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PAPER
Decentralized Probabilistic Frequency-Block Activation Control
Method of Base Stations for Inter-cell Interference Coordination
and Traffic Load Balancing∗

Fumiya ISHIKAWA†, Student Member, Keiki SHIMADA†, Nonmember, Yoshihisa KISHIYAMA††,
and Kenichi HIGUCHI†a), Senior Members

SUMMARY In this paper, we propose a decentralized probabilistic
frequency-block activation control method for the cellular downlink. The
aim of the proposed method is to increase the downlink system throughput
within the system coverage by adaptively controlling the individual activa-
tion of each frequency block at all base stations (BSs) to achieve inter-cell
interference coordination (ICIC) and traffic load balancing. The proposed
method does not rely on complicated inter-BS cooperation. It uses only
the inter-BS information exchange regarding the observed system through-
put levels with the neighboring BSs. Based on the shared temporal system
throughput information, each BS independently controls online the activa-
tion of their respective frequency blocks in a probabilistic manner, which
autonomously achieves ICIC and load balancing among BSs. Simulation
results show that the proposed method achieves greater system through-
put and a faster convergence rate than the conventional online probabilistic
activation/deactivation control method. We also show that the proposed
method successfully tracks dynamic changes in the user distribution gener-
ated due to mobility.
key words: heterogeneous networks, probabilistic activation control,
transmission power control

1. Introduction

In the 5th generation mobile communication system [1]–[3],
in order to actualize high capacity at low cost, heteroge-
neous networks [4], [5] in which low-transmission-power
pico-base stations (BSs) are overlaid onto the coverage area
of a high-transmission-power macro-BS are considered to
be an essential component. However, the use of an exces-
sively large number of pico-BSs may cause severe inter-cell
interference. Therefore, appropriate activation of each pico-
BS depending on the user or traffic load distribution within
the system coverage is important in order to achieve full sys-
tem performance.

In [6], heuristic BS activation/deactivation methods
were proposed. These methods turn off lightly-loaded BSs.

Manuscript received October 28, 2019.
Manuscript revised February 25, 2020.
Manuscript publicized April 2, 2020.
†The authors are with the Department of Electrical Engineer-

ing, Graduate School of Science and Technology, Tokyo University
of Science, Noda-shi, 278-8510 Japan.
††The author is with NTT DOCOMO, INC., Yokosuka-shi, 239-

8536 Japan.
∗The material in this paper was presented in part at the

IEEE 90th Vehicular Technology Conference, Honolulu, U.S.A.,
September 2019.

a) E-mail: higuchik@rs.tus.ac.jp
DOI: 10.1587/transcom.2019EBT0006

However, in reality, the users connected to the deactivated
BSs should be handed over to other neighboring BSs in
order to guarantee the quality of service (QoS) of these
users. Thus, the activation/deactivation control of a cer-
tain BS (cell) affects the performance of the neighboring
cells. These BS activation/deactivation methods are insuffi-
cient since the above issue is not fully taken into account. In
[7] and [8], probabilistic BS activation/deactivation control
methods were proposed. These methods effectively achieve
optimal BS activation/deactivation control taking into ac-
count the coupled performance among cells caused by the
activation/deactivation control of individual BSs. However,
they require the prior knowledge of probability distributions
of the user locations or the traffic load of the entire system
coverage, which is in reality very difficult to achieve.

Members of our research group have recently reported
a method for the online probabilistic activation/deactivation
control of pico-BSs (picocells) in heterogeneous networks
[9], [10]. We focus on the maximization of the system
throughput. The reported method does not rely on a pri-
ori knowledge of probability distributions of user locations
or the traffic load of the entire system coverage. Therefore,
complicated inter-BS cooperation and measurement at the
user terminals are not necessary. This also enables the on-
line activation/deactivation control of pico-BSs that track
the changes in user/traffic distribution within the system
coverage. The reported method requires only a single metric
to be exchanged among BSs, which is the system through-
put measured at each cell. The reported method adaptively
controls the activation probability of each pico-BS individ-
ually using an iterative algorithm, depending on the time
variation in the system throughput and the temporal acti-
vation/deactivation states of each BS. In the following, the
method in [10] is referred to as the conventional method.

