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Abstract—Two-tier macro/femto heterogeneous cellular networks (HCNs) have received considerable attention due to
substantial improvements in high quality in-building coverage
and system capacity. Distributed self-configured femtocells can
be realized to mitigate inter-tier interference between macrocells
and femtocells without heavy operating costs by incorporating
broadcasting mechanism of macrocell. With the aid of the
macrocell, who provides critical global information, femtocells
can configure related parameters to achieve interference mitigation. A tractable stochastic geometry-based analytical model is
proposed to evaluate of proposed self-configured scheme in terms
of coverage probability. We also conduct simulation experiments
according to data from OpenCellID to prove the effectiveness
of the proposed self-configured scheme in the realistic two-tier
HCNs.

I. I NTRODUCTION
Recent development of cellular networks directs toward
high data rates and a low transmission power. To achieve
that, information theory reveals the solution to be either wide
communication bandwidth or a high signal to interference
and noise power ratio (SINR). Consequently, the next generation communication systems, Long Term Evolution (LTE)Advanced, deploy a larger number of base stations (BSs),
such that the distance between a transmitter-receiver link can
be further reduced. With lower transmission power, a high
SINR can also be maintained for each link, as interference
from other transmitters is reduced. This solution also avoids
the conventional fixed frequency separation scheme for interference mitigation, as dividing available bandwidth into
small portions significantly limits data rates. For this purpose,
the heterogeneous cellular networks (HCNs) deployment [1]
where low-power and small-coverage small cell BSs are
distributed in the coverage of a macrocell, is considered as
mandatory architecture in LTE-Advanced.
To compensate for poor indoor signal reception from the
macrocell base station (abbreviated as macro-BS) in HCNs,
one kind of small cell BSs, femtocell BSs (abbreviated as
femto-BSs) connected by wired backhaul, are introduced to
extend high quality coverage inside buildings [2]. The small
coverage area of a femtocell suggests that large numbers of
concurrent transmissions will increase spatial reuse, therefore
c
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potentially yielding enhanced wireless capacity. Thus, such
two-tier HCNs are of tremendous interest to researchers and
industry.
The main concerns in two-tier HCNs are cross-tier interference between macrocell and femtocells, and intra-tier
(or co-tier) interference among femtocells, which limit the
capacity improvement benefit of concurrent transmissions [3].
These problems are illustrated in Fig. 1. The random locations
for user-deployed femto-BSs and the long delay of wired
backhauling reduce the success of centralized interference
mitigation solutions due to heavy operating costs [4]. LTEAdvanced has devoted significant standardization effort towards devising enhanced inter-cell interference coordination
(eICIC) schemes for minimizing interference [5].
By acquiring additional environment information, femtoBSs can adapt their radio resources [6]–[8] or power [9], [10]
to achieve interference mitigation. One possible solution is
initiated by mobile station (MS), where a MS periodically
performs measurement and reports to its serving femto-BS
for environmental awareness and further interference mitigation [6]. However, the sensing and signaling overheads
consume additional power, which is inappropriate for energylimited mobile equipment.
In this paper, we apply an alternative approach where
macro-BS broadcasts the related configurations to femto-BSs
for interference mitigation. As a result, self-configuration in
the two-tier HCN is achieved and femto-BSs can exploit the
extra information for better performance gain. To evaluate
the performance of the proposed self-configured scheme in
HCNs, we propose a stochastic geometry-based analytical
model [11] and focus on the performance metric of coverage probability. Different from hexagonal grid deployed
BSs, stochastic geometry model for HCN [12] assumes that
BSs are deployed according to Poisson Point Process (PPP)
spatial model and provides lower bounds of the coverage
probability of real cellular networks [13]. We further conduct a
realistic experiment to evaluate the coverage probability where
locations of macro-BSs follows the data provided by the open
source project OpenCellID [14], [15]. To precisely simulate the
clustering behaviors of femtocells in a building or apartment,
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our simulation experiments further adopt another stochastic
geometry-based models, Matern Cluster Process (MCP) [16],
for accurate results of coverage probability.
The rest of the paper is organized as follows. Section II
presents the system model and Section III introduces the
proposed self-configured scheme and analyze the coverage
probability of two-tier HCNs with self-configuration. Numerical and simulation results are provided in Section IV.
Section V concludes this paper.
II. S YSTEM M ODEL
A. Network Model
As shown in Fig. 1, the downlink of an orthogonal frequency division multiple access (OFDMA) system with twotier macro- and femtocells is considered. OFDMA-based systems typically divide system bandwidth into 𝑁 basic timefrequency units of resource blocks (RBs). To achieve universal
frequency reuse, both macro- and femtocells utilize the all
RBs, which is known as the co-channel deployment. The
closed access policy is assumed, where only subscribed femtoMS is allowed to be served by femto-BS. The unauthorized
macro-MS can only be served by macro-BS even it locates
within the femtocell coverage. Macro- and femto-BS respectively transmit to only one user at any given RB at full power
𝑃𝑚 and 𝑃𝑓 , which implies transmission power is maintained
constant across the RBs. Perfect synchronization in time and
frequency is assumed.
Denote ℋ ∈ ℝ2 as the interior of a reference HCN, which
consists of multiple macro-BSs of radius 𝑅𝑚 and a macro-MS
located in central of ℋ. The spatial distribution of macro-BSs
is assumed to follow a homogeneous Poisson Point Process
(PPP) with density 𝜆𝑚 , and the locations of the macro-BSs
are denoted as Φ𝑚 = {𝑋𝑖 }. The macrocells is overlaid with
femto-BSs of radius 𝑅𝑓 , which are randomly distributed on
ℝ2 according to a homogeneous PPP with intensity 𝜆𝑓 . We
let Φ𝑓 = {𝑌𝑖 } denote the locations of the femto-BSs.
We take into account path loss attenuation effects, Rayleigh
fading with unit average power ℎ, and background noise power
per RB 𝜌2 in our channel model. The path-loss exponent of
transmission is denoted by 𝛼.

