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Abstract: This paper investigates the multi-beam selection
algorithms for transmit correlation channels by using statistical
channel state information ( SCSI) and instantaneous channel
state information. Unlike the conventional codebook-based
transmission scheme, the proposed multi-beam selection with
the single channel quality indicator (CQI) feedback ( MBS-
SCF) algorithm determines the preferred beam vector by
exploiting the SCSI and only feeds back CQI at each timeslot.
The performance of the MBS-SCF algorithm is nearly the
same as that of the conventional scheme. In order to further
improve the average sum rate, a novel multi-beam selection
with the dual CQIs feedback ( MBS-DCF) algorithm is
proposed, which determines dual preferred statistical eigen-
directions and feeds back dual CQIs at each timeslot. The
theoretical analysis and simulation results demonstrate that the
MBS-DCF algorithm can increase the multiuser diversity and
multiplexing gain and exhibits a higher average sum rate.
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ultiuser multiple-input multiple-output ( MU-MI-

MO) downlink systems exploit multiplexing gains
and the multiuser diversity gains to significantly increase
the throughput of the systems''. In practice, limited
feedback spatial division multiple access ( SDMA )
schemes have attracted much attention due to the low
computational complexity and little amount of overhead.
A per-user unitary and rate control (PU2RC) " scheme,
which is a practical implementation of the limited feed-
back SDMA scheme with predefined sets of orthogonal co-
debooks, has been proposed as a practical MU-MIMO so-
lution in next-generation wireless communication stand-
However, the major drawbacks of the PU2RC
scheme are as follows: 1) The computational complexity
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and the feedback overhead of the users are higher when a
larger codebook is used to reduce the interference, since
the beamforming vector is generally determined by an ex-
haustive search in the sets of codebooks at the user side
and it is sent back to the base station (BS) at each time-
slot. 2) The schedulers become inefficient, especially
when the user pool is small, because it is unlikely to find
a few simultaneous users with semi-orthogonal channels
in a small user pool.

In this paper, we consider a limited feedback SDMA
scheme in a suburban scenario, where the channel fading
of different antennas (e. g. uniform linear array) at the
BS is highly correlated due to little scattering and small
angular spread” . The statistical channel state information
( SCSI) represents the statistical properties of the channel,
generally including the distribution of channel fading, the
average channel gain and the spatial correlation, etc. Its
coherence period is generally much longer than that of the
instantaneous channel realizations'" .
easily obtained by the receiver and feed back to the trans-
mitter” . An alternative is to exploit the uplink/downlink
reciprocity of channel statistics'”. Compared with the in-
stantaneous CSI per timeslot, the overhead of the SCSI
can be ignored.

Based on these observations, we propose simple and
efficient SDMA schemes with limited feedback by exploi-
ting the SCSI. First, assuming that the SCSIs ( channel
correlation matrices) are acquired by either of the above
methods, the BS and each user can determine the pre-

Therefore it can be

ferred statistical eigen-direction ( beamforming vector)
during the period of updating the SCSI (or each user can
determine the preferred statistical eigen-direction and send
back the index of the preferred statistical eigen-direction
to the BS). During the scheduling period, each user only
feeds back the channel quality indicator (CQI) on its pre-
ferred statistical eigen-direction without the corresponding
vector index at each timeslot. Secondly, in order to over-
come the obstacle due to a small user pool, each active
user can select dual preferred statistical eigen-directions
according to the SCSI. At each timeslot, each user feeds
back dual CQIs on its dual preferred statistical eigen-di-
rections, which will increase the multiplexing gains and
the multiuser diversity gains.

1 System Model

We consider the downlink MIMO system with K users.
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The BS is exposed to little scattering and is equipped with
a uniform linear array (ULA) of M antennas, whereas
each user is equipped with a single antenna. Since in a
typical cellular system, the number of users is much grea-
ter than the number of transmit antennas ( K>M). In
each timeslot, the BS selects user sets Q(B= | Q | <M)
out of K users according to some scheduling algorithms.
The data for scheduled users is transmitted by the BS
through a multiuser precoding matrix C, = {w,, ..., w,} e
C"’, where w, e C"*', k =1, 2, ..., B are precoding
vectors. The received signal at the i-th user is given by

