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PAPER
Phase Selection in Round-Robin Scheduling Sequence for
Distributed Antenna System

Go OTSURU†a), Student Member and Yukitoshi SANADA†b), Fellow

SUMMARY One of key technologies in the fifth generation mobile
communications is a distributed antenna system (DAS). As DAS creates
tightly packed antenna arrangements, inter-user interference degrades its
spectrum efficiency. Round-robin (RR) scheduling is known as a scheme
that achieves a good trade-off between computational complexity and spec-
trum efficiency. This paper proposes a user equipment (UE) allocation
scheme for RR scheduling. The proposed scheme offers low complexity
as the phase of UE allocation sequences are predetermined. Four different
phase selection criteria are compared in this paper. Numerical results ob-
tained through computer simulation show that maximum selection, which
sequentially searches for the phase with the maximum tentative throughput
realizes the best spectrum efficiency next to full search. There is an op-
timum number of UEs which obtains the largest throughput in single-user
allocation while the system throughput improves as the number of UEs
increases in 2-user RR scheduling.
key words: distributed antenna system, round-robin scheduling

1. Introduction

Recently, smartphones and tablet computers are widely used
all over the world. Therefore, the amount of mobile traf-
fic has increased explosively [1]. In addition, the Internet
of Things (IoT) applications are gaining a lot of attention.
The specifications in the fifth generation mobile commu-
nication system (5G) were determined in order to provide
reliable wireless connections to those devices [1]. The spec-
trum efficiency of the 5G system must at least triple that
of the previous generation [2]. Distributed antenna systems
(DAS) have been investigated for achieving such high spec-
trum efficiency since they improve efficiency as the number
of antennas increases [3], [4].

Moreover, channel conditions between user equipmets
(UEs) and base stations vary independently. Therefore, spec-
trum efficiency also depends on the allocation of UEs and the
selection of serving antennas [5]. In [6] and [7] scheduling
schemes for a DAS based cellular system have been investi-
gated. The research in [6] has demonstrated a UE allocation
scheme with a dedicated hardware. In this research, each
antenna selects a UE that achieves the highest throughput.
The iteration of UE selection enables the system through-
put to be close to the optimum. In [7], Max-C/I schedul-
ing, proportional fair (PF) scheduling, and round-robin (RR)
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scheduling are compared. RR scheduling is less complex,
but it can match the throughput and fairness of PF schedul-
ing. However, in this research no UE allocation sequence in
RR scheduling is taken into account.

This paper proposes a UE allocation scheme for the RR
scheduling in the DAS. The proposal is intended for user in
limited areas such as the those in factories [8], [9]. Thus,
for low complexity, the proposed scheme sequentially de-
termines UE allocation over multiple cells with distributed
antennas (DAs) and it selects only the phase of the prede-
termined UE allocation sequence in each macro cell. Four
different phase selection criteria are compared in this paper.
The performance of the RR scheduling for allocating two
users was presented in [10]. This paper evaluates the perfor-
mance of the proposed scheme in detail and compares the
tendencies of system throughputs in one user and two user
allocation cases.

This paper is organized as follows. Section 2 describes
the system model and the scheduling schemes. Section 3
explains simulation conditions. Numerical results obtained
through computer simulation are then presented. Section 4
gives our conclusions.

2. System Description

2.1 Cell Model

A hexagonal seven-cell model shown in Fig. 1 is assumed.

Fig. 1 Cell model with DAS.
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One macro cell consists of seven micro cells and each DA is
placed at the center of eachmicro cell. The number of DAs in
each macro cell is NA = 7. All DAs are connected to a cen-
tral unit (CU). Interference only from adjacent macro cells
is assumed to be known to the CU. Also, RR scheduling
is adopted in an orthogonal frequency division multiplex-
ing (OFDM) system for the allocation of UEs over resource
blocks (RBs). Within the macro cell multiple UEs can be
assigned to each RB and served by multiple DAs.

2.1.1 RR Scheduling

Suppose that the number of users in a macro cell is NU and
the number of users allocated to each RB is NS , the total
number of UE combinations is NU CNS . The RR scheduling
allocates UEs according to a UE allocation sequence with
the length of NU CNS .

