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Abstract—In this paper the problem of interference mitigation
in ultra dense heterogeneous cellular networks is considered, with
the aim to maximize the satisfaction of users. Several game-
theoretic approaches based on correlated equilibrium (CE) and
satisfaction equilibrium (SE) are compared. Moreover, a new so-
lution based on cooperative approach using CE and satisfaction-
based optimization is proposed. Presented simulation results of
an ultra dense 5G wireless system show, that the proposed scheme
outperforms other solutions in terms of throughput satisfaction.

I. INTRODUCTION

One of the main challenges in modern wireless networks
is the interference, resulting from the densification of base
stations (BSs) using the same frequency bands. Interference be-
comes a very severe limiting factor especially in case of multi-
tier networks, where the macro-cells overlap the coverage of
small access nodes, such as the pico or femto BSs. Interference
management for heterogeneous networks has been studied as
a part of 3GPP Long Term Evolution (LTE) Release 10 and
beyond study items. The current 3GPP proposal adopts time-
domain muting mechanisms known as almost blank sub-frames
(ABSF) [1], [2]. The main idea of ABSF in the current standard
is that macro-cell to small cell interference can be effectively
reduced through muted time frames. However, the enhanced
inter-cell interference coordination (eICIC) approach focuses
mostly on improving the performance of cell-edge users, thus
impacting the overall performance of the system. Therefore,
an alternative approach based on game-theoretic solution has
been proposed in [3], where a long-term interference mitigation
scheme based on resource partitioning and power allocation
has been proposed.
Game Theory has played a significant role recently in the anal-
ysis of many problems related to radio resource management
(RRM) in wireless networks [4]–[7]. Such problems can be
modelled using non-cooperative games when the network
nodes act autonomously to maximize their benefits, such as
the minimum throughput level. Commonly known example of
such approach is the use Nash equilibrium (NE) [8], which rep-
resents the state where each network node cannot improve its
utility by changing its actions when other nodes do not change
their behaviour. However, in real communication systems the
network nodes may be more interested in satisfying their
quality of service (QoS) requirements, such as the minimum
throughput or maximum delay, at a low cost rather than
maximizing their data rate [7]. Therefore the concept of SE

has been introduced, which represents the network state, where
all nodes satisfy their QoS requirements, independently of the
maximization of their utility [7]. However, in a large, ultra-
dense wireless network, such as the one considered for 5G
systems [9], SE may be unachievable, with the interference
being the limiting factor.
An alternative approach to non-cooperative one may be to
include nodes cooperation, using a concept of CE [10]. In
this case all nodes choose their actions according to their
observations of the environment, including the actions and
benefits of other players. In case of CE approach, by taking into
account the utility changes of neighbours, a joint optimization
of the whole network performance is obtained. Depending
on the definition of the payoff (utility) function, different
approaches are possible. When using pure rate-based utility all
nodes tend to maximize their throughput. On the other hand,
when analysing the data rate or packet delays relative to the
QoS requirements, SE behaviour can be achieved.
In this paper we compare the performance of a two-tier 5G
wireless network using the interference mitigation based on
the CE and SE approach. Moreover, we extend the CE solution
proposed in [3] by defining the players payoffs based on their
minimum throughput or maximum packet delay satisfaction.
With the use of system-level simulations of a 5G wireless
system we show that the CE approach outperforms the SE
thanks to the use of cooperation.
The rest of the paper is organized as follows. Section 2
presents the considered system model and assumptions. In
Section 3 the idea of SE is described, with game and payoffs
definitions provided. Section 4 outlines the concept of CE and
its applicability in terms of satisfaction provisioning. In Section
5 main simulation assumptions and results are presented, that
indicate the advantages of CE approach. Finally, Section 6
draws the conclusions.

