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SUMMARY  This paper proposes a low complexity scheduling for up-
link multi-user multiple-input-multiple-output (MU-MIMO) that takes an
approach of iterative heuristic search. The proposed scheduling randomly
selects some of all the users in a cell, and searches the best combination of
users in the possible combinations of the selected users for the MU-MIMO
communication. The proposed scheduling iterates the above user search,
while the best combination of the user is carried over to the user combination
search at the next iteration. The performance of the proposed scheduling is
evaluated in a three-dimensional wireless network by computer simulation.
Even though the proposed scheduling can be implemented with approxi-
mately 1% less complexity than the optimum scheduling which is regarded
as a representative of conventional techniques, the performance of the pro-
posed scheduling is shown to be near as superior as that of the optimum
scheduling.

key words: Multi-user multiple-input-multiple-output, scheduling,
throughput minimum mean square error (MMSE) filter, low complexity

1. Introduction

Network throughput has been demanded to raise in wire-
less access networks, for instance, the cellular networks
based on the third generation partnership project (3GPP) and
the IEEE 802.11 wireless local area networks (WLANS).
Many cutting edge technologies have been applied for in-
creasing network throughput. Among those technologies,
multi-input-multiple-output (MIMO) has been playing the
most important role in network throughput enhancement [1]—
[3]. Since MIMO spatial multiplexing can raise the trans-
mission speed of a wireless link in wireless networks by
increasing the number of antennas on the transmitter and
the receiver increases, many antennas have been installed
in wireless access networks. Especially, the Sth generation
cellular system (5G) applies lots of antennas on the base sta-
tion, which is called “Massive MIMO” [4]-[6]. For further
network throughput enhancement, multiuser MIMO (MU-
MIMO) has been considered, because MU-MIMO enables
to establish concurrent communications with several users
at the same time in the same frequency band [7], which mul-
tiplies the network throughput. User scheduling is known
to enable systems with MU-MIMO to exploit the user diver-
sity gain, which improves the transmission performance and
the network throughput [8], [9]. Because precoding is indis-
pensable in the downlink MU-MIMO, precoding has been
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investigated in conjunction with scheduling [10]-[12]. How-
ever, base stations have to collect channel state information
with all the users in most of those techniques. Because those
scheduling techniques impose not only the overhead to col-
lect channel state information but also complexity to select
the best combination in all the candidate combinations on the
base stations, the complexity and the overhead get quite high.
The complexity reduction techniques for scheduling have
been considered [13],[14]. Some of them take two-stage
scheduling approach to reduce the complexity. For instance,
users are divided into several user groups, and the best group
is selected at the first stage. In the second stage, the opti-
mum beamforming weight is searched among all the possible
beamforming weights in the group. Heuristic algorithms are
applied to the first stage for complexity reduction in some
of the conventional techniques. On the other hand, higher
frequency bands tend to be allocated to emerging wireless
systems. To compensate for severe attenuation of wireless
signals in such higher frequency bands, massive MIMO is
going to be introduced in such systems. The massive MIMO
causes user scheduling more complex [25]-[28]. To com-
bat with the difficult problem, new approaches, for instance,
application of machine learning, have been proposed [29]—
[31]. For the beyond 5th generation cellular system, a new
concept called “Cell-free radio access network (RAN)” has
been proposed [32], where users select base stations to con-
nect despite of a cell architecture of cellar systems. Because
MIMO is indispensable even in systems with the cell-free
RAN [33], user scheduling has also been investigated for
cell-free massive MIMO systems [34]. Since MU-MIMO
can be also implemented in the uplinks of wireless access
systems, scheduling for MU-MIMO in the uplinks has been
considered [15]-[19]. The greedy algorithm has been ap-
plied for the uplink MU-MIMO in the cellular system based
on the long term evolution (LTE)-A standard. A smart rou-
tine was applied to solve the optimum scheduling problem
with less computational complexity [19]. Moreover, uplink
scheduling techniques are extended to multi-cell wireless
networks [20]-[24].

This paper proposes a low complexity scheduling for
uplink MU-MIMO that takes an approach of iterative heuris-
tic search. We apply a utility function for the maximum sum
throughput, which helps us reduce the computational com-
plexity to select the users. The proposed scheduling requires
only several users to send short packets for the sounding,
and selects some promising users out of the users having
sent the sounding packets. The proposed scheduling iter-
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Fig.1  User Distribution Around Base Station

ates the above simple signal processing. The performance
is evaluated in 3-dimensional (3D) wireless networks which
are going to be provided in the next generation wireless com-
munication systems .

