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Abstract: This paper investigates a multi-cell uplink network, where the orthogonal
frequency division multiplexing (OFDM) protocol is considered to mitigate the intra-
cell interference. An optimization problem is formulated to maximize the user sup-
porting ratio for the uplink multi-cell system by optimizing the transmit power. This
paper adopts the user supporting ratio as the main performance metric. Our goal is to
improve the user supporting ratio of each cell. Since the formulated optimization
problem is non-convex, it cannot be solved by using traditional convex-based optimi-
zation methods. Thus, a distributed method with low complexity and a small amount
of multi-cell interaction is proposed. Numerical results show that a notable perfor-
mance gain achieved by our proposed scheme compared with the traditional one is
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1 Introduction
n 5G and Internet of Things (IoT) networks, the number
and density of users have increased dramatically and
data transmission has shown explosive growth, leading
to an urgent need for greater capacity and higher spec-
trum efficiency (SE)!' *, especially in the uplink transmis-
sion. For the uplink transmission, a cell user may suffer un-
acceptably high interference from other users in neighboring
cells, who transmit signals over the same frequency band
with it.
To pursue high SE and mitigate the inter-user interfer-
ence, the orthogonal frequency division multiple access
(OFDMA) protocol was proposed™. OFDMA divides the
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whole available channel frequency band into several sub-
channels, so that multiple users can access over different
sub-channels for data transmission simultaneously” 7. In
OFDMA-based cellular systems, when the number of sub-
channels is greater than or equal to the total number of users
in all cells, the intra-cell interference can be ignored, since
the sub-channels are orthogonal to each other',

However, in wireless cellular networks, due to the limited
spectrum resource, different cells have to share the same
spectrum resource. That is the users in different cells may
transmit signals over the same sub-channel in an OFDMA-
based cellular system so that the inter-cell interference (ICI)
cannot be neglected, especially in the ultra-dense cellular
system, where the radius of the cell is much smaller than tra-
ditional ones and the distance between the users from differ-
ent cells is also smaller than traditional ones. Thus, in the
ultra-dense cellular system, the inter-cell interference be-
comes the major factor of limiting the network capacity and
users’ achievable-information rates” '”. More importantly,
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as the demand for spectrum resource utilization continues to
increase, the ICI issue is getting much worse!'"l,

As a matter of fact, the ICI is related to many factors in-
cluding network topology, frequency reuse methods, multi-
ple access schemes, and transmit power of users, among
which the power control is shown to be the most significant
way to migrate the ICI.

Moreover, in practical multi-cell networks, it is impossi-
ble to deploy a centralized power control algorithm due to
the huge signaling overhead on collecting global network in-
formation from all users, so a lot of related work on multi-
cell ICI suppression by designing distributed power control
can be found in the literature!” "®. In Ref. [12], an efficient
power allocation approach in OFDMA cellular networks was
proposed, which was based on the non-cooperative game the-
ory. In Ref. [13], the distributed power control and subcarri-
er allocation problems in the multi-cell OFDMA system
were studied, and the convergence rule and steady state
characterization were analyzed with the potential game. In
Ref. [14], a power control scheme was proposed to manage
the LTE uplink interference, which was designed based on
data-driven machine learning paradigms. In Ref. [15], two
power control schemes were proposed by adjusting the maxi-
mum transmit power of femtocell users to suppress the cross-
tier interference at a macro-cell base station (BS). In Ref.
[16], a new interference cancellation scheme was presented
for the uplink multi-channel environment to reduce error
propagation with low backhaul use, and the scheme shares
one real value scaler and hard symbols through backhaul to
minimize residual interference variance. In Ref. [17], the us-
er’s unique interference-aware open-loop power control (IA-
OPC) scheme was proposed, in which the incoming and out-
going line interference in the cell were taken into account.
In Ref. [18], the energy efficiency maximization problem
was investigated under uncertain channels, for which an op-
timal mobile relay selection algorithm and a robust distribut-
ed power control algorithm were proposed.

