JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 16, NO. 1, FEBBRARY 2014 1

Channel Quantization for Block Diagonalization with
Limited Feedback in Multiuser MIMO Downlink
Channels

Sung-Hyun Moon, Sang-Rim Lee, Jin-Sung Kim, and Inkyu Lee

Abstract: Block diagonalization (BD) has been proposed as a sim-

ple and effective technique in multiuser multiple-input multiple-
output (MU-MIMO) broadcast channels. However, when channé
state information (CSI) knowledge is limited at the transmiter, the
performance of the BD may be degraded because inter-user in-
terference cannot be completely eliminated. In this papewve pro-
pose an efficient CSI quantization technique for BD precodedys-
tems with limited feedback where users supported by a baseation
are selected by dynamic scheduling. First, we express theaeived
signal-to-interference-plus-noise ratio (SINR) when muiple data
streams are transmitted to the user, and derive a lower bounex-
pression of the expected received SINR at each user. Then, d&l
on this measure, each user determines its quantized CSI feldck
information which maximizes the derived expected SINR, wtth
comprises both the channel direction and the amplitude infona-
tion. From simulations, we confirm that the proposed SINR-baed
channel quantization scheme achieves a significant sum ragain
over the conventional method in practical MU-MIMO systems.

Index Terms.  Block diagonalization (BD), limited feedback,

multiple-input multiple-output (MIMO) broadcast channel , signal-
to-interference-plus-noise ratio (SINR).

I. INTRODUCTION

mum capacity gains of MIMO BCs. The most popular ones are
zero-forcing beamforming (ZFBF) [4] and block diagonaliza
tion (BD) [5] which support multiple users at the same timd an
frequency resource by pre-canceling inter-user intenegels-

ing a simple inverse or inverse-like operation. Also, inertb
resolve an issue of power boost at the transmitter, regeldri
type ZFBF and BD precoders have been introduced [6], [7]. As-
suming perfect knowledge of channel state information JCSI
at the transmitter, these schemes achieve fairly good sten ra
performance gains when combined with efficient scheduling a
gorithms [4], [8].

However, in most practical cellular systems, especiallhwi
the frequency division duplex (FDD) mode, it is a great bur-
den to obtain the accurate CSI of users over the whole opgrati
bandwidth at the base station (BS). In practice, the CSlanqu
tized based on a predetermined codebook and only the index of
the selected codeword is fed back to the BS. In [9] and [10],
the performance of a ZFBF based on limited feedback with or
without scheduling was analyzed for vector channels. Fer th
MIMO case, it was shown that receive combining provides a
large gain by reducing the amount of channel quantizaticrer
[11], [12]. Although the channel feedback strategies fer BD
was also discussed in [13], issues regarding the user slitgdu
were not taken into account.

Over the past decade, wireless communication systemdiecently, a channel quantization technique has been pre-
have succeeded in significantly improving spectral efficjensented in [14] for the FDD cellular systems where the BD pre-

through the aid of multiuser multiple-input multiple-outp
(MU-MIMO) techniques. Especially, transmission techrégu

coding and user scheduling are employed to support a large
number of users in a cell. In order to fully utilize multius

for downlink broadcast channels (BCs) have been extelysiv¥ersity gains, the authors proposed a useful metric for wélan
studied in line with Costa’s dirty paper coding (DPC) resuliuality measurements based on the derivation of the expecte

[1]. From an information theoretic viewpoint, the capaaity

received signal-to-interference-plus-noise ratio (S)MReach

gion of MIMO Gaussian BCs has been characterized basedusi¢r. Based on this prior work, in this paper, we generaliee t

the DPC approach [2], [3].

channel quality indicator (CQI) feedback scheme provided i

In parallel with theoretical developments, practical MUH4] to systems with minimum mean-square error (MMSE) re-
MIMO schemes have been proposed to approach the mésgivers and an arbitrary number of data streams (not langer t
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the number of receive antennas) per each user.

Also, we discuss how to choose the best codeword index in
the codebook together with the CQI based on the proposed ex-
pected SINR. Then, an analysis for the outage probability of
the proposed expected SINR metric is newly provided. From
simulations, we confirm that the proposed SINR-based chan-
nel quantization scheme achieves a significant sum raterperf
mance gain over the conventional feedback method in pedctic
MU-MIMO systems.

