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a b s t r a c t

Partially overlapping tones (POT) have recently been offered as a promising solution with the aim of
decreasing the interference induced on the users for uncoordinated networks. Since each user causes
interference on other userswhile utilizing the same resources, a reduction on this destructive interference
can be achieved with POT concept. In this study, a game theoretical partially overlapping filtered
multitone scheme is proposed. Partially overlapping is performed in both frequency and space domains.
While intentional carrier frequency shift is introduced in frequency, reconfigurable antennas are utilized
to achieve partially overlapping in space domain. Within a game theoretical framework, when users
search for the frequency shift ratio, they also select the antenna state to increase the system utility.
When the users act simultaneously, joint behavior makes it increasingly difficult to reach the Nash
equilibrium (NE). To address this problem, a sequential game algorithm is utilized. As a result, the NE
is proved theoretically with potential games and simulations. With this joint partially overlapping game
in frequency and space domains, it is demonstrated that the capacity gain at system level is improved
significantly.

Published by Elsevier B.V.

1. Introduction

Due to the unprecedented increase in the wireless usage
demand, researchers have primarily focused on spectrally effi-
cient solutions. As one of the most efficient solutions, orthogonal
frequency-division multiplexing (OFDM) has been proposed to
satisfy this demand. In coordinated networks, OFDMprovides high
spectral efficiency. However, in uncoordinated networks which
can consist of non-cooperative small cells which include one base
station (BS) and multiple users in each, and are not controlled by
a central unit in one possible scenario, OFDM is highly vulnerable
to interference coming from other users due to the asynchronous
transmission which is leading to loss of orthogonality. Moreover,
since all the small cells utilize the same band in uncoordinated
networks, they produce destructive interference between each
other.

Recently, partially overlapping tones (POT) concept has been
introduced in [1] to mitigate the interference coming from other
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users in uncoordinated networks. In the POT concept, inten-
tional carrier frequency shift (CFS) is performed by every non-
cooperative users with the aim of exploiting the gaps in between
subcarriers. The allocated resources to two uncoordinated users i
and j are illustrated in Fig. 1(a) and Fig. 1(b) (solid curve) where
i and j are assigned at the same time. Before j is provided with
a frequency shift, both users fully overlap each other, i.e., they
fully interfere with each other. To decrease the interference, j
introduces some CFS (dashed curve) as shown in Fig. 1(b). Partially
overlapping scheme can therefore be achieved at the subcarrier
level to reduce the cross interference as depicted in Fig. 1(c). This
scheme can be considered for both orthogonal and non-orthogonal
waveforms. However, when this concept is utilized in uncoordi-
nated networks, POT will give rise to non-orthogonality among
non-cooperative users regardless of what type of waveform is
employed in the whole system.

If all users introduce the same amount of CFS at the same time,
partially overlapping would not be achieved since the users would
still fully overlap each other. In this case, all users will capture the
same interference. To overcome this issue, we propose game theo-
retical partially overlapping filteredmultitone (POFMT) technique.
As a scheme, filtered multitone (FMT) is utilized due to certain
advantages over OFDM such as providing flexibility in spectrum
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Fig. 1. Users i and j fully overlap by allocating the same resources at the same time
in (a) and (b)(solid curves), respectively. j performs CFS to decrease the interference
in (b) (dashed curve). i and j partially overlap in (c).

band usage, not requiring synchronization between transmissions
in both ends of a link, and not necessitating the cyclic prefix
usage [2]. While game theory (GT) is utilized to determine the
frequency shift ratio (FSR) in the frequency domain, it is also used
to select the antenna state (radiation pattern) of reconfigurable
antenna (RA) to achieve partially overlapping in the space domain.
In RAs, the antenna characteristics can be reconfigured electrically
ormechanically. In the fixed directions, different radiation patterns
can be generated with RAs. Also, they have the capability to work
in different operating frequencies [3] which can provide additional
degree of freedom in the user equipment. The main motivation to
use these antennas in this study is their physical sizes which make
them employable in user equipments and capability of generating
multiple states. Therefore, in several studies, RAs are utilized to
solve various issues such as to increase the system performance
[4–6], to increase the diversity gain with coding scheme [7] and
degree of freedom in full duplex systems [8], for sub-channel
allocation [9]. Multiple-input multiple-output (MIMO) technology
can also be used to formmultiple states. Due to the challenges such
as minimum distance requirement between two antennas, MIMO
technology is currently not feasible for mobile devices working in
frequencies below 6 GHz. RA therefore becomes a possible future
solution for small devices.