2.1.2 Antenna Selection

Each UE is connected by one of the DAs that can realize the
highest throughput at each RB as shown in Fig. 2. This is
represented by a coefficient, Pr

nm. Pr
nm for the m-th DA to

the n-th UE in the r-th RB is given as

Pr
nm =




1 (m = mr
n)

0 (m , mr
n)

(1)

where mr
n is the selected DA corresponding to the n-th UE

in the r-th RB. Thus, the signal for the n-th UE in the r-th
RB is transmitted only from the mr

n-th antenna. The transmit
signal to the n-th UE in the l-th subcarrier of the r-th RB
is represented by xrln (krln ), where krln (0 ≤ krln ≤ Kr

n − 1)
is the constellation point index of the symbol and Kr

n is the
modulation order for the n-th UE in the r-th RB.

Assuming that the RR scheduling with the phase of δ
is applied, the received signal for the ν-th UE is given by

yrlν = hrlνmν

√
Pr
νmν

xrlν (krln ) +

NA∑
m=1

∑
n∈{µrδ },n,ν

hrlnm
√

Pr
nmxrln (krln ) + zrlν (2)

where hrlνmν
is the channel response between the m-th DA

and the n-th UE, zrlν is the additive white Gaussian noise

Fig. 2 Signal and interference.

(AWGN) with a mean of zero and a variance of σ2 on the
l-th subcarrier of the r-th RB, and {µrδ } is the set of NS UE
indexes allocated to the r-th RB based on the RR scheduling
sequence with the initial phase of δ. The details of the RR
scheduling is explained in Sect. 2.2.

The throughput for the ν-th UE in the l-th subcarrier of
the r-th RB is calculated with as

T̂rl
ν (δ,mr

ν ) = log2
*.
,
1 +

Pr
nm∑NA

m=1
∑

n∈{µrδ },n,ν
Pr
nm + σ2

+/
-
(3)

This is the tentative throughput for antenna allocation with-
out taking inter-cell interference into account as it is deter-
mined after the allocation of DAs to UEs in the adjacent
cells. The sum of the throughputs over the subcarriers and
the allocated UEs in the r-th RB, T̂r

sum(δ,mr
1, · · · ,m

r
NS

), is
then given by

T̂r
sum(δ,mr

1, · · · ,m
r
NS

) =
∑
l∈{lr }

∑
n∈{µrδ }

T̂rl
n (δ,mr

n) (4)

where {lr } is the set of subcarrier indexes in the r-th RB.
The DAs are selected for NS UEs to maximize the total
throughput, T̂r

sum(δ,mr
1, · · · ,m

r
NS

). This is described as

{mr
1, · · · ,m

r
NS
} = arg max

m̂r
1 , · · · ,m̂

r
NS

Tr
sum(δ, m̂r

1, · · · , m̂
r
NS

)

(5)

where m̂r
n is the antenna index allocated to the n-th UE in

the r-th RB.

2.1.3 Throughput Calculation

Different from the tentative throughput, interference from
other macro cells is included in the evaluation of the system
throughput. The throughput for the ν-th UE in the l-th
subcarrier of the r-th RB corresponding to the phase of δ,
Trl
ν (δ,mr

ν ), is given by

Trl
ν (δ,mr

ν ) = log2
*.
,
1 +

Pr
nm∑NA

m=1
∑

n∈{µrδ },n,ν
Pr
nm + η

rl
ν

2
+/
-

(6)

where ηrlν is the sum of the noise and the interference from
the outer macro cells to the ν-th UE in the l-th subcarrier
of the r-th RB. The total sum of the throughputs over the
subcarriers and the allocated UEs in the r-th RB at the c-th
macro cell, Tc (δc), is given by

Tc (δ) =
∑
r

∑
l∈{lr }

∑
n∈{µrδc }

Trl
n (δc,mr

n). (7)

Therefore, the system throughput over sevenmacro cells nor-
malized by the number of the macro cells and the subcarriers
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Fig. 3 Order of sequential RR scheduling.

Table 1 UE allocation sequence.
UE allocated to RB

Phase UE 1 UE 2 · · · UE NS

0 1 2 · · · NS

1 1 2 · · · NS + 1
.
.
.

.

.

.
.
.
.

. . .
.
.
.

NU CNS
− 1 NU − NS + 1 NU − NS + 2 · · · NU

is given as

T =
1
7
·

1
NSC

7∑
c=1

Tc (δc) (8)

where NSC is the number of the subcarriers.