Throughout the paper, arg min [ f(n)] denotes a value

€B
of n included in a set B that minimizes a function f(n).
Superscript T and H indicate transpose and Hermitian trans-
pose of a matrix or a vector. In addition, A~! and tr[A]
denote inverse and a trace of a matrix A, respectively.

2. System Model

We assume an uplink of a wireless access system where
users with Nt antennas are scattered around a base station
with Nr antennas. Ny users are randomly moving in a cell
with the diameter dy € R where the base station is located at
the center. The system model is drawn in figure 1, which is
regarded as a single cell network. Though the user locations
are drawn in the 2-dimensional picture, we assume that the
user locations are also distributed in the vertical direction. In
fact, the users are located below the height of dy € R in the
cell. The user location is uniformly distributed in the 3D cell,
which causes that the injection angle of the signals received
at the base station is distributed not only in the horizontal
axis but also in the vertical axis. To cope with the received
signals, we apply a uniform planar array antenna with Ny
by Ny elements where Ny and Ny represent the number of

TWe hope that our proposed scheduling is applied to the beyond
5th generation (B5G) cellular system. Although the parameter
set of the B5G cellular system has not been determined yet, the
orthogonal frequency division multiplexing (OFDM) is expected
to be applied to the B5G cellular system. Moreover, many B5G test
beds have been implemented dedicated to three-dimensional cells.
We expect that the beyond 5th generation wireless communication
would be going to be provided in three-dimensional cells with the
air interface in the use of the OFDM. The performance is evaluated
in such communication environment.
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antenna elements in the vertical axis and in the horizontal
axis, respectively.

The information bit stream is encoded with an error
correction code and fed to a modulator via a bit interleaver.
The modulator output signals are divided into Nt streams
and every stream is provided to the inverse Fourier transform
(IFFT) for the OFDM. The IFFT output signal stream is emit-
ted from each antenna after the cyclic prefix (CP) is added as
a header of the IFFT output signals. While Ny users exist in
the 3D cell, the Np users are allowed to simultaneously send
their packets for the base station. Letx,(n) € CNT denote an
nth transmission signal vector in the packet sent from the pth
user, which is defined as x,, (1) = (xp,0 (1) - Xp, Ny-1 (n))T
where x,, ,, (n) € C denotes a transmission signal sent from
the mth antenna of the pth user at time index n, a signal
vector received at the base station is represented as,

Np—1 N--1

v = > > Ty () xyn—)+n(n) (1

p=0 i=0

In (1), N; € Z, y(n) € C™, n(n) € C*, and T, (i) €
CNrXNT denote a channel impulse response length, areceived
signal vector at the base station, an additive white Gaussian
noise (AWGN) vector, and a channel matrix of the ith path
between the base station and the pth user. As is described
above, since we use a uniform planar array antennas at the
base station, the channel matrix T, (i) is defined as,

T, (i) =V (¢,(0) @ H(0,(0)) hp(i). (2)

In (2), V (¢) and H () represent array steering vectors in the
vertical axis and in the horizontal axis, respectively, where
¢ € R and 0 € R represent an injection angle of an input
signal in the vertical axis and that in the horizontal axis. In
addition, ®, h, (i), ¢, (i), and 6, (i) denote the operator of
the Kronecker’s product, a complex channel gain of the ith
path from the pth user, injection angles of the ith path from
the pth user in the vertical axis and in the horizontal axis,
respectively. On the other hand, let Dy € R, Dy € R, and
A € R denote antenna spacing in the vertical axis and in the
horizontal axis, and a wavelength of the carrier signal, the
array steering vectors V (6) and H () are defined as follows.

vie =1 .e—jznmv—l)%sin((«a)))T

H(Q) = (1 .e—j2ﬂ(NH—1)%cos((€)))T )

The received signal vector is fed to the fast Fourier transform
(FFT) after the CP is removed. Let Ng € Z indicate an FFT
point, the FFT output signal vector z(m) € C® is described
as,

Ng-1

) = = ) Ve P

F =0

Np-1

DTy, (m) Xp(m) + 1 (m)
p=0
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= TQ() (m) XQO (m) +n (m) . (4)