1.1. Related work

Various solutions have been proposed in the literature to han-
dle/decrease the interference, and hence, increase the system ca-
pacity in uncoordinated networks. One group of studies focuses
on the game theoretical resource allocation techniques. Since GT
investigates the interactions between two or more nodes and can
provide a solution among uncoordinated players (users), it has
been utilized extensively in the resource allocation studies. S-
modular games are used in [10,11] to carry out the subcarrier
allocation and power control, respectively. [12–15] utilized the
Stackelberg games, which is based on the leader and followers
scenario, to perform resource allocation. the Stackelberg games are
also utilized to provide secure communication in physical layer
in [16,17].

When there are multiple primary and secondary networks, this
game can be utilized . While a cooperative game approach is used
in [18], potential games are proposed with resource allocation and
load balancing literature in [19,20] and [21], respectively.

Another group of studies focuses on the partially overlapping
channels (POC) [22] and [23] to reduce the interference in WiFi
networks where there are three non-overlapping channels among
the eleven available channels. POC is utilized when there are more
than three users in a WiFi network. For example, for four users
case, instead of using non-overlapping channels of 1, 6 and 11,
channels 1, 4, 7 and 11 are proposed to be used in a partially
overlapping manner. Similar approach is introduced in [24] for
cellular networks. Also, in [25–27], POC concept is utilized to
increase the capacity. In [28], a game theoretical POC is proposed
where players are trying to find the least aggregated interference
channel. Cooperative games are used among access points in [29]
to increase throughput, and hence, to decrease the interference.

1.2. Proposed scheme and contributions

In this study, POFMT with RAs is proposed within a game
theoretical framework. To the best of our knowledge, RAs have not
been utilized with POT in the literature. In the previous study [30],
POFMT concept with only orthogonal waveforms was investigated
in the system level without utilizing the RAs. In this study, non-
orthogonalwaveforms are introduced since they have been offered
for 5G and beyond [31]. Additionally, RAs are also utilized to
introduce the space domain partially overlapping and to further
improve the system performance. A joint FSR and antenna state
selection game is proposed. While users search for the FSR to
reduce the interference from other users in the environment, they
also determine the antenna state where the highest utility can be
achieved for the relevant FSR. The existence of Nash equilibrium
(NE) in this game is provedwith simulations and theoreticallywith
potential games because of having finite improvement property
(FIP) which guarantees the NE convergence. As demonstrated with
simulation results, POFMT scheme with RAs outperforms OFDM in
terms of capacity in the system.

The contributions can be summarized as follows:

1. System level implementation and analysis of POT are intro-
duced in the uncoordinated networks.

2. Orthogonal and non-orthogonalwaveforms are investigated
under POT conceptwith various subcarrier spacing and filter
roll-off and dispersion parameter values. The results are
compared with OFDM.

3. RA is utilized to achieve the partially overlapping in space
domain. Joint FSR and antenna state selection is introduced
for orthogonal and non-orthogonal waveforms. The results
are compared with omni-directional antenna usage.

The remainder of this paper is organized as follows. In Section 2,
the system model is introduced where the transmission, channel,
and reception models are given within the system model. The
problem formulation with potential games is explained in Sec-
tion 3. The game algorithmwith the uniqueness of NE is introduced
in Section 4. Section 5 entails numerical results of the proposed
approach. Conclusions are drawn in Section 6.

2. Systemmodel

We consider an uplink scenario which has multiple small BSs
and users. We also consider that the small BSs are randomly dis-
tributed in a given area as seen in Fig. 2. It is assumed that each
small BS serves to a single user. We also consider that users are
equipped with RAs while small BSs use omni-directional antenna.
Users are assumed to be able to introduce an intentional frequency
shift compared to the other links.
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2.1. Transmission model

Similar to [32], the transmitted signal of ith user, i ∈ I, where
I is the set of users, is given by

xi(t; ϕ) =

∞∑
m=−∞

N−1∑
k=0

Xkmig(t − mT )ej2πk(f0+ϕ)t , (1)

where N is the total number of subcarriers, Xkmi is the modulated
symbols on the kth subcarrier of mth symbol, f0 is the subcarrier
spacing, T is the symbol duration, g(t) is the prototype filter, and
ϕ ∈ [0, f0] is the frequency shift introduced by ith user, which
aims to reduce the interference coming from other users with the
concept of POFMT.

