data subcarriers.

Assuming the use of a post-processing mati,[q] €
Chwi*Nr the post-processed signg), [¢] € Ct«*! at the
output of theu,th receiver can be expressed as

o @)
Il. SYSTEM MODEL = G, [q]H.,[q) Y Fu,[qlP)/ dlsu,la] +m,,ldl,

Let us consider the downlink of a MU-MIMO-OFDM sys- =t
tem where an AP equipped witNy antennas communicates\NhereHu_[q] € CNrxN7 js the flat-fading MIMO channel
with a setN = {1,...,N,} of N, MSs each equipped, characterizing the propagation conditions between the P a
without loss of generality, with the same numb€g < Nz ipe u;th MS on subcarrier, the vectorn,, [q] € CNrx!
of receive antennas. The system operates dVerOFDM s modeled as a zero-mean circularly symmetric additive
subcarriers, out of whichiv; are used to transmit user datasg,ssian noise with covariance mattk, = o2I., and
while the rest correspond to pilots and guard bands. AtTfa [d] 2 Gu ldln,]q] € CLuxlis a zero-megn c?rcularly
given scheduling period, and owing to the MU-MIMO-OFDMsymmetric additive Gaussian noise vector with covariance
nature of the downlink transmission scheme, the AP conveysirix Ry, g = 02G.[dG[q].
information to a subsal! = {us,...,up} C N of selected A pre- and post-processing are performed on a subcarrier
MSs, with MS u; i Ly, spatial streams, where itpagis the subcarrier indéa] will be dropped from this point
should hold thatly, = ;% L, < Nr. onwards in order to simplify notation. Let us use the singula

As the selected MSwu; has been allocatedL.; vyajue decomposition (SVD) to decompose the MIMO channel
spatial streams, the corresponding vector of transmiatrix F, as

ted symbols over subcarriey can be expressed as
T - - H
Su, [Q] = [Sui71[q] cor Suy,Ly, [Q]] , Where Sui;l[q]’ for - ot ZuI 0 Vul
Il € {1,...,L,,}, denotes a complex symbol drawn from ] 0 .. |vH )
the constellation characterizing the MCS allocated to MS - g - o H
(as enforced by the IEEE 802.11ac standard, a single digital =Uy 20,V Uy, 520, sV, s
modulation scheme is selected for M&, constant over all . . )
subcarriers and spatial streams). whereU,,, € CVr*Fw andU,,,, € CNVrX(Nr=luw) contain
After linear precoding, the transmitted symbol vector cothe left singular vectors associated, respectively, to ihe

responding to the selected M§ can be expressed as largest and(Nr — L.,) smallest singular values of,,,
Eui c RLwxLu; gnd Eui,s c RWr—Lu)X(Nr—Lu;) gre

Ty lq) = Fu,la P iiQ[Q]Sui [q], (1) the matrices containing, respectively, the, largest and the

where P, lg = D ([Puild Pur.ld]) € (Nr — L,,) smallest singular values in their main diagonals,
u = Ui, e Wiy Lo, ~ H ~ H _
RELw*Lui is the power allocation matrix, and,, ¢ = andV, € Cl¥randV, & e CNr=lu)xNr are
f. 1ldl fu o ld| € cNt<Lu is the precoding the matrices containing the right singular vectors assedja
Ui,y e Wiy Lo i -
matrix. The transmitted symbol vector corresponding to thrgspectlvely, o thel.,, Iarg_est ar_1d the Ny Ifﬁ“) smallest
N. selected MSs can then be written as singular values ofH ,,,. Using this decomposition, the post-
u

processing matriG,,, is designed as [3], [4]

Ui ,S

U
zulg = xu,lq) = Fuld P,/ [l suld), 2) ul ZFBF
i—1 C;'u,Z = ‘L H ’ (6)
B.,.U. BD
where Fylq] = [Fulg ... Fuylg] € CNrxtu s '

the global precoding matrix affecting the selected MSs imhere B,,, € CL«: <l is a post-processing matrix used to
U, Pylg) = D([Pulg) ... Puylg]) € RF«*lu is  manage the intra-user interference after block diagoatadia.



