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Abstract—Non-orthogonal multiple access (NOMA)-enabled co-
ordinated multipoint (CoMP) transmission has great potential
in balancing spectrum utilization and interference mitigation in
dense cellular networks. However, NOMA reforms the spectrum
sharing policy of CoMP transmission due to introducing additional
interference among coordinated base stations (BSs), which deteri-
orates the CoMP transmission rate. In this paper, we investigate
the joint optimization of BS clustering and power control for
NOMA-enabled CoMP transmission in dense cellular networks
to maximize system sum-rate. We first characterize the impact
of interference among coordinated BSs on CoMP transmission
rate and find that the BS clustering is dependent on NOMA user
grouping and restricted by the NOMA decoding condition. We then
derive a tight lower bound on the system sum-rate and exploit it to
design a joint BS clustering and power control scheme. Specifically,
a power control algorithm is designed by a penalty convex-concave
procedure to satisfy the NOMA decoding condition and users’
rate requirements. A BS clustering algorithm based on successive
convex approximation is designed to iteratively update the BS
clustering and NOMA user grouping to increase system sum-rate.
Finally, two algorithms are alternately performed until all users
successfully access and the system sum-rate converges. Simulation
results show that the proposed scheme can efficiently alleviate
interference among coordinated BSs to improve system sum-rate
and spectrum efficiency of NOMA-enabled CoMP transmission
even under high user density.

Index Terms—Dense cellular networks, CoMP, NOMA, resource
allocation.
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I. INTRODUCTION

N ETWORK densification is an irresistible trend for wireless
networks in the era of fifth-generation (5G) and beyond to

fulfill tremendous capacity requirement [1], [2]. In order to mit-
igate severe inter-cell interference, ultra-dense networks (UDN)
employ the coordinated multipoint (CoMP) joint transmission
which enables a cluster of BSs to simultaneously provide the
signal transmission for a single user to enhance the desired
signal power and eliminate interference power [3], [4]. However,
since a single user occupies the spectrum of multiple adjacent
cells, CoMP leads to low spectrum utilization and reduces
the user-access capability. Therefore, how to satisfy the access
requirements of massive users is a crucial problem for CoMP
systems in UDN.

To enhance the user-access capability, non-orthogonal mul-
tiple access (NOMA) is recently introduced into CoMP sys-
tems [5], [6] to allow the CoMP user to form NOMA groups
with non-CoMP users served by the single-point transmission.
By utilizing NOMA, coordinated BSs can use identical spec-
trum resources to simultaneously serve the CoMP user and
non-CoMP users, which thus efficiently improves spectrum
utilization. Extensive research has been done on NOMA-enabled
CoMP transmission [7]–[11]. Through performance analysis, J.
Choi in [7] showed that NOMA could improve the transmission
rate when two coordinated BSs serve one CoMP user and two
non-CoMP users. Y. Tian et al. in [8] proposed an opportunistic
NOMA scheme in CoMP systems where BSs are clustered in
an opportunistic manner. M. S. Ali et al. in [9] and Y. Al-Eryani
et al. in [10] designed the power control algorithms for NOMA-
enabled CoMP transmission in distributed and centralized pat-
terns, respectively.

The BS clustering for CoMP transmission is as important
as power control of coordinated BSs, which however becomes
more difficult in NOMA-UDN due to complicated interference.
To be specific, the dense network deployment incurs the line-
of-sight (LOS) path between BSs and users [3], [12]. Although
the LOS path enhances the desired signal power, it increases the
interference power as well. Thus, the association between BSs
and CoMP users should be carefully designed to avoid severe
interference over LOS paths. Furthermore, in NOMA-UDN, the
BS clustering not only determines the BS selection of CoMP
users but also decides the NOMA user grouping between CoMP
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users and non-CoMP users. The interference in the NOMA
group can spread to other users in the same BS cluster, which
directly reduces their transmission rates. Thus, it is necessary to
optimize the BS clustering for CoMP transmission in NOMA-
UDN by considering the impact of NOMA user grouping.

The scheduling for CoMP systems in NOMA-UDN faces
several challenges due to the coexistence of BS clusters and
NOMA groups. First, the CoMP transmission suffers from both
the interference in the BS cluster and interference from other
clusters. This is fundamentally different with CoMP transmis-
sion in the orthogonal multiple access (OMA) networks where
the interference is only from other clusters [13], [14]. Thus, the
BS clustering scheme for OMA networks is intuitively not appli-
cable to CoMP in NOMA networks. Second, severe interference
via LOS paths in UDN makes the NOMA decoding condition
unsatisfied to interrupt the signal transmission of CoMP users
and non-CoMP users. Hence, the interference management for
NOMA becomes more difficult compared to existing works [13],
[15], [16]. Third, the power control should adapt to the opti-
mization of BS clustering and be capable of tolerating severe
interference in UDN to avoid the solving failure [2], [9], [17].
Therefore, it is essential to jointly design BS clustering and
power control for releasing the potential of NOMA-enabled
CoMP transmission in dense cellular networks.

In this paper, we investigate the BS clustering and power
control problem for CoMP joint transmission in NOMA-UDN to
increase system sum-rate while meeting the access requirements
of all users. We depict the interference between the CoMP user
and non-CoMP users in one NOMA group and characterize its
impact on the CoMP transmission rate. Then, a system sum-rate
maximization problem is formulated to jointly optimize the BS
clustering and power control while maintaining the required
transmission rates of all users. We analyze the structure of for-
mulated system sum-rate maximization problem which can be
decomposed into two subproblems, a power control subproblem
and a BS clustering problem. We show that the power control
subproblem with given BS clustering is a difference-of-convex
(D.C.) programming problem and can be solved by the penalty
convex-concave procedure (CCP). The BS clustering subprob-
lem with the given transmit power is shown to be a quadratic
binary problem that can be transformed into a concave prob-
lem via variable substitution and solved by successive convex
approximation. Finally, a joint BS clustering and power control
scheme is proposed based on the alternating direction method.
The main contributions of our paper are summarized as follows.
� We analyze the power control algorithm to show that the

penalty CCP method can effectively overcome the issue of
the initial point infeasibility caused by severe interference
in UDN. This issue results in the access failure of users
especially when the user density is high.

� We derive a tight lower bound on the system sum-rate and
exploit it to design a joint BS clustering and power control
scheme. It is proved that this lower bound increases with
the optimization of power control and BS clustering.

� We propose a joint BS clustering and power control scheme
which is proved to obtain a series of non-decreasing values
of system sum-rates to approach the optimal solution until

Fig. 1. The BS clusters to perform CoMP transmission in NOMA-UDN, where
the CoMP user and non-CoMP user is allowed to coexist in one NOMA group.

convergence. The results show that when the user density
is high, the proposed scheme can further increase the sys-
tem sum-rate whereas the system sum-rates of traditional
schemes decrease.

Note that CoMP or CoMP transmission in the remainder of
this paper refers to CoMP joint transmission for convenience.
The remainder of the paper is organized as follows. The net-
work scenario, NOMA-enabled CoMP transmission model, and
problem formulation is given in Section II. Then, the prob-
lem decomposition and proposed algorithms are presented in
Section III. Simulation results are given in Section IV. Finally,
we conclude this paper in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we introduce the network model and the
NOMA-enabled CoMP transmission model. Then, the problem
formulation is given.