T, (m) € CNNt_ x . (m) € CM, and f(m) € CM
in (3) represent an mth frequency response matrix in
the channel between the base station and the pth user,
an mth frequency spectrum of the transmission sig-
nals sent from the pth user, and the mth instantaneous
spectrum of the AWGN vector in the mth subcarrier,

which are defined as T, (m) = TNo7'T), (i) e 27N

. Np—1 —j2mm .
X, (m) = _\/IIW SoE Xy (e Ne . and n(m) =
Ne-1

1 —j2n 5t .
e 2oto m(n)e F, respectively.
To, (m) € CNRXNtNe and X (m) € CNT™P represent a
composite frequency response matrix and a composite trans-

mission s'ignal vector.in the mth_ subcarrier, whiph are de-
fined as Tq, (m) = (To (m) - - - Tnp-1 (m)) and Xq, (m) =

In addition,

T
(Xo(m)T C X Np-1 (m)T) where Qg indicates a user combi-

nation index. The received signal z(m) is provided for the
frequency response matrix estimation, called “sounding”.
The sounding period precedes the signal detection period in
the proposed scheduling.

A minimum mean square error (MMSE) filter is ap-
plied for the signal detection for the proposed scheduling
being practical. As is well-known, the MMSE filter can de-
tect the Ng signal streams with high detection performance.
When every user sends Nt streams without any precoding,
the number of those users should be limited to Ng = %—i
This implies that the number of the users sending the sig-
nal simultaneously during the sounding period is possibly
different from that during the detection period.

Let Q indicate an index of a user combination, the
MMSE filter Wq, (m) € CN®*NR for the user combination

in the mth subcarrier is defined as,

-1

s s H 20’2 e
WQk (m) = T.Qk (m) TQk (m) + ?I T.Qk (m) . (5)
D

In (5), 02, 02, I € RVMR and Tq, (m) € CNRXNTNs de-
note a single side band noise spectrum density, power of
the modulation symbols, the Ng-dimensional identity ma-
trix, and an estimated composite response matrix in the mth
subcarrier between the base station and the users. The signal
detection is carried out as,

Xo, = Wo, (m)"z(m), (6)

where Xg, € CMN? denotes an estimate of the composite
transmission signal vector in the mth subcarrier, XQO (m).
Since the scheduling has to select the best combination of
the users among all the possible combinations of the users,
the scheduling gets seriously complex as the number of the
users Ny increases.

This paper proposes a scheduling technique to find sub-
optimum combination of the users with small computational
complexity, which is presented in the following section.

3. Low Complexity Scheduling

While all the users send their packets for the base station to
estimate the frequency response matrices with all of them
in the optimum scheduling, only Np users are randomly se-
lected to send the packets for the sounding in the proposed
scheduling, because the base station has no knowledge about
the frequency response with the users. Since packets usually
convey some control bits, only a part of all the subcarriers
are occupied by pilot signals for the channel estimation. The
base station carries out the channel estimation for the subcar-
riers conveying the pilot signals. In the proposed scheduling,
the least square channel estimation is applied, which is sum-
marized as follows.

(a) Channel estimation is performed only for the subcarri-
ers conveying the pilot signals.

(b) Channel impulse responses in the time domain are es-
timated by means of the IFFT from the frequency re-
sponses estimated in (a).

(c) Frequency response for all the subcarriers are obtained
through the FFT from the channel impulse responses
estimated in (b).

On the other hand, we apply a utility function for maximizing
the sum throughput. In other words, the scheduler searches
the best combination of the users that maximizes the sum
throughput. The sum throughput maximization can be ap-
proximately achieved by selecting the user combination that
maximizes the sum of the signal to interference and noise
power ratio (SINR) at the subcarriers . Besides, when the
MMSE filter is used for the signal detection, the desired sig-
nal is amplified to the desired signal level as far as the SINR
is high enough ", We can only focus on the noise in the
output from the MMSE filter for evaluating the SINR. In ad-
dition, because the MMSE filter is expected to orthogonalize
the output signals, the sum throughput maximization can be
approximately achieved by selecting the user combination
that minimizes the sum of the noise power of the MMSE
output signals.

Let an estimated composite frequency response matrix
in the mth subcarrier be denoted by T, (m) € CNRXNtNs
the proposed scheduling searches the best combination of
the users as follows.