2.2. Channel model

We consider utilizing an antenna model given in 3GPP stan-
dards [33] as an RA. This model captures different large scale
attenuations with respect to the νth RA state, ν ∈ Λ where Λ is
the state set of antenna, and is given by

Aν(θ ) = −min

[
12

(
θ

θ3dB

)2

, Amax

]
. (2)

where θ is the angle between the direction of relevant BS and the
boresight direction,−180◦ ⩽ θ ⩽ 180◦, θ3dB is the 3 dB beamwidth
of the antenna, and Amax is themaximumattenuation. In this study,
we consider fixed boresight directions towards where the antenna
can generate the radiation pattern. For instance, when an RA gen-
erates three beams, and the angle between beams is 60◦, then, the
boresight directions become 0◦, 60◦and −60◦. With the consider-
ation of small scale Rayleigh fading, channel impulse response for
the νth antenna state is given as h(t, τ ; ν) =

∑L−1
ℓ=0ϱℓ(t; ν)δ(t −τℓ)

where ℓ is the path index, L is the total number of paths, τℓ is the
delay of the ℓth tap, and ϱℓ(t) is the path gains. The channels of ith
intended user and jth interfering user are denoted with hi(t, τ ; ν)
and hj(t, τ ; ν).

The received signal strength (RSS) of the user is calculated as
RSS = Ptx+G−PLwhere Ptx is the transmit power,G is the transmit
antenna gain, and PL is the path loss. The transmit antenna gain can
be calculated as G = Gtx + Aν(θ ) where Gtx is the constant antenna
gain given in [33] and Aν(θ ) is the attenuation.

2.3. Reception model

The received signal of small BS of the ith user is expressed as

yi(t; ϕ, ν) =

∫
τ

∫
ϕ

Hi(τ ; ϕ, ν)xi(t − τ ; ϕ)ej2π (f0+ϕ)tdϕdτ

+

∑
j∈I,j̸=i

∫
τ

∫
ϕ

Hj(τ ; ϕ, ν)xj(t − τ ; ϕ)ej2π (f0+ϕ)tdϕdτ

+ w(t), (3)

where j is the interfering users index, w(t) is the additive white
Gaussian noise, Hi(τ ; ϕ, ν) and Hj(τ ; ϕ, ν) are the Fourier transfor-
mations of hi(t, τ ; ν) and hj(t, τ ; ν), respectively. The location of
the users with respect to their corresponding small BS is critical in
terms of RA state. If the direction of the interfering users’ antenna
state ν is not towards the ith small BS, lower interference power is
captured when compared to the case where all users are equipped
with the omni-directional antenna. Thus, in order to obtain the
received symbol, the received signal is projected onto the corre-
sponding received filter as

Fig. 2. System view. In uncoordinated network structure, the system has multiple
small BSs with a single user. Also, each user has RA which can form a state in one
direction.

X̃lni(ϕ, ν) =
⟨
yi(t; ϕ, ν), g(t − nT )ej2π l(f0+ϕi)t

⟩
=

∫
t
ri(t, τ ; ϕ, ν)g(t − nT )e−j2π l(f0+ϕi)tdt

+

∑
j∈I,
j̸=i

∞∑
n=−∞

N−1∑
l=0

∫
t
rj(t, τ ; ϕ, ν)g(t − nT )

× e−j2π l(f0+ϕi)tdt + w(t), (4)

where ri(t, τ ; ϕ, ν) =
∫

τ

∫
ϕ
Hi(τ ; ϕ, ν)xi(t − τ ; ϕ)ej2π (f0+ϕ)tdϕdτ .

As it can be seen in (4), small BS employs the same frequency shift
of ith user in order to receive the symbol properly. Otherwise, the
transmit pulse shape will be captured partially, which can degrade
the performance tremendously in terms of capacity. Alternatively,
the same situation provides significant advantage against the in-
terfering users that introduce different amount of frequency shift
ϕj. Since the interfering signal is captured based on ϕj, the signal-
to-interference-plus-noise ratio (SINR) of the ith user is increased
significantly. Therefore, SINR of small BS of the ith user can be
expressed as

SINRi =
Pi(ϕi, νi)

Pj(ϕi, νj) + w(t)
. (5)