Note that in both ZFBF and BD cases aquivalent MIMO  Thus, using (13) and (14) in (11) yields

channel matrixH ,, € CL+*N7 can be defined as |

lquqz 2 ﬁf H, = iw Vf (1) Yu, :P}l{QSU’L + 2“’“ B, Z Fuj P}L?S“j M, (15)
i 2 i i j=1
Thus, the post-processed signgl. at the output of theu;th
receiver can be rewritten as
U]

_F 1/2
yui*HuiZFuquj Suj; + My, (8)
j=1

for all u; € U, where the second term in the right hand side
of these equations represents the interference leakagéodue
imperfect CSI.

B. Block Diagonalization

for the ZFBF case, wittR,,, =021, , and as From (9) it can be easily deduced that BD requires that the
matricesF',,,, for all v, € U, satisfy

||
Y, = BuHu Y FuP/’s, +n,, €) H,F, =0, (16)
j=1 _ T
= S ~ T ~ T ~ T ~ T
for the BD case, withR,,, = 2B, BL. Where.I{ui - {H.u_l Huifl . H,,, o H,,| -
! ' A sufficient condition to satisfy this constraint is to desthe
I1l. LIMITED FEEDBACK DESIGNS precoders af,, = N, A,,, where N,, € CN7*Su is a

Due to the use of a constrained feedback channel betwégefis of the nullspace off,, and A,, € CS«*Lu is an
the MSw; and the AP, the quantized CSI available at the ARrbitrary matrix used to select the directions of transioiss
can be modeled &s in case the dimension of the nullspace Hf,,, denoted by

H, 2 gmvf_, (10) Sui_, is greater thar_Lui. However, as the_ AP has_only access
. _ ! - to imperfect quantized CSI, the precoding matri¢€s,, for
whereV,, = V,, — E,, is a quantized version oV, all u; € U, will be designed to satisfy
and E,,, is used to denote the quantisation noise, which is

unknown at the transmitter side. H, N, =0, (17)
. . ~ s A A A T
A. Zero-Forcing Beamforming whereH ,,, 2 [ Hi HZH HZM HZM _

Using (2) and (8), the aggregated post-processed sigp&l

; ing the SVD, let us decompod#,,, as
vectory,, € CLux1 at the output of the receivers of the set g POIFu:

of selected MSs can be written in compact form as = = = \ L
Yu = ygl N yg\“\} = HMFZ/{le/{/2SZ/{ —+ Nu» (11) u;,0

where V., € CNtx(Nt=5u) and V. o € CNTx5u
contain, respectively, the right singular vectors assedidao
the non-null and the null singular values #f,,, 3, <
(12) RUEu-Lu)xNr js g diagonal matrix containing the sin-
which can be rewritten in terms of the quantize ‘fﬁ[}’f';‘f}iﬁffya on its main diagonal, andj“.i <
global equivalent MIMO channel matrix Hy = = ¢ 1s a matrix for@ed by the left singular
vectors ofH,,. The S,, columns ofV ,,, o form an orthonor-

where a globalequivalent MIMO channel matrix Hy, €
CLuxNt has been defined as
~ - - T
Hy 2 [HT .. H } :

w; .. Uy

. T .7 1T — .
|:Hui HWJ and the global quantisation NOIS€nal basis for the null space dﬁui_and thus, a good choice
matrix By, £ [Ef Eamr as for the precoding matrix igV,,, = V., 0. Hence, using (13)

and (17) in (9), the signay,,, at the output of the:th post-
Hy, = Hy — SyEy, (13) processing matrix can be rewritten as

whereX, £ D gLSul o Bup P Yo, = Bu,H., Vo 0A, P?sy,

As the aim of ZFBF is to cancel both the inter- and intra- ) Ul _ (19)
user interference, one easy choice Ky if the AP had access + B, 3, E,, Z Vo, 04, Piézsuj s
to ideal CSI would be to use the pseudoinverseHy;, as J=1