The remainder of this paper is organized as follows. In Sec-
tion 1l, we introduce the system model with limited CSI feed-
back and review the BD in Section Ill. Section IV describes th
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N¢ XN, - . .
whereH;, € C™"**"" is the channel matrix whose entries are

N, antennas independent and identically distributed (i.i.d.) comp{®aus-
sian withCA/(0,1) andny, € C™" denotes the additive white
Gaussian noise (AWGN) vector with zero mean and covariance
! matrix E[ngnf’] = Iy, . Itis assumed that each user has perfect
. . knowledge of its own chann&l,, which has full column rank.

T :_ . H, N antennas I At the receiver, thetth user estimates the transmitted signal

a, € CY*! from the receive filter output a8, = RkHyk,
CNTXNS

N antennas

: Z
Base station
H : User 1

Scheduler Precoder Y

Select
K; users

User K

whereRy, € indicates the receive combining filter at
userk. We adopt the linear MMSE receiver f&;

A

e Y A PR e— e -1

Ri= Iy +p > H/T,TIH.| H/T: (2
j=1,j#k

Fig. 1. Block diagram of downlink multiuser MIMO systems with limited
feedback. under the assumption thET;’ T}/, can be estimated at the
receiver using dedicated pilot symbols where P/N, denotes

o the transmit power applied to each symbol.
proposed limited feedback scheme for the BD based on the esn hen, thekth user’s received SINR corresponds to the desired

mation of the received SINR, and the outage probabilityysigl . . ,
is presented in Section V. In Section VI, the sum rate perfosf'-glnal vectom is defined from (1) as

mance is evaluated through simulations. Finally, the papds pHHH T H2
. . ) . . ek Lk| g

with conclusions in Section VII. SINR;, = 3 e m 5 (3
Throughout this paper, we use the following notations. Nor- ||RkHF + ijl,#k F'HHe,kTJ'HF

mal letters represent scalar quantities, bold face Iovwrdxa—_ whereH, , — HyR;, € represents the effective chan-

ters indicate vectors, and boldface uppercase lettergmEs ) . L
P 9 nel combined wittR;, andT), satisfies T(T, T} ) = N,. The

. e T H
matrices. The superscripty - and|(-) ” stand for tranSpose.andFrobenius norm expression in (3) is employed since each data

Hermitian transpose, respectively. The two-norm of a veisto _. .
' . L signal uy, may consist of more than one symbadV( > 1
represented by - || and the Frobenius norm of a matrix is der-%%g s may y { )

CN,,XNS

noted byl - || . The determinant and the trace of a matrix a 1?]];[F1:7]iwh|ch reduces to the conventional SINR definitio
given bydet() and Ty(), respectively, anl, indicates an iden- Sinéce the feedback link is bandwidth-constrained, users pe
tity matrix of sized. form quantization on their effective C3H. ; before feeding
back to the BS. The quantized CSl is composed of channel di-
Il. SYSTEM MODEL rectional information (CDI) and CQI, each of which are dexbt
] o byH. ) € CNexNa and~;. The CDI accounts for the spatial di-
We consider a MIMO BC wheré users exist in a cell. We ygction of the MIMO channel, i.e., the subspace spannedéy th
assume that the BS ha¢ transmit antennas and each user isolumn vectors ofl, ;, and the CQI indicates the level of the
equipped withV,. receive antennas as shown in Fig. 1. In eaghging amplitudes. The most well-known and widely used ap-
time slot, the BS performs scheduling to sel&Gtusers among proach to handle the CDI is the use of a codebook, which is an
K users and transm?m’s_dgta streams equally to all the Se|eCterpIication of the quantization problem on the Grassmanm-ma
K users, wheré{, is limited to Ky, < N;/N, such that the isq|q [18], denoted ag}(NV;, N,)L. We consider a codeboak
condition for orthogonal transmission among users is feadis composed 0f? codeword matricedV . - - -, W5 € CNoNe
[15],' i N.x1 whose column vectors are unit norm and orthogonal to each
First, we. define t.he data S%”l?\?l vectof ¢ €77 and other. Due to its simplicity and analytical tractabilitygwwmploy
the precoding matrixT’, € C™*""* for the kth user & = yandom vector quantization (RVQ) férwhereW . - - -, Wys
1,--- K;). Then, by denotingl' = [T;-- 'TKJ\;] ?nd U = are chosen independently and isotropically oGéF [19]. On
[uf---uf ]", the precoded signal vectar € C™*™" is given the other hand, the type of the CQI is relatively not well $pec
by x = Tu = Zf;l Tru. Here, we assume thatsatisfies fied, especially for the case of multi-stream transmissign £
the total transmit power constraint(BE{xx']) < P, whereP 1) where the effective channeH, ; are matrices. This issue
represents the total transmit power at the BS. Assumingathatwill be investigated in detail in Section IV.
symbols ofu are independently generated with unit variariEe,