In (5),

Pi(ϕi, νi) = E
[⏐⏐⏐⏐ ∫

t
ri(t, τ ; ϕ, ν)g(t − nT ) × e−j2π l(f0+ϕi)tdt

⏐⏐⏐⏐2], (6)

and

Pj(ϕi, νj) =

∑
j∈I,
j̸=i

∞∑
n=−∞

N−1∑
l=0

E
[⏐⏐⏐⏐ ∫

t
rj(t, τ ; ϕ, ν)

× g(t − nT )e−j2π l(f0+ϕi)tdt
⏐⏐⏐⏐2] (7)

3. Problem formulation

We consider joint FSR and antenna state selection among users
in uncoordinated networks within the game theoretical frame-
work. GT is a mathematical tool which provides a solution method
in an uncoordinated environment. It investigates the interactions
between two or more agents. Since it relies on the strategic think-
ing, for uncoordinated networks, GT can be exploited by the users
which are defined as players and denoted with i. The strategies are
given as the FSR and antenna state selection and can be denoted
with si = {ϕi, νi}, si ∈ Si where Si is the strategy set of player i.
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Finally, the utility function is defined as the capacity of the player
i and expressed as

Ui(ϕi, νi) = log2(1 + SINRi). (8)

Thus, the game G can be described with three components as
G = ⟨I, Si,Ui⟩. So, the NE can be formulated as

Ui(s∗i , s
∗

−i) ≥ Ui(si, s∗−i)
∀i ∈ I, ∀si, s−i ∈ S (9)

where s−i represents the strategies for all players except i, ‘*’ shows
the equilibrium point, and S is the strategy profile of all players.

3.1. Potential game formulation

A game is considered as potential game when a function called
potential function exists. This function reflects the change of one
player’s utility functionwith respect to its unilateral deviation. [34]
defines a game as an ordinal potential game as in the following.

Definition 1. A game G is said to be an ordinal potential game if it
admits an ordinal potential. A function V is an ordinal potential for
G if, for all, i ∈ I

Ui(s′i, s−i) − Ui(si, s−i) > 0 iff
V (s′i, s−i) − V (si, s−i) > 0
∀si, s′i ∈ Si. (10)

where s′i indicate the change in the strategy of player i.

Ordinal potential games guarantee that there is at least one pure
NE. In this study, the potential function is defined as follows [32]

V (S) = log2

(∑
b∈I

E
[⏐⏐⏐⏐ ∫

t
rb(t, τ ; ϕ, ν)g(t − nT )

× e−j2π l(f0+ϕb)tdt
⏐⏐⏐⏐2] + w0

)
(11)

where S = ({ϕi, νi}, {ϕ−i, ν−i}).

3.2. Convergence to Nash equilibrium

Every finite potential game has a FIP [35]. A path in strategy set
S is defined as a sequence of γ = {s0, s1, s2, . . .}. For a finite path,
there are initial and terminal points of γ as s0 and the last element
and the game is played sequentially. In our scheme, players play
with their best response correspondences, i.e., no player would
select the strategy which will provide smaller utility, and hence,
smaller potential function. Therefore, if it is considered that the
newly selected and previous strategies are s1 and s0, respectively,
the relation between these strategies in terms of the utility will be
Ui(s1) > Ui(s0), when there is a profit in terms of having higher
utility for player to change the strategy. Hence, it is considered for
γ to have an improvement path. This property will have an effect
on the potential function and the relation between the potential
functions will become V (s0) < V (s1) < · · · . This can be explained
mathematically as follows.

After separating the ith player’s received signal power, the
potential function V ({ϕi, νi}, {ϕ−i, ν−i}) which is defined in (11)
can be expressed as

V ({ϕi, νi}, {ϕ−i, ν−i})

= log2

(∑
b∈I,
b̸=i

E
[⏐⏐⏐⏐ ∫

t
rb(t, τ ; ϕ, ν)g(t − nT )e−j2π l(f0+ϕb)tdt

⏐⏐⏐⏐2]

+ E
[⏐⏐⏐⏐ ∫

t
ri(t, τ ; ϕ, ν)g(t − nT )e−j2π l(f0+ϕi)tdt

⏐⏐⏐⏐2] + w0

)
,

(12)

When player i changes its strategy from {ϕi, νi} to {ϕ′

i , ν
′

i }, the
potential function V ({ϕ′

i , ν
′

i }, {ϕ−i, ν−i}) would be

V ({ϕ′

i , ν
′

i }, {ϕ−i, ν−i})

