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ABSTRACT In the downlink of millimeter wave (mmWave) cellular networks, coordinated multi-point
transmission (CoMP) with the joint transmission (JT) strategy can achieve a higher data rate at cell edge by
multiple desired signals. However, since cooperative transmissions among multiple cells lead to increased
energy consumption for these cells, an energy efficient CoMP-JT strategy is required. In this paper, we pro-
pose an energy efficient CoMP-JT (EE-CoMP) scheme with hybrid power, where a small cell base station
(SC) can use both renewable power and grid power. In EE-CoMP,when themultiple neighboring SCs conduct
a cooperative transmission, these SCs determine whether or not to conduct CoMP-JT in a distributed manner.
To minimize the grid energy consumption of SCs while maintaining the outage probability, we consider a
stochastic game model with constrains for an EE-CoMP based system. In this way, the policy for conducting
CoMP-JT can be obtained by applying a best response algorithm. Evaluation results show that EE-CoMP
can reduce the grid energy consumption by 80% compared with a probability-based scheme while providing
a sufficiently target outage probability (e.g., 0.1).

INDEX TERMS Millimeter wave, coordinated multi-point transmission, 5G, hybrid-power, energy
efficiency.

I. INTRODUCTION
In the fifth generation (5G) of cellular networks, millimeter
wave (mmWave) is considered a promising technology that
can meet the user demand for significantly improved per-
formance with higher data rates [1]. Then, those demands
can be achieved by a spectrum expansion for largely unused
spectrum [2]. Moreover, for high traffic volumes of users in
mmWave-enabled Internet of Things (IoT) networks, more
small cells (SCs) are deployed to improve the capacities [3].
However, in mmWave cellular networks with dense SCs,
the users around an edge of a SC still suffer from intercell
interferences (ICIs) [4]. Further, the data rates can be signif-
icantly decreased by the blockage effect [5]. To overcome
these problems for mmWave SC, as a cooperation diver-
sity technique, a coordinated multipoint transmission and
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reception (CoMP) has been considered [6], [7]. In particu-
lar, CoMP with a joint transmission (CoMP-JT) scheme can
achieve an increased signal-to-interference and noise ratio
(SINR), where the user can coherently receive the desired
signal from not only its serving cell but also an adjacent
cell [8].

Although CoMP-JT in dense mmWave networks can pro-
vide higher data rates to the users, it has some drawbacks for
a system, such as the additional energy consumption caused
by a cooperative transmission of SC [9]. Therefore, to reduce
the energy consumption, in this paper, we propose an energy-
efficient CoMP-JT scheme (EE-CoMP) in which each SC can
use hybrid power, such as both a grid and a renewable energy
source [10].

II. RELATED WORK AND MAIN CONTRIBUTIONS
A number of studies have attempted to improve the energy
efficiency of SC and the data rate of users inmmWave cellular
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networks [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22]. For example, [11], [12], [13], [14], [15],
and [16] introduced the dual-powered system for the energy
efficiency in cellular network. In [11], the authors showed
that dual-powered system can provide a seamless operation
of the base stations (BSs) without energy outages. Balakrish-
nan et al. [12] showed the impact of dual-powered BS for
traffic-energy imbalance. Al Haj Hassan et al. [13] consid-
ered stochastic environments such as harvested energy and
channel conditions for dual-powered networks. The results
from [12] and [13] demonstrated that the dual powered sys-
tem can increase the revenue gain while guaranteeing user
requirements such as delay constrained and tolerance. In [14],
the authors proposed an energy sharing based cooperative
framework for dual-powered BS wherein a BS that is not
experiencing an energy outage can conduct the energy coop-
eration. Li et al. [15] designed a energy efficient mmWave
cellular networks where SCs harvest electromagnetic energy
and optimized the transmission power of SCs by formulat-
ing a fractional programming problem and exploiting several
mathematical methods (i.e., Dinkerbach and Lagrange dual
decoupling). Liu et al. [16] proposed a cost-aware online
resourcemanagement algorithm for energy costminimization
for cellular networks with renewable and grid energy power.
The results showed that the proposed algorithm could deter-
mine the optimal solution between the energy cost and the
queue backlog.