. . B H < .
Is constrained to satisfy TT'T™) < P lll. REVIEW OF BLOCK DIAGONALIZATION

Then, the received signal vectpg € CV"*! for thekth user _ _
is determined as The BD transforms a multiuser MIMO channel into parallel
single-user MIMO channels by suppressing inter-user fiater
K ence [5]. Many papers regarding the BD assume that users have

H - H
yr = Hy Trug + Z H; T,u; +ny 1) NoxN
j=1,j#k 1The column space of amatR € C™* ™ ™'* is contained irg (N¢, Ns).
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multiple receive antennasV{ > 1) and each selected user reuniform power allocation across data streams, de= Ix_n_,

ceives full Ny = N,. data streams. In this work, we consider ahich is known to be asymptotically optimal at the high SNR

more general setting where an arbitrary numbeNof(< N,.) region [20].

is supported for each user by adopting the receive combining-irst, we recall a useful matrix decomposition provided in

filter Ry. If N, becomes one, the precoder reduces to the ZE3] for our effective channdl, ;. Let the eigenvalue decom-

beamforming. position (EVD) ofHe,kak be given as

In the BD procedure, we first seek a precoding matrix which

eliminates inter-user interference, and then the charfioiedsich Hekak = ﬁe,kAe,kﬁfk (5)

user are decoupled int¥, parallel subchannels to achieve the ) o

maximum information rate. To suppress the interference teWhereAc . = diag(Ae,1, - - '7)\_k,Ns) consists of N, non-zero

D itk kaTjuj in (1) after the receive combining, the precodeigenvalues OHe,kHZk andH, ; € CN*N+ is the matrix

ing matrix T, should satisfy of the corresponding orthonormal basis vectors which span t
column space aH, ;. Then, it was shown in [13] thzl_ieyk can

ngTk =0 forall & # j. (4) be decomposed as

In other words, T, should lie in the left nullspace (fleyk He = He rApBi + S Cy (6)

whereH, ;. is defined as whereS, ¢ CM N+ indicates an orthonormal basis matrix

which spans an isotropically distributéd;-dimensional plane
in the (V; — Ns)-dimensional left nullspace d. 5, Ci €

N-xNs denotes an upper triangular matrix with positive di-
agonal entries satisfying (I@kHCk) = d*(He, He ) with

. ] - (0) . d(-,-) being a distance function ai(Ny, Ns), Ay € CNax N
Ly, = rankHec,;). Then, precoding wittv;.~ can nullify the unitary andB;, € C"**"* is upper triangular which satisfies
interference aﬂfj\?;o) = 0 for j # k and forms thekth B,CHB;C =1In, — CkHCk. Here,S; andCy, are independent.
user’s non-interfering block channH]ZkV;O). A Conventional Feedback Scheme
In order to decouple this block channel img parallel sub-
channels, singular value decomposition (SVD) is perforomed

ka\?,go) astkV,go) = U,X, V. Then, the precodeF,

I:Ie,k = [He,l o He,kfl He,k+1 te He,Ks] .
~ (0 — . . .
DenoteVEC) e CV*(Nemk) a5 the matrix which consists of
orthonormal basis vectors of the left nullspacel®f ;, where

For the CDI, a well-known quantization method is to choose
a codeword which is the closest to the column spacH pf or
Tek NN . the effective channdil, ;, = H;R, in our case, which can be
and the receiveR; € C"" " are determined a¥), = expressed as [13]
V,EO)V,C andR; = Uy, respectively. By assuming Gaussian .