suggested by Yoo and Goldsmith in [3]. However, as the A\Ehere, as in the ZFBF case, the second term in the right hand

has only access to quantized CS_I’ the precoder can be °‘”"a'§8e of this equation represents the interference leakage d
as the pseudoinverse &f;,, that is,

to imperfect CSI.
N H R R H _1 _ _ . .
Fy = [Ful Fu‘m] —H) (HuHu) . (19) After BD, the pre gnd post processing mgtncé@i and _
B,,, are used, respectively, to select the directions of trasismi
1As in [10], and in order to simplify the analysis, we assumet Iﬁui is sion in case the n.u”SpaC? Hui is of qimenSiongm greater
conveyed with a negligible quantisation error to the traittem than L,,, and to diagonalize the equivalent channel. In order



to do so, two pre- and post-processing schemes are analyaégre

in this paper, namely, the BD-SVD and the BD-ZF strategies. o= 1 ZFBF, BD-ZF (25)
Both strategies, as will be shown in the following paragsph uirk = 52, BD-SVD,
need that the pre-processing matridAégho, for all u; € U, B
be conveyed to the corresponding MSs. This can be done by R onlr, ZFBF, BD-SVD (26)
sending a second round of pre-processed pilots from the AP i o,%BuiBfi BD-ZF,
to the MSs where an (almost) error-free channel estimati%nd
can be performed (a assumed in [10]). Remarkably, note A U
this extra training round is avoided when using ZFBF. R, =D, E,, ZQ“J‘ EIpH. (27)
a) BD-SVD scheme: In this case, the guantized equiva- = t
lent block-diagonalized chann#l,, £ H,,V ,, o at both the with
AP and MSu; is decomposed using the SVD as im ZEBE
v H v H ~
H, =U,[S, 0 lVV 2 (20) Du=Uuu | ZFSVD o (@28)
i 0 (HWAW) ¥, BD-ZF,
where U,, € CLwi*Lwi and V,, € CS«*Lw contain, and
respectively theL,, left and right singular vectors asso- "
ciated to theL,, singular values ofH,, and ¥, 2 Fy, Py F, B ZFBF
diag([Gu,1 -~ Gunr,.]) € RFwxlu is a diagonal ma- Qu, =V, 0V, Py, VZV%O BD-SVD (29)
trix containing the corresponding,,, singular values on its "/u OAuquAH‘{,H‘ , BD-ZF.
main diagonal. Thus, a good choice for the pre- and post- A
processing matrices isl,, — ‘v/ui and B,, — ij The IV. RESOURCE ALLOCATION WITH LIMITED FEEDBACK
resulting signal vectory, at the output of theu;th post- A Estimating the post-processing SINR at the AP
processing matrix can be rewritten as Since the quantisation noise mati,, is unknown at the

transmitter side, the interference-plus-noise covadamatri-
” ces R,, are random variables from the AP’s point-of-view.
o H = v 1/2 (21) Consequently, an estimated covariance matrix can be @atain
+ U Zu By, Z V0V, Poi"su; + 1y, at the transmitter side by averaging over the realisatidns o
=t _ _ E,,, that is,
b) BD-ZF scheme: In this case, A,, is a non-null

S 1/2
Yu, = ZulPu{ Su,

arbitrary matrix of dimension(S,, x L,,), and the post- N il "
processing matriB,,, is designed as a ZF equalizer. Although R, =Ep, {Ru} = Dy, Z Cui; | Du (30)
the MS could design a ZF equalizer for the equivalent block- =1

diagonalized channeH ,,V ,, o, it will be assumed in this where

paper that the ZF equalizer is designed for the estimated a H

equivalent block-diagonalized chanr#l,,, that is, Cuiu; = Ep,, {EUQ% Eu} : (31)

y -1 Hence, the AP estimation of the post-processing SINR expe-
By, = (HUiA“i) : (22) rienced by MSu; on thelth spatial stream is
Using this equalizer it is guaranteed that the AP has a pterfec ) O 1 Pus 1
knowledge of the post-processing filter matrices used at the Tuil = [R } i [R ] ' (32)
MSs and thus will be able to accurately predict the system Yl il

performance when selecting users and allocating power g8dpgower allocation matrix
spatial streams. The resulting signal vectqr at the output

