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ABSTRACT large channel gains, approaching thus the capacity with ful
We consider a multi-antenna broadcast channel with mor€SIT. Another popular, very low-rate feedback technique is
single-antenna receivers than transmit antennas andalpartthe so-called random beamforming (RBF) [6], wheve =
channel state information at the transmitter (CSIT). Anpada M random orthonormal beamforming vectors are generated
tive transmit mode switching scheme, in which the base staand the best user on each beam is scheduled. This scheme is
tion selects between single-user (TDMA) and multiusergran shown to yield the optimal capacity scaling &f loglog K
mission (SDMA) is proposed. In particular, we formulate awhen the number of usefs is asymptotically large,
framework for distributed mode selection and sum-rate-opti
mization with limited feedback. By assuming instantaneou* major drawback of the above limited feedback systems is
local CSIT and statistical knowledge of non-local informa-that they are interference-limited, thus the sum rate atar
tion, we derive a distributed algorithm in which each reeeiv at high signal-to-noise (SNR) and fixed feedback rate since
feeds back scalar channel quality information (CQI) as welinter-user interference cannot be fully mitigated due tmin-
as its preferred mode decision. Low-complexity variantsplete channelknowledge. Furthermore, contrary to thesperf
which exhibit negligible decrease in sum rate, are also inCSIT case, SDMA transmission does not always outperform
vestigated. Performance analysis and simulations show th@ingle-user transmission under limited feedback. In se¢th s
this scheme provides significant throughput gains for low tdings, adaptive schemes switching from multiuser (SDMA)
moderate number of users and linear capacity growth in th® single-user (TDMA) transmission are of particular iefg

interference-limited region. allowing thus the BS to adapt the number of active beams with
respect ta’ and average SNR [5]. In [7], we proposed a low-
1. INTRODUCTION complexity on/off beam power control, yielding a dual-mode

scheme switching from TDMA to full SDMA as a means to

Multiuser multiple-input, multiple-output (MIMO) commu- ,
render RBF more robust in sparse networks.

nications have attracted significant attention recenthinty
due to_the high spectral efﬂmgnmes they_achle_ve. In W 1o the best of knowledge, in all previous approaches, sdhedu
downlink MIMO systems, a direct capacity gain proportional. . . :
to the number of transmit antennas can be achieved by ing and transmit mode decisions are solely performed in a
. . . S . centralized fashion, i.e. at the base station (BS). The le®bi
serving multiple users in a space-division multiple access

(SDMA) fashion, even with single-antenna receivers [1]. report scalar CQI for user selection and rate allocation. In
this work, we take on a different approach. We propose a

Nevertheless, all these promising results unfortunatetgec  distributed framework in which the receivers determine and
at the critical assumption of sufficient channel state imfar feed back their preferred transmit mode in addition to the
tion at transmitter (CSIT). The often impractical assumpti corresponding CQI. A key point is that the user’s preferred
of close-to-perfect CSIT, as well as the considerable dgpac mode is chosen as the one that maximizes the expected sys-
gap between perfect and no CSIT, have motivated resear¢bm sum-rate and not the user individual rate. The stochas-
work on schemes employing partial CSIT [2]. One populartic optimization at the user side relies on instantaneous lo
approach to deal with incomplete channel information, of-cal information and non-local, statistical informationather

ten referred to as limited feedback, is to quantize the chlannusers’ channels. Based on users’ preferred mode and CQls,
vector (or the precoder) based on a predetermined codebotiie BS selects in turn the group users and the transmit mode,
known at both the BS and the terminals. In this frameworkj.e. TDMA or SDMA with 2 < M < M beams, which
each user feed back quantized information on its channel dinaximizes the sum-rate. Our analysis and simulation result
rection (CDI) and instantaneous channel quality infororati show that the distributed multi-mode selection allows st
(CQI) through a finite rate uplink channel [3-5]. The sched-ng from SDMA to TDMA as a means to compensate for the
uler intelligently selectsM spatially separable users with capacity ceiling effect and achieve linear sum-rate grawth



the interference-limited region. A simplified switchingter 3. DISTRIBUTED TRANSMIT MODE SELECTION
rion that does not rely on statistical CSl is also proposet] an
shown to provide similar performance with the multi-mode
variant.