codebook and combining witN, x NN, diagonal power loading He = argvl‘l}jgc d(He,, W5). (7)
matrices®, for k = 1,---, K, the sum rate for the BD can be ]
written as In [13], the authors proposed to adopt the chordal distaoce f
d(-,-), which is one of common distance metrics between two
s ) subspaces. When the two subspaces are represendgd-iy
Rgp = max Z log det (Iy, + X7 ®y) complex matrice¥; andF, whose columns form an orthonor-
k=1 mal basis inG(N;, N;), the chordal distancé (F1, Fs) is de-

fined b
subject toZkK;1 Tr(®;) < P. This is a well-known convex y

problem and the optimal solutioh;, can be obtained using the d(F1.F) — 1 F.F? _ FFH
water-filling method. Finally, we have the precoding matfix (1, F2) \/iH e 2Ky |l
asT = [T, --- Tk |®2 where® = diag ®1,---, ®x.).
[ 1 Ks] 2 q 1 ) Ks) _ \/Né—Tr(F{{FQFgFl) (8)
IV. SINR-BASED CHANNEL QUANTIZATION FOR On the other hand, to the best of authors’ knowledge, no
BLOCK DIAGONALIZATION proper definition on the CQI and its quantization exists far t

BD precoded systems witN; > 2. Even the information size

When true channels are not perfectly known at the BS, e ¢l should be determined in this case. In this paper, we
null constraint (4) is brol_<en since the BD chooses the preco onsider the CQI as a single real value, which we denote as
orthogonal to the quantized channels, not the actual CHRNNG, 1o mg of minimizing the feedback overhead. In that case, o

Then, there remain residual interference signals amonGUSQ | choice fory, can be the Frobenius norm of the channel
which degrades the sum rate performance especially in ¢te hj .. given by

signal-to-noise ratio (SNR) regime [9]. Therefore, it ispion-

tant to degign the CDil and the CQI ca_refully_in order_ to min- rom ||H€7k||§? _ Tr(ﬁe,kAe,kﬁgk) = Tr(Aes) (9)
imize the inter-user interference. In this section, mad#daby

this, we propose an efficient channel quantization strafegy which indicates the sum of the effective channel gains
the BD which decides a proper CDI and CQI feedback bas,jy;1 Ak,; of userk. These channel gains are mainly achiev-
on the received SINR defined in (3). For simplicity, we assunable when the CDI feedback is ideal and the interference term
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in (1) is completely eliminated. Therefore, the metric (&nhc (6), thejth interference term of (10) is given as
be simply obtained, but may not be suitable with the quadtize

CDI. If (9) is adopted as the CQI feedback, the receive fRgr pTr(E[H],T; T H, 1])
can be computed a¥,; dominant right singular vectors @i, - —=H o HT
from the SVD operation. = o (Ae*kE[He=’“TJTJ' He’“])
= pTr (Ae,kaHE[SkHT]-TfSk]Ck) (14)
B. Proposed SINR-Based Feedback Scheme N
_ PNy H
A (Ae,kck Ck) (15)
Now, we describe the proposed SINR-based channel quanti- Ny — N,

zation technique. Our original goal is to identify the CDlidan
the CQI which maximize the received SINR in (3). Howevekvhere we have (14) since the BD malﬁ§kT =0forj#k
as pointed out in [14], the true values of the SINR cannéfd (15) comes from the fact that bash f{ndT are isotrop-
be estimated at the receiver, since users do not know the peadly distributed in the left nullspace df.;, and indepen-
coders{T}};--, in the feedback stage which occurs before thgent to each other. Henc8}! T, T!'S,, is matrix variate beta
user selection process. Therefore, we develop an expnessiodistributed with parameterd’, and N; — 2N, which means
the expected SINR where the expectation is taken in termsE)FSkHT THSk] = N;/(Ny — N;) [13]. Therefore, the total
{Tx};>,, which can be a useful performance measure in sugherference term in (10) becomes
MU-MIMO situations [10], [12].