In order to improve the convergence rate and stability
after convergence in the iterative algorithm of the conven-
tional method, the range in inter-BS information exchange
regarding the observed system throughput is investigated in
[11]. Appropriately limiting the range in inter-BS informa-
tion exchange regarding the local system throughput is ben-
eficial in reducing undesirable control when updating the
activation probability of a particular BS based on the sys-
tem throughput observed far away from that BS, which is
effectively not related to the activation/deactivation state of
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that BS. Hereafter, this approach is referred to as the limited
range in inter-BS information exchange (LRIE). Further-
more, an adaptive step size control (ASSC) that updates the
activation probability was investigated in [12]. The ASSC
brings about improvement in the convergence rate of the it-
erative algorithm and increases the system throughput after
convergence.

In this paper, we propose a novel frequency block-
dependent online probabilistic activation control for BSs
in heterogeneous networks. In the proposed method, the
overall system bandwidth is divided into multiple frequency
blocks. The proposed method independently performs ac-
tivation control on a per frequency block basis at each
BS based on the temporal variation of the observed sys-
tem throughput similar to the conventional method in [10].
By performing the frequency block-dependent activation
control, we can increase the granularity of the activa-
tion/deactivation control and achieve an inter-cell interfer-
ence coordination (ICIC) effect [13] in addition to the over-
all reduction in inter-cell interference. The concept of us-
ing multiple frequency blocks has been used in several ICIC
methods such as fractional frequency reuse [14]. The pro-
posed method in this paper is a practical method that acti-
vates/deactivates multiple frequency blocks of all BSs in a
decentralized way by only relying on the inter-BS system-
throughput information exchange. The proposed method
achieves online activation control that tracks the dynamic
fluctuation in the user position over time and achieves ICIC
and traffic load balancing. This is the difference that sets the
proposed method apart from existing work using multiple
frequency blocks.

In the proposed method, the higher granularity in the
activation/deactivation control may result in a longer con-
vergence time. To address this problem, we propose a
method in which the number of activated frequency blocks
is controlled in a probabilistic manner in addition to the con-
trol in activation probability of each frequency block. Fur-
thermore, the concepts behind the LRIE and ASSC are in-
tegrated into the proposed method. We note that our initial
investigations on the contents of this paper are presented in
[15] and [16]. This paper is an enhanced version of [16] with
more detailed evaluation and discussions. Computer simu-
lation results, in which the mobility of the user terminals is
taken into account, show the effectiveness of the proposed
method.

The remainder of the paper is organized as follows.
Section 2 describes the system model. Then, Sect. 3 presents
the conventional method including the LRIE and ASSC.
Section 4 presents the proposed method. Section 5 presents
numerical results on computer simulations. Finally, Sect. 6
concludes the paper.

2. System Model

The set of all BSs in the system is denoted as NBS. The set
of macro-BSs in the system is denoted as Nmacro, while the
set of pico-BSs in the system is denoted as Npico (Npico =

NBS\Nmacro). In Sect. 5, we evaluate two frequency reuse
schemes between macro- and pico-BSs. The first one as-
sumes that the same frequency is used at both macro- and
pico-BSs and the second one assumes that different frequen-
cies are applied to macro- and pico-BSs. In both cases, we
assume the same overall bandwidth per BS, wtot, for simplic-
ity. The overall system frequency bandwidth is divided into
multiple frequency blocks, and the set of frequency blocks
in the system is denoted as F . The bandwidths of all fre-
quency blocks are assumed to be equally set to wtot/|F |.
The transmission power densities of the macro- and pico-
BSs are denoted as pmacro and ppico, respectively. The trans-
mission power density of BS n is denoted as pn. When
n ∈ Nmacro, pn = pmacro, while when n ∈ Npico, pn = ppico.
The set of users in the system is denoted as K . Hereafter,
the unit of discrete time, t, is set as the transmission ac-
tivation/deactivation control cycle. The user association is
assumed to be updated at every t based on the cell range
expansion (CRE) method [17] depending on the activation
states of all BSs at all frequency blocks. The set of users
served by BS n at time t is denoted as Kn[t]. The BS index
to which user k is connected at time t is denoted as nk[t].
The received signal-to-interference-plus-noise ratio (SINR)
of user k in frequency block f at time t is denoted as γk, f [t],
which is dependent on the channel conditions between user
k and all (serving and interfering) BSs, activation states of
all BSs, and frequency reuse strategy between macro- and
pico-BSs.