In this section, we motivate and present the distributed
sum-rate maximization framework under imperfect channel
knowledge. Therein, each user, based on instantaneous loca
CSIT and statistical information, decides and feeds batk it
2. SYSTEM MODEL preferred transmit mode from a system throughput point of

We consider a multi-antenna Gaussian broadcast channel Y#gW. These distributed user decisions assist the BS imr-dete
which a BS equipped witd/ transmit antennas communi- Mining dynamically the system sum-rate maximizing trans-
cates withK > M single-antenna receivers. The receivedMit mode.

signaly, of the k-th user is mathematically described as 3.1. Design Challenges and Motivation

yp =hpgx+n,, k=1,....K (1) As stated before, in MIMO broadcast channels with par-
tial CSIT, it is not guaranteed that multiuser transmis-

wherex € CM*! is the vector of transmitted signals, subjectsion (SDMA) always outperforms single-user transmission
to a power constrain®, i.e., Traxx’) < P, where Tr() is  (TDMA). There are several contexts in which it is beneficial
the trace operator. The channel gain response of each udesm a capacity point of view to softly transit to TDMA by
k, h;, € C™M has components distributed €3/(0,1)  switching off beams and communicating with < M users.
(Rayleigh fading). We assume perfect channel knowledge d&tor instance, multiuser MIMO systems with fixed and lim-
the receiver, and that, is independent and identically dis- ited rate feedback become interference-limited and the sum
tributed (i.i.d.) circularly symmetric additive complexaGs- rate exhibits a ceiling effect, saturating to a constanteal
sian noise with zero mean and variance Vk. We consider even for arbitrary large but finit&V and K. Additionally,
a frequency non-selective block fading channel and that alh sparse networks with low to moderate number of users,

users experience the same average SNR. schemes allowing for adaptive and soft transition from SDMA
to TDMA are of particular interest [5, 7]. However, efficient

2.1. Joint Scheduling and Linear Precoding beam sel_ection techniques often require either feedqu of
beam gaingh,w,,|?,m = 1,..., M or two-stage decision

LetS = {k;}{Z, be the set of selected users that are assigneghproaches [7]. Obviously, the first method results in a non-
non-zero rate, with cardinalitys| = M,1 < M < M. We  pegligible feedback load increase, whereas the second may

restrict ourselves to linear precoding and assume equaipowWresylt in excess protocol delays, outdated CSIT and siggali
allocation over users. Therefore, the BS multiplies the{no oyerhead, especially in high mobility systems.

malized) data symbol for each uders;, by a beamforming

vectorw;, so that the transmitted signal is given by The problem we address here is how to derive a one-
step, adaptive SDMA/TDMA switching mechanism without

X — Z N ) considerably increasing the feedback rate of conventional

kes schemes, i.e. one scalar CQI value plus few bits for beam

indices. In contrast to existing approaches where schedul-
wherep = P/ M. LetV = {vy,vs, ..., vy} be a codebook ing is performed solely at the BS, the key idea here is that
containingN' unit-norm vectors,; € CM, fori = 1,...,N, Userscan perform some sort of transmit mode pre-selection
known to both the receivers and the transmitter. In this pape@nd pre-scheduling, assisting thus the transmitter atrieg fi
for ease of exposition, we assumé = M andw; = v;, decision. The intuition is that the receivers have more lfliéxi
i.e. the codevectors (beamformers) form an orthonormal bdly in estimating their signal-to-interference-plus-seratios
sis and are generated in a pseudo-random manner at each tikseNRs) for different values of\1 and potentially the inter-
slot. In other words, we focus on codebook-based orthogd!Ser interference, since they have more refined CSIT on their
nal precoding, which is similar in some sense to random uniown channels. Note that in existing schemes, the reported
tary beamforming [6]. However, our generic adaptive modescalar CQI/SINR is caI_cuIated assuming a priori that a gerta
switching framework can be easily extended to most staté?umber of beams\{ will be used. However, the challenge
of-art codebook-based transmission schemes, such as ndplow the system sum rate can be estimated at the user side,
unitary beamforming (e.g. zero-forcing beamforming) andPrior to scheduling, since users have neither information o
multiuser limited feedback systems [4,5]. The receivedaig the other users’ channels nor of the scheduling decisiames. T
for userk € S in beamm is given by target s to find a means to predict sufficiently at each receiv
side the achievable sum-rate, so that users may decide on the
. capacity-maximizing system mode. A key difference with ex-
= h,w,, hiw;)s; 3 . . e . .
U = (VPR W) si. + Z (VPhewy)s; + e (3) isting approaches is that the objective function at the sisier

N ! L
jes# is the system sum rate and not the individual user rate. Thus,



the preferred user mode is the one that maximizes the system

throughput and not the individual rate. = log, (1 + SINR,, ) +Eg, Z log, (1 + SWRﬁfnj)
JES—k