By taking the expectation on (3) and applying Jensen’s in- > pTr(Ex, [HY, T, T/ H. ,])
equality with respect to its interference term, the exp &R i#k

et o
for the kth user, denoted b8INRy, is lower bounded as _ T (A&k (INS _ kaHe,kHe7kHe,k)) . (16)

SINRg Finally, by inserting (13) and (16) into (10), the lower baun
= Er, ... 7. [SINR] of the expected SINR for thith user can be expressed as
> B, pTr (kaTkaHHek) SR, > p”kaﬂekH% A a7
IR+ 0, 00 T (B, [HIL TS T HL ] ) IR+ p(IHek 3 — ] 7)
(20) _ pTr(Ae,k) - pTr(Ae,ka) A ,YEINR (18)

IR |l7 + pTr(Ac,uZi)
When greedy type user scheduling is employed, it is assumed H
that K, chosen users are nearly orthogonal to each other ereZ, denotesZ;, = Cy; Cy and (18) comes from (12) and

K grows large enough [4]. In that case, the subspacg,ofs ((j ): Th? ((j)uter edxg;ctatlon n (10)|tv_an|fheshst|fnce thz isigrr:
closely aligned to that aH.. ; and is almost orthogonal to that 0€s not depen k any maore. ftis straightiorward to show
of Sy, which yields ’ that (17) or (18) approaches the true SINR in (3) when the CDlIs

of the selected users are fully orthogonal. This is becautes
o case, the precoding matric@, simply become the CDIH, ;,
Heyk,TkaHHe r~Iy. and ST, ~0. (11) fed back by the selected users. More importantly, equalfi@ (

isindependentof T, } =+, and is only a function of a given CDI

By substituting (5) and (6) and applying (11), the numeratdfe.x and a receive filteR,.

in (10) can be approx|mated by Based on our expected SINR metrlC (17) we now eXplaIn
how to obtain the CDI and CQI feedback.
First, we choose the CDI matrix which maximizes (17) ac-
pTH(He, TiT; He ) cording to e

~~ pTr (Ae7k(I:Ie,kAkBk)HTkaH(I:Ie7kAkBk)) HRHHHW H2
2 14 il P
H.,=ar .
Tt (MBI A ALBy ) OWIEe TRAl + p(IHARAJ — [RIHIW, |3

(19)

Q

pTr (Ae,k(INS _CkHCk)) (12)  Here, for computin@® ., the MMSE receiver (2) is not available
—H - A H — since{Tk},{(;1 is not known yet as discussed before. On the

P (Aev"‘HleHev"’Hekae-rk) (13) other hand, we know that K is large, the precodel{é[‘k}kK L
are almost orthogonal to each other, |E 1Ty TH ~ Iy,
where (12) comes from the definitions Af, andBy, and (13) and theriT;, can be simply chosen as the ‘co. Accordlngly, for
follows from CkHCk =1In, — ﬁfkﬂeykﬂfkﬁeyk, which is a a given codewordV; in (19), we can alternatively compute the
sufficient condition forC;, to satisfy its definition TIC C,) = MMSE receiveR;, without the knowledge of Th}i2, @s
d?(He , He ). .

Next, we consider the interference term. By applying (5) andR# = (INT + pHy! (Ly, — szf)HkH) H'W,. (20)
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Oncethe CDEAIe_,;c and the correspondifig, are determinedby Lemma 2: WheAn the random codeword selection is assumed
(19) and (20), respectively, the proposed CENR is directly  for the decision oH, , Y is given approximately with largay’

obtained from (17). by
Comparing with the conventional metrig°™ in (9), the
proposed CQI (17) is expected to closely reflect each user’s Y ~N (uy,Ugez) (23)

actual channel quality, since it takes into account the ef- ) ) ) _
fect of both the BD precoder and the MMSE receiver. Fuwhgre we hAaVWQY = (r- 1)N2 andoy ~ N7, and¢ is
thermore, it can be seen that the tefffI”, H, |2 = definedag = (7" +1)(7 —1)/7°

—H ~ o H— . — Proof: See Appendix. a
Tr(A&ka_TkHe,kHe He ) in (17) gets larger wheH, ;, and o PP .
L . are closelv alianed. ThereforeSNR also accounts for the In deriving Lemma 2, we have assumed that an arbitrary code-
e,k y alighed. ® word is selected in the codebodkfor the ease of analysis,

quantization accuracy as well as the channel magnltudes,Tth\thiCh corresponds to the worst case of channel quantization