= log2

(∑
b∈I,
b̸=i

E
[⏐⏐⏐⏐ ∫

t
rb(t, τ ; ϕ, ν)g(t − nT )e−j2π l(f0+ϕb)tdt

⏐⏐⏐⏐2]

+ E
[⏐⏐⏐⏐ ∫

t
ri(t, τ ; ϕ, ν)g(t − nT )e−j2π l(f0+ϕi)tdt

⏐⏐⏐⏐2]′

+ w0

)
,

(13)

Since the strategies of all users except i remain unchanged, the
difference betweenpotential functions, i.e., the difference obtained
from the subtraction of (12) from (13), would be bigger than zero
and is expressed as

V ({a′

i, ν
′

i }, {a−i, ν−i}) − V ({ai, νi}, {a−i, ν−i}) > 0 (14)

Eq. (14) shows that our scheme is an ordinal potential game. So,
the NE existence is proved. This also indicates that our scheme has
the FIP, and, as shown in Figs. 7(b) and 8(b), it converges to NE.

4. FSR and antenna state selection scheme

In this scheme, the players compete to maximize their capacity
given in (8) by selecting the best FSR and antenna state. A player
first chooses the FSR from the set of ϕ = [0, f0] when transmitting
the signal defining in (1). By introducing the shift, the player looks
for a position where it captures the least interference. When the
transmitted signal xi(t; ϕi) is received by the small BS in a given
antenna state, the received signal yi(t; ϕ, ν) is projected onto the
corresponding filter to obtain the received symbol X̃lni(ϕ, ν) given
in (4). Interference signals coming from other players are also
obtained from the corresponding small BS with its receiver filter
in a same way. Then the small BS computes the SINR and utility
defining in (5) and (8), respectively, and sends the payoff report to
the player. The small BS performs this scheme for every antenna
state with all FSRs. Based on the payoff reports, the player selects
the one which provides the highest utility. Every player follows
the same procedures. To reach NE, sequential game algorithm is
utilized. In this algorithm, each player plays the game in a round
robin manner iteratively until the NE is reached. The detailed
explanation of this game can be seen in Table 1.

4.1. Uniqueness of Nash equilibrium

As mentioned in Section 3.2, every finite potential game has
a FIP [35]. In our scheme, players play with their best response
correspondences. Therefore, the relation in utility functions which
have the newly selected strategy s1 and previous strategy s0 will
become Ui(s1) > Ui(s0).

In this study, we consider joint FSR and antenna state selection
scheme in uncoordinated networks. Each player play with their
best responses when they select the FSR and antenna state. Every
player adheres the sequential game algorithm. In this game, each
player plays in a round robin manner, i.e., each player waits its
turn to play. As explained in Table 1, a player first introduces an
FSR and searches for the best antenna state for this corresponding
FSR. When the player searches through all the FSRs, it picks the
best FSR and antenna statewhichprovide the highest capacity gain.
Then, the next player (and all others) follows the same algorithm
until the NE is reached. By keeping playing with this algorithm, the
system will converge to a unique NE. Since the players play with
their best response correspondences, it can be guaranteed that the
best equilibrium is reached with the this algorithm and the game
converges to a unique NE.
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Table 1
FSR and Antenna State Selection Scheme.

5. Performance evaluation

In this section, performance results are provided to show the
performance of the system with the POFMT in uncoordinated
networks. The results can be categorized into two groups: (1) To
demonstrate the advantages of POT concept in frequency domain
over OFDM, each user is equipped with omni-directional antenna.
The performance results with omni-directional antenna is shown
in Figs. 3–6. (2) Joint partially overlapping in frequency and space
domain performance results are depicted in Figs. 7–10. Here, we do
not consider mobility for users. All of the simulation parameters
are listed in Table 2 where the parameter values for RA and the
path loss model are taken from [36] and [33], respectively. The
path loss model employed in this study is PL(dB) = max(15.3 +

37.6log10R, 38.46+20log10R)+0.7d2D +qLiw +Low , where R is the
distance between transmitter and receiver, d2D is the total distance
inside the houses, q is the number of walls separating houses
between transmitter and receiver, Liw is the penetration loss of
wall separating houses, and Low is the penetration loss of outdoor
walls of houses. As a filter, to obtain non-orthogonal waveform, we
use the Gaussian filter (GF), which is distributed in both time and
frequency domain in an optimum way and defined as [1]

hGF (t) = (2ρ)1/4e−πρt2 (15)

where ρ is the dispersion adjustment parameter of the pulse in
time and frequency.