II. SYSTEM MODEL

In this work we assume a cellular wireless system using
orthogonal frequency division multiple access (OFDMA) with
M BSs, comprising both macro-cell BSs and micro-cell BSs
operating in the same frequency band. For the purpose of this
investigation we assume M = 21, with 3 macro-BSs and
18 micro-BSs, as shown in Fig.1, however, the considered
solutions are applicable to a general case of heterogeneous
network [3]. All BSs can exchange control and signalling



Fig. 1: BSs layout

Fig. 2: Example of considered strategies

information using a dedicated interface, e.g. an optical fibre
based backhaul network. The bandwidth available to each
of the BSs is divided into time-frequency blocks, with the
BSs transmitting in each of the blocks using one of the
selected power per sub-carrier levels, selected out of the set
P = {plow, phigh}, as shown in Fig. 2. We assume that every BS
selects a time-frequency pattern of powers from a discrete set,
that comprises the so-called strategies (actions), with a given
time interval. Let us denote the set of users as J , that are
deployed uniformly on streets in the considered environment,
with Ji denoting the set of users served by BS i. At each
time interval, each BS divides the available resources among
at most 10 user equipments (UEs) according to the proportional
fairness (PF) rule. Let |h(s)i,j |2 denote the channel gain between
the i-th BS and j-th UE on sub-carrier s (h(s)i,j ∈ C), and σ2

j
be the noise variance at receiver j. The signal to interference
plus noise ratio (SINR) for UE j served by BS i on sub-carrier
s is given as follows:

γ
(s)
i,j =

|h(s)i,j |2p
(s)
i

σ2
j +

∑
l∈M\i |h

(s)
l,j |2p

(s)
l

, (1)

where p(s)i denotes the transmit power of BS i on sub-carrier s.
Let us assume that all BSs are interested in achieving at least

the minimum throughput Tmin. Let us define the throughput
achieved by UE as follows:

Tj =
∑
t

∑
s

Rs
j(t) · xsj(t) (2)

where xsj(t) denotes the allocation of a sub-carrier s at time

t to UE j, with xsj(t) ∈ {0, 1} and the rate of UE j on sub-
carrier s - Rs

j , depends on the SINR values γ(s)i,j through the
use of adaptive modulation and coding (AMC). In this paper
we consider the AMC mechanism proposed for LTE [1];

III. SATISFACTION EQUILIBRIUM

A. Game and payoff definition

The process of learning SE can be described using the
elements of the following game:

G = (M,A, {fi}i∈M ),

where M represents the set of players (BSs), A denotes
the set of available actions, with |A| = N , and fi
is the satisfaction (QoS constraints) correspondence of
player i, which indicates whether player is satisfied.
According to [7], the correspondence can be defined
as fi (αi,α−i) = {αi ∈ A : Ui (αi,α−i) ≥ Γi} with
Ui (αi,α−i) representing player’s observed utility when
playing action αi and Γi denoting the minimum utility level
required by player i. A state of the game when all players
satisfy their individual constraints simultaneously is referred
to as satisfaction equilibrium (SE), that is defined as follows
[7]:
An action profile α+ is an equilibrium for the game
G = (M,A, {fi}i∈M ) if

∀i ∈M,α+
i ∈ fk

(
α+
i ,α

+
−i

)
(3)

The existence of SE mainly depends on the set of imposed
constraints on the utility function, with the necessary condition
being the feasibility of the constraints.
For the considered scenario, where BSs act as game players,
the satisfaction correspondence has to be modified to account
for the satisfaction levels of all users served by the BS, as
given below:

fi (αi,α−i) =
1

|Ji|
∑
j∈Ji

si,j (αi,α−i) , (4)

where si,j (αi,α−i) is the satisfaction of UE j when BS
selects action αi. The individual UE satisfaction can de defined
using the binary representation:

• for rate-based satisfaction:

si,j (αi,α−i) =

{
1 if Tj ≥ Tmin

0 otherwise
, (5)

where Tj is the throughput of UE j and Tmin is the
minimum rate constraint.

• for packet delay-based satisfaction:

si,j (αi,α−i) =

{
1 if Dj < Dmax

0 otherwise
, (6)

where Dj is the head-of-line packet delay of UE j and
Dmax is the maximum delay constraint (the deadline).