"The adaptive modulation and channel coding (AMC) enables
wireless systems to achieve near capacity based on the SINR or the
SNR, which has been shown, for instance, in [39].

¥ Because the desired signal level is not amplified to the desired
signal level when the SINR is low, the average desired signal power
is affected by the low SINR channel. The average SINR might
not be exactly evaluated by only the MMSE output noise power.
Besides, if the SINR in a channel with the base station and a user is
that low enough, the MMSE filter outputs huge noise power. When
such a user is included in a combination of users, the combination
gets the sum of the noise power so high. The combination of users
including such a user can’t be selected by the proposed scheduling.
Hence, we don’t need to take care of such a user or such a channel.



Np-1 2 -1
s s 20
To, (m) To, (m)" + —-1
m=0 D

Q (n) = arg min |tr
QkEBC(n)

N

In (7), Q (n) and indicates the best combination of the users
at the nth round, which is defined below. In addition, B¢,
represents a set accommodating the indexes of the possible
user combinations, B,y = {Qx| k=0, -+ ,Np+ng Cng — 1}
at the nth round 7.

Since the Np users are not probably the optimum from
the view point of the transmission performance, the proposed
scheduling repeats the channel estimation and the best user
combination selection many rounds, where one sequence of
the channel estimation and the user combination selection
is regarded as signal processing a round. Actually, the pro-
posed scheduling iterates the sequence with a procedure de-
scribed below, many rounds, for improving the transmission
performance.

The user indexes searched in (7) are stored in the user
set By(n+1). In addition to those, the indexes of the Np users
sending their packets at the n + 1 round are also stored in the
user set By(+1), which increases the entries of the set By (+1)
to Np+Ns. For the search in (7) at the n+1 round, the Ng user
indexes out of the Np+ Ng indexes are grouped in a candidate
combination index. Since the Np+ Ns user indexes are stored
in the user set By(n+1), np+NsCng candidate indexes can be
generated, and all of them are stored in Bc(,+1), Which is
applied to the search in (7) at the n + 1 round. Finally, the
proposed scheduler outputs the user combination searched
at the final round for the signal detection. The proposed
scheduling is summarized as follows.

® The sounding period starts with n = 0.

Q The Np users are allowed to send their packets simulta-
neously.

Q The base station estimates the frequency response ma-
trix T), (m) from the received signal vector, and they
are stored in the set Br(y).

@ As the users’ indexes are stored in the set By(y), any Ns

user indexes in the By(,) are grouped into a candidate

combination index, all of which are stored in the set

BC(n)-

The best combination is searched based on (7), which

minimizes the sum of the noise power.

The user indexes in the best combination are stored in

the set By(n+1)-

Return to the step @ with n = n+ 1 until the final round.

The sounding period ends and the detection period

starts.

The combination of the users searched at the final round

is output from the proposed scheduler, and the users in

the combination are allowed to send the packet.

@ The MMSE filter is generated by picking up the fre-
quency response matrices of the scheduler output user

e @9 & o

TThe number of the entries in the set Bc(n) is clearly explained
when the proposed scheduling is summarized afterwards.
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Fig.2  Multi Round Packet Transmission

indexes from the set Nt(y,,) for the signal detection.
0 The signal detection is performed with the MMSE filter.

The sequence from @ to @ is regarded as signal processing
a round in the sounding period. However, to achieve better
performance with the same complexity, the Np + Ng users
are allowed to simultaneously send their packets at the initial
round, because the set By () is null before the initial round.
The repetitive sounding packets transmission in the proposed
scheduling is named “Multi round packet transmission” in
this paper, which is illustrated in figure 2. The horizontal
axis and the vertical axis are the user index and the round
number, respectively. This is an example of Np = 3, Ng = 2,
and Ny = 9. The 1st, 4th, 6th, 7th, and 9th users are
permitted to send the packets at the initial round, i.e., Oth
round (n = 0). The 1st and 6th users are selected by the
procedure in (7). The shaded blocks mean the packets that
are not selected. The selected user indexes, i.e., 1st and 6th
user indexes, are carried over to the next round by storing
them in the set By(1). The box with the broken line edges
means a packet carried over from the previous round. While
the 2md, Sth, and 9th users send their packets, only the
combination of the 5th and 6th users is selected among the
5C, combinations, and the other user indexes are discarded
at the 1st round. Those signal transmission and the selection
are repeated up to the final round of the Nyith round. As a
result, the combination of the 6th and 8th users is selected,
which is scheduled to communicate with the base station.