\;vlzc??(nptehcet Eg?é;g?epr:gg?sei?nzcgfmghprOV'deS good perfoaﬂaPﬁiS provides a lower bound on the actual system performance
9 If N, is sufficiently large compared to the number of bits

Based on the effective channdls®™RH, ;, } X | constructed ; ) )
by the CDI and the CQI feedback from users, the BS seledYr results hold with practical codebook selection mettsaa$h

: ~as (7). Under the same assumption, the cross-correlatiéh of
the besti; users by scheduling and performs the BD precodin o 5 5
as described in Section Ill. Then, after the transmissiache &hd can be computed dS[XY'] = (7 — 1)(7N" + 1)N"" by

active user decodes its signal veotarby applying the MMSE adopting the same approach used in the Ap_p_end|x. Then, from
. L . o . the above two lemmas, the correlation coefficient- between
receiver of (2) which is now available at the receiver. . i
X andY is obtained as

V. ASYMPTOTIC ANALYSIS oy = BXY] = pxpy 71

. . o ox0y e

In this section, we analyze the distribution of the proposed
expected SINR-based CQI metric (18). The exactdistriugfo ~ Now, we have two Gaussian random variablesndY” with
(18) depends on the Grassmannian packing problem relatedht® correlation coefficienixy . In this case, the distribution of
Z;.. However, this analysis is difficult because for finfgand 1V = X/Y/, called as the Gaussian ratio distribution, is known as
N, a quantization bound of the subspace packing is not knoarlosed-form in [24]. We use this result to get the approxéma
for Ny > 2. Alternatively, we seek an asymptotic distributioPDF of (21) in the limit of largeV, which yields
where bothV; = 7N and Ny, = N simultaneously grow large
with a fixed ratior = N;/N,, which is a useful approach when Iy ()
the exact analysis is mathematically intractable [21]] [R2Ater Vw =2

~ -

on, it will be shown that our analysis matches well even with t T mgle+1) ¢

small number of antennas.
. N(z+1) _»x2a-G-no? VwN(z +1)
In the large antenna regime>'NR reduces to _wryew ) e Q Y\ T (25
’ o rgla + D17 PRV A

im ~SINR — Tr(Ac.r)
Nooo 'K Tr(Ae,ka)

(24)

-1 (21) where we have

_ 2 _ _ _ -1
even if the transmit power levé? is finite. We first look at the 9(w) = 'Ewy Ar—Dztr w=r—17,
probability density function (PDF) of (21) and after thag thut- Oy) = / e~ /2 g,
age probability will be evaluated. The central limit theores 0

useful to sketch the context of the work here. . . L
In Fig. 2, we compare the asymptotic approximation for

A. Approximate Density Function f+(z) with the simulated results whe&0, 000 Monte Carlo

. runs were carried out. From this figure, it can be seen that the
Denote the two terms TA. x) and T( A ; Z) in (_21) byX analytical and empirical results match closely even foistinell
andY’, respectively. Then, we present the following two Ie”\ﬁumber of antennad, — 8 and N, — 4. Thus, the validity of
mas.

the asymptotic analysis can be confirmed.
Lemma 1: As N goes to infinity,X follows

B. Outage Probability

From (25), the CDF of?"R is found by direct calculation to
wherepy = 0% = N2 be [25]
Proof:  Since T(A.x) = S S |hi;|? is a sum L B B

of independent and identically distributed random vagapthe F, (z)~ L { N—(r 1)0];73:, b 1)N; Sl Sk Jg 51) }
central limit theorem says thaf is asymptotically normal [23]. g(z+1)* Vo T Vg(z 4 1)
The mean and the variance of(T, ), a sum of unordered (=1)Nz =N (r1-1)N {x+&-7+1

; ; ' H + 0.5 ) 0.5
eigenvalues of the complex Wishart matk ,H',, are com- gz +1) Vw T Ywg(z+1)
monly known, for example, in [21]. ] (26)

X ~ N (e, 05) (22)
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I i CDF of the received SINR (SNR=10 dB and B=6)
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08| : . : 4
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(8) Ny = 80 and N, = 20 (b) Nt = 8 and N, = 4 Fig. 4. CDF of the received SINR for N; = 4 and N,- = 2 with K = 10

and 30 users.
Fig. 2. Comparison of the simulated and asymptotic theoretical PDF of
NR