yi=hCus,+n,  i=1,2,..,K (1)

where 7, denotes the additive white Gaussian noise with a
variance N,. §,is a B x 1 transmit symbol vector. With-
out loss of generality, we assume that E{s, s, } =1. h, e
C'*"denotes the channel vector between the BS and the
i-th user. The channel correlation matrix of the i-th user

is given by
R, =E{h}h,) (2)
The received signal-to-interference-plus-noise  ratio
(SINR) at user i can be given by
plhw |’
SINR, = (3)

pS lhw,|” +o°

j#i
where p = P/B is the equally allocated power to the trans-
mitted signals. Furthermore, the average sum rate of the
system can be obtained as

C=E{Y log,(1 +SINR,) } (4)

icQ

2 User Clustering and Statistical Eigen-Direction

In practice, the channels of different users in a cell
generally show different transmit correlation matrices. We
can design the user-dependent codebooks by exploiting
the information in all correlation matrices'”'. However, it
is not viable in reality due to high complexity. Alterna-
tively, the DFT matrix is chosen to be the predefined ma-
trix since the DFT-based matrix is effective for spatial
correlation channels'® . We observe that by multiplying a
diagonal rotating matrix by the original DFT matrix, the
corresponding space resource can be rotated in a virtual
space domain. Based on this result, the codebooks can be
defined as

W =VW,. n=0,1,.. N-1 (5)

where W, is the DFT matrix of order M and V, = diag
(1, ..., "™ ™My 1 =0,1, ..., N -1 is the
rotating matrix corresponding to the n-th basis.
According to Eq. (5), both the BS and the user side
construct the same sets of bases. After acquiring the SCSI

of user i, the BS and user i determine user clustering and
the user’s preferred statistical eigen-directions. The details
of clustering the user and determining the statistical eigen-
directions are described as follows.

2.1 User clustering

We define the degree of diagonalization as the criterion
of determining the best basis, which can be defined as

d,=Y |[(WRW), | (6)

=k

After obtaining all the values of d,,,n, € ¥, = {0, 1,
..,N—1}, user i chooses its best basis index according

to the following metric:

n; =arg milpl( d.,) (7)

This choice criterion can be explained as the choice of
the basis index which most closely aligns with the user’s
statistical eigen-mode. All the users can be divided into at
most N clusters according to Eq. (7).

2.2 Statistical eigen-direction

The best basis W,. of user i is determined by user clus-

tering. At the BS and the user side, the matrix R, is diag-
onalized by W'

n'»

where the main diagonal elements are

given as

a1,=(WI;j'RiWn,‘)I,.l, [.=1,2,....M (8)

i

After obtaining all the values of a, [,=1,2,...,M,
user i chooses its preferred statistical eigen-direction index
in term of the criterion, that is

1] =arg max(a,) (9)
1<l <M i

Therefore, we can obtain the preferred eigen-vector of

user i as

W, (10)

ni,

=[W,1,

n;

The BS gathers the users with the same preferred statis-
tical eigen-direction into a group. The users in each clus-
ter can be divided into at most M groups according to Eq.

9).
3 Proposed Scheduling Algorithms

For a better understanding of the proposed SDMA
scheme, a timing diagram is shown in Fig. 1. First, a
scheduling period consists of multiple timeslots. Each us-
er and the BS determine the preferred statistical eigen-di-
rection according to the SCSI, which is only updated at
the first timeslot of the scheduling period. Each user re-
ports the instantaneous CQI to the BS at each timeslot.
Secondly, based on the feedback information of all the us-
ers, the BS selects users according to some scheduling al-
gorithms. Finally, the data for the scheduled users is trans
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Fig.1 Timing diagram of scheme

mitted through the beamforming vector. After a scheduling
period, both the users and the BS will update the SCSI.