As the number of the rounds is increased, the sounding
period becomes longer, which is regarded as overhead of
the proposed scheduling. As is explained later, if the value
of Np is increased, the proposed scheduling achieves higher
transmission performance improvement with small number
of the rounds, which could reduce the overhead. However,
the increase in the value of Np causes the computational
complexity higher. In other words, the overhead can be
reduced at the cost of the computational complexity. This
means that there is a trade-off between the performance and
the complexity.
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Table 1  Simulation Parameters
Multicarrier transmission OFDM
The carrier frequency f 4 GHz
The number of subcarriers, Ng 64
Subcarriers conveying pilot signals 8kth subcarrier, k =0, ..7
The number of the round Ny 10
The number of antennas on a terminal and a base station, (N, Nr) (2, 6)
The BS planar array antenna configuration and spacing, ( Ny, Nv, dp, dy) (3,2,0.5,0.5)
The height of the antennas on the base station, dpg 6m
Antenna spacing (dy, dy) (%, %)

NLOS channel model

4-path Rayleigh fading

LOS channel model

Rice fading with K -factor of 5 dB

Cell size, dy 100 m
The maximum height of the users, dy 10 m
The number of users sending the packet per round, Np 6
The number of the users to select, Ng 3
The number of all users, Ny 66
The normalized maximum Doppler frequency, /T 23x107°

4. Simulation

The performance of the proposed scheduling is confirmed by
computer simulations in a 3D cellular system where many
terminals try to communicate with a base station in a cell .
While the base station is located at the height of 6 meters,
the user location is distributed uniformly in the 3D cell. The
channel model depends on the height of the users. When
the users are located higher than the base station, because
the line of sight (LOS) signal can arrive at the base station,
the instantaneous signal fading is modeled as the rice fading.
That channel is called “LOS channel”. Otherwise, the in-
stantaneous signal fading is reduced to the Rayleigh fading
based on Jakes’ model [38], because the LOS signal from
the user is difficult to arrive at the base station. That channel
is called “NLOS channel”. The path loss models are also
dependent on the height of the users. The following path
loss models are applied to the LOS channel and the NLOS
channel in the performance evaluation [35]-[37] 7.

d
~0.6 (hyg — 1.5) [dB] ®)

d
Lios =251og;q (d_o) +201log,, (f) [dB] )

In (8) and (9), f € R, d € R, LnrLos, and Ly ps represent
carrier frequency, distance between the base station and one
of the users, path loss in dB for the NLOS channel and that for
the LOS channel, respectively. In addition, dy € R indicates

TThe communication environment is illustrated in Fig. 1, even
though the figure is drawn as the two dimensional picture. Actually,
only one cell is taken into account in the performance evaluation.
As is written in Table 1, the scenario is similar as that in urban-
macro cells.

T The path loss models are borrowed from the research on chan-
nel propagation for a small cell in an urban micro-street canyon
scenario and a macro scenario, because we assume that the pro-
posed scheduling is applied to the urban macro cell.

distance from the base station, at which the average energy
per bit to noise density ratio (Ey/Np) is defined, instead of
defining the transmission power and the noise figure. The
average Ey/Ny is set to 10 dB at the distance dy of 10 m.
We apply two types of user distributions to the performance
evaluations. The one is that all the users are located below
the base station, which means that the channels between all
the users and the base station are modeled as the NLOS
channels. The other is that some of the users are located
above the base station and the other users are below the
base station, which channel is described as a (LOS a%,
NLOS 100 — @ %) channel in this paper. On the other hand,
we evaluate the performance of the optimum scheduling as
a reference, which is one of conventional scheduling 7.
Simulation parameters are listed in Table 1 77T,

4.1 SNR Distribution

The performance of the proposed scheduling is confirmed in
terms of the SNR in Fig. 3. This figure shows a cumulative
distribution function (CDF) of the SNR defined in every sub-
carrier. All the channels are modeled as the NLOS channels.
In the figure, the proposed scheduling with the rounds of
0, 5, 10 are compared with that of the optimum scheduling.
The performance of the random scheduling is added for com-
parison. The SNR performance is improved as the number

1 Since the optimum scheduling is regarded as a representative
of conventional scheduling as described in Sec. 1, the performance
of the proposed scheduling is compared with that of the optimum
scheduling in this paper.