To increase the data rate of users in mmWave cellular net-
works, [17], [18], [19], [20], [21], [22] considered cooper-
ative transmission technology. In [17], the authors showed
the impact of a dual link by cooperative transmission for
blocking objects such as stochastic geometry and random
shape. Gerasimenko et al. [18] established the user perfor-
mance model for the connectivity strategy in dense mmWave
SC, which is determined according to SC density and height
as well as blocker density. The results showed that the
multi-connectivity mechanism in mmWave SCs can improve
the capacity of the user. In [19], the authors proposed a
dynamic control algorithm to improve the power-efficient,
highly reliable, and low-latency, where the CoMP serving set
from SCs is selected dynamically by exploiting the queue
and channel states. Zhao et al. [20] introduced the three
CoMP strategies to improve the coverage probability and the
mean local delay in the mmWave cellular networks, where
the three strategies are fixed-number BS cooperation (FRC),
fixed-region BS cooperation (FNC), and interference-aware
BS cooperation (IAC). The results showed that the perfor-
mance of the IAC outperforms other schemes for the high
density of BSs. Arfaoui et al. [21] introduced two mul-
tiple access schemes using zero-forcing pre-coding tech-
nique to increase the data rate of users. In [22], the authors
proposed a CoMP enabled heterogeneous network with a
hybrid-powered to maximize the system energy efficiency,
where hybrid power is allocated by considering the energy
consumption.

However, no previous work has optimized the energy effi-
ciency and outage probability for mmWave networks using

CoMP-JT in a distributed manner.1 In our proposed scheme,
when the users require increased data rates, the additional
assistance of multiple SCs (using CoMP-JT) is conducted,
where each SC can use hybrid power such as grid and renew-
able power. However, the excessively blackundant coopera-
tive transmissions of the SCs can lead to diminished energy
efficiency. Therefore, in our scheme, the cooperative SCs
determinewhether or not to conduct CoMP-JT in a distributed
manner, where the grid energy consumption and the outage
probability of SCs are considered. To optimize the trade-off
between the grid energy consumption and the outage prob-
ability, we formulate a constrained stochastic game model.
The solution of the game model is obtained using a best
response algorithm. The results show that EE-CoMP can
decrease the grid energy consumption compared to that of a
probability-based scheme while providing a sufficient target
outage probability.

The contributions of our paper can be summarized as fol-
lows: 1) The energy efficient mmWave network system using
CoMP-JT is proposed in which cooperative SCs selectively
conduct CoMP-JT; 2) Unlike the conventional centralized
approaches, for an EE-CoMP-based system, we obtain the
optimal policy regarding the behavior of cooperative SCs in
a distributed manner, where a stochastic game model with
constrains is formulated; and 3)We evaluate EE-CoMP under
various environments, which are used to provide guidelines
for the design of EE-CoMP-based mmWave systems.

The rest of this paper is organized as follows.
Section III describes the EE-CoMP-based mmWave system.
In Section IV, the constrained stochastic game model is for-
mulated. Section V presents the numerical examples, and
Section VI provides concluding remarks.

III. SYSTEM MODEL
Fig. 1 shows the two scenarios of an EE-CoMP-based
mmWave network system wherein, since each SC has energy
harvesting capability, renewable power and grid power can
both be used. Moreover, we consider the downlink of
mmWave cellular networks where SCs use CoMP-JT to
achieve a higher data rate. That is, the user can receive the
desired signals from multiple SCs. In scenario (a), SC 1 and
SC 2 conduct the CoMP-JT while, since SC 3 does not have
renewable energy, it does not conduct the CoMP-JT. Further,
although SC 4 does not have renewable energy, it conducts
CoMP-JT to provide higher data rate for the user. Thus, the
grid energy of SC 4 is used. For a scenario (b), the user can
receive the desired signals from SC 1 and SC 2 with renew-
able energy. On the other side, although SC 4 has renewable
energy, it does not conduct the CoMP-JT to the user, where
the desired signal power level for the user only satisfies two