A. Network Model

We consider the CoMP transmission in downlink small-cell
networks (see Fig. 1), where NOMA is adopted as the multiple
access technique. Multiple BSs are densely deployed and share
the same spectrum resource. Let B = {1, 2, . . . ,K} denote the
set of all BSs. Users are classified into CoMP users and non-
CoMP users according to the reference signal received power
(RSRP) [9], [14], [18]. The user is labelled as a CoMP user
if the differences of RSRPs between a user and near BSs are
small enough, and otherwise the user is labeled as a non-CoMP
user. Let C = {1, 2, . . . , N} denote the set of all CoMP users
and Mk = {1, 2, . . . ,Mk} denote the set of non-CoMP users
associated with BS k. Each CoMP user is served by a cluster of
BSs and can receive the same desired signal from multiple BSs in
the cluster through joint transmission. Single-point transmission
is performed between each non-CoMP user and its associated
BS. Each BS can be associated with at mostD non-CoMP users,
i.e., 0 � Mk � D,∀k ∈ B. The association between non-CoMP
users and BSs is performed according to the nearest association
principle [19], [20]. Note that each BS is typically allowed to
serve at most one CoMP user in practical system. The clus-
tering of BSs requires frequent signaling interactions between
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coordinated BSs to finish the synchronization and information
exchange [18]. Hence, we limit that the maximum size of a
BS cluster is C to maintain a reasonable amount of signaling
overheads [21], [22].

Let hC
n,k denote the channel power gain between CoMP

user n and BS k and hN
m,k denote the channel power gain

between a non-CoMP user m and BS k. The channel power
gain includes the pathloss and channel fading. Especially, we
adopt the multiple-slope pathloss model [3] to characterize the
existence of LOS path and non-LOS (NLOS) path which is
defined by ζ({αl}L−1

l=0 ; d) = Ald
−αn , d̄l � d < d̄l+1. d is the

distance from the transmitter to the receiver and d̄l denotes
the corner distance. αl denotes the pathloss exponent within
[d̄l, d̄l+1]. Al denotes pathlosses at a reference distance d = 1.

The receiver in downlink NOMA networks adopts the suc-
cessive interference cancellation (SIC) decoding to detect the
signals in the ascending order of channel quality coefficients
from the BS to associated users [23]–[26]. Once the signal is suc-
cessfully decoded, it would be subtracted from the superposed
signal. Hence, the user with higher channel quality coefficient
can cause interference for other users with lower channel quality
coefficients in NOMA group. Different the single-cell NOMA
networks, channel quality coefficients in multi-cell NOMA net-
works are influenced by channel power gain as well as inter-cell
interference. The channel quality coefficient of non-CoMP user

m associated with BS k is denoted as gm,k =
hN
m,k

Im,k+σ2 , where
Im,k denotes inter-cell interference received by non-CoMP user
m, and σ2 denotes the additive white Gaussian noise power. The
detailed expression of Im,k is provided in latter. LetGm,k = {n |
gm,k < gn,k, ∀n ∈ Mk}, ∀m ∈ Mk, ∀k ∈ B denote the set of
non-CoMP users which are associated with BS k and cause
interference to non-CoMP user m in the NOMA group.

B. NOMA-Enabled CoMP Transmission Model

In NOMA-UDN, a CoMP user is allowed to form NOMA
groups with non-CoMP users which are associated with coor-
dinated BSs. The BS cluster simultaneously provides the signal
transmissions for the CoMP user and non-CoMP users on the
same spectrum resource, which is shown in Fig. 1. Thus, a
CoMP user could be included in multiple NOMA groups such
as CoMP user 1 in Fig. 1. The decoding order of a CoMP user
should be the same in all NOMA groups due to the simultane-
ous signal reception from multiple coordinated BSs [6], [10].
Furthermore, CoMP users are generally located at cell edge
and is likely to have worse channel quality coefficients than
non-CoMP users [27]. Therefore, we consider that the signal of
the CoMP user is decoded prior to the signals of non-CoMP users
in NOMA transmission, which has proven to be an effective
and practical manner to conform the preference of NOMA
to the distinct difference of the channel power gains between
users [6], [9]. Fig. 2 shows an example of NOMA-enabled CoMP
transmission. Specifically, the non-CoMP user first decodes and
subtracts the signal of the CoMP user and then decodes its
own signal without the interference from the CoMP user. The
CoMP user directly decodes its signal with interference from
the non-CoMP user.

Fig. 2. An illustrative example of NOMA-enabled CoMP transmission.

The received signal at CoMP user n is expressed as

yCn =
∑
m∈C

∑
k∈B

xm,k

√
hC
n,kp

C
k αm+

∑
k∈B

∑
m∈Mk

√
hC
n,kp

N
m,kβm+σ

2

= σ2+
∑
k∈B

xn,k

√
hC
n,kp

C
k αn︸ ︷︷ ︸

desired signal

+
∑
k∈B

∑
m∈Mk

√
hC
n,kp

N
m,kβm

︸ ︷︷ ︸
interference from non-CoMP users

+
∑

m∈C\n

∑
k∈B

xm,k

√
hC
n,kp

C
k αm

︸ ︷︷ ︸
interference from other CoMP users

(1)

where pCk denotes the transmit power of BS k for CoMP trans-
mission, and pNm,k denotes the transmit power of BS k for its
non-CoMP m. αn denotes the transmit signal of CoMP user
n, and βm denotes the transmit signal of non-CoMP user m.
xn,k denotes the BS clustering indicator of CoMP transmission.
xn,k = 1 denotes that CoMP user n is associated with BS k, and
xn,k = 0 denotes the opposite. Each CoMP user receives the
desired signal from multiple coordinated BSs and meanwhile
suffers the interference from both non-CoMP users and other
CoMP users. Hence, the signal-to-interference-and-noise-ratio
(SINR) of CoMP user n is expressed as

ξCn = ∑
k∈B xn,kp

C
k h

C
n,k∑

k∈B
∑

m∈Mk
pNm,kh

C
n,k +

∑
m∈C\n

∑
k∈B xm,kpCk h

C
n,k + σ2

,

(2)

The transmission rate of CoMP user n is expressed as RC
n =

log2(1 + ξCn ).
The received signal at non-CoMP user m associated with BS

k is expressed as

yNm,k=
∑
j∈B

∑
n∈Mj

√
hN
m,jp

N
n,jβn+

∑
n∈C

∑
j∈B

xn,j

√
hN
m,jp

C
j αn+σ2

= σ2 +
√

hN
m,kp

N
m,kβm︸ ︷︷ ︸

desired signal

+
∑

n∈Mk\m

√
hN
m,jp

N
n,jβn +

∑
n∈C

xn,k

∑
j∈B

xn,j

√
hN
m,jp

C
j αn

+
∑
j∈B\k

∑
n∈Mj

√
hN
m,jp

N
n,jβn+

∑
n∈C

(1−xn,k)
∑
j∈B

xn,j

√
hN
m,jp

C
j αn

︸ ︷︷ ︸
inter-cell interference

.