The goal of the SDMA scheduling algorithm is to fully
exploit the multiuser diversity and the multiplexing gain.
The baseline scheme (i.e. PU2RC) works as follows. At
each timeslot, the active user selects a preferred vector
from predefined codebooks adequate for downlink trans-
mission based on some optimization criteria (e. g. maxi-
mum SINR) and sends back the corresponding precoding
matrix index (PMI) and the resulting CQI. With the help
of these feedbacks from all the users, the BS should then
select several simultaneously active users using some opti-
mal algorithms. For example, an exhaustive search can
achieve the maximal sum capacity. However, it is unfea-
sible for a large number of users. The suboptimal schedu-
ling algorithm is that the BS selects the first user with the
maximal SINR, and then chooses other users with the
maximal sum rate in the same orthonormal set. The above
scheduling algorithm cannot always schedule M users, es-
pecially, when the number of users is small, and high
computational complexity is required to select a preferred
vector from a large codebook at the user side. To this
end, we propose two scheduling algorithms by using the
SCSI in this section.

3.1 Multi-beam selection with single CQI feedback
(MBS-SCF)

We propose the MBS-SCF algorithm which has an es-
sential difference when compared with the PU2RC
scheme. In a scheduling period, we can determine the
preferred beam vector by exploiting the SCSI instead of
an exhaustive search per timeslot in the sets of code-
books. Each user only needs to send back the CQI to the
BS without the corresponding PMI, since the correspond-
ing PMI has already been obtained at the BS depending
on the SCSI. The details of the MBS-SCF algorithm are
described as follows.

Algorithm 1 MBS-SCF algorithm

Initialization: User sets U = {1, 2, ..., K}; user cluster
sets S={S,} where S, =J and ne¥,={0,1,...,.N-1};
user group sets G ={G, ,}, where G, , =, ne ¥, and |
e®={1,2,...,M}; user scheduling sets Q = {(J}.

Step 1 Determining statistical eigen-direction

At the BS side

fori=1 to K do
n; =arg min(d, ), I =arg max (a,)

S, =S8, U{i}, G, =G, U{i}
end for
User i € U determines (n,”, [,) according to Egs. (6) to
(10)
Step 2 CQI feedback
fori=1 to K do
user i sends back CQI which is given by

|| hiwn,'.l,' || ’
MNO + Z || hiwl1,'7k || :

k=l

SINR!"""" = (11)

end for

Step 3 Selecting the first user

The BS selects user j who has the maximal SINR crite-
ria according to Eq. (12) and determines user cluster n;
and beam direction /;".

j=arg max(SINR;""""), 0 =QU {j} (12)
Step 4 Selecting other users
The BS selects other semi-orthogonal users from cluster
n;" according to Eq. (13).
for [=1to M do

Q=QU{m |7 =arg maxlog,(1 + SINR;""") }
1#1", G, ,#J

j o

(13)

end for
Finally, the BS allocates the transmit power uniformly
to \ (0] \ beams and performs communication.

3.2 Multi-beam selection with dual CQIs feedback
(MBS-DCF)

The MBS-SCF algorithm can reduce the limited feed-
back without reporting the PMI and requires low compu-
tational complexity at the user side. However, it also has
an obstacle. It is difficult to find a few simultaneous users
with semi-orthogonal channels in a small user pool. To
this end, we propose the MBS-DCF algorithm which se-
lects dual preferred statistical eigen-directions in different
clusters. At each timeslot,
CQIs corresponding to the dual preferred statistical eigen-
directions and feeds back the dual CQIs. This approach

the user calculates the dual
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will enhance the opportunity to exploit multiuser diversity
and multiplexing gain. We describe the details of the
MBS-DCF algorithm as follows.

Algorithm 2 MBS-DCF algorithm

Step 1 Determining statistical eigen-direction

At the BS side

fori=1to K do

form=1 to 2 do
n =arg ?151&1( d,

in,

). 1} :alrérzzx(a,)

v, = Wi\{ni* }
S, =8, Uli}, G, =G, U{i}
end for
end for

Similar to the BS side, each user determines dual (n;",
1').

Step 2 Dual CQIs feedback

fori=1to K do

user i sends back dual CQIs according to Eq. (11).

end for

Step 3 Selecting the first user

The BS selects user j who has the maximal SINR crite-
ria according to Eq. (12) and determines user cluster n;
and beam direction [;" .

Step 4 Selecting other users

The BS selects other semi-orthogonal users from cluster
n; according to Eq. (13).

Finally, the BS allocates the transmit power uniformly
to | 0| beams and performs communication.

3.3 Analysis of the number of scheduled beams

The proposed scheduling algorithms do not guarantee
whether there are always M scheduled users or scheduled
beams. As a result, the number of scheduled beams A be-
comes a random variable in [1, M]. In the following, we
analyze the probability function of A.