. . : In order to maximize the estimated channel capacity per
of the u;th post-processing matrix can then be rewritten as pacity b

subcarrier, the diagonal components of the power allogatio
' S, E. matrix Py, can be obtained by solving the constrained convex
C optimisation problem

Ul ) (23)
Y 1/2 )
% Z Vi 08, Py7Su; + 1y, “ Q1 Pu, 1
j=1 max Z Z log, | 1+ + 33
_orocess Y=l =1 |:Ru:| + [Ry.,] (33)
C. Post-processing SINR L il
The post-processing SINR experienced by ¥%n thelth subject to (3)

spatial stream can be expressed, in general form, as The analytical solution to this problem implies solving thex

Qa1 P (24) involved non-linear system of equations. To simplify thisp

(Rl + [Rnw]l . ’ cedure we propose to use an iterative water-filling algorih

’Yui.,l =



Algorithm 1 : Multicarrier weighted capacity-based suboptisuboptimal strategies. Examples of such feasible usec-sele

mal user selection (MWCBSUS) algorithm tion procedures are the GMSUS algorithm [8], specifically
:_neittii"f aLr; ;a?(fmjj”wu EZ N alf:)dg f"gif*f&fa'?f)f designed to be used in conjunction with ZFBF, and the
Settd — {), Ls‘f N a:dci,:; _ i Eng‘logz (14 500) _capacity—baged suboptimal user _selection (CBSUS) al_gnrit
while Ly, = Yy, ¢y Lu < Nz and finish— false do ’ introduced in [12, Table I], originally designed for single
%‘:‘;c;;i IETUK/ such thatl, < N do carrier architectures with with BD-based designs.
Lettd =2 U {u}, Ly = Ly + 1 The GMSUS algorithm, described in detail in [8, Section
for gz?liﬁ;;ti ;?f‘";n’é iog-’,irb'césj\;?n}gdniatrimg[q], andGuld IV.A], can be directly applled to our _frgmework by s-lmply
Use waterfilling to obtainP., [q] taking into account that, instead of usi#g,,,, the quantized
endfor ., Luj na X fed back versionH . has to be considered, and the AWGN
i'?”é'“;“%i; tzhgﬁl wu =t 2ugm 1082 (1 Fu;ilal) noise variancer,% must be substituted by the joint effects of
o Cmax = Oy = fnish = false AWGN and leakage interference, that [sizui}l t [uni]lyl.
endsf;r” =UMub Ly = Lu—1 Inspired by the CBSUS algorithm proposed by Sheal. in
if finish = false then [12], a multicarrier weighted capacity-based suboptinsgru
g yos Le =L+l selection (MWCBSUS) has been designed and its processing
end while steps are detailed in Algorithm 1.

D. Fast link adaptation (FLA)

which, to compute the allocated powers at iteratipdenoted ~ Once users/streams have been chosen, and in light of the
as Pét)l Vu;, [, the estimated interference covariance matriavailable estimated SINRs, an appropriate transmissioemo
is computed using the allocated powers calculated at ibgratmust be selected, a process generically known as link adap-

(t — 1), that iS,Rui ~ j{ff;l), and thus tation. Fast link adaptation (FLA) refers to a specific flavou
of link adaptation whereby the mode decisions are taken on
[R(tfl)] + [Rn } " a per-frame basis and relying on the available instantaeou
®) _ 1 LT Ju nob estimated SINR information rather than on average (multi-
vt [, allPp In2 Qu 1 " frame) metrics. In this paper, the link adaptation proceifis w