Alternatively, one can consider a relaxed version of individual
UE satisfaction:



• for rate-based satisfaction using the sigmoid function:

si,j (αi,α−i) =

{
1 if Tj ≥ Tmin

exp(β·(Tj−ϵ·Tmin))
1+exp(β·(Tj−ϵ·Tmin))

otherwise
, (7)

where β and ϵ are constants influencing the shape of
the sigmoid.

• for packet delay-based satisfaction using the relaxed
z-shaped function:

si,j (αi,α−i) =

{
1

1+exp(β·(Dj−ϵ·Dmax))
if Dj < Dmax

0 otherwise
(8)

B. Learning satisfaction equilibrium

We assume that the game players undertake actions in
consecutive time intervals, with only one action selected per
interval. At each time interval player also observes whether it
is satisfied or not. The selection of actions at each time interval
is done based on probability distribution;

πi(t) =

(
π
(α

(1)
i )

i (t), π
(α

(2)
i )

i (t), . . . , π
(α

(N)
i )

i (t)

)
,

which is known as probability distribution of exploration
[7]. Under such assumptions the SE can be found using the
behavioural rule which states that the next action taken by
player i is as follows:

αi (t) =

{
αi (t− 1) if fi(t− 1) = 1

αi (t) ∼ πi (t) otherwise
(9)

The choice of probability distribution πi(t) may impact the
convergence time and should also allow for exploration of all
actions (thus all actions should have non-zero probability). A
simple choice may be to use uniform probability distribution

π

(
α

(k)
i

)
i (t) = 1

N . On the other hand, more sophisticated
probability distribution update methods may be used that
increase the convergence speed, e.g. based on the number of
times an action has been selected previously [7].
The main problem with the learning solution presented above
is that it neglects the utilities observed by players in the process
of update of probability distribution. An alternative approach,
where the decentralized optimization is performed using the
modified behavioural rule that accounts for observed utilities
has been proposed in [11]. This approach, known as the
satisfaction equilibrium search algorithm (SESA) algorithm,
utilizes the knowledge of individual utilities to increase the
probability of selection of actions that provide higher payoff.

IV. CORRELATED EQUILIBRIUM APPROACH

A. Game and payoff definition

The problem of inter-cell interference mitigation can be
described using the following normal-form game definition

G = (M,A, {Ui}i∈M ),

where M represents the set of players.
Let us assume that at each time instant t BS i selects its action
from a finite set A following a probability distribution

πi(t) =

(
π
(α

(1)
i )

i (t), π
(α

(2)
i )

i (t), . . . , π
(α

(N)
i )

i (t)

)
,

where π(α
(n)
i )

i (t) denotes the probability that BS i plays action
α(n).
In general, at each time instant each BS plays one of N
strategies α(n), 1 ≤ n ≤ N . Therefore, assuming the set
A is discrete and finite, at least one equilibrium exists that
represents the system state when a player cannot improve
its payoff (utility) when other players do not change their
behaviour. Such a state is know as correlated equilibrium (CE),
which is defined as follows∑

α−i∈A

π (α∗
i ,α−i) (Ui(α

∗
i ,α−i)− Ui(α

′
i,α−i)) ≥ 0,

∀α′
i, α

∗
i ∈ A,∀i ∈M,

(10)

In (10) π (α∗
i ,α−i) is the probability of playing strategy α∗

i
in a case when other BSs select their own strategies αj , j ̸= i.
The probability distribution π is a joint point mass function
of the different combinations of BSs strategies. As in [4],
the inequality in correlated equilibrium definition means that
when the recommendation to BS i is to choose action α∗

i , then
choosing any other action instead of α∗

i cannot result in higher
expected payoff for this BS.
Let us formulate the set of actions selected by all BSs as
α = {αi ∪ α−i}, where α−i is the set of actions selected
by all other BSs than i. We can introduce rate-dependent The
Vickrey-Clarke-Groves (VCG) [5] auction mechanism design,
where each of the BSs aims to maximize the utility Ui, ∀i,
defined as:

Ui (αi,α−i)
△
= Ri (αi,α−i)− ζi (αi,α−i) , (11)

where ζi denotes the cost (rate loss) introduced by BS i to all
other BSs, which is evaluated as follows:

ζi (αi,α−i) =
∑
l ̸=i

Rl (α−i)−
∑
l ̸=i

Rl (α). (12)

The use of VCG auction mechanism based on rate leads
to maximization of the overall performance of the system
by exploiting cooperation among nodes. However, in modern
wireless systems the UEs are more interested in fulfilling their
minimum QoS requirements rather than maximizing their rate
or minimizing packet delay. Therefore, as an alternative one
can consider a satisfaction-based VCG auction mechanism,
with the satisfaction vi defined as in (4) and (7), that can be
formulated as:

Ui (αi,α−i)
△
= fi (αi,α−i)− ψi (αi,α−i) , (13)

where ψi denotes the satisfaction based cost evaluated as
follows:

ψi (αi,α−i) =
∑
l ̸=i

fl (α−i)−
∑
l ̸=i

fl (α). (14)

B. Regret-matching learning

To achieve the CE a centralized approach can be applied,
which is, however, very complex [5]. Therefore, according to
[12] the procedure of regret matching learning can be sued to
iteratively achieve CE. In [4], [5], a modified regret-matching
learning algorithm is proposed to learn in a distributive fashion



how to achieve the correlated equilibrium set in solving the
VCG auction, which aims at minimizing the regret of selecting
certain action. The regret REG(T ) of BS i at time T for
playing action α(n) instead of other actions is given as:

REG
(T )
i

(
α
(n)
i ,α

(−n)
i

) △
= max{D(T )

i

(
α
(n)
i ,α

(−n)
i

)
, 0},

(15)
where

D
(T )
i

(
α
(n)
i ,α

(−n)
i

)
=

= max
j ̸=n

1

T

∑
t≤T

(
U t
i

(
α
(j)
i ,α−i

)
− U t

i

(
α
(n)
i ,α−i

))
,

(16)

where U t
i

(
α
(.)
i ,α−i

)
is the utility at time t.

DT
i

(
α
(n)
i ,α

(−n)
i

)
is the average payoff that BS i would

have obtained if it had played other action than α
(n)
i every

time in the past. Thus, positive value of DT
i

(
α
(n)
i ,α

(−n)
i

)
means that BS i would have obtained higher average payoff
when playing different action than n. Finally, given the regrets
for all N actions, the probability of BS i selecting strategy n
can be formulated as follows:

π
(α

(n)
i )

i (T ) = 1− 1

µ(T−1)
REG

(T−1)
i

(
α
(n)
i ,α

(−n)
i

)
, (17)

where

µ(T−1) =

∑
n REG

(T−1)
i

(
α

(n)
i ,α

(−n)
i

)
N−1 .

V. SIMULATIONS

A. General assumptions

To compare the performance of the system using interfer-
ence mitigation based on CE and SE Monte-Carlo simulations
of a Long Term Evolution - Advanced (LTE-A) like system
with 3 macro BSs (forming 120°sectors) and 18 micro BSs
(in 9 sites), as shown in Fig. 1, have been used. All BSs are
assumed to transmit using the same frequency and bandwidth,
equal to 2.6 GHz and 20 MHz, respectively. Full interference
model has been implemented including links between each
BS and each UE, with the channel propagation conditions
determined based on models proposed in [13]. At each time
instant there were 300 UEs uniformly distributed on the streets,
hence only outdoor transmission has been considered. The
maximum transmission power for macro BSs was set to 46
dBm, whereas for micro BSs it was 33 dBm. It was assumed
that all BSs and UEs equip only single antenna and UEs are
stationary.

