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Abstract
In heterogeneous networks, small cell base stations are deployed overlaid on the existing macro cells to
offload network traffic, optimize coverage and improve the overall network capacity. Due to the disparity in cell
sizes, the existing intra-tier inter-cell interference management (among macro cells) mechanisms will not be
effective for the inter-tier inter-cell interference management (between macro and small cells). As a result, the
full potential of frequency reuse gained by deploying small cells will be diminished. We propose a mechanism
to analyze the inter-tier interference in terms of frequency reusability.

1. Introduction
The vision for fifth generation (5G) wireless network
is to increase capacity by three orders of magnitude, i.e.
1000-fold gains in capacity. One of the viable solution
is the deployment of dense small cell base stations
(SCBSs) overlaid on the existing macro cells as a
heterogeneous network (HetNet). In HetNets, SCBSs
offload network traffic, optimize coverage and improve
the overall network capacity.
The first challenge in HetNet is interference
management. HetNet introduces the disparity in cell
sizes into an already complex environment. Due to
different capabilities of base stations (BSs), the existing
intra-tier inter-cell interference management (IM)
(among macro cells) mechanisms will not be effective
for the inter-tier inter-cell IM (between macro and small
cells). As a result, the full potential of frequency reuse
gained by deploying small cells will be diminished.
The second issue is the frequency reuse. According
to Shannon-Hartley theorem, 𝐶 = 𝑊 log 2 (1 + 𝑆𝐼𝑁𝑅) ,
channel capacity, 𝐶 , is directly proportional to the
available frequency bandwidth, 𝑊 and base two
logarithmic function of signal-to-interference-plusnoise ratio, 𝑆𝐼𝑁𝑅. Smaller cell size translates to more
cells being able to use the same frequencies and having
overall system wide capacity increase. However, HetNet
presents a unique challenge with different cell sizes and
different reuse patterns for them.
There are many existing works on the topics of
inter-cell IM [1] [2] [3] and frequency reuse [4] [5]
[6] [7]. At present, inter-cell interference coordination
(ICIC) [1] and enhanced ICIC (eICIC) [2] are currently

deployed in 3G and 4G wireless networks. ICIC [1] is a
scheduling strategy in time and frequency domains that
restricts usage of parts of bandwidth to limit inter-cell
interference. However, ICIC was introduced in 3GPP
release 8 and cannot handle HetNets. Thus, eICIC [2]
was introduced in which Macro BSs remain silent for
some sub-frames, named almost blank sub-frames
(ABS). SCBSs can transmit during ABS. Frequency
reuse (FR) is closely related to the IM and cannot be
separated. To mitigate interference, a traditional
frequency reuse or more enhanced schemes such as
fractional frequency reuse (FFR) [4] and its variations,
Partial Frequency Reuse (PFR) [5], multi-pattern reuse
[6], can be utilized. Authors of [7] proposed Reference
based Interference Management (REFIM) for IM and FR.
These works show that we can still improve the IM and
FR of cellular networks.
Table 1. Cell types and their order of magnitude
Cell
type

Typical cell
size

Cell radius
(m)

Coverage
area (m2)

# of UE,
(λ UE/m2)

# BS for
100 km2

Macro
Micro
Pico
Femto

1 − 30𝑘𝑚
200𝑚 − 2𝑘𝑚
4 − 200𝑚
10𝑚

104
103
102
10

108 𝜋
106 𝜋
104 𝜋
102 𝜋

108 𝜋𝜆
106 𝜋𝜆
104 𝜋𝜆
102 𝜋𝜆

1
102
104
106

For future dense HetNets, the existing IMs are not
sufficient to achieve 5G’s vision. They were designed
for two-tier HetNets, e.g. eICIC was designed for
macro-pico cells. Future dense HetNets will consist of
n-tier cells in which macro BS will provide signaling and
control services and SCBSs will perform the actual data
communications. Shannon-Hartley theorem clearly
shows the capacity gain for smaller cell sizes. However,
dense HetNets introduce more complexity. Table 1
displays cell types and their orders of magnitude for
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coverage area and number of users that each can serve.
From Table 1, we can see that if cell radius is decreased
by one order of magnitude, the number of users inside
the cell coverage decreases by two orders of magnitude.
Furthermore, from the number of SCBSs will be very
large leading to huge overhead for control and signaling
messages for centralized control mechanisms. As a
result, system design optimization shifts from
centralized legacy power control convex optimization
problems to distributed association problems which are
combinatorial.
Residential Buildings