(34) be based on the FLA algorithm described in [8, Section V.A],
where (z)* 2 max{0,z}, the water levelu(*) is chosen to suitably adapted to the limited feedback situation at hamd.
satisfy the constraint in (3), anﬂi(-))z — Pr/(NyLy) Vg, L. fact, [8, egs. (19)-(25)] can be directly used in our framewo
Numerical experiments reveal that convergence takes pl esubsntutmg the instantaneous post-precessing SWRﬁ
with few iterations. or all w; € Y andl € {1,...,L,,}, by the quantized fed

back versionsy,,; shown in (32).
C. User/stream selection V. LIMITED FEEDBACK IN IEEE 802.11C
User/stream selection is the process whereby the selected ' ) i N
user set/ C " and the number of data strearhs, allocated Developments presented in previous sections are general

to eachu; € U are determined. This process can be formulat&ﬁ‘ough _to be applicable t9 any MU'MIMO'OFDM system
as a multicarrier weighted sum-rate maximisation problem gor_mf(_)rmlng to the assumptions taken into a_ccount when de_-
scribing the system model. Nonetheless, since our focus is

Na u| on IEEE 802.11ac, this section is dedicated to summarize the
max . “u Zru K% {Lui}izl) ,q} , 35y CSl acquisition mechanism described in the standard and the
(u,{Lu | ) e (35) < o :
statistical characterisation of the interference leakage

subject to (3
: ®) A. Acquiring CSl in IEEE 802.11ac

iod d JRL is th 4 d Although IEEE 802.11ac shares many features with IEEE
period, andry, Ku’{ uy}jzl) ,q} IS the supporte ataBOZ.lln, some of them were modified in order to simplify the

rate of useru; on subcarrierg, with a scheduling decision corresponding mechanisms. For instance, even though IEEE
(U, {Lu, }‘fi‘l), which is related to the estimated SINRs ;  802.11n supports both implicit and explicit feedback traits
in (32). The weightsv,, can be chosen based on differenbeamforming, IEEE 802.11ac only supports explicit feettbac
optimisation criteria resulting in a wide class of schenlgli beamforming that comprises, first, using null data packets
algorithms, including, among many others, the max-sum-rgiNDP) to send channel sounding sequences from the AP to the
(MSR) or the proportional fair (PF) [11]. group of polled MSs and second, feeding back the estimated
The optimal solution to this problem would exhausehannel from the MSs to the AP using compressed (quantized)
tively evaluate the performance of all possible groupingsSi [1, Sects. 8.3.1.20 and 9.31].
U, {Lui}ﬁ‘l). Obviously, even for a modest number of The channel sounding mechanism is initiated by the AP by
users in the system, this approach becomes computation&fnsmitting a very high throughput (VHT) NDP announce-
prohibitive, thus motivating the need for lower complexitynent (NDPA) frame identifying the set of MSs potentially

where w,,, is the weight of usem; in a given scheduling



going to be polled for feedback. The NDPA also contairB. Satistical characterisation of the interference leakage

The NPDA is followed by a NDP frame, which is used byjesigning the per-subcarrier power allocation matrix esii-
the MSs to estimate the corresponding MIMO channel. Th&q transmission to multiple users and performing fast link
first MS in the list of the NDPA sends quantized feedbacyaptation, described in subsections IV-A-IV-D, are atbdxh
information to the AP, and the remaining MSs (if any) repogn the estimation of the interference covariance matriggs
their quantized feedback CSI by responding to subsequ@{3o) or, equivalently, the correspondidg,, ., matrices in

beamforming report polls. (31) that, for mathematical convenience, can be rewritgen a
Ideally, the message fed back from the MSto the AP .
should contain the equivalent MIMO channel mat#ik,, = By, v, {Vuiﬂuj Vui} u; # uj
~ ~ H . i i
3., V., The feedback of these non-compressed beamforming
matrices, however, would require a large number of bits to B R {VHQ v }
. A . . V|V, wi ST T Uy
represent the complex values with limited quantisatiosédss iV

Cui U (40)

