Joint Optimization of User Set Selection
and Transmit Power Allocation for Orthogonal
Random Beamforming in Multiuser MIMO Systems

When the number of users is finite, the performance
improvement of the orthogonal random beamforming
(ORBF) scheme is limited in high signal-to-noise ratio
regions. In this paper, to improve the performance of the
ORBF scheme, the user st and transmit power allocation
are jointly determined to maximize sum rate under the
total transmit power condraint. Firg, the tranamit power
allocation problem is expressed as a function of a given
user s=t. Based on thisexpresson, the optimal user set with
the maximum sum rate is determined. The suboptimal
procedure is also presented to reduce the computational
complexity, which separates the usr st sdection
procedureand transmit power allocation procedure.
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|. Introduction

In downlink multiusr multiple-input  multiple-output
(MIMO) systems, when a base gation (BS) with M tranamit
antennas communicates with K mohile users, eech of which
has a Sngle receive antenna, sSUm capacity is achieved usng
dirty paper coding (DPC) or tranamit beamforming schemes
[1]-[3], ad the sum capecity is linealy incressed with
min(M, K). However, these methods requiire the condition that
the BS tranamitter has perfect channd state information (CSl).
In practice, it is difficult to satisfy this condition, particularly in
frequency divison duplexing systems, due to large feedback
overhead caused by a large number of tranamit antennas and
users.

As a patid CY feedback mehod, opportunistic
trangmisson has been employed in multiuser communication
systems [4]-[6]. In opportunistic beamforming (OBF), the BS
randomly sdects a beam for trangmission and usesit to send a
pilot sequence. The usars send back their Sgnd-to-noise retio
(SNR) corresponding to this beam, and the BS schedules the
user with the highest SNR [4]. The performance of the OBF
gpproachesthat of the optima beamforming for alarge number
of users[4].

However, snce the OBF uses only one datastream a atime, it
cannot obtain spatiad multiplexing gain like DPC can. As a
solution to this, an orthogona random beamforming (ORBF)
scheme was proposed [6]. In this scheme, a BS sends mulltiple
orthogond random beams smultaneoudy and each user
reports the best beam index and its Sgnd-to-interference plus
noise ratio (SINR) to the BS. Then, the BS schedules multiple
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users with the highest SINRs smultaneoudy. The sum rate
performance of the ORBF scheme approaches that of the DPC
asthe number of usersbecomesinfinite.

However, in the case that the number of users is not large
enough, the performance improvement of the ORBF schemeis
dight in a high SNR region since there is a large multiuser
interference in the received signd and it is more dominant then
background noise in a high SNIR region. Since the number of
beams in the ORBF is equd to the number of transmit
antennas, the multiuser interference increases in proportion to
the number of tranamit antennas. Therefore, there can be some
optimal user sats to which the BS schedules beams whereby
the number of usersthat compose auser set can belessthanthe
number of tranamit antennas.

In addition, in the ORBF scheme, the users to which beams
are assgned suffer from interference. Hence, assigning more
transmit power to some users may increese the interference
with the other users. Improving SINRS of some users may
degrade SINRs of other users Hence, tranamit power
dlocation should consider interference among users aswdl as
their channd gain.

In this paper, we propose joint optimizetion of the user st
sdection and tranamit power dlocation to improve the
paformance of the ORBF scheme. In the optima method,
eech user feeds back the magnitude of channd gain for eech
beam. Based on this information, the BS sdects the best user
st and optimally determines the amount of transmit power to
be asigned to each beam. The optimd transmit power
dlocation is represented as a dosed expression of a given user
st using a vector-matrix form. In addition to this, we present a
practical suboptima method to reduce the huge computational
complexity of the optima method.

The rest of this paper is organized as follows In section 11,
the sysem modd and problem formulation are described. In
section |11, we propose joint optimization schemes for user st
sdlection and tranamit power adlocation: an optima method and

asuboptima method. Section IV shows smulation results, and
section V' concludesthe paper.

I1. Sysem Modd and Problem Formulation

Figure 1 shows a downlink multiuser MIMO system
congdered in this paper in which a BS with M tranamit
antennas communicates with K mobile users, each equipped
with a dngle receive antenna. It is assumed that K>M and the
channd of each user does not vary during the scheduling
intervdl T. As shown in Fg. 1, M usars among K users are
scheduled and the sgnds of the scheduled M users are then
trangmitted via a st of M random beams. Therefore, the
transmitted symbol vector x =[x,,...,X,]" canbewrittenas

M
X=2 " \PuViSn @
m=1
where v, is the mth orthonormd random vector generated
according to isotropic digribution [8], s, isthe tranamit symboal
for the mth beam, and py, is the tranamit power for the mth
beam.

We assume the total transmit power is P, that is, E[|| x |[*]
=>" p,=Pad 0<p,..,p, <P. Thereceived signd,
Y, , of the k-th user can be represented as

M
Ykzz

m=1

P.h VS, W, k=1..,K, ()
where hy isa 1xM channd vector of user k, whose entries are
independent and identicdly distributed with zero mean and
unit variance, and w is an additive white complex Gaussan
noise with zero mean and unit variance.