Sl
T SINR thresholdyn, Pout = P{7g"™R < 4n} can be evaluated as
10 1
(1 —=1)Nym— N
0.9t 0.9t ~1-— ~—
P 1= Q (AR @)
08t 08}
o7l o7l For a given desired outage probabiliy,, 1 can be obtained
' ' by solving equation (27). Fig. 3 plots the outage probah(&f)
06 0.6f for different numbers of antennas. Also the simulated camul
5 5 tive distributions are displayed for comparison. By conipgr
¢ 05 & 05 the results, we note that our asymptotic approximation ésiac
0.4+ 0.4} rate even for the moderate number/éf and N, as well as the
large system case.
0.3t 03t
0.2t 02}
VI. SIMULATION RESULTS
0.1F — Simul 0.1} Simul
—— Analysis Analysis In this section, we investigate the sum rate performance of
038 03 035 04 045 0 o5 1 15 2 multiuser MIMO downlink systems employing the BD precod-
Yin i ing and the proposed limited feedback scheme. For all simu-
(@) Ny = 80 andNs = 20 (b) N; = 12 and N, = 4 lations, we use spatially uncorrelated MIMO Rayleigh fadin
channels which are independently generated for each tishsm
Fig. 3. Outage probability of 73R, sion. We assume that each user adopts different codebooks to

prevent a case where more than two users choose the same code-

whereL{m, n;r} is the standard bivariate normal integral giveword' For user scheduling, we apply the SUS algorithm pro-

by [26] posed in [4] by slightly modifying the operations so as to pe a
plicable to the multi-stream case 8f, > 1 with the threshold
1 00 OO 2402 oy parametery = 0.5 and0.4 for N; = 4 and6, respectively.
L{m,n;r} = m/ / e 20 drdy. In Fig. 4, we plot the cumulative distribution function (CDF
e of the average received SINR for the scheduled users under
The expression (26) is quite complicated. However, in thwo different feedback schemes foN;, N.) = (4,2) and
asymptotic regime oV — oo, (26) is simplified as [25] Ns; = 2 at the SNR of 10 dB. The average SINR is defined
asl/K; Zf;l SINR;, from (3). In this plot, we observe that
Fy(z) 2% _( ((T — )Nz — N) the proposed SINR feedback outperforms the magnitude feed-
g(x +1)0° back in (9) for bothK = 10 and30 users. We emphasize that

when the magnitude feedback scheme is applied, a multiuser d
where2% denotes the asymptotic convergence }d) is the versity gain is marginal even with a large number of users, as
Gaussian Q-function. it fails to exploit multiuser diversity. In contrast, ourefgback

Therefore, the outage probability thgt™® is below a certain scheme significantly improves the SINR with increasing siser
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Sum rate of BD (B = 6and 10) because the magnitude feedback does not reflect the amount of
‘ ‘ ‘ the quantization error which dominates the performancew{ m

il tiuser systems for larg®. Note that a scheduling gain of the
proposed scheme becomes largeKasicreases.

30

T T T
—+— Perfect CSIT (K=30)
—&— Conventional (K=10)
—=&— Proposed (K=10)
25| —— Conventional (K=30)
—#— Proposed (K=30)

VII. CONCLUSIONS

In this paper, we have investigated the issue of limited feed
back for BD precoded MIMO BCs along with the user selec-
tion process. In order to appreciate a multiuser diversitin g
we have proposed an efficient CDI and CQI quantization tech-
nigue based on a derivation of the received SINR for each user
by evaluating the average received SINR for each user. Meso,

i i i i have performed an asymptotic analysis on the distributidhe
SNR[dB] proposed CQI metric. From simulations, we have verified that
by reflecting both the channel gain and the quantizationrerro
the proposed SINR-based channel quantization outperfirens

Figfs-ef;”m rates for (Ni, Nr) = (4,2) and N = 2with K’ = 10and 30 conyentional feedback in practical BD system environments

Sum rate [bps/Hz]

Sum rate of BD (B=6)