3.2. Algorithm description (6)

In our scheme, each mobile calculates and feeds back its pr?e—bl_“'s’ each uses estlmatgs the system sum rate as the sum of
ferred transmission mode, denotedias(l < 1, < M) in its instantaneous rate with the_e>_<pected sum-rate of ther oth
addition to scalar CQI in the form of SINR/SNR along with ! ~1 USers, based on the statistics of SIYR. Its preferred

the preferred beam index. The user-preferred mode is definéHOde'“k' is calculated as

as the one that maximizes the sum rate. The system chan- “

nel information comprises two classes: local informatién o e = arggrﬁl/?%(M Rie(M) (7)
which we can have instantaneous knowledge, and non-local

information of which, we assume only statistical knowledgeEach user feeds back to the BS its preferred moien ad-

is available. Based on this information, the user objectivélition to the corresponding SINR,, and beam indexu;..
function, i.e. system throughput, is calculated and exqzect Note that the expected sum-rate in (6) can be calculated ei-
sum-rate maximizing mode is fed back. The BS finds in turrfher in closed-form or by lookup tables, since statisticalTT

the best system operating modezs (single-user or mul- ¢an be acquired a priori during a calibration phase.

tiuser transmission), and selectd users to communicate

with In what follows, we formulate the distributed sum-rate3-2.2. Mode selection at the transmitter side

maximization problem under local and statistical inforioiat LetS,..m — 1,..., M be the set of users with preferred

beamm, andS'F — {k:keS8n1<ut < M} bethe set
of users that selects beamand reports back preferred mode
equal top¥. For exampleS}, is the group of users selecting

3.2.1. Mode selection at the receiver side
We define the SINR of usér on beamm using M beams,

SlNRIQ,/im as single-user transmit mode (TDMA), whil is the set of
) multiuser mode users with/ beams (full SDMA). Among
SINRM = |thm|2 LesS (4) these sets, the BS selects_ the one that prov_ides the_highest
’ Z(M)+02%/p capacity. The corresponding system transmit moge is
iven b
where Z(M) is the inter-user interference function, non—g y M
linear in general, which depends among others\dn This LUBs = arg max R(ggf) (8)
function has the following two properties: in single-user lspgsM o=

transmissiorZ (1) = 0, and in full SDMA we haveZ (M) = For instance, ifups = 1, the system operates with single-

2 2 .2 I ) :
Z [hyw;|” = |lhg]]sin® Z(hg, W, ).  The worst-case ser transmission, meaning that the BS selects the user with

J#Em . N _the largest CQI value among all s&$ , Vim.
inter-user interference, resulting in SINR lower bound, is 9 Q 9 &5, vm

) i 12
given byZ(M) = max[hiw;[". Actually, we can choose 55 | o complexity SDMA/TDMA switching criterion

to estimate the multiuser interference at the receiver iygus \we provide here a simplified mode selection criterion that
several functionsT(M) = f(|hyw;|*),j # m, wheref (z) S . _
kWil )y ' does not rely on statistical information. Each receiver as-

may be equal tmax(z), min(z), the harmonic mean of. sumes that all the other selected users would exhibit the sam
Each usek determines its preferred beam, as SINR as it does_, |m_ply|ng that each of thld selected users
has equal contribution to the system sum rate. In that case,
my = arg max SINRM (5) userk estimates the sum ra®, (M) when M beams are
lsmsM ’ used as

As stated before, we assume that each éskas instanta- R

neous knowledge of local CSIT,°*!. The set of complete Ri(M) = Mlog, <1 + max SIN k#"b) 9)

channel information is denoted &y = {h;}, vk, thus the -

non-local information at thé-th user side is represented by Interestingly, although this seems contradictory to mski

Gr = G — G1°°*l. Assuming statistical knowledge 6f, the  diversity and the fact that users exhibit different peaks at

expected sum-rate capacity calculated bykté receiver is  each instant, simulation results verify the validity of gim-

given by plified criterion. Each usek selects its preferred mode as
gl = argm/&xﬁ(/\/l). We should note that if a linear in-

= gim; M1 by || sin? Z(hy, w,,), the above maximization degen-

erates into a binary solutiop;! = 1 anduy = M [8].

Ri(M) = Eg, Zlogg (1 4 SINRM ) terference scaling is assumed for simplicity, iE(M) =



4. DISTRIBUTED BINARY MODE SCHEME Corollary 1[8]: At high SNR andf fixed, we have that

Motivated by the above result, we propose a simple variant of Pt =1} — 1 (14)
the multi-mode scheme, coined lbimary mode selectigrin k
which the system operates either in TDMAHs = M = 1)

or full SDMA mode (ups = M = M). 5.1.2. Atthe transmitter side

Deriving the probability that the BS selects single-usansr
At the receiver side, under binary mode selection, 2@  mjission mode, we can show that

user chooses its preferred transmit mode by taking the fol-

lowing binary decision: Lemma 3: At high SNR and< fixed, we have that
N 1 ifAR>0 P{ups =1} — 1 (15)
e { M ifAR <0 4o and for K — oo and P fixed
\évi\r;g;ebAyR = Rrpma — Rspma. The single-user rate is P{ups =1} — 0 (16)
Proof - See [8]
Rrpama = logy (1 P 1<meM |hkw’”|2) (11) Therefore, in the interference-limited region, the systgrar-