Table 2
Simulation Parameters.

Simulation Parameters Parameter Value

Power of user equipment (UE) 23 dBm
Number of subcarriers 16
Maximum antenna attenuation 20 dBm
Maximum antenna gain 12 dBi
Antenna beamwidth 120
Modulation Order QPSK
d2D 20 m
q 1
Liw 5 dB
Low 20 dB

To attain orthogonal signal, we utilize a band limited root raised
cosine filter (RRCF)with a roll-off factorβ . The response of the filter
is

hRRCF (t) =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
1 − β + 4

β

π

)
,

t = 0
β

√
2

[(
1 +

2
π

)
sin

(
π

4β

)
+

(
1 −

2
π

)
cos

(
π

4β

)]
,

t = ±
T
4β

sin
[
π t

T (1 − β)
]
+ 4β t

T cos
[
π t

T (1 + β)
]

π t
T

[
1 −

(
4β t

T

)2] .

(16)

We consider that all transceiver pairs use the same filter for a
given scenario.

5.1. POFMT for various filter roll-off and dispersion parameter values

SINR distributions of the orthogonal waveform with various
filter roll-off values and OFDM signal are shown in Fig. 3. Or-
thogonal waveform is labeled as RRCF in the legend. It is noted
that for OFDM, it is considered that all available resources are
utilized by all in fully overlapping manner throughout the paper.
As seen fromFig. 3,whenβ value increases, the SINR values of RRCF
decrease. This is basically because the higher β values spread over
the frequencymore. Although there is a considerable amount of the
subcarrier spacing (i.e., 1.5), the gap in between two consecutive
subcarriers diminishes. The intended users therefore can capture
more interference from other users. As compared to OFDM, POFMT
with RRCF provides higher SINR gain.

In Fig. 4, the comparison of the SINR distributions of the non-
orthogonal waveform and OFDM is shown. Non-orthogonal wave-
form is labeled as GF in the legend. As indicated in Fig. 4, when the
value of ρ decreases, the system can achieve higher SINR gain. The
aim in this analysis is to show the effect of partially overlapping
with various ρ values when the subcarrier spacing is equal to 1,
i.e., when no intentional gap is introduced between subcarriers.
If ρ = 1, the SINR distribution of GF would be very close to
the SINR distribution of OFDM. The difference between these two
distributions is negligible. On the other hand, when ρ = 0.2, a high
amount of gain can be achieved. As indicated in [1], when the value
of ρ decreases, the subcarriers shrink in frequency, which leads
to increasing gap in between subcarriers. While lower ρ values
provide less interference on other players, they increase the self-
interference. This causes higher inter-symbol interference on each
player. So, this trade-off needs to be taken into account in the
system design.
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Fig. 3. CDF of the SINR values achieved in orthogonal waveforms with RRC filter for
various the roll-off values.When subcarrier spacing is constant, increasing the filter
roll-off decreases the SINR gain.

Fig. 4. CDF of the SINR values achieved in non-orthogonalwaveformswithGaussian
filter for various the roll-off values. When subcarrier spacing is constant, increasing
the filter control parameter decreases the SINR gain in non-orthogonal waveforms
with Gaussian filter.

5.2. POFMT for various subcarrier spacing

Orthogonal waveforms have an important feature, which is to
keep the signal energy same before and after passing through the
receiver filter [1]. This is advantageous for the signal transmitted
from the legitimate transmitter. However, if the signal is coming
from the interfering source, it becomes disadvantageous. There-
fore, to reduce the energy of the signal taken from the interfering
user, subcarrier spacing is utilized with partially overlapping tech-
nique. Fig. 5(a) shows the effect of POFMT in terms of the inter-
ference mitigation in orthogonal waveforms for various subcarrier
spacing values. As seen in this figure, when the subcarrier spacing
increases, the system gives higher performance gain in terms of
SINR if the filter roll-off value is constant. It is basically because the
higher subcarrier spacing leaves more gap between subcarriers,
and hence, the intended user captures less interference from the
other users who are not fully overlapped. Alternatively, since there
is no spacing between subcarriers in OFDM scheme, it gives the
least SINR gain.