B. Full-buffer analysis

1) Assumptions: In the first considered setup it was as-
sumed that all BSs have infinite amount of best effort (BE)
data to transmit, which is known as the full-buffer model.
The following approaches to interference mitigation have been
considered in the evaluation:

• a system with no inter-cell interference coordination
(ICIC),

TABLE I: System spectral efficiency

Scheme

PF scheduler PFMR scheduler
spectral
efficiency
[bps/Hz]

gain vs.
no ICIC
[%]

spectral
efficiency
[bps/Hz]

gain vs.
no ICIC
[%]

no ICIC 1.40 - 1.15 -
LTE-A ICIC 1.43 2.1 1.13 -1.7

CE-rate 1.50 7.1 1.24 7.8
CE-satisfaction 1.50 7.1 1.24 7.8

SE-SESA 1.52 8.6 1.28 11.3
SE-behavioural 1.56 11.4 1.28 11.3

• LTE-A interference coordination mechanism based on
ABSF with 4 ABSF possible within a radio frame,

• interference mitigation scheme proposed in [3] based
on CE and rate based payoff - denoted as CE-rate,

• the proposed ICIC mechanism based on CE with
throughput satisfaction based payoff - denoted as CE-
satisfaction,

• SE based solution using the SESA algorithm and
throughput-based satisfaction [11] - denoted as SE-
SESA,

• a solution based on SE using behavioural learning
and throughput-based satisfaction- denoted as CE-
behavioural,

For all learning algorithms it was assumed that actions are
selected every 10 ms, which is the duration of the radio
frame in considered system. Moreover, a minimum throughput
constraint has been considered for all UEs equal to 500 kbps.
The considered schemes have been compared in terms of
achieved system spectral efficiency, which represents the total
throughput per unit of bandwidth, and achieved UE throughput
distribution, with detailed analysis of the 5th, 50th and 95th
percentile.
To provide more detailed analysis of the performance achieved
with different solutions two scheduling algorithms based on
PF criterion have been considered for time-frequency resource
allocation:

• opportunistic proportional fair (PFs) scheduler

• proportional fair minimum rate (PFMR) scheduler that
provides minimum rate guarantees to all UEs [14]

2) Numerical results: In Table I the achieved system spec-
tral efficiency is presented, with the indication of gain vs.
system with no ICIC. One can notice that higher spectral
efficiency is achieved when using the approaches based on
equilibria, with the solutions using SE providing the highest
efficiency. Gains even over 10% can be observed for both
considered schedulers. High spectral efficiency achieved with
the use of SE may indicate that in such dense system the
required minimum data rate is too high to be achieved for all
UEs. Therefore, in process of SE learning the highest possible
utility is obtained, although SE may not be reached.
A very interesting and important parameter in terms of UE

satisfaction analysis is the UE throughput distribution. Fig. 3
shows the UE throughput distribution achieved for different
solutions with PFs, with the detailed crucial points - the 5th,
50th and 95th percentile - also shown in Table II.



0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

X [ Mbps]

P
(t

hr
ou

gh
pu

t <
=

 X
)

 

 

no ICIC
LTE−A (4 ABSF)
CE − rate
CE − satisfacton
SE − SESA
SE − behavioural

Fig. 3: UE throughput CDF with PFs scheduler

TABLE II: UE throughput with PF scheduler

Scheme 5th percentile
throughput
[kbps]

50th percentile
throughput
[kbps]

95th percentile
throughput
[kbps]

no ICIC 99.55 1221.33 7474.53
LTE-A ICIC 95.07 1162.89 6996.60

CE-rate 96.32 1434.38 7348.0
CE-satisfaction 125.16 1480.71 7067.75

SE-SESA 84.59 1290.74 7039.50
SE-behavioural 54.42 1179.0 7457.0

Analysing the UE throughput CDF one can notice the
large gain achieved with the CE-satisfaction approach, which
combines the gains form cooperation and satisfaction-based
optimization. This is the only one solution that provides
higher 5th percentile throughput than tor the system with
no ICIC, what indicates a significant improvement of rate
of UEs experiencing the strongest interference. On the other
hand, the solutions based on SE provide much lower 5th
percentile throughput, what indicates that the SE cannot be
achieved. Moreover, due to the clipping effect [7], where
a BS keeps playing the same action when it is satisfied,
without consideration of other BSs satisfaction, several BSs
cannot achieve satisfaction because of the strong inter-cell
interference. Thus, the cooperative approach based on CE and
satisfaction-based utility provides much better results, as the
clipping effect is avoided.
Similar conclusions can be drawn when analysing the CDF