Fig. 2. BS deployments of PPP and MCP models. The system parameters
are set as ℋ = 16km2 , 𝜆𝑓 = 20, 𝜆𝑝 = 2, 𝑐¯ = 10, 𝑅𝑝 = 500m.

B. Alternative Stochastic Geometry-based Model
Typically, femtocells are deployed in a building or apartment, which implies its clustered property. In this case, Poisson
Cluster Process (PCP) [17] might be an appropriate model.
Poisson cluster process is defined as giving a Poisson process
of parent points with density 𝜆𝑝 and the location of each
cluster are depended on each parent point. In Matern cluster
process, the number of children points in a cluster is Poisson
distributed with mean 𝑐¯ and points are uniformly centered
on a parent point within a cluster region of radius 𝑅𝑝 . As
shown in Fig. 2, the considered Matern Cluster Process (MCP)
model can capture the clustered behavior of femto-BSs and the
density of the femto-BS 𝜆𝑓 applied in PPP is equivalent to 𝜆𝑝 𝑐¯
in MCP.
C. Metrics of Interest
In this paper, we use the coverage probability as the main
metric of HCNs on a reference RB. The successful reception
of a transmission at an MS occurs only if the SINR observed
by the MS (denoted by 𝛾) is larger than a SINR threshold
(denoted by Γ). The coverage probability 𝑝𝑐 of the typical
macro-MS is defined as [13]
𝑝𝑐 = ℙ[𝛾 > Γ].

(1)

To guarantee the transmission quality, there is an outage
constraint at the MS with maximum outage probability 𝜖. Thus
the outage constraint defines the minimal coverage probability,
that is
𝑝𝑐 ≥ 1 − 𝜖.