(3)
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Thus, the inter-cell interference for non-CoMP user m
is given by Im,k =

∑
j∈B\k

∑
n∈Mj

pNn,jh
N
m,j +

∑
n∈C(1 −

xn,k)
∑

j∈B\k xn,jp
C
j h

N
m,j . Although non-CoMP user m re-

ceives the signals of all users in the NOMA group, it can adopt the
SIC decoding to cancel a part of them and is only interfered with
users in Gm,k. Hence, the SINR of non-CoMP userm associated
with BS k is expressed as

ξNm,k =
pNm,kh

N
m,k∑

n∈Gm,k
pNn,kh

N
m,k + Im,k + σ2

. (4)

The transmission rate of non-CoMP user m is expressed as
RN

m,k = log2(1 + ξNm,k). However, the SIC decoding condition
should be satisfied to realize the interference cancellation. If
non-CoMP user m intends to decode and subtract the signal of
CoMP user n supposing that both of them are associated with
BS k, the following condition should be met [9], [10]:∑

j∈B
xn,jh

N
m,jp

C
j

� θ

⎛
⎝∑

j∈B

∑
i∈Mj

pNi,jh
N
m,j+

∑
i∈C\n

∑
j∈B

xi,jp
C
j h

N
m,j+σ2

⎞
⎠ (5)

where θ denotes the SIC threshold. (5) means that the received
signal strength of CoMP user n at non-CoMP user m must be
at least θ times greater than the sum signal strength of all other
users associated with BS k [6]. If non-CoMP user m intends to
decode and subtract the signal of non-CoMP user m′ supposing
m′ ∈ Mk \ Gm,k, the following condition should be satisfied:

pNm′,kh
N
m,k � θ

⎛
⎝ ∑

n∈Gm′,k

pNn,kh
N
m,k + Im,k + σ2

⎞
⎠, (6)

which shows the SIC decoding condition for non-CoMP user m
to decode the signal of non-CoMP user m′ [5], [17], [23], [24].

C. Problem Formulation

Let X = {xn,k, ∀n ∈ C, ∀k ∈ B} denote the indicator vari-
ables for BS clustering. Let PC = {pCn , ∀n ∈ C} and PN =
{pNm,k, ∀m ∈ Mk, ∀k ∈ B} denote the transmit power variables
for CoMP transmission and non-CoMP users, respectively. In
order to design the BS clustering and power control scheme, we
formulate a system sum-rate maximization (SRM) problem as
follows.

(SRM) : max
X,PC,PN

∑
k∈B

∑
m∈Mk

RN
m,k +

∑
n∈C

RC
n

s.t. C1:
∑
n∈C

xn,k � 1, ∀k ∈ B

C2:
∑
k∈B

xn,k � C, ∀n ∈ C

C3: xn,k ∈ {0, 1}, ∀n ∈ C, ∀k ∈ B
C4:

∑
m∈Mk

pNm,k + pCk � Pmax, ∀k ∈ B

C5: ξCn � ξmin, ∀n ∈ C
C6: ξNm,k � ξmin, ∀k ∈ B, ∀m ∈ Mk

C7: (5), ∀n ∈ C, ∀m ∈ Mk, ∀k ∈ B
C8: (6).∀m ∈ Mk, ∀m′ ∈ Mk \ Gm,k,

∀k ∈ B

In Problem (SRM), C1 and C2 indicate that each BS serves
at most one CoMP user, and each CoMP user is served by at
most C BSs, respectively. C4 restricts the maximum transmit
power Pmax for each BS. C5 and C6 specify the SINR threshold
of CoMP users and non-CoMP users, respectively. C7 and C8
specify the SIC threshold for CoMP users and non-CoMP users,
respectively.

Problem (SRM) is a combinatorial and non-convex problem
due to the binary variableX and non-convex objective function.
In general, there is no computationally efficient and systematic
method to optimally solve this kind of problems [28]. Thus,
we focus on designing an efficient algorithm to solve it with
moderate complexity.

III. PROBLEM SOLUTION AND ALGORITHM DESIGN

In this section, we propose a scheme to tackle Problem (SRM).
It is observed that Problem (SRM) can be decomposed into
two subproblems, namely, the BS clustering subproblem and
the power control subproblem. We first solve the power control
subproblem for any given BS clustering and then solve the BS
clustering subproblem for any given transmit power. Finally, a
joint optimization scheme of the BS clustering and power control
is proposed to solve Problem (SRM) based on the alternating
optimization method.

A. Power Control for Multiple BS Clusters and Cells

In NOMA-UDN, the transmit power of each BS determines
the desired signal strength as well as interference in NOMA
groups and inter-cell interference. In this subsection, we investi-
gate the power control subproblem with the given BS clustering.
Let P = (PC,PN) denote the vector of all transmit power
variables. This subproblem is formulated as

P1 : max
P

∑
k∈B

∑
m∈Mk

RN
m,k +

∑
n∈C

RC
n

s.t. C4−C8.

Although all the constraints in P1 are linear under given BS
clustering, the interference among users makes the objective
function non-convex.

Let Ck = {j | xn,k = 1, xn,j = 1, ∀n ∈ C, ∀j ∈ B \ k} de-
note the set of BSs which are in the same BS cluster with BS
k. Let Bn = {k | xn,k = 1, ∀k ∈ B} denote the BS cluster for
CoMP user n. The objective function is rewritten by
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Q (P )=
∑
k∈B

∑
m∈Mk

(
gNm (P )−fN

m (P )
)
+
∑
n∈C

(
gCn (P )−fC

n (P )
)
,

(7)

gNm (P ) = log2

⎛
⎝pNm,kh

N
m,k + INm,k +

∑
j∈B\Ck

pCj h
N
m,j + σ2

⎞
⎠,

(8)

fN
m (P ) = log2

⎛
⎝INm,k +

∑
j∈B\Ck

pCj h
N
m,j + σ2

⎞
⎠, (9)

gCn (P ) = log2

(∑
k∈B

( ∑
m∈Mk

pNm,k+pCk

)
hC
n,k+σ2

)
, (10)

fC
n (P ) = log2

⎛
⎝∑

k∈B

∑
m∈Mk

pNm,kh
C
n,k+

∑
k∈B\Bn

pCk h
C
n,k+σ2

⎞
⎠,

(11)

where gNm(P ), fN
m(P ), gCn (P ), and fC

n (P ) are the concave
functions. Hence, Q(P ) is a D.C. function, and P1 is a typical
D.C. programming problem [29]–[31].

According to the first-order Taylor approximation, the follow-
ing inequations are given

fN
m (P ) � fN

m (P [t]) +∇fN
m (P [t])T (P − P [t]), (12)

fC
n (P ) � fC

n (P [t]) +∇fC
n (P [t])T (P − P [t]), (13)

which respectively show the lower bounds of fN
m(P ) and fC

n (P )
at the pointP [t]. The equality holds whenP = P [t]. Therefore,
the optimal solution to P1 can be lower-bounded by the following
problem:

P2 : max
P

Q (P ;P [t]) =
∑
k∈B

∑
m∈Mk

gNm (P ) +
∑
n∈C

gCn (P )

−
∑
k∈B

∑
m∈Mk

(
fN
m (P [t]) +∇fN

m (P [t])T(P − P [t])
)

−
∑
n∈C

(
fC
n (P [t]) +∇fC

n (P [t])T (P − P [t])
)

s.t. C4−C8,

which is a typical convex programming problem and can be
solved with the standard convex optimization methods, such as
the interior point method [28]. A series of convex programming
problems based on P2 can be constructed and solved in an iter-
ative manner until the convergence is achieved. tmax denote the
maximum number of iterations. The set Gm,k, ∀m ∈ Mk, ∀k ∈
B is updated dynamically during the iteration procedure which
can be determined at the beginning of each iteration according
to the point P [t]. Then, we give the following theorem.