Commercial Building
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X9

X1
Macro
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X11
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where 𝑐𝑠,𝑘,𝑣 is the capacity, 𝑤 is the fixed bandwidth of
a subcarrier (for LTE downlink OFDMA, 𝑤 = 15𝑘𝐻𝑧 ).
𝑆𝐼𝑁𝑅𝑠,𝑘,𝑣 is the received signal-to-interference-plusnoise ratio between BS 𝑘 and UE 𝑣 and is given by:
𝑝𝑠,𝑘,𝑣 𝑔𝑠,𝑘,𝑣
𝑆𝐼𝑁𝑅𝑠,𝑘,𝑣 = 2
(2)
𝜎 + 𝐼𝑠,𝑘,𝑣
where 𝑝𝑠,𝑘,𝑣 denotes the transmission power of BS 𝑘,
and 𝑔𝑠,𝑘,𝑣 denotes the channel gain from BS 𝑘 to UE 𝑣
on subcarrier 𝑠, including path loss, shadowing and
other factors. 𝜎 2 denotes noise power and 𝐼𝑠,𝑘,𝑣
denotes the interference at UE 𝑣 on subcarrier 𝑠 is
given by, 𝐼𝑠,𝑘,𝑣 ∶= ∑𝑗 𝑝𝑠,𝑗,𝑣 𝑔𝑠,𝑗,𝑣 , 𝑗 ≠ 𝑘 . We consider
discrete power levels, i.e. 𝑄𝑘 = {𝑞𝑘𝑚𝑖𝑛 , … , 𝑞𝑘𝑚𝑎𝑥 }. Clearly,
MBSs have higher transmission power than SCBS. For
subcarrier allocation, we define a binary variable 𝜶 as
a 3 dimension matrix for assignment where the element
𝛼𝑠,𝑘,𝑢 = {0,1}.
3. Problem Formulation
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Fig.(1) Dense three-tier HetNet in an urban environment

2. System Model
Firstly, we will model the user demand as in [8]. As
displayed in Fig.(1), a region, 𝑋 ⊂ ℝ2 , which is 𝑋 is
divided into a set of discrete finite mutually exclusive
and collectively exhaustive, sub-regions, 𝑋 = 𝑋0 ∪
𝑋1 … ∪ 𝑋𝑛 . We assume that the user requests arrive in a
sub-region 𝑋𝑖 following a Poisson Point Process (PPP)
with arrival rate per unit area 𝜆𝑖 and the requested file
size is independently distributed with mean 1⁄𝜇𝑖 . Thus,
traffic load density can be defined by 𝛾𝑖 ∶= 𝜆𝑖 ⁄𝜇𝑖 . If each
sub-region 𝑋𝑖 has an area of 𝑎𝑖 , the number of users
can be given by 𝑁𝑖 = 𝜆𝑖 𝑎𝑖 . We can consider each
building as a sub-region and 𝑋0 as outdoors. Some
buildings will have no SCBS and the users will be served
by the MBS. For example, in Fig.(1), 𝑋0 ∪ 𝑋3 ∪ 𝑋9 is
served by the MBS.
Secondly, we will model the available resources of
the system similar to [9]. Let the set of BS 𝐵 = 𝐵𝑚𝑎𝑐𝑟𝑜 ∪
𝐵𝑝𝑖𝑐𝑜 ∪ 𝐵𝑓𝑒𝑚𝑡𝑜 serves the region 𝑋 and |𝐵| = 𝐾 . The
system has a set of orthogonal subcarriers 𝑆 =
{𝑆1 , 𝑆2 , … , 𝑆𝑀 }. The transmission rate from BS 𝑘 to user
equipment (UE) 𝑣 on a subcarrier 𝑠 is given by
Shannon capacity as:
𝑐𝑠,𝑘,𝑣 = 𝑤 log 2 (1 + 𝑆𝐼𝑁𝑅𝑠,𝑘,𝑣 )

(1)

We can formulate the maximum frequency reuse and
minimum interference problem into a power control
problem similar to formulation in [10] as follows:
𝑁

minimize:

𝑘
𝑀
∑𝐾
𝑘=1 ∑𝑠=1 ∑𝑣=1 𝛼𝑠,𝑘,𝑣 𝑝𝑠,𝑘,𝑣

(3)

subject to:

𝑘
∑𝑀
𝑠=1 ∑𝑣=1 𝛼𝑠,𝑘,𝑣 𝑐𝑠,𝑘,𝑣 ≥ 𝛾𝑘 𝑎𝑘 , ∀𝑘 ∈ 𝐵,
𝑀
∑𝑠=1 𝛼𝑠,𝑘,𝑣 ≥ 1, ∀𝑣 ∈ 𝑈𝑘 , ∀𝑘 ∈ 𝐵,
∑𝐾
𝑘=1 𝛼𝑠,𝑘,𝑣 ≤ 1, ∀𝑣 ∈ 𝑈𝑘 , ∀𝑠 ∈ 𝑆,

𝑁

(4)
(5)
(6)

The objective (3) denotes the total transmission power
of the system. The constraint (4) means that each BS
capacity must satisfy its user demand (load). Constraint
(5) describes that a BS must allocate at least one
subcarrier to its UEs. Constraint (6) denotes that a UE
can be associated with at most one BS. From constraint
(4), we can see that the problem is non-convex. This is
a mixed integer programming problem (MIP) which is
NP-hard.
4. Game Theoretic Model
Although centralized solutions can provide an
optimal solution to the problem, the computational cost
and implementation complexity is very high. Moreover,
for future dense HetNets, the control message overhead
will be very huge. We propose a distributed solution
based on a game theoretic model in [9] in which the
system can self-organize itself.
For each BS 𝑘, total number of possible transmit
configurations is 𝐿𝑘 = |𝑆||𝑄𝑘 |, and their set is:
(1)

(𝐿𝑘 )

𝑍𝑘 = 𝑄𝑘 × 𝕀𝑠 = {𝑍𝑘 , … , 𝑍𝑘

}

(7)

where 𝕀𝑠 is the |𝑆| × |𝑆| identity matrix. Let 𝑍 be the
finite set of all possible configurations (actions) of the
overall system, 𝑍 = 𝑍1 × … × 𝑍𝐾 . Then the set of all
probability distributions over the elements of 𝑍 is
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denoted by ∆(𝑍) . The utility (outcome) function is
defined as:
𝑁

𝑘
𝑀
𝑢𝑘 (𝑧𝑘 , 𝒛−𝑘 ) = − ∑𝐾
𝑘=1 ∑𝑠=1 ∑𝑣=1 𝛼𝑠,𝑘,𝑣 𝑝𝑠,𝑘,𝑣

(8)

where 𝒛−𝑘 represents configurations of other BSs
except 𝑘. The negative sign is added to the objective
function (3) to transform the problem into a
maximization problem. Then, the maximum frequency
reuse and minimum interference problem can be
modeled as the following game:
𝐺 = (𝐵, ∆(𝑍𝑘 ), 𝑢𝑘 )

(9)

We can refer to elements of ∆(𝑍𝑘 ), the set of probability
distributions, as strategies. A strategy is denoted by the
(1)

(𝐿𝑘 )

vector 𝜃𝑘 = (𝜗𝑘 , … , 𝜗𝑘

=
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) ∈ ∆(𝑍𝑘 ).

Each BS 𝑘 chooses its configuration from the finite
set 𝑍𝑘 following its strategy 𝜃𝑘 at every time slot, i.e.
(𝑧)
(𝑧)
each BS 𝑘 plays action 𝑍𝑘 with probability 𝜗𝑘 . Then,
(𝑧)
the strategy 𝜗𝑘 is updated as follows:
(𝑧)
𝜗𝑘

formulate maximum frequency reuse and minimum
interference problem as a power control problem. This
problem is non-convex and NP-hard. We then
transform this problem into game theoretic model to
solve. We then provide a solution that converges to an
equilibrium.

exp (𝛽 𝑢𝑘 (𝑧𝑘 , 𝒛−𝑘 ))
∑𝑧 ′ ∈𝑍𝐾 exp (𝛽 𝑢𝑘 (𝑧𝑘′ , 𝒛−𝑘 ))
𝑘
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