1To optimize the energy efficiency and outage probability for mmWave
networks, we can introduce a centralized approach where a central server
(e.g., central cloud) can collect all state information and derive the optimal
stationary policy of all SCs. However, this approach may lead to high signal-
ing overhead and a single point of bottleneck/failure. Therefore, we introduce
a distributed approach.
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FIGURE 1. Two scenarios of EE-CoMP-based mmWave network system.

signals. Thus, in this case, the grid and renewable energies
can both be saved.

As shown in these scenarios, several SCs can conduct
CoMP-JT to the user (e.g., SC 1, SC 2, and SC 4 in sce-
nario (a)). However, in scenario (a), if it is assumed that the
user has a sufficient SINR even without CoMP-JT of SC 4,
CoMP-JT of SC 4 can be considered as unnecessary trans-
mission. Moreover, in this scenario, since SC 4 conducts
CoMP-JT by using the grid energy, lower energy efficiency is
inevitably achieved. Tomitigate this problem, in our proposed
system, each SC decides whether or not to conduct CoMP-JT
by considering the actions of other SCs. In so doing, as in
scenario (b), if the user can have a sufficient SINR from the
CoMP-JT of SC 1 and SC 2, SC 4 does not conduct the
CoMP-JT to the user although SC 4 has renewable energy.
Then, this saved renewable energy can be used for subsequent
transmission. Note that, for the optimal decision on whether
or not to conduct CoMP-JT by considering the actions of
other SCs, we introduce the stochastic game model, which
will be elaborated in Section IV.

In our system model, we consider the outdoor dense
mmWave networks. For a propagation model, the signal
power received at a user from SC i, i.e., Pi, is expressed
as

Pi = Ptr
−α
i hi, (1)

TABLE 1. Summary of notations.

where Pt is the transmit power of SC, and r−αi denotes a
path-loss at a distance ri between SC i and a user, where
α denotes the path-loss exponent. Further, hi indicates the
small-scale fading, which is a normalized Gamma random
variable with parameter m, i.e., hi ∼ 0(m, 1/m). Note that
mmWave links are generally well-modeled by Nakagami fad-
ing [23].

For a conventional cellular network system, according to
Eq. (1), the SINR of the average power received at a user is
as follows:

SINR =
P0∑
I + σ 2 , (2)

where P0 is the received signal power from a target SC,
∑
I

and σ 2 respectively denote the sum of interference power and
additive noise.

IV. STOCHASTIC GAME MODEL AND OPTIMIZATION
FORMULATION
In a stochastic game model with constraints, SCs and players
are used interchangeably. Therefore, in our formulation, SC i
and player i have the same meaning.

A. LOCAL STATE SPACE
Each SC i has a finite local state space Si. The local state
space, Si, can be defined as

Si = Ei × Ni, (3)

where Ei and Ni denote the renewable energy levels of SC i
and the state space for the number of users in SC i, respec-
tively. Ei can be defined as

Ei = {0, 1, . . . ,Emax}, (4)

where Emax denotes the renewable energy capacity of SC i.
Ni can be represented by

Ni = {0, 1, . . . ,Nmax}, (5)

where Nmax denotes the maximum number of users in SC
coverage. Note that Nmax depends on the capacity of SC i.
In addition, S =

∏
i Si denotes a global state space, where∏

is the Cartesian product. Then, S−i =
∏

j 6= Sj is the state
space of all SCs except SC i.
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B. ACTION SPACE
Since SC i can decide whether to conduct CoMP-JT or not,
a finite local action set of SC i, Ai, can be represented by

Ai = {0, 1}, (6)

where Ai = 0 means that SC i does not conduct CoMP-JT,
whereas Ai = 1 indicates that SC i conducts CoMP-JT.
A global action space A can be denoted by A =

∏
i Ai.