Fortunately, as the beamforming mati%,,,, containing the
right eigenvectors associated to the largest singularegati H
the channel matrix, is unitary, polar coordinates may bel use Vi QuEy v {(Vu}
to reduce the number of bits required for beamforming waight ~H o

feedback. In fact,f/W can be represented using Givens de- TV, Qu Vi,

composition and the angles resulting from this decompwsitiTo simplify the computation of these matrices, let us define
are quantized and fed back to the AP where they are us,ggiyuj £ vec E, 1V VZ- .,V ¢ ). Inthis case, using
to obtain the quantized versid¥i,, of the precoding matrix. properties of the Kronecker product we have

Furthermore, the average SNR experienced by each spatial 7 i

stream and each subcarrier is quantized and fed back to the AP @y, ., = (INT,LW ® INT,LUI_)

~Ey, v {Vfi } Q. V.,

U; = Uy

where they are processed to obtain a quantized versifShMof h T
As stated in the system model section, in order to simplig th o Nr (41)
- . s ; < | TIRE: TT W vec ()
analysis we assume in this paper tBaj, is conveyed with a w;,l wisln wj) s
negligible quantisation error to the AP. =1 n=itl
The unitary matrixV’,,, € CN7*Lu is decomposed using where the matrices
Givens decomposition as [1
" . Ri.25, . {DLieDl} @2
Lu1 NT d 3 i
- 3 an
Vo, = HDUM H Gi,l,n INT;Lui’ (36)
=1 ami Woin 2By o {Gfbl_’n ¥ e ln} (43)
where TNT_,LW is a matrix containing the firsL,,, columns can be approximated in closed form using [10, eqgs. (29)}(38)
of In,, Dy, = diag([l;-1 e/®=t]), with ®,,;, = where it is assumed that all the anglgs ; and iy, ., are
[@m,l oo Ou,iNp—i+1|, and independent. Furthermore, using the same assumption,
L.,
Gui,l,n u;
Il*l ]:E‘/ul"}'u7 {Vul} = HE(bui,llq;ui,l {Du"”l}
=1
COS wul Ln sin 1/}u1 Jn Ny (44)
= I, 1 : ) { T } 7
—sin Yy, 1.0 oS Y, I,n . H Eww)lmw’w,lm G“i’l’" INT’L”Z"
: IN n=I[+1
" (37) that can also be obtained in closed form using [10, egs. (31)-
(34)].

The anglesy,,, ;. » and¢,, ;. are quantized using uniform
quantizers withb,, and b, bits, respectively. ASy, 1n €
[0,7/2] andy, 1. € [0,27], the quantized ang|a§%l,n and This section presents simulation results obtained using pa
¢>uzn can be expressed, respectively, as rameters drawn from IEEE 802.11ac standard, namely, the

R system operates at a 5.25 GHz carrier frequency over a
Yu;in = 2k +1)0 i o, 10 € [2k0,2(k4+1)0],  (38) bandwidth of W = 20 MHz that has been divided into
N. = 64 subcarriers out of whictv; = 52 carry data. The AP
for k € {0’ Lo, 20 = 1}’ and is equipped withN; = 4 transmit antennas and all MSs have
(39) Ngr = 2 receive antennas. For the simulations shown here,
Channel profile B from [13] is used, suitably modified in ac-

d,
for k € {0,1,...,2% — 1}, whered £ 5 ande = . cordance to [14] to adapt it to the IEEE 802.11ac peculesiti

VI. NUMERICAL RESULTS AND DISCUSSION

Guyim = (2k + 1)e if Yy, 1.0 € [2ke,2(k+ 1)
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Fig. 1. Throughput comparison between ZFBF and BD-basedMIMO-  Fig. 2. Throughput of the limited feedback BD-ZF MU-MIMO-OM for
OFDM applying appropriate user selection algorithms urmkfect CSIT. N, = 3 users.