The BS broadcagts pilot sequences through M orthogond
random beams, and each user meesures its channd vector and
feedsback |h,v, | for mFl,..., M to the BS. Based on this
information, the BS obtains SINRs of dl users for scheduling
and power dlocation. The SINR vaue, 7, ., for the mth

Feedback information
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Fig. 1. MIMO downlink system model with M transmit antennas. Block diagram shows ORBF combined with power alocation, where

H=[hl,...h]".
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received signd of the k-th user isrepresented as
pmgk,m

7/k,m = M

Y. PG+l

i=1izm

, m=1..M, k=1...K, 3

whereg, ,, =lh,v,, F.

Thesum rateis represented as

> log 1+Mpm¢ : @
keU,meS Z pigk,i +1
i=Li#zm

where S={1,...,M} and U c{1,...,K} isause index s
with M dementswithout repetition.

[11. Proposed User Selection and Transmit Power
Allocation Scheme

1. Optimd Joint Scheme for User St Sdection and
Tranamit Power Allocetion

A joint optimization problem for optima user set sdection
and transmit power dlocation can be formulated to achieve the
maximum sum rate under thetotd transmit power congraint:

e log| 14— Pndem |
P Py keU,meS Z pi gk'i +1
i=Lizm

M
subjectto > p, =P, 0<p,...p, <P. 5)

m=1

Therefore, the optima user sst U™ and the optimal transmit
power p =[p,,.., p,] ae jointly found by solving the
optimization problem (5).

K
In (5), there are (Mj combinations for choosing M users

among K usars and there are M! permutations for beam
assgnment for each sdected user s&t. Hence, the tranamit

K
power dlocation is performed for [M) user sets and M!

beam permutations; then, the best user st and the best beam
assgnment are selected.

K
We define U, 1Sns(Mj, as the nth ordered user st

of Uy S ;,1<n<M, asthej-th ordered beam assgnment
for the user st U, and p,,, 1I<m< M, as the assigned
power to the mth usy in the usr s&t U, Then, the
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optimization problem (5) can berewritten as

Pomd
max max max log| 1+ e ,
V]

n Shjr PaariPam
]sns(,\KA) 12 KnUn =S Z PGy, +1

€S, ji=m

M
subject to z Pom=P, 0< P, Py P (6)

m=1
The optimd tranamit power dlocation is first done for dl
K
user sets U, 1Sns{M), and dl beam assgnments S
1<n<M!. For a given U, ad S,;, the Lagrange

multiplier method can be used to express P, |
We definealLagrangian as

intermsof U,

pn,mgkwm

L= >  log|1+
kneU,, me S, Z
iesw,i;em

_//"n (i Pom— Pj’ (7)

where A, is a Lagrange multiplier. The solution can be
obtained by solving dL,/dp,,,=0. Then, we obtan the
following:

aLn gk m

Pni O, i +1

d - N _ﬂn =0, (8)
pn,m pn,mgkm,m + Z pn,i gkm,i +1
i€S,;,izm
1 1 O i
= Pom=7 - > py—, m=1..,M. (9
ln gkwm i€, ji#m gkm,m

Equation (9) can be rewritten as a vector-matrix form given by

(G, +1,,)p, =[i1M —fnj, (10

4,
where 1, =[1,...,1]" isan Mx1 vector, I isan MxM identity

métrix, pn:[ Prares P ]Tv fn:[:l-/g|<1,1""11/g|<M M ]Ti
k,eU,, m=L,..., M, and the matrix G, isgiven by

0 gk1,2/gk1,1 gkl,M /gk1,1
L ™
O, 1/ % m 9, 2/%m - O

In (10), 4, can be chosn to saisfy Y. p,. =P,
>0, nFl..., M. In the inteference matrix G,, the

nm =

(m, i)th dement represents the relative ratio of the mth beam
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power to thei-th beam power.

Note that the vector p, is an implicit function of U,. By
putting P MFL,..., M, of (10) into (6), the optima user st
with maximum sum rate is obtained as

{n,j’} =arg max  max

DN
sensl§) 2s1EM TS

pn,mgkm,m

> PO+l

iesﬂ‘l,i¢m

Then, the optimal user set U'=U_., and the optima
transmit power p' =p ..

Note that since the transmit power alocation (10) requires
the knowledge of the channd gain of al the beamsfor all usars,
it is difficult to express a dmple form like a water-filling
solution in orthogond channels [7]. As a specid case, when
matrix G, isazeromatrix, p, =[f,]", that is the proposed
power alocation method becomes the water-filling solution [7].

log| 1+ (12

2. Suboptimd Joint Scheme for User Set Sdlection and
Tranamit Power Allocation

In the optimd joint scheme, the tranamit power dlocation is
K
performed for al posshble (M] user sats and M! beam

sdections Then, the computationa complexity isvery high for
a large K or a large M. Hence, we propose a suboptima
iterative user sdlection and transmit power dlocation schemeto
reduce the computational complexity.