2.2 Proposed RR Scheduling

The proposed RR scheduling selects the phase of the UE
allocation sequence. The phase selection is carried out in
each macro cell sequentially over multiple macro cells. The
order of the sequential phase selection is shown in Fig. 3.

In order to improve the system throughput with the
proposed RR scheduling, the initial phase is determined in
one of the seven macro cells at each timeslot. The initial
phases of seven macro cells are then renewed over seven
timeslots and the interval of seven timeslots is here called
as a period. For all the RBs during each timeslot, UEs
are allocated based on the sequence with the initial phase.
An example of the UE allocation sequence is presented in
Table 1. The numbers in the columns of UE n is the UE index
allocated as the n-th user. The UEs allocated to the RBs are
determined by consecutively extracting the UE indexes from
the table in the ascending order of the phase and the initial
phase is selected according to the system throughput. The
phase index returns to the top if it reaches the bottom of the
table.

2.2.1 Throughput Estimation

Suppose that the expected throughput for the ν-th UE in the
l-th subcarrier of the r-th RB corresponding to the initial
phase, δ, is represented as T̄rl

ν (δ,mr
ν ). The total sum of the

expected throughput over all the UEs and the subcarriers of

the RBs for the c-th macro cell is calculated from Eq. (6) and
is given by

T̄c (δc) =
∑
r

∑
l∈{lr }

∑
n∈{µδc }

T̄rl
n (δc,mr

n). (9)

The expected system throughput corresponding to the set of
the initial phases, {δc }, over the macro cells is then given by

T̄ (δ1, · · · , δ7) =
7∑

c=1
T̄c (δc). (10)

In this paper, four different criteria to the expected
throughputs are applied in the initial phase selection.

2.2.2 Full Search

Full search calculates all the combinations of the initial
phases over the sevenmacro cells. Since the length of the UE
allocation sequence is NU CNS , the number of combinations
in seven macro cells is (NU CNS )7.

2.2.3 Random Selection

Random selection selects the initial phases in all the macro
cells randomly and sequentially. Therefore, no throughput
is estimated over all the periods.

2.2.4 Maximum Selection

For low complexity, the proposed scheme selects the phases
of the UE allocation sequence over multiple macro cells
sequentially and it is repeated iteratively. Suppose that t
is the time index and δ̂(t)

c is the phase selected in the c-th
macro cell at the t-th time index, the sum of the tentative
throughputs given by the selection of the initial phase at the
c-th macro cell, T̄ (δ̂(t)

1 , · · · , δ̂(t)
c−1, δ̂c, δ̂

(t−1)
c+1 , · · · , δ̂

(t−1)
7 ), is

calculated from Eq. (10) for all of δc (0 ≤ δc ≤ NU CNS −1).
The maximum selection selects the phase with the largest
expected throughput. The maximum selection is defined as

δ̂(t)
c = arg max

δ̂c

T̄ (δ̂(t)
1 , · · · , δ̂(t)

c−1, δ̂c, δ̂
(t−1)
c+1 , · · · , δ̂

(t−1)
7 ).

(11)

Since this criterion selects the phase sequentially, the system
throughput may fall into a local optimum. The throughput
estimation is conducted 7(NU CNS ) times at each period.

2.2.5 Selection with Gibbs Sampling

The selection with Gibbs sampling uses the expected
throughput, T̄ (δ̂(t)

1 , · · · , δ̂(t)
c−1, δ̂c, δ̂

(t−1)
c+1 , · · · , δ̂

(t−1)
7 ), corre-

sponding to the set of the phases, {δc }. The probability
of selecting the phase, δ̂c , in the c-th macro cell is given by

P(δ̂c)
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Table 2 Simulation conditions.
Cell layout Hexagonal 7-cell model
Inter-antenna distance 50, 100, 150, 200m
Minimum distance
between UE and DA 5m

Height of antennas 10m
Height of UEs 1.5m
System bandwidth 4.32MHz
RB bandwidth 180 kHz
Number of RBs 24
Number of subcarriers per RB 12
Transmit power 30 dBm

Distance dependent path loss 140.7 + 36.7 log10 (R) dB
R:Distance (km)