C. TRANSITION PROBABILITY
In our proposed system, when there are the users in the cov-
erage of SC i and SC i conducts CoMP-JT, its renewable
energy level Ei decreases. Therefore, Ei is affected by Ni and
Ai. Meanwhile, Ei and Ni change independently with each
other. To summarize, for the chosen action Ai, the transition
probability from the current state, Si = [Ei,Ni], to the next
state, Si′ = [Ei′ ,Ni′ ] can be described by

P[Si′ |Si,Ai] = P[Ei′ |Ei,Ni,Ai]× P[Ni′ |Ni]. (7)

In Eq. (7), for P[Ei′ |Ei,Ni,Ai], we assume that the har-
vested energy k during the decision epoch at SC i follows the
Poisson distribution with mean λE ,PE (λE , k) for the tactical
modeling as in [29].2 That is, we assume that when SC i does
not conduct CoMP-JT (i.e., Ai = 0), the renewable energy
level of SC i in the next state, Ei′ , increases by k with the
probability PE (λE , k), where SC i cannot store renewable
energy exceeding its capacity (i.e.,Ei ≤ Emax). Therefore, the
corresponding probabilities can be defined as Eq. (8), shown
at the bottom of the next page.

Meanwhile, for Ni number of users, when SC i conducts
CoMP-JT (i.e., Ai = 1), Ei decreases by Ni, where if there is
no sufficient renewable energy in SC i (i.e., Ei < Ni), then
the grid energy in SC i is used as often as the insufficient
renewable energy and Ei = 0. Therefore, the corresponding
probabilities can be defined as Eq. (9), shown at the bottom
of the next page.

Moreover, when we assume that the arrived users k during
decision epoch in SC i follows the Poisson distribution with
mean λU ,Pλ(λU , k),P[Ni′ |Ni] is defined by

P[Ni′ |Ni] =

{
Pλ(λU , k), if Ni′ = k
0, otherwise,

(12)

where Ni ≤ Nmax .

D. COST FUNCTION
To minimize the grid energy consumption of SC i, we define
the cost function v(Si,Ai), where when SC i conducts CoMP-
JT (i.e., Ai = 1) and does not have sufficient renewable
energy to service for users, ni, (i.e., Ei − ni < 0), the grid
energy is used. That is, this case occurs when Ei < ni.
Therefore, the average used grid energy of this case can be

2Since the state in a stochastic game model is constructed in a dis-
crete space, the continuous distribution like Gaussian distribution cannot be
exploited for the transition probability. In addition, even though we have con-
ducted extensive evaluations with other discrete distribution (e.g., Binomial
and Geometric distribution, the similar trends on the numerical results can
be obtained.

calculated as Eq. (10), shown at the bottom of the next page,
where |x| denotes the absolute value of x.

E. CONSTRAINT FUNCTION
To maintain the average outage probability, we define the
constraint function c(Si,Ai), where it is defined that the
outage occurs when the SINR is under threshold γth. For n
neighbor SCs which can conduct CoMP-JT, the outage prob-
ability can be represented as Eq. (11), shown at the bottom
of the next page, where λ−i denotes the probability that at
least one SC except for SC i conducts CoMP-JT. Further,
B(j, λ−i) = Ptr

−α
j hjδj, where δj denotes a delta function to

return 1 if SC j conducts CoMP-JT with λ−i. Otherwise, the
function returns 0.