Assuming that user k is allocated a fraction of the
frequency bandwidth, wk, f [t], of the respective frequency
blocks f from BS nk[t] at time t, the throughput of user k
at time t, ck[t], is represented as

ck[t] =
∑
f∈F

wk, f [t] log2(1 + γk, f [t]). (1)

In this paper, we define the system throughput based
on proportional fairness [18]; thus, the system throughput
is defined by the geometric mean user throughput, which
is equivalent to the log-sum of the user throughput. Pro-
portional fairness is widely used in actual systems since it
achieves a good tradeoff between the spectrum efficiency
and fairness among users. The system throughput observed
at each BS n, Cn[t], is represented as

Cn[t] =

 ∏
k∈Kn[t]

ck[t]

1/|Kn[t]|

. (2)

In this paper, we assume orthogonal multiple ac-
cess, since orthogonal frequency division multiple access
(OFDMA) is used in LTE and LTE-Advanced and is as-
sumed as a baseline in the 5th generation mobile commu-
nication system. From [19], the optimum bandwidth alloca-
tion to user k at each frequency block f of BS nk[t], wk, f [t],
that maximizes Cn[t] is represented as
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w∗k, f [t] = max

0,
1
µ f
−

∑
i∈F \{ f }

w∗k,i[t] log2(1 + γk,i[t])

log2(1 + γk, f [t])

 ,
(3)

where Lagrangian multiplier µ f is determined to satisfy the
following equation.

∑
k∈Kn[t]

w∗k, f [t] = wtot/|F |. (4)

3. Conventional Method and LRIE/ASSC

3.1 Conventional Method

The conventional method in [10] activates or deactivates all
the frequency blocks simultaneously at each BS. In other
words, |F | is set to one in the conventional method. The
purpose of the activation/deactivation control in the conven-
tional method is to reduce the inter-cell interference power
by deactivating unnecessary BSs in order to increase the sys-
tem throughput. Since the conventional method controls the
activation/deactivation state iteratively and independently at
each pico-BS, we will describe hereafter the control at a cer-
tain pico-BS n.

The system throughput within the system coverage ob-
served at discrete time t is denoted as C̄[t]. We assume that
C̄[t] is shared by all BSs in the system using the inter-BS
information exchange via the backhaul. At time t, the acti-
vation probability of pico-BS n is denoted as qn[t], whose
control is the purpose of the conventional method. To sim-
plify the description of the proposed method, we denote the
activated and deactivated states as ‘1’ and ‘0’, respectively.
The activation/deactivation state of pico-BS n at time t is
represented by sn[t] ∈ {1, 0}. Based on the observation of
the system throughput at time t − 1 and t, the change in the
system throughput from time t − 1 to t, ∆C̄[t], is calculated
as

∆C̄[t] =
C̄[t] − C̄[t − 1]

C̄[t]
. (5)

In the conventional method, qn[t] is updated by the fol-
lowing equation based on ∆C̄[t] and sn[t].

qn[t + 1] = qn[t] +ε · sign(∆C̄[t]) · (sn[t]− sn[t−1]). (6)

Term ε is a small positive constant that corresponds to the
step size when updating qn[t]. Term qn[t + 1] is calculated
using (6). However, when qn[t + 1] reaches 1.0 or 0.0, the
activation/deactivation states of BS n are fixed after t + 1.
To avoid this, the upper and lower limits of qn[t] are limited
to 1 − ρ and ρ, respectively. Term ρ is a sufficiently small
positive number.

Updating qn[t] based on (6) means that when the ac-
tivation/deactivation states of pico-BS n change from time
t − 1 to t (thus, sn[t] , sn[t − 1]) and system throughput C̄

is increased from t − 1 to t (thus, ∆C̄[t] > 0), qn[t] is up-
dated so that state sn[t] is retained with high probability at
time t + 1. That is, if pico-BS n is activated at time t (thus,
if sn[t] is 1), qn[t + 1] is increased by ε from qn[t]. If pico-
BS n is deactivated at time t (thus, if sn[t] is 0), qn[t + 1] is
decreased by ε from qn[t]. When system throughput C̄ is de-
creased from t−1 to t (thus, ∆C̄[t] < 0), the opposite control
is performed on qn[t] so that state sn[t] tends to change with
high probability at time t + 1. When sn[t] = sn[t − 1], thus
when the activation/deactivation states of pico-BS n did not
change from time t − 1 to t, qn[t + 1] remains as qn[t] since
the value of ∆C̄[t] is considered to be unrelated to the cur-
rent activation/deactivation state of pico-BS n.

Then, the activation or deactivation of the respective
pico-BSs at time t + 1 is decided in a probabilistic manner
using qn[t + 1]. The user association is re-performed among
macro-BSs and the activated pico-BSs based on the deter-
mined activation/deactivation states of all the BSs. By re-
peating this process over time, activation/deactivation con-
trol of all BSs capable of increasing system throughput C̄
for a given distribution of user terminals is achieved.