This channel profile is representative of an environmenit wi *[| - « _ Adaptive zFBF b =7
little-to-moderate frequency selectivity, as it is typgigacase —=— Adaptive ZFBF b =5
in small office and houses. FLA-related parameters have be 2s0f| - o -BD-SVDb =7 /g’/ g
adopted from [8] to ensure a target PER BER, = 0.1 ——BD-SVDb, =5
with an outage probability o, = 0.05. A convolutional 200 | - B ~BD-ZFb =7
encoder with base code rafé. = 1/2 and generator poly- —=—BD-ZF b =5
nomialsg = [133,171]s has been used, while packet lengtl 3
is fixed to L=1664 bits. To better illustrate the behaviour ¢ 2
the considered algorithms, all the results shown here her
been obtained in a homogeneous scenarios characterizec
all users lying on a circumference centered on the AP, a
thus all experiencing the same average SNR. Three differc 50
schemes are compared, namely, (adaptive) GMSUS-ZFI
Multicarrier CBMUS-BD-SVD and Multicarrier CBMUS-BD- 0
ZF, noting that for each precoding technique, BD-based ° ° n SNFf(EdB) ® * *
ZF-based, the corresponding suboptimal low-complexigrus o
selection method has been applied (MWCBSUS and (adaptif¥) f-lOTB;%‘:ghp“t of the limited feedback BD-ZF MU-MIMO-OR for
GMSUS, respectively). v '

As a baseline result, Fig. 1 compares the throughput perfor-
mance of ZFBF and BD-based MU-MIMO schemes under tta low SNRs (i.e., where noise enhancement is more severe).
assumption of perfect CSIT and for different number of usePyetty much the same effect can be observed when using
in the system. For comparative purposes, results when cemboptimal user selection for eithé¥, = 10 or N, = 3
ducting an exhaustive seafdre also shown. The first obviousalthough the degradation caused by ZF equalisation becomes
point to note is the benefit of having more users in the systesamewhat masked by an increased multiuser diversity gain
(N, = 10 rather thanV,, = 3) owing to the larger multiuser that allows users experiencing better instantaneous SHRs t
diversity. Also note that all curves tend to a throughput ©? 3 be selected.
Mbps, the limit achieved when the highest transmission modeFigures 2 and 3 show the performance of the different
(256-QAM, 5/6), achieving a throughput of 78 Mbps, can bprecoding schemes for 3 and 10 users, respectively, when
configured on the four transmitted streams. Focusing sol@gnsidering, as specified in IEEE 802.1lac, the use of 5
on the precoding, results obtained using exhaustive seaesid 7 bits for the quantisation of the anglegs ;, (and
for N, = 3 users reveal that BD-SVD and ZFBF virtuallycorrespondingly 7 and 9 bits for the quantisationbgf®. It
attain the same throughput performance whereas the titilisa should be pointed out thdt, = 7 results in a negligible
of a ZF at the receiver, which unavoidably leads to noigeerformance degradation with respect to the perfect CSIT
enhancement, causes a degradation in throughput, sgeciaisumption shown in Fig. 1. Focusing first on the three-user

Mbps]

150

hro

100

2Exhaustive search results are only shown My = 3 as for N,, values 3Note thate;, 1, € [0,7/2] and¢;, i, € [0, 27] hence choosingy =
larger than 5 it is computationally infeasible. by, + 2 ensures the same accuracy in the quantisation of both afigies



CSIT assumption. In contrast, coarser quantisatign=€ 5,

bs = 7) unavoidably leads to a throughput degradation that
is specially noticeable when only a few users are active in
the network (i.e. an increased level of multiuser diversity
somehow compensates quantisation losses) and/or thersyste
operates at low SNRs. Both BD-based and ZFBF-based seem
to be equally affected by limited feedback although ZFBF-con
sistently and significantly outperforms BD-based techegju
at low SNRs. Furthermore, it is remarkable that ZFBF just
requires of a single training round to design the transmitte
and receiver filters whereas BD-based approaches ingyitabl
require of a double training phase, thus complicating their
practical implementation.

25 30 35

20
Average SNR (dB)
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