Theorem 1: The sequence of optimal values
{Q(P ;P [t])}tmax

t=0 for P2 is non-decreasing.
Proof: See Appendix A. �
However, severe interference in UDN make it difficult for

P2 to seek out an initial feasible point to start the iteration even

Algorithm 1: Power Control Algorithm.
1: Initialization
2: Given the BS clustering. Input μ and Δ > 1.
3: Set t = 0, P [0] = 0 and V [0] = +∞.
4: repeat
5: Update Gm,k, ∀m ∈ Mk, ∀k ∈ B according to P [t].
6: Solve P3 based on P [t] to obtain the optimal

solution P ∗ and the optimal value V ∗.
7: Update P [t+ 1] = P ∗ and V [t+ 1] = V ∗.
8: ε � |V [t+ 1]− V [t]|.
9: Set t = t+ 1 and μ = min{Δμ, μmax}.

10: until ε � εmin or t � tmax

11: if μ
∑4

i=1 Si > Smin then
12: The problem is infeasible.
13: end if
14: return P ∗ if the problem is feasible.

though given BS clustering result is valid. The penalty CCP is an
efficient technique to solve D.C. programming problem without
the needs of the initial feasible point [32], [33]. The penalty
CCP relaxes the problem by adding the slack variables and
penalizing them in the objective function. For P2, we introduce
the nonnegative variables {sc5n }, {sc6m,k}, {sc7m,n,k} and {sc8m,n,k}
as slack variables to transform constraint C5, C6, C7, and C8,
respectively. For example, after adding{sc5n }, C5 transforms into
C5a:ξmin − ξCn � sc5

n , ∀n ∈ C. Similarly, C6a, C7a, and C8a can
be obtained from C6, C7, and C8, respectively. Furthermore, P2
is transformed into the following form:

P3 : max
P,S

Q (P ;P [t])− μ
4∑

i=1

Si

s.t. C4,C5a,C6a,C7a,C8a,

whereμ is a positive number as the penalty factor. In addition, the
sums of slack variables are denoted by S1 =

∑
n∈C s

c5
n , S2 =∑

k∈B
∑

m∈Mk
sc6m,k, S3 =

∑
k∈B

∑
n<m,{m,n}∈Mk

sc7m,n,k,
and S4 =

∑
n∈C

∑
k∈B

∑
m∈Mk

sc8m,n,k.
According to P3, a power control algorithm is proposed which

is shown in Algorithm 1. In Algorithm 1, steps 4–10 sequentially
solve P3 to increase the system sum-rate until the convergence
condition is met or tmax is achieved. Gm,k, ∀m ∈ Mk, ∀k ∈ B
is updated according to the point P [t] before solving P3. Since
the penalty value in the objective function increases with the
growth of μ, the maximization problem will make S gradually
approach zero. If the penalty value is sufficiently small when
the convergence is achieved, a suboptimal solution of power
control subproblem P1 is found. Furthermore, we can know that
the convergence of Algorithm 1 is guaranteed especially when
μ = μmax according to Theorem 1.

Remark 1: Algorithm 1 has the advantage of reducing solving
failure because it can tolerate severe interference at the initial
phase of iteration. Therefore, Algorithm 1 can be applicable in
UDN with high densities of BSs and users.
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B. BS Clustering for CoMP Transmission

The association between CoMP users and BSs should be
carefully designed under the practical limitation of the size of
BS cluster. In this subsection, we investigate the BS clustering
subproblem with the given transmit power which is formulated
as

P4 : max
X

∑
k∈B

∑
m∈Mk

RN
m,k +

∑
n∈C

RC
n

s.t. C1−C3 and C5−C8.

Although the transmit power variables are fixed, P4 still cannot
be solved directly due to the undetermined BS clustering and
the interference among users. Specifically, the undetermined BS
clustering results in the product of variables which makes P4
quadratic. To address this issue, we introduce the new binary
variables X̄ = {xn,k,j | n ∈ C, k �= j, k ∈ B, j ∈ B}. xn,k,j =
1 indicates that CoMP user n is simultaneously associated
with BS k and BS j, and xn,k,j = 0 indicates the opposite.
Accordingly, ξNm,k is equivalently rewritten as

ξNm,k =
pNm,kh

N
m,k

ĪNm,k −∑n∈C
∑

j∈B\k xn,k,jpCj h
N
m,j + σ2

, (14)

where ĪNm,k =
∑

n∈Gm,k
pNn,kh

N
m,k +

∑
j∈B\k p

T
j h

N
m,j . pTj =∑

m∈Mj
pNm,j + pCj denotes the total transmit power consumed

by BS j. Similarly, C7 and C8 can be rewritten as (15) and (16),
respectively.

C9 : (1 + θ)
∑
j∈B

xn,jp
C
j h

N
m,j � xm,kθ

⎛
⎝∑

j∈B
pTj h

N
m,j + σ2

⎞
⎠,

∀n ∈ C, ∀m ∈ Mk, ∀k ∈ B (15)

C10 : pNm,kh
N
m,k � θ

⎛
⎝ ∑

n∈Gm′,k

pn,kh
N
m,k +

∑
j∈B\k

pTj h
N
m,j

−
∑
n∈C

∑
j∈B\k

xn,kjp
C
j h

N
m,j + σ2

⎞
⎠.

∀m ∈ Mk, ∀m′ ∈ Mk \ Gm,k, ∀k ∈ B
(16)

It can be seen that the maximization problem can force all
variables in X̄ to be 1 such that the SINR of CoMP users
is increased. In order to be consistent with the BS clustering
determined by X , the following new constraints are added.

C11 :
∑
j∈B\k

xn,k,j = xn,k, ∀n ∈ C, ∀k ∈ B, (17)

C12 :
∑
j∈B\k

xn,j,k = xn,k, ∀n ∈ C, ∀k ∈ B, (18)

C13 : xn,k,j ∈ {0, 1} , ∀n ∈ C, ∀ {k, j} ∈ B. (19)

Accordingly, P4 is reformulated as

P5 : max
X,X̄

∑
k∈B

∑
m∈Mk

RN
m,k +

∑
n∈C

RC
n

s.t. C1−C3,C5,C6,C9−C13.

Furthermore, the following proposition is given.
Proposition 1: With constraints C11, C12, and C13, the

optimal solution of P5 suffices to be the optimal solution of
P4.