Let the random variable N, denote the number of users
who belong to the same cluster. The probability of N, =k
is given as

K
k

Pr[Nu:k]z( )P’;(l—Pu)H k=0,1,....,K (14)

where P is the probability that a user feeds back one of
the bases.
Given that k users are selected in the same cluster, the

probability that there is only one scheduled beam can be
calculated as

PrlA=1|N,=k] = (M)(l)k

1 J\M (15)

Given that k users are selected in the same base, the
probability that there are only two scheduled beams can
be calculated as

a2 o= (2] )T o

M k
where ( ) )(%) denotes the probability that at most two

beams are scheduled. The probability that only one of
these two beams is scheduled can be expressed as

2 J\1)]\ M
in the same base, the probability that exactly m beams out
of M available beams are scheduled can be calculated as

M\ (2 ¢
( )( )(L) . Similarly, given that k users are selected

Prl[A=m |N, =k] =
ﬁ(g) 2 (—1)”""(21);# m<min(M, k) (17)

Finally, combining Eq. (14) and Eq. (17), the probability
that exactly m beams are scheduled can be obtained as

Pr[A=m] = Y Pr[N,=kIPrf[A=m|N,=k] =

- K k K—kLM c m-p[T) &
% (- igln) 3 o)

k=1 p=l
(18)

4 Simulation Results

In order to compare the performance of the proposed
algorithms with the PU2RC scheme, the computer simu-
lations are carried out. We use the spatial channel model
(SCM)"™ to generate channels without considering path
loss and shadowing fading. The BS is equipped with the
ULA of four antennas and each user is equipped with a
single antenna. The transmit correlation is high in this

configuration in that the antenna spacing is set to A/y/3 at
the BS, which makes the users’ channel power concentrate
on the eigen-direction. We consider a sector of 120° and
the mean angles of departures ( AoDs) for the users are
generated independently in a range from 0° to 120°. The
four DFT matrices with N =4 and M =4 are predefined ac-
cording to Eq. (5) for both the BS and the users. Simula-
tion results are averaged over 100 drops with 1 000 channel
samples for every one of them, where one drop means that
the AoDs of all the K users are generated randomly.

Fig. 2 shows the normalized energy of the arbitrary
eight users in different eigen-directions after user cluste-
ring in the MBS-SCF algorithm. We observe that more
than 95% of the energy can be concentrated in one eigen-
direction and little energy is leaked in other eigen-direc-
tions. Therefore, the users belonging to the same cluster
and having different eigen-directions can be simultaneous-
ly scheduled to transmit data because the inter-user inter-
ference is ignored.

Fig. 3 shows the normalized energy of arbitrarily ran-
dom selected eight users in the main eigen-direction of
different clusters in the MBS-DCF algorithm. Compared
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with the preferred cluster, only the second largest normalized
energy in another cluster has the smallest gap, which some-
times is close to the best one. It can be explained that the
user always has two adjacent spatial eigen-directions. Based
on this observation, we select dual statistical eigen-directions
to improve multiuser diversity and multiplexing gains.

Fig. 4 demonstrates the average sum rate variations,
along with the number of users when the average SNR is
equal to 10 dB. The performance of the MBS-SCF algo-
rithm is nearly the same as that of the PU2RC scheme,
because the MBS-SCF algorithm only sends back the CQI
of the preferred statistical eigen-direction at each timeslot
while the PU2RC scheme feeds back the best PMI and the
corresponding CQI at each timeslot. The PU2RC scheme
can further mitigate the inter-user interference due to more
CSI feedbacks which can well track the instantaneous
channel. In addition, Fig.4 indicates that the MBS-DCF
algorithm rapidly boosts the average sum rate as the num-
ber of users increases and outperforms the PU2RC scheme
because the MBS-DCF algorithm can provide more op-
portunities to select well-matched users from more feed-
back information and can efficiently compensate for per-
formance degradation in the small user pool.