(a)

(b)

Fig. 5. CDF of the SINR values achieved in orthogonal waveforms with RRC filter for
various the subcarrier spacing values. (a) When filter roll-off is constant, increasing
the subcarrier spacing increases the SINR gain. (b) When the subcarrier spacing
increases, i.e., in other words, when the bandwidth usage rises, mean SINR level
also increases.

When a system is designed, it would be desirable to use high
subcarrier spacing with the expense of higher bandwidth occupa-
tion since increasing subcarrier spacing decreases the interference.
Fig. 5(b) shows the bandwidth usage in terms of mean SINR level
for orthogonal waveforms. As seen in the figure, x-axis is labeled
as subcarrier spacing which is multiplied with the bandwidth of
individual subcarrier to find how much bandwidth is used. For
instance, if a bandwidth of a subcarrier is 15 kHz as being in 3GPP
standards and there are 16 subcarriers, total bandwidth usage is
said to be 240 kHz and 360 kHz for subcarrier spacings of 1 and
1.5, respectively, without considering the guard bands. As seen in
Fig. 5(b),whenmore bandwidth is allocated in POT case,mean SINR
gain increases in both schemes. If the same bandwidth as occu-
pied with OFDM scheme is desired to be used, some subcarriers
need to be turned off. In this case, there would be a slight loss
in bandwidth usage. This introduces the tradeoff within POFMT
technique. One will either use a complex interference reduction
method in receiver without losing from the bandwidth [1] or
select the significant interference mitigation with slightly higher
bandwidth usage.
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(a)

(b)

Fig. 6. CDF of the SINR values achieved in non-orthogonalwaveformswithGaussian
filter for various the subcarrier spacing values. (a) When filter control parameter is
constant, increasing the subcarrier spacing increases the SINR gain. (b) When the
subcarrier spacing increases, i.e., in other words, when the bandwidth usage rises,
mean SINR level also increases.

Similarly, in Fig. 6(a), the SINR distributions of OFDM and non-
orthogonal schemes with various subcarrier spacing values are
given while the filter control parameter is constant. Similar to
orthogonal scheme, SINR gains increase with the higher subcarrier
spacing values. Significant gain can be achieved when f0 = 2.
Fig. 6(b) depicts the mean SINR variation for different subcarrier
spacing values. This figure also proves the higher performance gain
achievement depending on the higher f0 values.

For fully overlapping (FO) case, bandwidth increment does not
make any difference in system gain because the gaps are not
utilized by the players. Moreover, more bandwidth is occupied
unnecessarily. These figures also indicate the benefit of POFMT
technique over conventional FO case. For the same amount of
bandwidth usage, proposed technique outperforms in terms of
SINR.

5.3. POFMT with reconfigurable antenna

In this study, POFMT is investigated in both frequency and space
domains. To exploit the space domain, RAs are utilized within the

partially overlapping concept. In Figs. 7 and 8, the advantages of
RA over conventional omni-directional antenna are shown when
POFMT in frequency domain is performedwith both antenna types.
We also compare the algorithm with our RA to another RA named
as planar inverted-F antenna (PIFA) which is traditionally used in
handheld devices [37,38]. Figs. 7a and 8a show the distribution
of the capacity values of orthogonal and non-orthogonal schemes,
respectively. Since RAs can form a state in fixed and different
directions, it can help to decrease the interference induced on
intended players. At the same time, if the serving BS is in the bore-
sight direction, RA can provide higher antenna gains. Therefore,
when joint partially overlapping in frequency and space domains
is performed, the system performance can be improved further in
terms of capacity.

As given in Table 2, the antennaweutilizedhas 120◦ beamwidth
while the PIFA has 150◦ beamwidth. In general, when the
beamwidth increases, the antenna gain decreases. So, the maxi-
mum gain in utilized antenna and PIFA is 12 dBi and 3 dBi, re-
spectively. On the other hand, since, based on the LTE standards,
we assumed that the antenna gain for omni-directional antenna
is 5 dBi, the capacity results for both omni-directional and PIFA
overlap. While the PIFA causes less interference from its sidelobes
and backlobes, since the antenna gain in the main beam is lower
than the omni-directional antenna, the gain attained from the
interference reduction is compensatedwith the loss obtained from
the lower antenna gain.

It is important to note that proposed algorithmprovides slightly
weaker performance in lower capacity values. Since an RA can
form beams in fixed directions, beams can only be propagated
within certain angles. The antenna we utilized can direct beams
from 60◦, 0◦ and −60◦, i.e., only the angles from 120◦ to −120◦

can be covered by RA beams. RA would have sidelobes in all the
other directions (angles). Hence, the serving BS could be directed
towards the sidelobes of the RA of its user. In this case, the low
capacity gains are achieved.