Proof: Assume that there is a feasible solution for P5 where
CoMP user n is associated with BS l and does not associate with
BS k, i.e., xn,j = 1 and xn,k = 0. If xn,l,k = 1 in this feasible
solution, it leads to

∑
j∈B\k xn,k,j > xn,k and

∑
j∈B\k xn,j,k >

xn,k. This contradicts the initial assumption that the solution is
feasible for P5. Hence, C11, C12 and C13 can ensure X and
X̄ correspond to the same BS clustering result. In consequence,
the optimal solution of P4 is equal to that of P5. �

Besides the binary constraints C3 and C13, all the constraints
of P5 are linear. However, the objective function is hard to be an-
alyzed since it includes many variables. To tackle this problem,
we introduce the slack variables Φ = {Φm,k | Φm,k > 0, k ∈
B,m ∈ Mk} and reformulate P5 as the following problem:

P6 : max
X,X̄,Φ

∑
k∈B

∑
m∈Mk

log2

(
1 +

1
Φm,k

)
+
∑
n∈C

RC
n

s.t. C1−C3,C5,C9−C13,

C14 :
1

Φm,k
� ξmin, ∀k ∈ B, ∀m ∈ Mk

C15 : ξNm,k � 1
Φm,k

, ∀k ∈ B, ∀m ∈ Mk

where C14 and C15 are the linear constraints. The slack variable
1

Φm,k
replaces ξNm,k in the objective function such that eachRN

m,k

includes only one variable. Furthermore, C14 replaces C6. After
that, it is easy to see that the objective function of P6 is a concave
function and can be further expressed as

O (X,Φ)

=
∑
k∈B

∑
m∈Mk

log2

(
1 +

1
Φm,k

)
+
∑
n∈C

log2

(∑
k∈B

pTk h
C
n,k+σ2

)

−
∑
n∈C

log2

⎛
⎝∑

k∈B

∑
m∈Mk

pNm,kh
C
n,k+

∑
m∈C\n

∑
k∈B

xm,kp
C
k h

C
n,k+σ2

⎞
⎠.

(20)

Then, we have the following proposition.
Proposition 2: By introducing the slack variables Φ, the

optimal solution for P5 is always obtained by solving P6.
Proof: The slack variable Φ actually expands the feasible

region, because 1
Φm,k

is allowed to be smaller than or equal

to ξNm,k. If ξNm,k = 1
Φm,k

, ∀k ∈ B, ∀m ∈ Mk, the optimal value
for P6 is equal to that of P5. It is easy to prove that the equality
holds for all constraints in C15. Assume that the inequality holds
for one constraint as ξNm,k > 1

Φm,k
, ∃k ∈ B, ∃m ∈ Mk. We can
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Fig. 3. Diagram to illustrate the problem decomposition and transformations.

reduce Φm,k to make the equality hold, which meanwhile in-
creases the values of log2(1 + 1

Φm,k
) and the objective function.

In other words, P6 always forces C15 to be strictly active so that
the value of 1

Φm,k
and the objective function can be increased.

Therefore, although the feasible region is expanded, the optimal
solutions of P5 and P6 are identical. Now, we finish the proof of
Proposition 2. �

To relax binary constraints, we transform C3 and C13 into

xn,k ∈ {0, 1} ⇔
{

0 � xn,k � 1

xn,k − x2
n,k � 0

, (21)

xn,k,j ∈ {0, 1} ⇔
{

0 � xn,k,j � 1

xn,k,j − x2
n,k,j � 0

. (22)

According to all the above analysis, we use the successive convex
approximation to solve P6. Let (X,Φ) denote the vector of X
and Φ. P7 is formulated to obtain a lower-bound solution of P6
at a given points, which is expressed as

P7 : max
X,X̄,Φ

O (X [t] ,Φ [t])

+∇O (X [t] ,Φ [t])T ((X,Φ)− (X [t] ,Φ [t]))

s.t. C1,C2,C5,C9− C12,C14,C15,

C3a : 0 � xn,k � 1, ∀n ∈ C, ∀k ∈ B
C3b : −x2

n,k [t]− 2xn,k [t] (xn,k − xn,k [t])

+ xn,k � 0, ∀n ∈ C, ∀k ∈ B
C13a : 0 � xn,k,j � 1, ∀n ∈ C, ∀ {k, j} ∈ B
C13b : −x2

n,k,j [t]− 2xn,k,j [t] (xn,k,j − xn,k,j [t])

+ xn,k,j � 0, ∀n ∈ C, ∀ {k, j} ∈ B
where X[t], X̄[t], and Φ[t] are the given points. P7 is a convex
problem and can be solved by the standard convex programming
method [28]. Then, we propose the BS clustering algorithm and
show the detailed procedure in Algorithm 2. Furthermore, we
give the following theorem.

Theorem 2: Algorithm 2 can obtain a series of non-decreasing
optimal values for P7 before achieving the convergence.

Algorithm 2: BS Clustering Algorithm.
1: Initialization
2: Given the transmit powers of all BSs. Set t = 0.
3: Input the current BS clustering as initial point X[0].

Calculate X̄[0] and Φ[0].
4: repeat
5: Update Gm,k, ∀m ∈ Mk, ∀k ∈ B according to X[t].
6: Solve P7 based on X[t], X̄[t], and Φ[t] and get the

optimal solution X∗, X̄∗, and Φ∗.
7: Update X[t+ 1] = X∗, X̄[t+ 1] = X̄

∗, and
Φ[t+ 1] = Φ∗.

8: ε = |O(X[t+ 1],Φ[t+ 1])−O(X[t],Φ[t])|.
9: Set t = t+ 1.

10: until ε � εmin or t � tmax

11: return X∗.

Proof: See Appendix B. �
In Algorithm 2, steps 4–10 iteratively solve P7 until the

convergence condition is met or tmax is achieved. Gm,k, ∀m ∈
Mk, ∀k ∈ B of each iteration is obtained according to the point
X[t] before solving P7. Afterwards, a suboptimal solution for
BS clustering is obtained. Because the system sum-rates ob-
tained by Algorithm 2 are non-decreasing and must be bounded
by the optimal solution of P4, the convergence is guaranteed.

C. Joint BS Clustering and Power Control Scheme

Based on results of Sections III-A and III-B, we design a
joint BS clustering and power control (JOBCPC) scheme to
solve Problem (SRM). The detailed procedure is presented in
Algorithm 3. Fig. 3 shows the decomposition of Problem (SRM)
and the relationship from P1 to P7.

Specifically, Algorithm 3 initializes the BS clustering by per-
forming Algorithm 4, which is shown in steps 1–3. In Algorithm
4, the CoMP user n∗ with maximum ξmin − ξCn is prior selected
and allocated with BS k∗ which can maximize the SINR of
CoMP user n. The initial BS clustering is obtained until all the
BSs or CoMP users are allocated with a CoMP user or BSs. After
the initialization, steps 4–11 in Algorithm 3 alternately performs
the power control algorithm and BS clustering algorithm until
the convergence condition is met or the maximum number of
iteration imax is achieved. The convergence condition is that the
gap between the system sum-rates of two adjacent iterations is
sufficiently small or the BS clustering keeps unchanged between
two adjacent iterations. Finally, we can get the solution of
Problem (SRM) if P3 with initial BS clustering is feasible. Based
on Theorems 1 and 2, we give the following corollary.