However, the aforementioned works on the distributed
power control did not take into account information interac-
tion, so the achieved performance is limited. As is known,
more efficient strategies can be designed based on more in-
formation interacted among cells. This paper aims to design
a new distributed power control method for OFDMA-based
multi-cell networks by introducing proper inter-cell interac-
tion. Note that proper inter-cell interaction means that the
less interaction amount, the better. The contributions of this
paper are summarized as follows.

1) An optimization problem is formulated to maximize the
user supporting ratio for the uplink multi-cell systems by op-
timizing the transmit power, where the OFDM protocol is
considered for mitigating the intra-cell interference. Differ-

[12,17]

ent from existing works , the goal of which was to im-

prove the network throughput, this paper adopts the user

supporting ratio as the main performance metric, which is
described as the ratio between the number of users meeting
the quality of service (QoS) threshold and the total number
of users in the cell. If more users are supported, more profits
can be gained by the communication network operators. Dif-

1 which examined the exact

ferent from the existing work
downlink average capacity of multi-cell MIMO cellular net-
work with co-channel interference, this paper aims to design
a simple and low-complexity multi-cell uplink interference
management method.

2) Since the formulated optimization problem is non-con-
vex and we aim to design a distributed method with low com-
plexity and a small amount of multi-cell interaction, the
problem cannot be solved by using traditional convex-based
optimization methods. Thus, an interactive power control
scheme is proposed based on the non-cooperative game. In
the presented scheme, a power control scheme based on a
non-cooperative game is introduced, and the predicted trans-
mit power obtained by the non-cooperative game is shared.
Hence, it has low complexity and a small amount of multi-
cell interaction. Numerical results show that a notable per-
formance gain is achieved by our proposed scheme com-
pared with the traditional one without inter-cell interaction.
In our simulation, it shows that the user supporting ratio ob-
tained by the interactive scheme based on the non-coopera-
tive game is higher than that obtained by the non-interactive
scheme.

The rest of the paper is organized as follows. In Section 2,
we present the system model and formulate the optimization
problem. In Section 3, we present a distributed interactive
uplink power control algorithm based on non-cooperative
games. Section 4 proves the effectiveness of the proposed
scheme via simulations. Section 5 summarizes the paper.

2 System Model

2.1 Network Model

We consider a multi-cell uplink transmission network,
consisting of M cells/BSs, as shown in Fig. 1. In each cell,
the number of users is N. Each BS in M cells performs up-
link resource allocation to serve N randomly distributed us-
ers, withm € {1,2,...,M }, and n € {1,2,...,N }, where the OFD-
MA is used to avoid interference between users in the cell.
In addition, due to limited spectrum resources, full spec-
trum multiplexing is used among multiple cells. Due to full
frequency reuse among M cells, users in each cell suffer
from co-channel interference imposed by frequency multi-
plexing users in other surrounding cells, where the radius of
each cell is R, and the distance between adjacent base sta-
tions is D.

Assume that the total carrier number is C, and for fair-
ness, carrier resources are evenly divided, so that N re-
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BS: base station

“—— =P Interference signal

———— Useful signal

where « is a binary variable, and

,n,l

o. , = 1 if the n-th user’s [-th subcarrier in

in,l
the i-th cell interferes with the /-th subcarri-
er in the m-th cell. Otherwise, a, , = 0.

!, represents the power gain from n-th us-

inl

er’ s [-th subcarrier in the i-th cell to m-th
BS.

Let R, , denote the achievable rate of the
n-th user in the n-th cell. Therefore, the
achievable rate of the n-th user over the al-

located RB in the m-th cell is given by

B, log (1 +
m W ; g ym nl) (3)

2.2 Problem Formation

Assume that each user has an expected
minimum rate requirement R . If R,. =
R" . the user can get the desired QoS. Oth-
erwise, user’ s QoS requirement cannot be
satisfied. In the following, R, is defined
as a QoS threshold to measure the QoS of
the user. The goal is to maximize the user
supporting ratio of each cell, which is de-
fined as the ratio between the number of us-
ers meeting the QoS threshold and the total

number of users in cell, i.e.,

AFigure 1. An illustration of a multi-cell uplink system

source blocks (RBs) with the same number of sub-carriers
are obtained. The size of each RB is L = C/N. Each user is
randomly assigned with an RB, and each sub-carrier could
only be exclusively allocated to one user in each cell. Let B
denote the total bandwidth of the system. Then, the band-
width of per sub-carrier is B, = B/C.