(2)

The second metric considered as a measure of spectral
efficiency on each RB is transmission capacity, which is
defined as the maximum density of successful transmissions
satisfying a per-tier outage constraint on a reference RB [18].
Mathematically, the transmission capacity with a per-tier outage probability 𝜖 is
𝐶 = (1 − 𝜖)𝜆𝜖 ,

(3)

where 𝜆𝜖 is the spatial density of attempted transmissions;
hence, 𝜆𝜖 (1 − 𝜖) is the spatial density of successful transmis-

sions.
III. S ELF -C ONFIGURED S CHEME
Since femto-BSs are paid for and maintained by customers
for residential and private uses, only mobile subscribers of the
femto-BS (abbrev. as femto-MSs) are allowed to establish connections with the femto-BS (known as closed-access policy).
As a result, unauthorized MS can only connect to macro-BS
(known as the macro-MS) with the received SINR
𝛾=

𝑃𝑚 ℎ∥𝑥𝑖 ∥−𝛼
,
𝐼𝑚 + 𝐼𝑓 + 𝜎 2

(4)

where 𝑥𝑖 denote the. Moreover, 𝐼𝑚 and 𝐼𝑓 are the intratier and cross-tier interference from marco-BSs and femtoBSs to the typical (reference) macro-MS located at the origin,
respectively, and can be expressed as
∑
∑
𝑃𝑚 ℎ∥𝑋𝑖 ∥−𝛼 ; 𝐼𝑓 =
𝑃𝑓 ℎ∥𝑌𝑗 ∥−𝛼 . (5)
𝐼𝑚 =
𝑋𝑖 ∈Φ𝑚

𝑌𝑗 ∈Φ𝑓

In this case, femto-BSs play the role of the pure interferers.
That is, a larger number of femto-BSs necessarily leads to
more severe interference (i.e., a larger 𝐼𝑓 ) and a smaller
coverage probability. The proposed self-configured scheme
applies interference thinning to control the number of active
femto-BSs and thus the interference. Each femto-BS tosses
a coin independently in each frame with probability 𝑝ˆ and
transmits data to corresponding femto-MS if it gets heads.
Obviously, 𝑝ˆ determines the number of active femto-BSs (i.e.,
𝑝ˆ𝜆𝑓 ).
The unique overlapping feature between macro-BSs and
femto-BSs in two-tier HCNs provides a solution for selfconfiguration of 𝑝ˆ to achieve adaptive interference thinning.
Once a femto-BS attaches or detaches the two-tier HCN
(i.e., the total number of femto-BSs changes), the operator
automatically calculate the adjusted 𝑝ˆ and broadcasts it to all
femto-BSs via macro-BSs. Consequently, the femto-BSs can
updated 𝑝ˆ, interference is controlled, and coverage probability
is preserved. Please note that such self-configuration only
performed when the number of femto-BSs changes, and thus
real-time updates are not needed and overheads are small.
A. Analysis of coverage probability and transmission capacity
Using the global and time-invariant information of the
femto network, the operator can estimate the probability 𝑝ˆ for
interference thinning. Under the assumption that the spatial
distribution of the femto-BSs follows a homogeneous PPP, the
𝑝) = 1} is modeled
set of active femto-BSs Φ𝑝𝑓ˆ = {𝑋𝑛 : 𝐵𝑛 (ˆ
ˆ
as a subset with density 𝜆𝑓 = 𝑝ˆ𝜆𝑓 where 𝐵𝑛 (ˆ
𝑝) are i.i.d.
Bernoulli random variables with parameter 𝑝ˆ. In particular,
the received SINR at the reference macro-MS located at 𝑟
distance away from a macro-BS guarantees
)
(
ℎ𝑃𝑚 𝑟−𝛼
≥ Γ = 1 − 𝜖.
(6)
ℙ
𝜎2 + 𝐼
Due to the stationary characteristic of homogeneous
PPP [18], the interference measured by a typical femto-MS