Corollary 1: The convergence of JOBCPC scheme is guar-
anteed and its system sum-rates are non-decreasing at each
iteration.

Proof: See Appendix C. �
To analyze the complexity of JOBCPC algorithm, we first

analyze the complexity of Algorithm 1 and Algorithm 2. The
complexity of Algorithm 1 is O(N 3.5D3.5K3.5 × tmax), if the
interior point method is applied for convex programming [28].
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Algorithm 3: Joint BS Clustering and Power Control
(JOBCPC) Scheme.

1: Initialization
2: Initialize the BS clustering by performing Algorithm 4
3: Set iteration i = 0 and system sum-rate R[0] = 0.
4: repeat
5: Update the tranmist power with given BS clustering

by performing Algorithm 1 to obtain R[i+ 1].
6: e = |R[i+ 1]−R[i]|.
7: if e � emin or power control subproblem is

infeasible.
then

8: break
9: end if

10: Update BS clustering with given tranmist power by
performing Algorithm 2.

11: i = i+ 1.
12: until BS clustering keeps unchanged or i � imax

13: return X∗ and P ∗ if feasible.

Algorithm 4: Initialize BS Clustering.

1: Set the BS cluster Bn = ∅ for any CoMP user n ∈ C.
2: Set pCk = pNm,k = Pmax

(Mk+1) , ∀k ∈ B, ∀m ∈ Mk.
3: repeat
4: Calculate ξCn , ∀n ∈ C and ξNm,k, ∀k ∈ B, ∀m ∈ Mk

under the current BS clustering.
5: Select CoMP user n∗ = argmaxn∈Cξmin − ξCn
6: for all k ∈ B do
7: Calculate ζCn,k = ξCn if CoMP user n∗ is associated

with BS k (i.e., BS k is in Bn).
8: end for
9: Select BS k∗ = argmaxk∈BζCn,k.

10: Set xn∗,k∗ = 1 and Bn = B ∪ k∗.
11: Remove n∗ from C and k∗ from B.
12: until B = ∅ or C = ∅
13: returninitial BS clustering X .

The complexity of Algorithm 2 is O(N 7K3.5 × tmax). There-
fore, the complexity of JOBCPC is O(N 7K3.5 × tmax × imax)
considering D  N in the practical systems.

IV. SIMULATION RESULTS

In this section, we present the simulation results to evaluate the
performance of our proposed BS clustering and power control
scheme for CoMP transmission in NOMA-UDN. The BSs and
users are uniformly distributed in the simulation scenario. The
pathloss parameter is characterized by a dual-slope pathloss
model [3], [34] to acquire the impact of the coexistence of LOS
and NLOS paths. The RSRP is used to classify the users into
CoMP users and non-CoMP users, and the association between
non-CoMP users and BSs is performed based on the nearest
association principle [9], [14], [18], [19]. The default simulation
parameters are summarized in Table I. Furthermore, we compare
the performance of proposed JOBCPC scheme with those of
OMA-based CoMP (OMA) scheme and other four benchmark

TABLE I
DEFAULT SIMULATION PARAMETERS

Fig. 4. Convergence of JOBCPC scheme.

schemes. The OMA-based CoMP scheme does not allow the
BSs to simultaneously transmit signals for CoMP users and
non-CoMP users, and other procedures are same with JOBCPC
scheme. The four benchmark schemes are listed as follows.
� Exhaustive search (ES) scheme: The scheme searches all

possible results of BS clustering and performs Algorithm
1 to calculate the system sum-rate of each result. Then, the
scheme selects the result with maximum system sum-rate
as the output.

� Swap matching-based (Matching) scheme: The scheme
optimizes the BS clustering through the swap match-
ing method [35], and other procedures are same with
JOBCPC scheme. Its complexity is O(N 3.5D3.5K3.5 ×
tmax × imax).

� Greedy clustering (GC) scheme: The scheme uses the best
channel gain criterion proposed in [13] to obtain the BS
clustering in a greedy way and adopt Algorithm 1 for power
control.

� Non-CoMP scheme: The scheme does not implement
CoMP in NOMA-UDN and only uses the signal-point
transmission. The other procedures are same with JOBCPC
scheme.

A. Convergence of Proposed Algorithms

To evaluate the convergence of proposed JOBCPC scheme,
we compare its performance with ES scheme, where the BS
density is 6× 102/km2, the user density is 4× 102/km2 including
CoMP users and non-CoMP users, and D = 2. Fig. 4 shows the

Authorized licensed use limited to: University of Waterloo. Downloaded on May 08,2021 at 00:07:17 UTC from IEEE Xplore.  Restrictions apply. 



1932 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 70, NO. 2, FEBRUARY 2021

Fig. 5. Convergence of power control algorithm.

Fig. 6. Convergence of BS clustering algorithm.

performance comparison of JOBCPC scheme and ES scheme.
It can be seen that the JOBCPC scheme converges within
the limited number of iterations, which validates Corollary 1.
Furthermore, the performance of JOBCPC scheme is gradually
close to that of ES scheme as the number of iterations increases.
However, there still exists a gap between JOBCPC scheme and
ES scheme. The reasons is explained as follows. On one hand,
Problem (SRM) is a non-convex and combinatorial optimization
problem. On the other hand, although the problem decompo-
sition makes Problem (SRM) solvable, it makes the feasible
region of original problem unable to be globally searched. Fur-
thermore, we evaluate the convergence of our proposed power
control algorithm (Algorithm 1) and our proposed BS clustering
algorithm (Algorithm 2). Figs. 5 and 6 show the convergence
of Algorithms 1 and 2, respectively. It can be seen that both
of them converge within a limited number of iterations where
the average error in system sum-rate after convergence is in
10−5 ∼ 5 × 10−5 bits/s/Hz. More iterations are required when
the BS density increases. The results validate Theorems 1 and
2.

B. Impact of BS Density and User Density on
Network Performance

We evaluate the impact of BS density and user density on
the network performance as follows. First, the impact of user
density on the network performance is evaluated, where the BS
density is set as 1.8 × 103/km2, and the user density includes the
densities of CoMP users and non-CoMP users. The density of
non-CoMP users is set as 3× 102/km2, and the density of CoMP

Fig. 7. System sum-rate versus user density with different schemes.

Fig. 8. Scheduling success ratio versus user density with different schemes.

users increases from 1 × 102/km2 to 9 × 102/km2. Then, the
impact of BS density on the network performance is evaluated,
where the densities of CoMP users and non-CoMP users are set
as 6 × 102/km2 and 3 × 102/km2, respectively.

Fig. 7 shows the system sum-rate versus the user density with
different schemes. It can be seen that the system sum-rate is first
increasing and then decreasing with the growth of user density.
This is because the high user density aggravates the interference,
which becomes more severe in UDN due to LoS paths be-
tween interfering BSs and users. Although the high user density
degrades the system sum-rate, the proposed JOBCPC scheme
outperforms all other schemes. Compared with the Matching
scheme and GC scheme, JOBCPC scheme can find better BS
clustering such that each CoMP user is served by the suitable
BS cluster and harvests higher transmission rate. Compared
with Non-CoMP scheme, JOBCPC scheme effectively restrains
inter-cell interference and enhances the SINRs of CoMP users
due to the exploitation of CoMP transmission.