3.2 LRIE

The reason why the system throughput information of
neighboring BSs is used at each pico-BS n in updating qn[t]
is to take into account the impact of the activation states of
that BS on the performance of neighboring BSs since the
inter-cell interference and traffic load balancing are depen-
dent on it. However, an excessively wide range in inter-BS
information exchange may increase the amount of traffic in
the backhaul and the activation/deactivation control delay.
Furthermore, in the conventional method, updating the ac-
tivation probability of a particular BS based on the system
throughput observed far away from that BS, which is effec-
tively not related to the activation/deactivation state of that
BS, may result in undesirable control.

The LRIE appropriately limits the range in inter-BS
information exchange regarding local system throughput.
Pico-BS n shares the system throughput values among
neighboring BSs within a range of distances, R. The set of
BSs that inform its observed system throughput to pico-BS
n is denoted asN (n)

BS . The system throughput at time t that is
obtained at pico-BS n using inter-BS information exchange,
C̄n[t], is represented as

C̄n[t] =

 ∏
m∈N (n)

BS∪{n}

∏
k∈Km[t]

ck[t]


1/

∑
m∈N(n)

BS∪{n}
|Km[t]|

=

 ∏
m∈N (n)

BS∪{n}

Cm[t]|Km[t]|


1/

∑
m∈N(n)

BS∪{n}
|Km[t]|

. (7)

To calculate C̄n[t], each BS m shares Cm[t] and |Km[t]| lev-
els (only two scalar numbers) with neighboring BSs through
the backhaul at each time t using inter-BS information ex-
change. Assuming a uniform distribution of BSs, the re-
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quired amount of inter-BS exchange information is inversely
proportional to R2. The conventional method employing the
LRIE uses C̄n[t] instead of C̄[t] in the control of qn[t] at
pico-BS n. Please refer to [11] to view more detailed dis-
cussions and quantitative evaluation results.

3.3 ASSC

As described above, in the conventional method in [10], the
step size in updating activation probability qn[t] is fixed at
±ε regardless of the time variation in system throughput
level C̄[t] or C̄n[t] when the LRIE is applied. However, it
is considered that both the convergence rate and the stabil-
ity after convergence of the iterative algorithm in the con-
ventional method can be improved by updating qn[t] with a
larger step size when the absolute value of ∆C̄[t] or ∆C̄n[t]
is large, and updating qn[t] with a smaller step size when the
absolute value of ∆C̄[t] or ∆C̄n[t] is small. Therefore, the
ASSC in [12] for the conventional method uses the follow-
ing formula instead of (6) for updating qn[t].

qn[t + 1] = qn[t] + ε · ∆C̄[t] · (sn[t] − sn[t − 1]). (8)

When the LRIE is applied, ∆C̄[t] is replaced by ∆C̄n[t] in
(8). In (8), the effective step size in updating qn[t] is ε·∆C̄[t].
The ASSC aims at improving both the convergence rate of
the iterative algorithm and increasing the system throughput
after convergence by adaptively changing the step size in
updating the activation probability depending on the time
variation in the system throughput levels.

4. Proposed Method

In the proposed method, the overall system bandwidth is
divided into multiple frequency blocks; thus, |F | is set to
greater than one. The proposed method independently per-
forms activation control on a per frequency block basis at
each BS. By performing the frequency block-dependent ac-
tivation control, we can increase the granularity of the ac-
tivation/deactivation control and achieve an ICIC effect in
addition to the overall reduction in inter-cell interference.

A straightforward way to perform frequency block-
dependent activation control is to apply the conventional
method described in Sect. 3.1 to each frequency block in-
dependently. However, the higher granularity in the acti-
vation/deactivation control may result in a longer conver-
gence time. To address this problem, we propose a method
in which the number of activated frequency blocks is con-
trolled in a probabilistic manner in addition to the control in
activation probability of each frequency block.

The proposed method performs activation control at
each pico-BS n based on C̄[t] or C̄n[t] similar to the conven-
tional method. In the following description, assuming that
the proposed method is conducted with the LRIE, C̄n[t] is
used for the proposed activation control. We note that the re-
quired amount of inter-BS exchange information in the pro-
posed method is not dependent on the number of frequency
blocks, since the proposed method shares only the system

throughput levels per BS among neighboring BSs via the
inter-BS information exchange, which is the same as in the
method in [10], and the amount of inter-BS exchange infor-
mation is not a function of the number of frequency blocks.
The proposed method is a decentralized approach and we
describe below the control at a certain pico-BS n of interest.