Shadowing standard deviation 8 dB

Channel model

Intersite cell:
One-path Rician
From outer cell:
Six-path Rayleigh

Receiver noise density −174 dB/Hz

Allocation Single-user allocation
2-user allocation

Number of UEs per macro cell 3, 5, 10, 15, 20
Temperature coefficient K 100, 1000, 10000

=
exp (T̄ (δ̂(t)

1 , · · · , δ̂(t)
c−1, δ̂c, δ̂

(t−1)
c+1 , · · · , δ̂

(t−1)
7 )/K )∑NU

CNS
−1

δ̂c=0
exp (T̄ (δ̂(t)

1 , · · · , δ̂(t)
c−1, δ̂c, δ̂

(t−1)
c+1 , · · · , δ̂

(t−1)
7 )/K )

(12)

where K is the temperature coefficient. If K is large, this
criterion tends to perform as random selection. If K is
small, this criterion works similarly as maximum selection.
The throughput estimation is carried out 7(NU CNS ) times at
each period.

The advantage of applying Gibbs sampling is that there
is a certain probability that the search result may escape from
a local optimum even if the search falls into it and the set of
the phases approaches the global optimum.

3. Numerical Results

3.1 Simulation Conditions

The hexagonal 7-cell model is assumed as a cell layout. The
inter-antenna distance is selected from 50, 100, 150, or 200
meters as 256QAMsignalswith less than 50MHz bandwidth
can be transported over a LAN cable by up to 200 meters
[11]. The height of the DAs is 10 meters and the height of
the UEs is 1.5 meters. The system bandwidth is 4.32MHz
and the RB bandwidth is 180 kHz. The number of RBs is 24
and the number of subacarriers per RB is 12. The transmit
power per a antenna is set to 30 dBm. The decay coefficient
of the propagation loss is 36.7. The shadowing deviation is
8 dB. An one-path Rician fading channel model is assumed
for intra cell and a six-path Rayleigh fading channel with an
exponential decay profile is assumed for interference from
outer cells. The root-mean-square (RMS) delay spread is
seto to 1 µs. The receiver noise density is set to −174 dB/Hz.
A single-user allocation (NS = 1) and a 2-user allocation

(NS = 2) are evaluated. The number of UEs per macro cell
is 3, 5, 10, 15, or 20. The temperature coefficient, K , is set
as 100, 1000, or 10000. The average system throughput per
subcarrier per cell is evaluated for different phase selection
criteria unless it is specified.

To measure the effect of temperature coefficient, the se-
lection probability of the phase versus the estimated relative
throughput is evaluated. The estimated relative throughput
with the initial phase, δ̂c , in the c-th macro cell is given by

R(δ̂c)

=
T̄ (δ̂(t)

1 , · · · , δ̂(t)
c−1, δ̂c, δ̂

(t−1)
c+1 , · · · , δ̂

(t−1)
7 )/K∑NU

CNS
−1

δ̂c=0
T̄ (δ̂(t)

1 , · · · , δ̂(t)
c−1, δ̂c, δ̂

(t−1)
c+1 , · · · , δ̂

(t−1)
7 )/K

.

(13)

3.2 Single-User RR Scheduling

3.2.1 Number of Search Iterations

The system throughput characteristics with single-user RR
scheduling versus the number of search iterations are pre-
sented in Figs. 4 and 5. The number of UEs are 3 or 10
and the inter-antenna distance is 100 meters. The system
throughput for the full search is included in Fig. 4. The max-
imum selection achieves the largest throughput except the
full search. The system throughput for the maximum selec-
tion reaches 99% of that for the optimum system throughput
even the number of search iterations is small. This im-
plies that not many local optimums exist in the search space.
Therefore, the system throughput for the Gibbs sampling
with the smaller temperature parameters is larger. The sys-
tem throughput of the random selection is equivalent with
those of the Gibbs sampling with K = 100 and K = 1000.
The average phase selection probability in the Gibbs sam-
pling versus the estimated relative throughput is presented in
Fig. 6. The number of UEs is 10, the inter-antenna distance
is 100 meters, and the number of search iterations is 22. In
single-user RR scheduling, the number of combinations for
the initial phases is equivalent to the number of UEs and each
criterion for the phase selection picks up the initial phases
from the candidates of the initial phases. The Gibbs sam-
pling with K = 1000 or K = 10000 selects the initial phase
almost randomly while the Gibbs sampling with K = 100
tends to select the initial phases with higher throughputs.