167
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--a— PU2RC scheme

- MBS-SCF
y. - MBS-DCF

Average sum rate/ ( bit- st Hz )

9 1 1 1 1 1 1 1 1 1 1
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Fig.4 Average sum rate vs. the number of users

In Fig.5, the average sum rate performance is evalua-
ted. When the average SNR is small and the number of
users is 20, the MBS-DCF algorithm outperforms the
PU2RC scheme while the MBS-SCF algorithm and the
PU2RC scheme have nearly equal average sum rates. As
the average SNR increases, the scenario is interference-
limited. Hence, the MBS-DCF algorithm has a higher
average sum rate than the PU2RC scheme by selecting
more beams with little inter-user interference. The MBS-
SCF algorithm has a slightly lower average sum rate than
the PU2RC scheme since the PU2RC scheme can acquire
more CSI to select well-matched users than the MBS-SCF
algorithm.

-s7le 1Y)
[\*)
S
T
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Fig.5 Average sum rate vs. average SNR

Tab. 1 demonstrates the probability comparison of m
selected beams for K users by the numerical results using
Eq. (18) and simulation results in the MBS-SCF algo-
rithm. Since the users exist in a cell uniformly, the spa-
tial direction distribution of the users is uniform. The
space domain is uniformly divided by the bases. Hence
P, is equal to 1/4. From the results, we can verify that
the numerical results using Eq. (18) well approximate the



Sun Qiang, Zhang Yuan, Jin Shi, and Gao Xiqi

simulation results. The probability of four scheduled
beams is very low in the small user pool, which implies
that this algorithm cannot make the best use of the spatial
multiplexing gains.

Tab. 2 demonstrates the probability comparison of m
selected beams for K users by the numerical results u-
sing Eq. (18) and the simulation results in the MBS-

DCEF algorithm. Since each user feeds back dual CQIs,

P, is equal to 1/2. From the results, we can verify that
the numerical results using Eq. (18) well approximate
the simulation results. Compared to Tab. 1, we ob-
serve that the probability of four selected beams in the
MBS-DCF algorithm is much higher than that in the
MBS-SCF algorithm,
pool.

especially in the small user

Tab.1 The probability of m selected beams for K users in MBS-SCF algorithm

1 beam 2 beams 3 beams 4 beams
I:fu Lr::: Numerical Simulation Numerical Simulation Numerical Simulation Numerical ~ Simulation
results results results results results results results results
10 0.276 3 0.209 0.4118 0. 425 0.2203 0. 300 0.035 4 0. 066
20 0. 050 2 0. 034 0.245 6 0.212 0.445 7 0. 444 0.2553 0.310
30 0.007 2 0. 005 0.086 7 0. 081 0.3815 0. 380 0.524 5 0.534
40 0. 000 9 0. 001 0.025 8 0.032 0.248 1 0.244 0.725 1 0.723
50 0. 000 1 0.000 0.007 2 0. 006 0.144 0 0. 145 0.848 7 0. 849
60 0.000 0 0.000 0.001 9 0. 002 0.079 3 0. 084 0.918 7 0.914
Tab.2 The probability of m selected beams for K users in MBS-DCF algorithm
Number 1 beam 2 beams 3 beams 4 beams
of users Numerical Simulation Numerical Simulation Numerical Simulation Numerical ~ Simulation
results results results results results results results results
10 0.0325 0.02 0.234 6 0.200 0.481 8 0. 490 0.250 2 0.272
20 0.000 3 0 0.018 0 0.016 0.239 8 0.238 0.741 9 0. 746
30 0 0 0.001 1 0 0.070 7 0. 098 0.928 2 0.902
40 0 0 0. 000 1 0 0.0190 0. 026 0.980 9 0.974
50 0 0 0 0 0.005 0 0. 006 0.995 0 0.99%4
60 0 0 0 0 0.001 3 0. 003 0.998 7 0.997

5 Conclusion

In this paper, we propose the MBS-SCF algorithm to
reduce feedback overhead and computational complexity
by exploiting the SCSI while maintaining nearly the same
sum rate performance as the conventional algorithm.
However, it is unlikely to find a few of the simultaneous
users with semi-orthogonal channels, especially, in a
small user pool. To this end, we propose the MBS-DCF
algorithm which sends back dual CQIs and increases the
opportunity to exploit multiuser diversity and multiplexing
gain. The simulation results show that the MBS-DCF al-
gorithm obviously outperforms the conventional PU2RC
scheme.
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