Fig. 8 shows the scheduling success ratio versus the user
density with different schemes. The scheduling success ratio
is the probability that the SINR thresholds of all users are met. It
can be seen that the scheduling success ratio gradually decreases
with the growth of user density. This is because the severe
interference makes it difficult to meet the SINR threshold for
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Fig. 9. System sum-rate versus BS density different schemes.

Fig. 10. Scheduling success ratio versus BS density with different schemes.

all users as the user density increases. It can be also seen that
the proposed scheme achieves higher scheduling success ratio
than other schemes. This is because the proposed scheme can
effectively mitigate the interference through better BS clustering
and power control method such that more users can achieve the
SINR threshold.

Fig. 9 shows the system sum-rate versus the BS density
with different schemes. It can be seen that the system sum-rate
gradually increases with the increase of BS density. This is
because the increase of BS density can provide more available
BSs for the CoMP user to form the BS clusters with higher
transmission rate. It is worth noting that the gaps between
JOBCPC scheme and other schemes are enlarged as the BS
density increases. This demonstrates that the proposed JOBCPC
scheme can exploit the benefit of BS diversity to significantly
improve the system sum-rate. Fig. 10 shows the scheduling
success ratio versus the BS density with different schemes. It
can be seen that the scheduling success ratio increases with the
growth of BS density. This is because larger BS density makes
CoMP users acquire more suitable coordinated BSs to enhance
the CoMP transmission rate. Furthermore, JOBCPC scheme
achieves higher scheduling success ratio than other schemes,
since it more effectively optimizes the BS clustering.

Fig. 11. Proportion of NOMA BSs versus user density.

Fig. 12. Proportion of NOMA users versus user density.

Fig. 13. System sum-rate versus user density with different D.

Fig. 14. Scheduling success ratio versus user density with different D.

To evaluate the effect of proposed JOBCPC scheme on
NOMA transmission, Figs. 11 and 12 plot the proportion of
BSs operating NOMA (i.e., NOMA BSs) and that of NOMA
users under different K versus the user density. We can see from
Fig. 11 that when the user density is 10 × 102/km2, the propor-
tions of NOMA BSs with K = 12 and K = 18 can achieve
over 50% and over 40%, respectively. It demonstrates that our
proposed scheme can efficiently employ NOMA to improve the
performance of CoMP transmission. However, the proportion of
NOMA BSs decreases when the user density is high. The reason
is that the number of CoMP users is generally greater than that
of non-CoMP users, since the growth of user density decreases
the difference of RSRPs between users and near BSs [13], [18].
Partial CoMP users cannot find a non-CoMP user to form a
NOMA group such that their BS clusters cannot operate NOMA.
There are already related works to investigate that multiple
CoMP users coexist in one NOMA group to enhance NOMA
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Fig. 15. System sum-rate under different SINR thresholds ξmin versus user
density.

operation in CoMP systems [10]. Furthermore, we can see from
Fig. 12 that the proportions of NOMA users with K = 12 and
K = 18 achieve over 60% and 50%, respectively, when the user
density is 8 × 102/km2. High user density can decrease the
proportion of NOMA users due to the limited number of BSs
and non-CoMP user.

The impact of the number of non-CoMP users on network
performance is also evaluated. Figs. 13 and 14 show the system
sum-rate and the scheduling success ratio with differentD versus
the user density, where the BS density is set as 1 × 103/km2, the
density of non-CoMP users is set as 4× 102/km2, and the density
of CoMP users increases from 1 × 102/km2 to 4 × 102/km2. It
can be seen from Figs. 13 and 14 that the growth of D can
increase the system sum-rate and scheduling success ratio. This
is because the growth of D can improve the multiplexing gain of
NOMA to efficiently alleviate interference in UDN and increase
the spectrum efficiency of NOMA-enabled CoMP transmission.

C. Impact of SINR Threshold on Network Performance

The impact of SINR threshold ξmin on the network perfor-
mance is evaluated in the subsection. The BS density is set as
1.8 × 103/km2. The user density is varying, where the density
of non-CoMP users is set as 3 × 102/km2, and the density of
CoMP users increases from 1 × 102/km2 to 9 × 102/km2.

Fig. 15 shows the system sum-rate under different ξmin versus
the user density. It can be seen the increase of ξmin leads to
the decline of system sum-rate. When ξmin = 8 dB, the system
sum-rate under high user density approaches zero. This is be-
cause the higher ξmin makes it more difficult for multiple access,
which results in the scheduling failure. More importantly, the
proposed JOBCPC scheme significantly improves the system
sum-rate compared with OMA-based CoMP scheme. This is
because NOMA can utilize the power-domain multiplexing to
support the spectrum reuse between CoMP users and non-CoMP
users, which improves the spectrum utilization and enhances the
user-access capability.

Fig. 16 shows the scheduling success ratio under different
ξmin versus the user density. It can be seen that the scheduling

Fig. 16. Scheduling success ratio under different SINR thresholds ξmin versus
user density.

Fig. 17. System sum-rate under different maximum transmit powers Pmax

versus user density.

success ratio gradually decreases with the growth of ξmin. Fur-
thermore, JOBCPC scheme always achieves higher scheduling
success ratio than the OMA-based CoMP scheme. This is be-
cause NOMA can improve the spectrum utilization to make all
SINRs of CoMP users and non-CoMP users achieve ξmin. In this
regard, even though NOMA fails to avoid performance degrada-
tion caused by high user density, the proposed JOBCPC scheme
significantly improves the network capacity and user-access
capability in UDN through efficient interference management.

D. Impact of Maximum Transmit Power on
Network Performance

We evaluate the network performance under different maxi-
mum transmit power Pmax. The settings of the densities of BSs
and users are similar with Section IV-C.

Fig. 17 shows the system sum-rate under different Pmax. It
can be seen that higher maximum transmit power makes the
NOMA-UDN achieve higher system sum-rate. However, the
gain from increasing Pmax is gradually diminished with the
growth of user density. This is because LOS paths between
BSs and users make the inter-cell interference extremely severe
in UDN, and hence BSs cannot use high transmit power to
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Fig. 18. Scheduling success ratio under different maximum transmit powers
Pmax versus user density.

serve the associated users. Furthermore, since the LOS path
brings high channel power gains for transmission links, the SINR
threshold can be met even by low transmit power. According to
the above results, JOBCPC scheme effectively alleviates severe
interference in UDN to achieve higher system sum-rate than GC
scheme.

Fig. 18 shows the scheduling success ratio under different
Pmax. It can be seen that the increase of Pmax improves the
scheduling success ratio for NOMA-UDN. Similarly, the per-
formance gaps caused by different Pmax between the JOBCPC
scheme and the GC scheme diminish as the user density in-
creases. Furthermore, the proposed scheme achieves higher
scheduling success ratio than the GC scheme through using more
efficient BS clustering algorithm.