The cumulative distribution function (CDF) of the sys-
tem throughput is shown in Fig. 7. The figure indicates that
themaximum selection is also superior to the other criteria in
terms of 5%-CDF throughput. Maximum selection achieves
higher throughput than the others criteria including the selec-
tion with Gibbs sampling. The CDF of the user throughput is
shown in Fig. 8. The users with the best throughput and with
the worst throughput among five users are presented in the
figure. Maximum selection achieves superior performance
as compared to the other selection criteria for both user cases.
Gibbs sampling is able to escape from a local optimum and
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Fig. 4 System throughput vs. no. of search iterations (single-user RR
scheduling, NU = 3, inter-antenna distance 100m).

Fig. 5 System throughput vs. no. of search iterations (single-user RR
scheduling, NU = 10, inter-antenna distance 100m).

the selection with Gibbs sampling tends to indicate superior
performance. However, in the assumed system, the local op-
timum rarely exists and the throughput difference between
the optimum and the local optimum is small. The ratio of
the local optimums is 0.62% among all the combinations.
The CDF of the throughput difference between the optimum
when NS = 3 and the local optimum is shown in Fig. 9.
The search result hardly falls into the local optimum and the
throughput difference is small even if the search falls into
it. Consequently, maximum selection outperforms the other
criteria.

3.2.2 Effect of Number of UEs

In single-user RR scheduling, the system throughput char-
acteristics versus the number of users are shown in Fig. 10.
The number of search iterations is 14 and the inter-antenna
distance is 100 meters. If the number of UEs increases from
3 to 15, the system throughput increases. If the number of
UEs increases from 15 to 20, the system throughput deteri-

Fig. 6 Average phase selection probability vs. relative throughput (single-
user RR scheduling, NU = 10, 22 search iterations, inter-antenna distance
100m).

Fig. 7 CDF of throughput(single-user RR scheduling, NU = 10, 14
search iterations, inter-antenna distance 100m).

orates. The reason is that the allocated UEs over all the RBs
includes more versatile combinations if the number of UEs
increases. Therefore, it is harder to assign better combina-
tions of the UEs over the macro cells just by selecting the
initial phase of the sequences.

3.2.3 Effect of Inter-Antenna Distance

The system throughput versus the inter-antenna distance is
shown in Fig. 11. The number of UEs is 10 and the num-
ber of search iterations is 14. If the inter-antenna distance
is longer, the system throughput improves. This is because
the interference from the outer macro cells decreases owing
to the propagation loss. When the inter-antenna distance
changes from 150 meters to 200 meters, almost the same
system throughput is maintained. Thus, the inter-cell in-
terference is not significant if the inter-antenna distance is
larger. However, the distance between the DA and the UE
also increases and the received signal power reduces. Thus,
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Fig. 8 CDF of user throughput(single-user RR scheduling, NU = 5, 14
search iterations, inter-antenna distance 100m).

Fig. 9 CDF of difference between optimum and local optimum (single-
user RR scheduling, NU = 3, inter-antenna distance 100m).

less improvement in the system throughput is observed.

3.3 2-User RR Scheduling

3.3.1 Number of Search Iterations

The system throughput versus the number of search iterations
for 2-user RR scheduling is shown in Figs. 12 and 13. The
number ofUEs is 3 or 10 and the inter-antenna distance is 100
meters. The same as the system throughput in single-user
RR scheduling the maximum selection indicates the largest
throughput and it reaches 99.5% of that for the full search
as shown in Fig. 12. As for the system throughput with the
Gibbs sampling the same tendencies can be observed with
those in single-user RR scheduling. The system throughput
for the Gibbs sampling with the smaller temperature param-
eter is larger. The average phase selection probability in the
Gibbs sampling versus the estimated relative throughput is
presented in Fig. 14. The number of UEs is 10, the inter-
antenna distance is 100 meters, and the number of search

Fig. 10 System throughput vs. no. of users (single-user RR scheduling,
14 search iterations, inter-antenna distance 100m).

Fig. 11 System throughput vs. inter-antenna distance (single-user RR
scheduling, NU = 10, 14 search iterations).

iterations is 22. In 2-user RR scheduling, the number of
combinations for the initial phases is 10C2 and each criterion
for the phase selection picks up the initial phases from the
candidates of the initial phases. The Gibbs sampling with
K = 1000 or K = 10000 selects the initial phase almost
randomly while the Gibbs sampling with K = 100 tends to
select the initial phases with higher throughputs.