The proposed method defines parameter bn,m[t], which
represents the probability that the number of activated fre-
quency blocks of pico-BS n is m at time t. The proposed
method also defines parameter qn, f [t], which is the rela-
tive probability that frequency block f of pico-BS n is acti-
vated at time t. The proposed method independently updates
bn,m[t] and qn, f [t] at each pico-BS n based on the time varia-
tion of local system throughput C̄n[t] and activation states of
pico-BS n at each frequency block f during the same time
instances.

The activation/deactivation state of frequency block f
in pico-BS n at time t is represented by sn, f [t] ∈ {1, 0}. The
number of frequency blocks of pico-BS n that are activated
at time t is represented as mn[t]. In the proposed method,
the time range of the system observations used for activa-
tion/deactivation control is assumed to be T time slots.

At time t, C̃n,m[t], which is the linear-weighted average
of the system throughput when m frequency blocks of pico-
BS n are activated over the past T discrete time, is calculated
at pico-BS n. Term C̃n,m[t] is represented as

C̃n,m[t] =

i=t∑
i=t−T+1,mn[i]=m

(T − t + i)C̄n[i]

i=t∑
i=t−T+1,mn[i]=m

(T − t + i)

. (9)

The proposed method updates bn,m[t] according to the
{C̃n,m[t]} values for all m using the following equation.

bn,m[t + 1] =


bn,m[t] + εb[t], m = mmax[t]
bn,m[t] + εb[t]/β, m = mmax[t] ± 1
bn,m[t] − εb[t], m = mmin[t]
bn,m[t] − εb[t]/β, m = mmin[t] ± 1
bn,m[t], Otherwise

. (10)

mmax[t] = arg max
m

C̃n,m[t],mmin[t] = arg min
m

C̃n,m[t].

Here, control step size εb[t] is represented as

εb[t] =
C̃n,mmax[t][t] − C̃n,mmin[t][t](

C̃n,mmax[t][t] + C̃n,mmin[t][t]
)
/2
ε1. (11)

Term ε1 is a small positive constant that corresponds to the
unit step size. We note that the minimum and maximum
values of bn,m[t] are limited to ρ and 1 − ρ, respectively,
where ρ is a small positive constant to avoid bn,m[t] being
fixed to 0 or 1. Term β is a constant greater than 1. Thus,
by increasing bn,m[t] with m, which obtains the highest sys-
tem throughput in the past T time, and decreasing bn,m[t]
with m, which obtains the minimum system throughput, we
can expect that mn[t + 1] becomes a more appropriate value
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from the viewpoint of the increase in the system through-
put. The reason why bn,m[t] in the vicinity of the best or
worst m is also updated with the smaller step size of εb[t]/β
is to improve the convergence rate of the iterative algorithm.
Control step size εb[t] in (11) includes the ASSC concept.
That is, we aim at improving the convergence rate of the
iterative algorithm and increasing the system throughput af-
ter convergence by adaptively changing the step size when
updating the activation probability depending on the time
variation in the system throughput levels.

Pico-BS n also calculates C̃ON
n, f [t] and C̃OFF

n, f [t], which
are the average system throughput levels when frequency
block f of pico-BS n is activated or deactivated, respec-
tively, during the past T discrete time. C̃ON

n, f [t] and C̃OFF
n, f [t]

are given as

C̃ON
n, f [t] =

∑i=t

i=t−T+1
(T − t + i)sn, f [i]C̄n[i]∑i=t

i=t−T+1
(T − t + i)sn, f [i]

C̃OFF
n, f [t] =

∑i=t

i=t−T+1
(T − t + i)(1 − sn, f [i])C̄n[i]∑i=t

i=t−T+1
(T − t + i)(1 − sn, f [i])

. (12)

The proposed method updates qn, f [t] based on C̃ON
n, f [t]

and C̃OFF
n, f [t] using the following equation.

qn, f [t + 1] = qn, f [t] +
C̃ON

n, f [t] − C̃OFF
n, f [t](

C̃ON
n, f [t] + C̃OFF

n, f [t]
)
/2
ε2. (13)

Term ε2 is a small positive constant that corresponds to the
unit step size. We note that the minimum and maximum
values of qn, f [t] are limited to ρ and 1 − ρ, respectively.
Thus, qn, f [t] of the frequency block with which the sys-
tem throughput has increased when activated over the past
T time is increased; otherwise, it is decreased. The updating
of qn, f [t] using (13) also utilizes the ASSC concept.