Let P,

m-th cell. It is assumed that the BS can measure the channel

denote the transmit power of the n-th user in the

quality from users in the cell to the BS in the uplink trans-
mission. Therefore, the signal to interference plus noise ra-
tio (SINR) of the n-th user’s I-th subcarrier in the m-th cell is

P m.n hmnl
‘}/m,m =
YL+ N, 1)
where h,,,, is the channel power gain of the n-th user’s [-th

subcarrier in the m-th cell, N, is the power spectral density
of additive white Gaussian noise (AWGN) on the subcarrier,
and I, is the total interference received by the n-th user’s
[-th subcarrier in the m-th cell.

The expression of I, is given by

m,n,l

M

X
m
mnl_ Z ZO‘m/P h,n/

A 2)
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N
N . “4)

pm:

where N denotes the number of users whose achievable
rate meet R, > R in the m-th cell.

Therefore, the user supporting ratio maximization can be
mathematically expressed by

P: max p,

mn

st. P..<P, <P

n m,n max ?

Vm e M,Yn e N, (5)

where P, denotes the maximum transmit power of each user,

max

and P, denotes the minimum transmit power of each user.
The notations used in this paper are summarized in Table 1.

3 Proposed Solution

In this section, a distributed interference suppression
method with low complexity and a small amount of multi-
cell interaction is proposed to maximize the user supporting
ratio of each cell. To reach the goal, the problem is defined
as a non-cooperative game problem, and then a power inter-
action policy is proposed based on the power update formula
obtained by the non-cooperative game.
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VTable 1. Summary of notations

Notation Description
M Number of BSs or cells
N Number of users per cell
C Total number of subcarriers
B Total bandwidth
B, Bandwidth of per subcarrier
L Number of subcarriers per user
P, Transmit power of the n-th user in the m-th cell
P Maximum transmit power of each user
P Minimum transmit power of each user
o Achievable rate of the n-th user in the m-th cell
:,];_" QoS threshold of the n-th user in the m-th cell
Ymnl SINR of the n-th user’s [-th subcarrier in the m-th cell
R Power gain of the n-th user’s [-th subcarrier in the m-th cell
he Power gain from n-th user’s [-th subcarrier in the i-th co-frequency
- cell to m-th BS
I Total interference received by the n-th user’s [-th subcarrier in the
mad m-th cell
N, Power spectral density of AWGN on the subcarrier
Q. A binary number
P User supporting ratio of cell m

AWGN: additive white Gaussian noise ~ QoS: quality of service

BS: base station SINR: signal to interference plus noise ratio
3.1 Formulation as Non-Cooperative Game

Let G={PA,U,(+)} represent the power control game
where
P e{1,2,..M} represents the set of users (i.e., participants)

model  of multi-cell non-cooperative  game,
with co-frequency interference in each cell on the same sub-
carrier. That is, the cell index m is used to represent the us-
er m within the cell. A, represents the policy set of user m,
A, ={PIP . <P, <P 1 and U,(-) denotes the utility

function for user m. Each user maximizes its utility value by

max

adjusting the power. In order to achieve the goal, there may
be malicious competition. Therefore, it is necessary to en-
sure that the system can obtain a steady-state solution, that
is, the Nash equilibrium solution.

According to Ref. [20], the utility function based on the
non-cooperative game model is defined as

Un(P)=a,\J V0 =V = €,P,, ©6)

where y" is the SINR threshold of user m on a subcarrier. In
Eq. (6), the first term considers the minimum SINR require-
ment of the user, and the second term represents the interfer-
ence caused by the user to other users. Besides, a, and ¢,
are system parameters.