of UEs throughput obtained when using the PFMR scheduler,
shown in Fig. 4 and Table III. However, due to the minimum
rate constraints of the PFMR scheduler, the 5th percentile UE
throughput is much higher than for the PFs scheduler. A value
of over 200 kbps is achieved with the use of ICIC employing
CE and satisfaction-based optimization. This value is much
higher than the ones achieved with SE which also indicate the
infeasibility of the satisfaction constraint for SE.
In case of CE-satisfaction approach even over 75% of UEs

are satisfied - they achieve the throughput of at least 500 kbps.
This indicates that the solution based on CE and satisfaction-
based utility combined with proper scheduling strategy can
significantly improve performance of the system in ultra dense
deployments.
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Fig. 4: UE throughput CDF with PFMR scheduler

TABLE III: UE throughput with PFMR scheduler

Scheme 5th percentile
throughput
[kbps]

50th percentile
throughput
[kbps]

95th percentile
throughput
[kbps]

no ICIC 181.86 675.94 6784.80
LTE-A ICIC 165.32 676.62 5978.23

CE-rate 104.53 800.75 6505.75
CE-satisfaction 205.80 938.25 6582.50

SE-SESA 129.68 803.10 6149.0
SE-behavioural 101.91 657.73 6745.14

C. Non-full-buffer analysis

1) Assumptions: In the second setup it was assumed that
each UE is using a single service from the following list:

• real-time voice service - based on voice over Internet
protocol (VoIP) specification,

• data service - represented by file download using file
transfer protocol (FTP).

To represent the services in a realistic manner the models
proposed in [13] have been used.
The following approaches to interference mitigation have been
considered in the evaluation:

• a system with no ICIC,

• LTE-A interference coordination mechanism based on
ABSF with 4 ABSF possible within a radio frame,

• interference mitigation scheme proposed in [3] based
on CE and rate based payoff - denoted as CE-rate,

• the proposed ICIC mechanism based on CE with
delay-based satisfaction - denoted as CE-satisfaction,

• the proposed ICIC mechanism based on CE with
hybrid throughput- and delay-based satisfaction - de-
noted as CE-hybrid,

• SE based solution using the SESA algorithm and
delay-based satisfaction [11] - denoted as SE-SESA,

• a solution based on SE using behavioural learning and
delay-based satisfaction- denoted as CE-behavioural,



For all learning algorithms it was assumed that actions are
selected every 10 ms, which is the duration of the radio
frame in considered system. Moreover, a maximum delay
constraint for VoIP services equal to 150 ms and a minimum
throughput constraint for FTP services equal to 500 kbps has
been considered.
The investigated schemes have been compared in terms of
real-time traffic packet outage probability, achieved system
spectral efficiency, which represents the total throughput per
unit of bandwidth and achieved UE throughput distribution,
with detailed analysis of the 5th, 50th and 95th percentile.

2) Numerical results: The numerical results for non-full-
buffer analysis will be provided in the camera-ready version
of the paper.

VI. CONCLUSION

In this paper we address the problem of interference
mitigation in ultra dense heterogeneous cellular network with
the minimum throughput constraints from a game theoretic
perspective. Several approaches based on CE and SE are
compared. Moreover, a new solution based on cooperative
approach using CE and satisfaction-based optimization is pro-
posed. The proposed scheme outperforms other solutions in
terms of satisfying the QoS constraints in form of minimum
throughput or maximum packet delay requirement. Moreover,
the difference in overall system performance in terms of spec-
tral efficiency is minimal in favour of SE-based approaches.
Thus, in systems that allow for BSs coordination, the approach
using CE and satisfaction constrained utility seems to be
the most promising one for long-term ICIC. On the other
hand, when the coordination interface is the limiting factor,
solutions based on SE may be preferred as they operate in
fully distributed manner.
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