] ates in single-user mode since it provides higher capdwity t
andRspum 4 is calculated by (6). The expected sum rate ofsppa transmission. However, in the high number of users

M —1 users (statistical information in (6)) in Rayleigh fading regime, SDMA outperforms single-user transmission and the

can be calculated in closed form as follows: system switches to full SDMA mode.
Lemma 1: For any values of?, M, and K, the expected sum
rate of SDMA with M beams is given by 5.2. Sum-rate evaluation
K w-nr—1  The expected sum rate of the proposed scheme is given by:
B(Rsow) = ooz > () caperess (22
SOMAT ™ Tog 2 —\k P) Rp =P{ups = 1}Rrpma + (1 —P{ups = 1})Rspma
ko2 M pHic where Rrpma and Rgspua are the expected sum rates of
L_M)-1 k(—M ~ 12 i - i- issi ively.
W -1 kG- ( > Tog2 (M —1)p + o7 (12)  single-user and multi-user transmission respectively

x Theorem 1: The multiplexing gain of the proposed decentral-
whereW,, . (z) is the Whittaker function and kKl = Z % js  1zed adaptive mode scheme is

k=1
the K-th harmonic number. lim —2 = (17)
Proof - See [9] P—colog P
5. PERFORMANCE ANALYSIS Proof - See [8]

: . Note that the multiplexing gain of multi-beam RBF [6] in
In this section, we analyze the sum-rate performance of bi- ~ " St .

o - _the interference-limited region — oc) converges to zero,
nary mode scheme, for ease of exposition, providing capacit

scaling laws at high SNRK — o) and in the large number \(/)vr?sreas the multiplexing gain of single-beam RBF equals
of user regime ' — o). '

51 ,TDMA mode sefection prlobab|l|ty _ the sum rate of the proposed adaptive mode switching scheme
We first evaluate the probability that a user and the tratemit ¢5as as

select single-user transmission mode (TDMA). . Ry 1
m — =
K—oco M loglog K

Theorem 2: In the large number of user regime and fixBd

(18)
5.1.1. Atthe receiver side

Lemma 2: The probability that a user reports back to the BS Proof - See [8]

TDMA mode transmissioi?{xj; = 1}, is given by 6. NUMERICAL RESULTS

In this section, we evaluate the sum-rate performance of the

P{uf=1}=1— % (13)  distributed multi-mode scheme through Monte Carlo simula-
(140 tions. A system withM = 3 transmit antennas is consid-

oB/M B 9 ered and conventional single-beam (TDMA) and multi-beam
where¢ = 27" — 1 andj = log, (1 +  Jax lhkwin|")  (SDMA) random beamforming [6] are plotted for compari-

Proof - See [8] son. In Figure 1, we present the sum rate of the proposed



10F

Sum rate (bps/Hz)
~

—— Muliuser Tx mode (SDMA)

— Single-user Tx mode (TDMA)

~2— Prop. Distr. Multi-mode Scheme

—=— Prop. Distr. Multi-mode Scheme - simpl. criterion

3 I L I I I I I
0 10 20 30 40 50 60 70 80

Number of users

16

=+ Multiuser Tx mode (full SDMA)
—— Single-user Tx mode (TDMA)
—4&- Proposed Distr. Binary Mode Scheme

14

Sum rate (bps/Hz)

0
-10 -5 0 5 10 15 20 25 30 35 40
average SNR (dB)

Fig. 1. Sum rate versus the number of users for distributedrig. 3. Sum rate versus average SNR for binary mode selec-

multi-mode scheme withh/ = 3 and average SNR = 20dB.

tion with M/ = 3 andK = 30 users.

7. CONCLUSIONS

Sum rate (bps/Hz)
~

—— Multiuser Tx mode (full SDMA)
—— Single-user Tx mode (TDMA)
—2— Proposed Distr. Binary Mode Scheme i

“w— We proposed an adaptive SDMA/TDMA mode switching

framework, in which the BS selects the sum-rate maximiz-
ing transmit mode using imperfect CSIT. For that, the users
calculate and feed back their preferred system transmiemod
based on local CSIT and statistical information for the othe
users. We show the capacity gains of this distributed multi-
mode mechanism and analyze its performance, demonstrating
the linear and unbounded capacity growth at high SNR.
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