The CDF of the system throughput is shown in Fig. 15.
The figure indicates that the maximum selection is also su-
perior to the other criteria in terms of 5%-CDF through-
put. Maximum selection achieves higher throughput than the
others criteria including the selection with Gibbs sampling.
The CDF of the user throughput is shown in Fig. 16. The
users with the best throughput and with the worst through-
put among five users are presented in the figure. Different
from single-user allocation, maximum selection shows the
equivalent performance as compared to the other selection
criteria for the worst throughput user while it realizes supe-
rior performance for the best throughput user. Therefore, the
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Fig. 12 System throughput vs. no. of search iterations (2-user RR
scheduling, NU = 3, inter-antenna distance 100m).

Fig. 13 System throughput vs. no. of search iterations (2-user RR
scheduling, NU = 10, inter-antenna distance 100m).

fairness among users deteriorates. Gibbs sampling is able to
escape from a local optimum and the selection with Gibbs
sampling tends to indicate superior performance. However,
in the assumed system, the local optimum rarely exists and
the throughput difference between the optimum and the local
optimum is small. The ratio of the local optimums is 0.50%
among all the combinations. The CDF of the throughput dif-
ference between the optimum and the local optimum when
NS = 3 is shown in Fig. 17. The search result hardly falls
into the local optimum and the throughput difference is small
even if the search falls into it. Consequently, maximum se-
lection outperforms the other criteria.

3.3.2 Effect of Number of UEs

In 2-user RR scheduling, the system throughput versus the
number of UEs are presented in Fig. 18. The number of
the search iterations is 14 and the inter-antenna distance is
100 meters. Different from those in single-user RR schedul-
ing, the system throughput increases as the number of UEs

Fig. 14 Average phase selection probability vs. relative throughput
(single-user RR scheduling, NU = 10, 22 search iterations, inter-antenna
distance 100m).

Fig. 15 CDF of throughput(2-user RR scheduling, NU = 10, 14 search
iterations, inter-antenna distance 100m).

grows. This is because of the UE allocation sequence given
in Table 1. In 2-user RR scheduling, the same UE index is
allocated as UE 1 consecutively. Therefore, by selecting the
initial phase of the sequence, the same UE can be allocated
to the consecutive RBs and it is more possible to find better
combinations of UEs over the macro cells and all the RBs.

3.3.3 Effect of Inter-Antenna Distance

The system throughput versus the inter-antenna distance is
shown in Fig. 19. The number of UEs is 10 and the number
or the search iterations is 14. If the inter-antenna distance
is longer, the system throughput improves. The reason is
that the interference from other macro cells decreases owing
to the propagation loss as the inter-antenna distance is long.
Different from those in single-user RR scheduling, when
the inter-antenna distance changes from 150 meters to 200
meters, the system throughput still increases. In 2-user RR
scheduling, the intra-cell interference among the DAs as well
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Fig. 16 CDF of user throughput(2-user RR scheduling, NU = 5, 14
search iterations, inter-antenna distance 100m).

Fig. 17 CDF of difference between optimum and local optimum (2-user
RR scheduling, NU = 3, inter-antenna distance 100m).

as inter-cell interference reduces if the inter-antenna distance
increases and the system throughput improves.

4. Conclusions

In this paper, theUE allocation scheme for the RR scheduling
is proposed. The proposed scheme selects the initial phases
of the UE allocation sequence over the macro cells sequen-
tially. Four different phase selection criteria are compared in
this paper. It has been shown through numerical results that
the maximum selection achieves the largest throughputs and
it reaches over 99% of that for the optimum selection when
the number of UEs is three. There is an optimum number
of UEs which obtains the largest throughput in single-user
allocation while the system throughput improves as the num-
ber of UEs increases in 2-user RR scheduling. The system
throughput improves as the inter-antenna distance increases
especially in 2-user RR scheduling.

Fig. 18 System throughput vs. no. of users (2-user RR scheduling, 14
search iterations, inter-antenna distance 100m).

Fig. 19 System throughput vs. inter-antenna distance (2-user RR schedul-
ing, NU = 10, 14 search iterations).
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