is representative of
∑the interference seen by all other femtoMSs. Thus 𝐼𝑚 = 𝑋𝑛 ∈Φ𝑚 ∖{𝑋0 } ℎ𝑃𝑚 ∥𝑋𝑛 ∥−𝛼 ,
∑
𝐼𝑓 = 𝑋𝑛 ∈Φ𝑝ˆ ℎ𝑃𝑓 ∥𝑋𝑛 ∥−𝛼 is the intra-tier interference from
𝑓
surrounding femto-BSs to a reference femto-MS located at the
origin, where ℎ and ∥𝑋𝑛 ∥ are respectively the Rayleigh fading
with mean 1 and the distance between the femto-BS at 𝑋𝑛 and
the typical femto-MS. According to the Lermma 1 of [12], (6)
can be evaluated as
(
)
∫
Γ 2/𝛼
2/𝛼
2
2/𝛼
exp −𝐶(𝛼)(
) ∥𝑥∥ (𝜆𝑚 𝑃𝑚 + 𝜆𝑓 𝑃𝑓 )
1 − 𝜖 = 𝜆𝑚
𝑃𝑚
2
(ℝ
)
Γ𝜎 2
𝛼
⋅ exp −
∥𝑥∥ 𝑑𝑥,
(7)
𝑃𝑚
2

where 𝐶(𝛼) = 2𝜋 𝑐𝑠𝑐(2𝜋/𝛼)
. If we ignore the effect of the
𝛼
noise and use (7) the coverage probability is
𝑝ˆ𝑐 = 1 − 𝜖
∫
= 𝜆𝑚

(

)
Γ 2/𝛼
2/𝛼
2
2/𝛼
ˆ
exp −𝐶(𝛼)(
) ∥𝑥∥ (𝜆𝑚 𝑃𝑚 + 𝜆𝑓 𝑃𝑓 ) 𝑑𝑥.
𝑃𝑚
ℝ2
(8)
2/𝛼

We let 𝑥 = (𝑥𝑥 , 𝑥𝑦 ) and 𝑇 = 𝐶(𝛼)( 𝑃Γ𝑚 )2/𝛼 (𝜆𝑚 𝑃𝑚 +
ˆ𝑓 𝑃 2/𝛼 ), then (7) becomes
𝜆
𝑓
∫ ∞∫ ∞
(
)
𝑝ˆ𝑐 = 𝜆𝑚
exp −𝑇 (𝑥𝑥 2 + 𝑥𝑦 2 ) 𝑑𝑥𝑥 𝑑𝑥𝑦
−∞
∫−∞
∞ ∫ ∞
)
(
= 𝜆𝑚
exp −𝑇 𝑥𝑥 2 − 𝑇 𝑥𝑦 2 𝑑𝑥𝑥 𝑑𝑥𝑦
−∞
∫−∞
∞ ∫ ∞
)
(
)
(
= 𝜆𝑚
exp −𝑇 𝑥𝑥 2 exp −𝑇 𝑥𝑦 2 𝑑𝑥𝑥 𝑑𝑥𝑦
−∞ −∞
∫ ∞√
(
)
𝑇
exp −𝑇 𝑥𝑦 2 𝑑𝑥𝑦
= 𝜆𝑚
𝜋
√−∞√
𝑇 𝑇
= 𝜆𝑚
𝜋 𝜋
𝜆𝑚 𝑇
.
(9)
=
𝜋
We put 𝑇 into (9), then (9) becomes
(
)
2/𝛼
ˆ𝑓 𝑃 2/𝛼 )
𝜆𝑚 𝐶(𝛼)( 𝑃Γ𝑚 )2/𝛼 (𝜆𝑚 𝑃𝑚 + 𝜆
𝑓
𝑝ˆ𝑐 =
. (10)
𝜋
Then we have the thining density as
ˆ𝑓 =
𝜆

𝑝
ˆ𝑐 𝜋
𝜆𝑚

2/𝛼

− 𝐶(𝛼)( 𝑃Γ𝑚 )2/𝛼 𝜆𝑚 𝑃𝑚
2/𝛼

𝐶(𝛼)( 𝑃Γ𝑚 )2/𝛼 𝑃𝑓

.