APPENDIX

25

T T T
—+— Perfect CSIT (K=30)
—&— Conventional (K=10)
——8— Proposed (K=10)
—#— Conventional (K=30)
—#— Proposed (K=30)
—<+— Conventional (K=50)
—7— Proposed (K=50)
/

Y A. Proof of Lemma 2

or ! First, we examine the asymptotic behavior of the distribu-

tion of Y under the assumption of the random codeword se-
lection. In that caseZ,. follows the matrix variate beta distri-
bution 5(N; — N,., N,.) [13]. Then, each diagonal entry &,

v
T

Sum rate [bps/Hz]

zki (i = 1,---,N,) is also beta distributed with parameters
ol = | N; — N, and N, [27]. Considering that the unordered eigen-
values\; 1, - -, A, n, are also homogeneous in distribution, we

confirm that{ \; ;2. ; } -, are identically distributed.
The correlation coefficierp;; between\, ;i ; and Ay ;2 ;
for i £ j can be shown to be approximated by

0 5‘ 16 1‘5 26 2‘5 3‘0 3‘5 46 45
SNR[dB] (=1 (TN +1)

~

Pid = (- “1)N + 2)N?

(28)

Fig. 6. Sum rates for (N¢, N») = (6,3) and Ng = 2 with K = 10, 30
and 50 users. For brevity, the derivations are omitted here. We can easity
that (28) asymptotically converges to zero with— oo, which

which implies that the proposed expected SINR metric (17)1€ans that\x1zk,1,- -+, Ak v, 2k, are uncorrelated. There-
effective in utilizing the multiuser diversity gain. fore, the central limit theorem proves thet = Zf.vzrl NiiZhei
Figs. 5 and 6 show the sum rate comparison between folows an asymptotically normal distribution.

conventional and the proposed channel quantization méttod In the following, we evaluate the mean and the variance of
(N¢,N;) = (4,2) and (N, N,.) = (6,3), respectively, with Y, by using the fact that the first and the second moment of the
N, = 2. Different from the perfect CSI ca&ethe sum rates beta random variable, ; are given by [z ;] = (N; — N,.)/N;
with limited feedback are saturated Bs— oo due to unavoid- and E[Zi,z‘] = (Ny — N.)(Ny — Ny + 1) /{N;(N; + 1)}, re-
able residual interference which comes from the CDI quantizspectively. At first, we obtaipy- as
tion error. We confirm that as expected from Fig. 4, our SINR-
based feedback strategy outperforms the conventionahsehe N,
with the practical codebook sizB8 = 6 and 10, especially at wy = E [Z )\]”Z]”}
high SNR. The sum rate gains of the proposed SINR feedback i=1
scheme are roughly00% over the magnitude feedback method N,
at the high SNR region foK = 10, 30, and50 users. This is = N ZE [2i] = No (N — N,) = (1 — 1)N? (29)

1=1

2For the antenna setting of Fig. 6, the best known techniqie fwil CSI is
the so-called coordinated beamforming [15]. However, is gimulation, we h h d litv holds si d ind
have simply performed the BD at the transmitter with the feett of dominant where the second equality holds S'm andzg, ; are indepen-

channel eigenmodes. dent.
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Next, the second moment &f can be expressed as

N, N,
E[Y? = E Z)\k,izk,iz)\k,jzk,j
i=1 j=1
N,
= ) EDRIE[R ]
i=1
N, N,
+ EAki e, El2k,i2 5] (30)
i=1 j=1,j#1
Here, E[\{.], E[2;,], and E[\;:Ar ;] in (30) are well

known. Also, noting that

Elzk,izk ] — Elzk i) B[z 5]
Nr(Nt - NT) a.s,

= " %X
NE(N; +1)

COV(2k,is 2k,j)

we can replace the last tel®iz, ;21 ;] by E[zx ;| E[2x ;]. Then,
after some calculations, (30) reduces to a functioVodnd
as

(2 = 1)((r —1)N +1)N?3

E[Y? =
TN +1
N (T—l)Q(TNj—l)(N—l)NQ- (31)
Now, from (29) and (31), the varianeé. is given as
oy = E[Y?] -3
B (2 +1)(7—1) -1
= N? ( =~ v 1)) (32)
NGESVCESVIvY
T

Here, the second term of (32) is neglected for lakge
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