T We are not sure if the parameter setting is applied to the B5G
cellular system. Among the parameters, the value of Np plays
a crucial role in the proposed scheduling. The value of Np can
be determined independently of the other parameters. However,
while higher transmission performance improvement is achieved
with small number of the rounds as the value of Np is raised, the
complexity of the proposed scheduling is increased. This paper
puts a priority on the complexity. We select the value so as to make
the complexity of the proposed scheduling much less complex. The
optimization of the value is one of our future works.



of the rounds increases. The proposed scheduling with the
10 rounds achieves the performance only 3dB inferior to the
optimum scheduling.

Fig. 4 shows the performance of the proposed schedul-
ing in the (LOS 20 % and NLOS 80 %) channel. The perfor-
mances of the random scheduling and the optimum schedul-
ing are added for comparison in the figure. Obviously, the
proposed scheduling achieves better SNR performance than
the random scheduling. Similar as the performance in Fig. 3,
the performance of the proposed scheduling comes close to
that of the optimum scheduling as the number of the rounds
increases. The proposed scheduling with the 10 rounds is
only 2dB inferior to the optimum scheduling at the CDF of
1072,

The performance in Fig. 4 is better than that in Fig. 3,
which means that the performance can be improved as the
percentage of the LOS channels is increased. The perfor-
mance can be understood as follows. NLOS channels atten-
uates transmission signals more severely than LOS channels,
because the path loss model of NLOS channel is different
from that of LOS channel. In fact, the path loss models writ-
ten in (8) and (9) are used in the performance evaluation..
Since the users are located randomly in the cell, the received
signal power is attenuated with higher probability as the per-
centage of the NLOS channels increases. This causes the
performance gap between the NLOS channels and the LOS
channels. Fig. 5 confirms the performance where the SNR
is evaluated with respect to the percentage of the LOS chan-
nels. The CDF of the SNR is shown in the figure when the
percentage of the LOS is changed from 0 % (NLOS channel)
to 100 % (complete LOS channel). As is inferred in the
previous observation, the performance is improved as the

percentage of the LOS channels increases.

4.2 Complexity

Fig. 6 shows the complexity of the proposed scheduling with
respect to the number of the rounds. In the figure, the com-
plexity is evaluated in terms of the number of the complex
multiplications needed for the proposed scheduling. The
complexity of the optimum scheduling is also added in the
figure. Since the optimum scheduling is regarded as a rep-
resentative of conventional scheduling, the figure compares
the proposed scheduling with the conventional scheduling
in terms of the computational complexity. Although the
complexity of the proposed scheduling is increasing in pro-
portion to the number of the rounds, the complexity is much
less than that of the optimum scheduling as long as the num-
ber of the rounds is less than 10. In fact, the complexity of
the proposed scheduling with the 10 rounds is approximately
ﬁ as much as that of the optimum scheduling. Since the
optimum scheduling collects all the frequency response ma-
trices and searches the best combination of the users among
all the combinations, i.e., n,Cpn combinations, with the
brute force search technique, the complexity is quite high.
On the other hand, although the proposed scheduling applies
the brute force technique to search the best combination,
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the number of the possible combinations a round is reduced
to Ng+NpCng. This is the reason why the complexity of
the proposed scheduling is much less than that of the op-
timum scheduling, even if the proposed scheduling iterates
the searches many rounds.

5. Conclusion

This paper proposes a low complexity scheduling for uplink
MU-MIMO that takes an approach of iterative heuristic user
selection. If a sequence of a random user selection, channel
estimation, and the best user combination search is defined
as a round, the proposed scheduling iterates the round many
times. Actually, the user indexes in the best combination at
a round are carried over to the next round. The proposed
scheduling selects the users from the carried over users and
some of all the users every round, assuming that an MMSE
filter is used for the signal detection.

The performance of the proposed scheduling is evalu-
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ated by computer simulations in a 3D cell where the user
location is distributed uniformly in the cell. When the num-
ber of the users with 2 antennas is 66 and only the base
station with 6 antennas exists in the center of the cell at the
height of 6 m, the proposed scheduling achieves the perfor-
mance only 2 dB inferior to the optimum scheduling in the
3D cell where some of the users are located above the base
station. However, the complexity of the proposed schedul-
ing is approximately ﬁ as much as that of the optimum
scheduling.
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