3.2 Nash Equilibrium Solution

The second term of the utility function can be understood
as the price paid by each user to improve SINR. In other
words, users are not only restricted by power. In order to ob-

tain the optimal solution, first of all, for convenience we
have the following equation:

I =1

m m,n,l

+ N, (7

Then, the gradient of the utility function U, (P) is calcu-
lated according to Egs. (6) and (7), and we have

v, 1 ( iyt h,

=50, (Y = Yw) T T Ca
opP, 2 L, ) (8)

U
Let aPm =0, we have

2
'.h + al!lhl"
Yo =V
2e,1,] . 9)

According to Eq. (1), we can obtain that

P m lh B h’m
m = Y T Pn
h,, L, (10)
2
where 8, = 2:

m
According to Newton’ s iterative formula, we can obtain
the following optimal power iterative formula:

PR, v
P“k+D_VAM7”+ﬁ”MML (11)

where k denotes the iterative number. According to Ref.
[20], VP = P, and then I, =2 I/. When I > | /Bm/‘y::, the it-
erative expression Eq. (11) converges to a unique point.

3.3 Distributed Power Control Method

According to Eq. (11), the power of user n in cell m is cal-
culated, denoted as P&"°, namely, predictive power. BS in

mn
each cell calculates a ratio r,, for each user, with r,, > 0 as
follows.
ngz v
m,n th ? m’n
R, : (12)

The predicted power of users interacts between BSs. That
is, the BS in cell m transmits a power P%"* to all BSs in oth-
er neighboring cells. The predicted power received by user n
in cell m is stored in set S,,.

We define F as a binary variable. If half of the predicted
power in set S, is increased compared with the last time,
F = 1; otherwise, F = 0. Then the current power of user n in
cell m is set as follows,

Case 1: When 0 < r

m,n

<v,,thenP, =P

m,n min?
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Case 2: When v, <r,, <v, and F=1, then P, , =

m,n m,n

min { P P! ), where P! =P - (P = Poi)-(L=1,.)

m,n %7 m,n m,n m,n

— — pgame,
Moreover, whenv, <r,, <wv,and F =0, then P, = P5";
—_ . !

Case 3: When v, <r,, <1, then P, =min{P ,.P, ),

Where Pl/n,n = Pm,n + (P - Pm,ll) : (1

is two constants, and 0 < v, <, < 1.

. - rm,n); where v, and v,

The problem of maximizing the number of users meeting
the QoS threshold is actually non-convex, and the solution is
very complicated, which means that it is difficult to con-
verge to the global optimal solution. Therefore, the condition
for ending the algorithm is set to converge or reach the maxi-
mum scheduling times.

4 Simulation Results

In this section, some simulation results are presented to
verify the performance of our proposed scheduling scheme.
The network scenario shown in Fig. 2 is simulated, where
the number of cells/BSs is 7. The radius of each cell is R =
570 m, and the distance between the BSs is D = 950 m. For
multi-cell OFDM systems, there is no intra-cell interference
within each cell but the inter-cell interference cannot be ne-
glected since different users from different cells may trans-

d™ *1 The more

mit signals over the same frequency ban
cell-edge users, the stronger the inter-cell interference. To
explore the system power control scheme in severe inter-cell
interference scenarios, in this paper, most users

are densely distributed at the edge of each cell in

and the maximum and minimum transmit power of the user
is P,,. =23 dBm and P, = 14 dBm. For the m-th cell, we

define r,, = (r, |75l ) T i sorted in ascending order
and then r] is obtained, where r), = (r] 5l 5,.f) y)- vy i set
as r, g, and v, is set as r, . That is, the rate for 40% of us-
ers is less than v, and 70% of users is less than v,. The
SINR threshold and the QoS threshold of each user are de-
termined by the distance from the user to the BS and the ini-
tial power.

In this paper, it is assumed that if a cell user works on the
same frequency band as the neighbor cell user and the dis-
tance between the neighbor cell user and the BS of the cur-
rent cell is less than 1.5 R, it causes interference to the user
of the current cell. In addition, since the central user is rela-
tively far from the BS of the other cell, it is assumed that
there is no interference from the central user.