At the next time, t + 1, the number of frequency blocks
of pico-BS n to be activated, mn[t + 1], is determined in a
probabilistic manner based on the updated {bn,m[t + 1]} for
all m. Next, mn[t + 1] frequency blocks to be activated are
determined based on {qn, f [t + 1]} for all f in a probabilistic
manner. BS association of all users is updated based on the
determined activation/deactivation states of all the BSs. By
repeating this process over time, the activation/deactivation
control is actualized for all frequency blocks of all the BSs
to achieve the ICIC effect and traffic load balancing adapted
to the BS and user distribution.

Regarding throughput averaging interval T in the pro-
posed method, we can expect that a longer T is beneficial
for a faster convergence rate. This is because the undesir-
able impact of the transition of activation/deactivation states
of other pico-BSs on the control of the activation probabil-
ity is mitigated by the averaging of the system throughput
observed over the longer past time duration. However, in
a realistic dynamic user mobility environment, the use of
an excessively long T may result in a reduction in system

throughput due to the degraded tracking ability of the pro-
posed activation control against the user mobility.

5. Numerical Results

5.1 Simulation Assumptions

Table 1 gives the simulation parameters. The system band-
width of all BSs is set to wtot = 9 MHz. We basically assume
that different frequency bands are allocated to macro- and
pico-BSs. However, as shown later in Fig. 7, the case where
the same frequency band is shared by macro- and pico-BSs
is also tested. The macro-BSs, pico-BSs, and user terminals
are placed at random locations within a wrap-around 5 × 5-
square kilometer system coverage area based on the Poisson
point process (PPP). The node densities of the macro-BSs,
pico-BSs, and user terminals are set to 1, Dpico, and 30 per
square kilometer, respectively. Density Dpico is parameter-
ized in the following evaluations. The transmission power
levels of the macro- and pico-BSs are 46 dBm and 30 dBm,
respectively. OFDMA is assumed as the multiple access
scheme. Omni-directional antennas with the antenna gain of
14 dBi are assumed for both macro- and pico-BSs for sim-
plicity. As the propagation model, distance-dependent path
loss and lognormally distributed random shadowing are as-
sumed with the parameters given in Table 1. The receiver
noise power density of the user terminals including the noise
figure is set to −165 dBm/Hz. The CRE method [17] is used
for user association. The user throughput is calculated based
on the Shannon formula. Note that the transmission power
of the BS, which does not temporally serve any user termi-
nal as a result of the user association process, is assumed to
be lowered to the 10% level of its maximum transmission
power since the data channel is not transmitted (10% is for
transmitting reference signals, the broadcast channel, etc.).
As the system throughput, we use the geometric mean user
throughput.

In the proposed method, the number of frequency
blocks, F = |F |, is parameterized from 1 to 5. The range
in inter-BS information exchange, R, is set to 1.3 km and
1.0 km for static and dynamic user mobility environments,

Table 1 Simulation parameters.
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respectively. Parameters ε1 and ε2 are set to 0.3 and 1.0, re-
spectively, except for Fig. 7 where both ε1 and ε2 are set to
1.0. Term β is set to |F |. Parameter ρ is set to 0.01. These
parameter settings are experimentally determined based on
a pre-performed computer simulation so that the system
throughput is increased the most. In the following evalu-
ation, in addition to the proposed method with the LRIE and
ASSC, the conventional method and proposed method with-
out the LRIE and ASSC are evaluated for comparison.

5.2 Simulation Results

First, we show the operational tendency of the activation
control for each frequency block in the proposed method.
Figure 1 shows an example of the geometrical distribution
of each node where a 1 × 1-square kilometer area from the
entire 5 × 5-square kilometer system coverage is shown for
visibility. Figure 2 shows the controlled qn, f values of the
proposed method after convergence in each frequency block
of each BS. We assume that the number of frequency blocks,
F, is three in this evaluation. The node densities of the
macro-BSs, pico-BSs, and user terminals are set to 0, 5, and
20 per square kilometer, respectively, only in this evaluation
for the sake of clarity of the figure. Figures 1 and 2 show
that since relatively many user terminals are distributed in
the upper right region, qn, f of the pico-BS in that region,
e.g., pico-BS 6, is controlled to be a relatively high value.

Fig. 1 Example of node arrangement.

Fig. 2 Probability qn, f of each BS in Fig. 1.

The qn, f value of the pico-BS located in the region where
the number of user terminals is relatively low, e.g., pico-BS
3, is controlled to be low. Furthermore, there is a tendency
that neighboring BSs tend to have high qn, f values at dif-
ferent frequency blocks, and that BSs that are distant from
each other tend to have high qn, f values in the same fre-
quency block. So it is understood that the proposed method
autonomously obtains the ICIC effect.