(11)

ˆ𝑓 /𝜆𝑓 as the probability for
The operator calculates 𝑝ˆ = 𝜆
initial sensing and distributes it to all femto-BSs for selfconfiguration. In this case, even when all active femto-BSs
transmit concurrently, the resulting intra-tier interference is
still constrained. The corresponding transmission capacity 𝐶
is
ˆ𝑓 .
ˆ𝑓 = (1 − 𝜖)𝜆
𝐶 = 𝑝ˆ𝑐 𝜆

(12)
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Fig. 3. Macro-BS distribution in Taipei City, Taiwan, shown on Google Map.
Blue ♦s are the locations of macro-BSs.
Fig. 4.
Effects of the thining probability of femto-BSs on coverage
probabilities

IV. P ERFORMANCE E VALUATION

∙
∙

PPP+PPP: Both macro-BSs and femto-BSs are deployed
by using PPP models.
OpenCellID+MCP: The first tier macro-BSs are deployed
according to the data from OpenCellID while the second tier femto-BSs are deployed following MCP model.
The OpenCellID project maintains a complete and open
database of macro-BS information worldwide, and we
can easily retrieve latitude and the longitude information
of the macro-BSs according to the target urban area.
Figure 3 shows the filtered-out macro-BSs locations in
Google Map of Tapiei City. Recently literature [15] shows
that data of OpenCellID can facilitate the modeling of
HCNs and gets reasonable results.

The simulation experiments are built on Matlab platform, and the parameter setup follows the 3GPP dual-strip
model [19]. The two-tier macro/femto networks are deployed
following the network model described in Section II and the
details are shown in Table I. The city border we choose is
[25.020284, 25.085288] of latitude, [121.490765, 121.578999]
of longitude. To be able to provide better simulation environment and data reference value, we choose the urban area as
25% of Taipei city, which is the most densely populated city
center.
Fig. 4 shows the effects of thinning probability 𝑝ˆ𝑐 on coverage probability with self-configuration. At each reference RB,
every femto-BS is active/non-active according to 𝑝ˆ calculated
by the self-configured schemes. We observe that the simulation
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This section uses investigate the performance of the proposed self-configuration scheme based on the analytical and
simulation results. To comprehensively evaluate the proposed
self-configuration scheme in realistic environment, this paper
conducts extensively simulation experiments, where real data
of macro-BSs deployments are applied with the aid of OpenCellID project [14]. Two simulation scenarios are considered
as follows
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Fig. 5. Effects of the density of femto-BSs on transmission capacities with
self-configuration in a reference empty RB.

results closely match our analytical models; which implies that
the analytical model is validated. This figure shows that as 𝑝ˆ𝑐
decreases, coverage probability significantly increases, which
indicates that the thinning probability can increase coverage
probability obviously.
Fig. 5 discusses the effects of thinning probability 𝑝ˆ on
𝐶 with self-configuration. It can be clearly observed that
𝐶 decreases as 𝜆𝑓 decreases. From (11), we can obtain an
ˆ𝑓 from thinning probability.
appropriate density of femtocell 𝜆
Although we can select a thinning probability smaller than 𝑝ˆ
to obtain the better coverage probability (i.e., larger than 𝑝ˆ𝑐 ),
ˆ𝑓 . As a
transmission capacity will be smaller than (1 − 𝜖)𝜆
result 𝑝ˆ is the best one to obtain balance between coverage
probability and transmission capacity.

TABLE I
PARAMETERS S ETUP

Macrocell
density
transmission power
path-loss exponent
noise power
SINR threshold
parent density of MCP
number of children points of MCP
radius of cluster region of MCP

Femtocell

𝜆𝑚 = 65.21875 km
𝑃𝑚 = 40W

These figures also show that both coverage probability
and transmission capacity of the realistic environment (i.e.,
OpenCellID+MCP) are worse than that of analytical model
(i.e., PPP+PPP), which is consistent to the results in [15].
V. C ONCLUSION
In two-tier macro/femto HCNs, macro-BSs can collect and
broadcast time-invariant information to femto-BSs. By exploiting these features, a self-configuration scheme is proposed
where macro-BSs broadcast calculated thinning probability to
femto-BSs for inter-tier interference mitigation. The numerical
results show that with the thinning probability, the coverage
probability can be effectively controlled. To apply the proposed scheme to realistic HCNs, we conduct an extensive
simulation experiment where both real position of macro-BSs
are applied according to OpenCellID and clustering behaviors
of femto-BSs are considered. The simulation results show that
with self-configuration, interference can be mitigated in an
efficient way.
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