V. CONCLUSION

This paper has investigated joint optimization problem of
BS clustering and power control problem for NOMA-enabled
CoMP transmission in UDN. First, the power control algorithm
has been designed based on penalty CCP method to coordinate
interference among coordinated BSs and meet NOMA decod-
ing condition and users’ rate requirements. Second, the BS
clustering algorithm has been designed by successive convex
approximation to increase the system sum-rate. Finally, a joint
BS clustering and power control scheme has been proposed by
alternately addressing the power control and BS clustering. It has
been shown through the analysis that the proposed scheme can
efficiently overcome the issue of initial point infeasibility caused
by severe interference in UDN. Simulation results show that
even in the case of high user density, the proposed scheme can
further increase the system sum-rate while the system sum-rates
of traditional schemes decrease. In future work, we investigate
the application of machine learning to the CoMP transmission
in UDN.

APPENDIX

A. Proof of Theorem 1

Assume thatP [t− 1] is the given point of t-th iteration which
is also the optimal solution of t− 1-th iteration. At the t-th

iteration, Problem P2 with P [t− 1] is formulated

max
P

∑
k∈B

∑
m∈Mk

gNm (P ) +
∑
n∈C

gCn (P )

−
∑
k∈B

∑
m∈Mk

fN
m (P [t− 1])−

∑
n∈C

fC
n (P [t− 1])

−
∑
k∈B

∑
m∈Mk

∇fN
m (P [t− 1])T (P − P [t− 1])

−
∑
n∈C

∇fC
n (P [t− 1])T (P − P [t− 1]) (23)

s.t. C4-C8, (24)

which is a typical convex problem. Through solving the problem
in (24), the optimal value Q(P [t]) and the optimal solution
P [t] are obtained. Because P [t− 1] is the optimal solution
of t− 1-th iteration, it always meets C4–C8. Q(P [t− 1])
is the the optimal value of t− 1-th iteration. Note that if
P [t− 1] is an arbitrary point and does not meet C4–C8, Prob-
lem (24) cannot be solved so that we cannot continue the
proof.

For the convenience, we define the functions G(P ), H(P ),
and Ĥ(P ;P [t]) as follows.

G (P ) =
∑
k∈B

∑
m∈Mk

gNm (P ) +
∑
n∈C

gCn (P ), (25)

H (P ) =
∑
k∈B

∑
m∈Mk

fN
m (P ) +

∑
n∈C

fC
n (P ), (26)

Ĥ (P ;P [t]) =
∑
k∈B

∑
m∈Mk

fN
m (P [t])

+
∑
k∈B

∑
m∈Mk

∇fN
m (P [t])T (P − P [t])

+
∑
n∈C

(
fC
n (P [t]) +∇fC

n (P [t])T (P − P [t])
)
,

(27)

where G(P ) and H(P ) are the concave functions. Ĥ(P ;P [t])
are the first-order Taylor approximation of H(P ) at the point
P [t].

We have the following formula

G (P [t− 1])−H (P [t− 1])

= G (P [t− 1])− Ĥ (P [t− 1];P [t− 1]) (28)

A
� G (P [t])− Ĥ (P [t] ;P [t− 1]). (29)

The reason why A holds is that P2 as a maximization prob-
lem must find an optimal solution to maximize G(P )−
Ĥ(P ;P [t− 1]) at each iteration. At least, P2 can chooseP [t] =
P [t− 1] to ensure that the optimal value of t-th iteration is equal
to that of t− 1-th iteration. Therefore, we have that

Q (P [t− 1])

� G (P [t]) − Ĥ (P [t] ;P [t− 1]) � Q (P [t]). (30)
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Furthermore, according to the Taylor’s formula, we know that

Ĥ (P [t− 1] ;P [t− 1]) = H (P [t− 1])
B
� Ĥ (P [t];P [t− 1]), (31)

where the equality at B holds when P [t] = P [t− 1]. Hence,
although G(P [t]) = G(P [t− 1]), we can still obtain the rela-
tionship between (28) and (29).

Therefore, the sequence of optimal values for P2 is non-
decreasing. The convergence is achieved until the iterative al-
gorithm cannot find a better solution than the solution of last
iteration. Now, we finish the proof of Theorem 1.

B. Proof of Theorem 2

To prove that Algorithm 2 can obtain a series of non-
decreasing optimal values for P7, it should be first proved that the
t-th optimal solution is feasible for the t+ 1 iteration. Because
Φ in any constraint is not affected by the iterative point, we
only consider X and X̄ . Specifically, we should prove whether
X[t+ 1] and X̄[t+ 1] can be a feasible solution to P6 and P7
in t+ 2-th iteration, if X[t] and X̄[t] are the optimal solution
of t-th iteration.

Assume X[t] and X̄[t] are the optimal solution of the t-th
iteration. We have that

xn,k [t]− x2
n,k [t]− 2xn,k [t] (xn,k [t]− xn,k [t])

= xn,k [t]− x2
n,k [t] � 0. (32)

Due to the convexity of x2
n,k, i.e., x2

n,k � x2
n,k[t] +

2xn,k[t](xn,k − xn,k[t]), we have that

xn,k − x2
n,k

� xn,k − x2
n,k [t]− 2xn,k [t] (xn,k − xn,k [t]), (33)

where the equality holds if and only if xn,k = xn,k[t]. Based
on X[t], we can obtain X[t+ 1] by solving P7. Hence, the
following formula must hold

xn,k [t+ 1]− x2
n,k [t+ 1]

− 2xn,k [t+ 1] (xn,k [t+ 1]− xn,k [t+ 1])

� xn,k [t+ 1] − x2
n,k [t]

− 2xn,k [t] (xn,k [t+ 1]− xn,k [t]) � 0. (34)

Hence, X[t+ 1] is a feasible solution to P6 and P7 in t+ 2
iteration. Similarly, we can also prove that X̄[t+ 1] is feasible
to P6 and P7 in t+ 2 iteration.

The similar approach in the proof of Theorem 1 can be used
to prove that the system sum-rates obtained by Algorithm 2 in
the a series of iteration are non-decreasing and will converge.

C. Proof of Corollary 1

Let Q[i] and O[i] denote the system sum-rates of power con-
trol algorithm and BS clustering algorithm at the i-th iteration,
respectively. Let P ∗[i] and X∗[i] denote the solution of power
control and BS clustering at the i-th iteration, respectively.

We first proveO[i] � Q[i]. We based on Theorem 1 know that
with the given X∗[i− 1], P ∗[i] is obtained by power control
algorithm at the i-th iteration and achieves a non-decreasing

value Q[i]. Furthermore, since X∗[i− 1] is as the initial point
in Algorithm 2 to obtain X∗[i], P ∗[i] is feasible for the BS
clustering subproblem in the i-th iteration. Thus, we based on
Theorem 2 know that X∗[i] achieves a non-decreasing value
O[i] compared with Q[i], i.e., O[i] � Q[i].

We next prove Q[i+ 1] � O[i]. BecauseX∗[i] is obtained by
the BS clustering algorithm with given P ∗[i], X∗[i] is feasible
for the power control subproblem in the i+ 1-th iteration. We
can based on Theorem 1 know that Q[i+ 1] � O[i]. Therefore,
the system sum-rates at each iteration are non-decreasing. Since
the system sum-rate is upper-bounded by the optimal value of
Problem (SRM), JOBCPC scheme can converge within a limited
number of iterations.
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