Figure 3 shows the system throughput as a function of
the number of iterations in the iterative algorithm of the ac-
tivation/deactivation control. Density Dpico is 20. In the
proposed method, F and T are set to 3 and 10, respec-
tively. The proposed and conventional activation controls
achieve higher system throughput than the case without ac-
tivation control. The proposed method achieves greater sys-
tem throughput than the conventional method. This is be-
cause the granularity in the activation/deactivation control
and ICIC effect for a given distribution of BSs and user ter-
minals is increased. The convergence rate and stability after
convergence of the proposed method are enhanced using the
LRIE and ASSC. This is because the LRIE reduces the un-
desirable control in updating the activation probability of a
particular BS based on the system throughput observed far
away from that BS, which is effectively not related to the ac-
tivation/deactivation state of that BS. The ASSC further im-
proves the convergence rate and stability after convergence.

Figure 4 shows the system throughput after conver-
gence of the proposed method as a function of the number
of frequency blocks, F. As F increases, the system through-
put of the proposed method is increased. This is due to the
increased granularity in the activation/deactivation control
and ICIC effect for a given distribution of BSs and user ter-
minals. Additional throughput gain by further increasing the
number of frequency blocks, F, beyond four is marginal.

We note that in the simulation evaluation, instanta-
neous fading is not considered for simplicity; therefore, the
frequency selectivity of each user channel that occurs in the
multipath fading channel is not considered. However, in the
proposed method, the influence of the frequency selectiv-
ity of each user channel on the activation/deactivation of
the respective frequency blocks and the resulting number of

Fig. 3 System throughput as a function of number of iterations.
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Fig. 4 System throughput as a function of number of frequency blocks.

Fig. 5 System throughput after convergence as a function of T .

activated frequency blocks are considered not to be signif-
icant. This is because the update time interval of the acti-
vation control in the proposed method is generally longer
than the frequency-selective fading period. Each user chan-
nel of each frequency block averaged over the update time
interval of the activation control tends to be frequency non-
selective which simply depends on the average path loss
such as distance-dependent loss and random shadowing. In
the following evaluation, we set F to three.

Next, we verify the improvement in the convergence
property of the proposed method using the system through-
put observations and corresponding activation/deactivation
states for a wider range of past time windows, T , than the
two time slots in a static user mobility environment.

Figure 5 shows the system throughput after conver-
gence as a function of T in the proposed method. From
the figure, we confirm that the dependence of the system
throughput after convergence on T is not noticeable. Fig-
ure 6 shows the number of iterations required for conver-
gence as a function of T in the proposed method. The con-
vergence condition is defined as the number of iterations that
first reaches the 95% value of the system throughput after a
sufficient number of iterations. We see that a longer T is
beneficial for a faster convergence rate as expected. How-
ever, in a realistic dynamic user mobility environment where
the user terminal moves over time, the use of an excessively

Fig. 6 Number of repetitions required for convergence as a function of
T .

Fig. 7 System throughput as a function of pico-BS density.

long T may result in a reduction in system throughput due
to the degraded tracking ability of the proposed activation
control against the user mobility (change in the distribu-
tion of user terminals). Therefore, we evaluate the proposed
method in a dynamic user mobility environment later.

Figure 7 shows the system throughput as a function
of density of pico-BSs, Dpico. In this evaluation, we tested
two frequency reuse scenarios: (1) different frequency bands
are allocated to macro-BSs and pico-BSs, and (2) the same
frequency band is shared by macro- and pico-BSs. Fig-
ure 7 reveals that the effect of the proposed method is in-
creased as Dpico is set high. For example, when Dpico is
increased from 5 to 25, an additional system throughput
gain of approximately 10% is obtained using the proposed
method. This is because in this case, the inter-cell interfer-
ence caused by the pico-BS is a dominant degradation factor
in the system throughput and the proposed method adap-
tively activates/deactivates the respective frequency blocks



ISHIKAWA et al.: DECENTRALIZED PROBABILISTIC FREQUENCY-BLOCK ACTIVATION CONTROL METHOD OF BASE STATIONS
1179

of each BS achieving the ICIC effect in addition to an over-
all reduction in the inter-cell interference. Furthermore, the
performance gain using the proposed method is increased
when different frequency bands are allocated to macro- and
pico-BSs. This is because in this scenario, the users con-
nected to the pico-BSs are free from the interference from
the high-transmission power macro-BSs and the inter-cell
interference caused by the pico-BS significantly affects the
achievable throughput levels. We note that this is actually
the scenario expected in the 5th generation mobile commu-
nication system where many pico-BSs are deployed and a
new millimeter-wave frequency band is allocated to the set
of pico-BSs. Thus, the proposed method is effective in uti-
lizing the pico-BSs and new frequency band in the 5th gen-
eration mobile communication system.