Finally, Figs. 7b and 8b show the mean capacity values in
each iteration of the algorithm in orthogonal and non-orthogonal
schemes, respectively. NE existence can be proved with these fig-
ures. The increment fromomni-directional antenna and PIFA usage
cases to RAusage can be clearly seen in these figures.When the RAs
are used with partially overlapping concept, the system capacity
can be increased further. These results show that the POFMT with
RAs is the candidate solution against the significant interference
problem in the uncoordinated networks.

5.4. Price of anarchy

Price of anarchy (PoA) shows the effectiveness of the algorithm
against its optimum counterpart. It can be defined as the ratio
of the worst equilibrium to optimum value of the system [39].
The aim is to measure how close the derived equilibrium of the
proposed game theoretical algorithm to optimum solution. The
equilibrium has already been defined in (9) for the utility function
given in (8). The objective function can be expressed as the maxi-
mization of the sum capacity of the system as follows,

max
ϕ

νi
i

∑
i∈I

log2(1 + SINRi) (17)

subject to:

ϕi ∈ {0, f0},
∑
i∈I

ϕi ⩽ f0 (18)

Thus, PoA can be defined as

PoA =
ΦEqu

ΦOpt
(19)
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(a)

(b)

Fig. 7. Mean capacity values in each iteration for orthogonal waveforms with RRC
filter. (a) When RAs are used within POT concept, the system gain can be increased
further in orthogonal schemes. (b) The system with orthogonal scheme and RA can
reach the NE.

where ΦEqu and ΦOpt show the worst case equilibrium and opti-
mum points, respectively.

Figs. 9 and 10 show the PoA histograms for both orthogonal
and non-orthogonal waveforms, respectively. To obtain PoA, it
is considered that the system has two small BSs with one user
in each. In order to find the optimum value, exhaustive search
algorithm is utilized in this study. Totally, 1000 realizations are
performed. In every realizations, 10 iterations are performed for
game theoretical algorithm, and the equilibrium is obtained in
each realization where the equilibrium and optimum values are
computed. As indicated in Figs. 9 and 10, PoA values become bigger
than 0.5 in most of the time.

6. Conclusion

In orthogonal frequency-divisionmultiple accessing technique,
resources are allocated accordingly to manage the interference
between users when the whole network is controlled by a central
unit. However, in uncoordinated networks, it is impossible to es-
tablish coordination among users, which leads to increasing inter-
ference in the shared environment. To decrease the interference
in uncoordinated networks, POFMT was proposed within game

(a)

(b)

Fig. 8. Mean capacity values in each iteration for non-orthogonal waveforms with
Gaussian filter. (a) When RAs are used within POT concept, the system gain can be
increased further in non-orthogonal schemes. (b) The system with non-orthogonal
scheme and RA can reach the NE.

Fig. 9. The efficiency of the proposed algorithm for the orthogonalwaveforms based
on PoA analysis.
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Fig. 10. The efficiency of the proposed algorithm for the non-orthogonalwaveforms
based on PoA analysis.

theoretical framework in this study. As players, users introduced
joint partially overlapping in frequency and space domains. While
frequency domain partially overlapping was fulfilled by giving
intentional CFS, RAs were utilized to introduce space domain par-
tially overlapping. The system was evaluated with various sub-
carrier spacing and filter control parameter values to show the
advantages of partially overlapping in only frequency domain. It is
found that increasing subcarrier spacing decreases the interference
in the system. Also, when the filter control parameter decreases,
the system gain increases. With the utilization of RAs, the system
performance is shown to increase further. By utilizing the partially
overlapping concept, a new network design can be considered in
uncoordinated networks.

There are several extensions in this topic beyond what is pre-
sented in this study. One possible extension is the time domain
synchronization when there are multiple users served by one BS,
i.e., therewill bemultiple small BSswithmultiple users. In this type
of scenario, users have to satisfy the time synchronization with
their single BS. Another extension can be given with RA. In this
study, it is assumed that only uncoordinated users are equipped
withRAs. In cognitive heterogeneous networks, the scenariowhere
primary users, secondary and primary BSs are all equipped with
smart antenna, i.e., either with RA or MIMO, or any combination of
them in the network needs further investigation.
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