The user supporting ratio of cell m after using our present-
ed policy is referred to as cell m-After, with m € {1,2,...M }.
In order to verify the effectiveness of the proposed policy,
the user supporting ratio of cell m without using our present-
ed policy (called cell m-Before) is simulated as the bench-
mark method, with m € {1,2,....M }.

Fig. 3 depicts the user supporting ratio of each cell versus
scheduling times under a non-cooperative game scheme. It
can be observed that the user supporting ratio of each cell
gradually increases with the scheduling times and finally

the simulations. It is assumed that the edge area

1500
of the cell is from 380 to 570 m. Each cell has
190 users randomly and evenly distributed in the
edge area and 10 users randomly and evenly dis- 1000

tributed in the central area'. According to Ref.
[21], the channel power gain is given by

500
Popns = ~(=55.9 + 38 - logl0(d,, ;) + (24.5 +
1.5 - fe/925) - loglO( fc)), (13) £ )
where d,, ,; denotes the distance between the n-th A
user in the m-th cell and the base station in the ~500

i-th cell, and fc is the center frequency point and
is set as fe= 2 300 MHz.

The initial power of each user is 17 dBm. The
total bandwidth of the system is 10 MHz, and the
total number of subcarriers is 1 600. The band-
width of a subcarrier is B = 1/160 MHz, and the
number of carriers allocated to each user is

-1 000

—-1500

-1500  -1000 =500 0 500 1000 1500

Distance/m

L = 8. The noise power is N, =~-174 dBm/Hz,

AFigure 2. Simulation scene

1. When the numbers of users in the cells are different, the proposed algorithm can still work well, because the three cases in Section 3.3 can increase the number of users meeting the

QoS requirement on each carrier, which means that the total number of users meeting the QoS requirement will also increase. When the numbers of users in the cells are different, inter-

cell interference received on the same frequency band may change, because the values of v; and v, are adaptive and can be adjusted according to specific interference situations, the algo-

rithm is still valid. Without loss of generality, the numbers of users in all cells are assumed to be the same in simulations.
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tends to be flat. Taking the first cell as an example, com-
pared with no scheduling policy, the user supporting ratio of
the cell increases by 52.8%.

Fig. 4 plots the user supporting ratio of each cell versus
scheduling times under an interactive scheme based on non-
cooperative game. It can be observed that the user support-
ing ratio of each cell gradually increases with the scheduling
times and finally tends to be flat. Taking the first cell as an
example, the user supporting ratio of the cell is improved by
82.8% compared with the situation when no policy is used.
In addition, the interaction scheme is improved by 30% com-
pared with the non-interaction scheme. This is because
when an interactive policy is adopted, some interfering users
may choose to reduce transmit power, so that other interfer-

ing users may increase the communication rate.

Fig. 5 shows the average user supporting ratio of all cells
versus scheduling times under the non-cooperative game
scheme. One can see that the average user supporting ratio
of all cells gradually increases with scheduling times and fi-
nally tends to be flat. The results with the non-cooperative
game scheduling method are improved by 26.7% compared
with those without the scheduling policy.

Fig. 6 shows the average user supporting ratio of all cells
versus scheduling times under the interactive scheme based
on the non-cooperative game. The average user supporting
ratio under the proposed scheduling method based on non-
cooperative game interaction is improved by 49.7% com-
pared with the results without the scheduling policy. Be-
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A Figure 3. User supporting ratio of each cell under an interactive
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A Figure 5. Average user supporting ratio of all cells under the non-co-
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sides, the interaction scheme is improved by 23% compared
with the non-interaction scheme.

5 Conclusions

A distributed power control method with low complexity
and a small amount of multi-cell interaction is presented in
this paper. Different from the traditional work, our goal is to
improve the user supporting ratio of each cell. For this pur-
pose, first, a non-cooperative power control scheme is pro-
posed, and then, an interactive power control scheme based
on non-cooperative games is proposed. The simulation re-
sults show that our proposed scheme achieves a notable per-
formance gain compared with the traditional method without
inter-cell interaction.
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