Hereafter, we investigate the performance of the pro-
posed method in a dynamic user mobility environment. The
random waypoint (RWP) model [20] is used to simulate
the user mobility. The velocity of user k is denoted as vk.
In the following evaluation, vk of each user k is randomly
given based on a uniform distribution within the range of
0 km/h to 4 km/h to simulate a pedestrian environment. User
k moves at vk toward the destination, which is randomly se-
lected within the system coverage for each user. After ar-
riving at the destination, user k takes a break with thinking
time. Thinking time is set to 10 s. After the break, user k
randomly determines a new destination and vk, and restarts
movement.

Figure 8 shows the time variation of the system
throughput in the RWP-based dynamic user mobility envi-
ronment. Density Dpico is set to 20. In the proposed method,
F and T are set to 3 and 5, respectively. In the proposed and
conventional activation control methods, the update time in-
terval of the activation control is set to 10 ms. The pro-
posed method achieves greater system throughput even in
dynamic user mobility environments compared to the con-
ventional two cases. Thus, the activation control of the pro-
posed method successfully tracks the dynamic changes in
the user distribution due to mobility. The application of the
LRIE and ASSC to the proposed method improves the track-
ing ability of the activation control to the dynamic change
in user distribution, which results in increased achievable
throughput.

Figure 9 shows the cumulative distribution of the sys-
tem throughput in the RWP-based user mobility environ-
ment. Figure 9 is obtained by statistically processing the
throughput level samples, which are shown in Fig. 8, over
500 s. Therefore, the performance shown in Fig. 9 includes
both the convergence characteristics from the initial time
and that after the convergence, which is predominantly de-
termined by the tracking ability of the activation control
against the change in user locations over time due to mo-
bility. In addition, for the proposed method, T is set as a
parameter in the range of 2 to 20. The update time interval
of the activation/deactivation control is set to 10 ms. The
case where all the BSs are always activated is also tested.
In Fig. 9, The probability on the y-axis means the outage

Fig. 8 Time variation of system throughput in RWP-based dynamic user
mobility environment.

Fig. 9 Cumulative distribution of system throughput in RWP-based user
mobility environment.

probability for serving the system throughput levels on the
x-axis. The figure shows that the outage probability of the
system throughput achieved by the proposed method is sig-
nificantly better compared to the case without BS activation
control thanks to the decreased inter-cell interference and
obtained ICIC effect. In the proposed method, when T is
relatively short such as two, the advantage of the accuracy
in the control of the activation/deactivation by averaging the
past system observations is limited. On the other hand, when
T is increased to 20, the tracking ability of the proposed ac-
tivation control against the user mobility is degraded. As
a result, the outage probability of the system throughput is
the best when T is set to 5 in the range evaluated, except
for system throughput levels between approximately 8.25 to
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8.40 Mb/s where T of 20 achieves the lowest outage proba-
bility. Thus, it is important to decide the value of T consid-
ering the moving speed of the user terminal.

6. Conclusion

In this paper, we proposed a novel decentralized frequency
block-dependent online probabilistic activation control of
BSs in heterogeneous networks. By defining multiple fre-
quency blocks in an overall system bandwidth and perform-
ing activation control on a per frequency block basis, the
proposed method achieves the ICIC effect and traffic load
balancing in addition to an overall reduction in the inter-cell
interference by appropriately deactivating BSs for a given
BS and user distribution. The use of the LRIE and ASSC
significantly improves the convergence performance of the
iterative algorithm in the proposed method. The evaluation
conducted in a dynamic user mobility environment reveals
the tracking ability of the proposed method regarding the
dynamic changes in the user distribution due to mobility.
The proposed method is especially effective when the den-
sity of pico-BSs is high and different frequency bands are
allocated between macro- and pico-BSs. This is actually
the scenario expected in the 5th generation mobile commu-
nication system where many pico-BSs are deployed and a
new millimeter-wave frequency band is allocated to the set
of pico-BSs. Thus, the proposed method can be a promising
component technique in order to utilize effectively the pico-
BSs and new frequency band in the 5th generation mobile
communication system.
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