In eech iteration of the suboptima scheme, the optimization
procedure is divided into two geps. In the first gep, a user st
and abeam set assgnment are sdlected by maximizing the sum
rate based on the given power dlocation. Then, the second step
will determine the tranamit power dlocation for both the user
st and a beam st assignment selected in the firg gep. Since
the tranamit power dlocation is obtained in the second step for
agiven user st and beam st assgnment, the procedure will be
repested using the updated power dlocation. In this way, the
two steps will be repeated until no further improvement can be
made in the sum rate. Note that two or three iterations are
enough to achieve sufficient convergence.

The following agorithm represents the proposed suboptimal
iterative method.

Sep 1. Initidize t=1, p® = 5, mel..., M.

Sep 2. Iteration: Repeat the following until
P —p* 1 <e.
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Table 1. Computational complexity comparison.

Scheme Complexity
OBF [4] O(K)
ORBF [6] O(MK)
Proposed optimal method O(KMM?)
Proposed suboptimal method max{ O(K™), O(M3)}

Sep 2-1. Sdectauser st U and a beam st assignment
SY , maximizing the sum rate for a given power alocation as
follows:

{nY,j9} =arg max max
Uns i keU, meS,
1ns(f) 1M e

(13
pgil) gk m

2. p7g i+l
€S, i%m

SetUY =U , and SV = S0 -

Sep 2-2. Usng the vector-matrix form power dlocation
solution (10), determine the amount of the tranamit power p®
for the user set U and the beam assignment S obtained in
Sep 2-1.

Sep 2-3.1f ||p” —p"? || <&, soptheiteration.

Otherwise, set t=t+1 and go to Step 2-1.

log| 1+

In Table 1, we compare the computationd complexity for
OBF [4], ORBF [6], the proposed optimd scheme, and the
proposed suboptima scheme. From the table, it can be
obsarved that the proposed suboptima scheme reduces the
computationa complexity of the optimal scheme.

V. Smulation Results

In this section, we show smulation results to verify the
performance of the proposed joint optimization scheme for
user st sdection and tranamit power dlocation in a downlink
multiuser MIMO system. We assume that there are K mobile
users located a the same distance from a BS and each user is
equipped with a sngle receive antenna and a BS with M
tranamit antennas. The channd of each user is assumed to be
independent and identicdly didtributed with Rayleigh
digtribution, thet is, each entry of hy isindependently CN(O, 1)
digributed. Smulation is performed more than 10,000 runs.
The number of tranamit antennasis M=4, which isfixed for dl
smulation runs. Background noise variance isassumedto be 1
for amplicity. Therefore, the average SNRisP.
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Fig. 2. Performance comparison: sum rate (bps’/Hz) vs. number

of users (K) for M=4, SNR=10 dB.
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Fig. 3. Performance comparison: sum rate (bpsHz) vs. average
SNR (dB) for M=4, K=8.

Fgure 2 shows the sum rate versus the number of users
when the SNIR is 10 dB. Regarding sum rate performance, we
compare the proposed optimal and suboptima schemes with
the convertiond ORBF scheme [6] and OBF scheme [4].
From the figure, it can be obsarved that the proposed optima
and suboptima  schemes  dgnificantly  outperform  the
conventional ORBF and OBF schemes. The figure dso shows
that the performance of the proposed suboptima scheme is
very cdoseto that of the proposed optima scheme.

Fgure 3 shows the sum rate versus the average SNR for a
smdl number of users tha is, K=8. From the figure, it can be
observed that both the proposed optima scheme and the
proposed suboptimal scheme have a sum rate that is
proportiond to the average SNR. However, the sum rate of the
conventional ORBF scheme is saturated in high SNR because
the resdud interference in this scheme is dominant in the
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Fig. 4. Performance comparison: sum rate (bps/Hz) vs. average
SNR (dB) for M=4, K=128.

recaéved dgnd. The peaformance difference between the
proposed schemes and the conventiond ORBF scheme
increasesin proportion to the average SNR vaue. The sum rate
of the ORBF schemeislower than thet of the OBF schemeina
high SNIR region, due to the fact thet it is difficult to find the
user set with good spatid separation in the ORBF schemeif the
number of users is smdl, and poor spatid separation causes
high inter-user interference.

Fgure 4 shows the sum rate versus the average SNR in the
cace that the number of usersis large, that is, K=128. In the
figure, we can observe that the sum rate of the ORBF scheme
is higher than that of the OBF scheme. The sum reteis higher
because it is easy for the ORBF scheme to find the user set
with good spatia separation if the number of usersislarge, and
the ORBF scheme can provide spatid multiplexing gain.

V. Concluson

In this paper, joint user st sdection and tranamit power
dlocation schemes were proposed to improve the performance
of the conventiond ORBF scheme: an optima scheme and a
suboptima scheme. In the proposed optima scheme, the
optima user set and tranamit power dlocation were jointly
found to maximize the sum rate under the tota transmit power
condrant. To reduce the computation complexity of the
optima scheme, we proposed the practical suboptimd iterative
scheme. Simulation results showed that the proposed schemes
have better sum rate performance than that of the conventiond
ORBF and OBF schemes.
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