F. OPTIMIZATION FORMULATION
The stationary multi-policy of all SC, π , is to be optimized
such that the long-term average grid energy consumption and
the long-term average of outage probability constraint are
both met. For this purpose, the long-term average grid energy
consumption, ψG(π ), and the long-term average of outage
probability, ψo(π ), are defined as

ψG(π ) = lim
T→∞

1
T

T∑
t=1

Eπ [v(St ,At )] (13)

and

ψo(π ) = lim
T→∞

1
T

T∑
t=1

Eπ [c(St ,At )], (14)

respectively, where St ∈ S and At ∈ 0, 1 are the global state
and action at time t , respectively. From Eqs. (13) and (14),
the constrained stochastic game is formulated as follows:

Minimize : ψG(π ) (15)

Subject to : ψo(π ) ≤ γo, (16)

where γo is the target average outage probability. The con-
strained Nash equilibrium is the solution of the formulated
constrained stochastic game. Let π∗ be the best response
policy, which is the constrained Nash equilibrium when the
following condition is satisfied.

ψG(π∗) ≤ ψG((π i, π−i)), (17)

where π i and π−i respectively denote a stationary policy of
SC i and a stationary policy of all SCs except SC i, and π∗ =
(π i, π−i). To obtain π∗, we apply a linear programming (LP)
approach. Let ϕi,π

−i
(Si,Ai) be the stationary probability in

local state Si and action Ai of the SC i given the policies of
the other SCs π−i. Then, the equivalent LP model can be
formulated and its solution ϕi,π

−i
(Si,Ai) can be interpreted

as the optimal policy of the formulated game [24], [25]. The
LP problem corresponding to Eqs. (15) and (16) can therefore
be expressed as follows:

Minimize : ψG(π ) =
∑
S

∑
A

ϕi,π
−i
(Si,Ai)v(Si,Ai) (18)

s.t.
∑
S

∑
A

ϕi,π
−i
(Si,Ai)c(Si,Ai) ≤ γo (19)
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∑
A

ϕi,π
−i
(Si′ ,Ai) =

∑
S

∑
A

ϕi,π
−i
(Si,Ai)P [Si′ |Si,Ai]

(20)∑
S

∑
A

ϕi,π
−i
(Si′ ,Ai) = 1 (21)

ϕi,π
−i
(Si′ ,Ai) ≥ 0. (22)

In this optimization problem, Eq. (18) is the objective func-
tion used tominimize the average grid energy consumption of
SC i, and the constraints are expressed as Eqs. (19), (20), (21),
and (22). Specifically, Eq. (19) implies that the target outage
probability should always be kept lower than the desired tar-
get outage probability γo. The constraints in Eqs. (20), (21),
and (22) respectively represent the Chapman-Kolmogorov
equation and the probability properties.

The stationary best response policy of SC i can be obtained
as follows:

π i∗(Si,Ai) =
ϕi∗,π

−i
(Si,Ai)∑

Ai′
ϕi∗,π

−i (Si,Ai′ )
. (23)

The constrained Nash equilibrium ensures that SC i cannot
achieve a lower cost by adopting any other stationary policies
while the other SCs do not change their stationary policies.
To update the policies of SCs as shown in the algorithm,
we apply best response dynamics [26], [27]. Note that an
interaction among SCs is conducted through the probability
λ−i. Then, λ−i can be obtained by

λ−i = 1−
∏
i′ 6=i

1− λi
′

, (24)

Algorithm 1 Best Response Algorithm

1: Initialize the policies π i for ∀i
2: Share the SINR among SCs
3: repeat
4: for i = 1, . . . , N do
5: Calculate λ−i from (23)
6: Obtain π i∗ by solving the LP problem
7: end for
8: until Convergence of the policies for all SCs

where λi denotes the probability that SC i conducts CoMP-JT;
this can be expressed as

λi =
∑
Si 6=0

ϕi,π
−i
(Si,Ai = 1). (25)

G. BEST RESPONSE ALGORITHM
As shown in Algorithm 1, to begin, each SC initializes its
policy (line 1 in Algorithm 1), then broadcasts its policy and
CoMP-JT conduction probability to neighbor SC (line 4 in
Algorithm 1). After receiving the information, each neigh-
bor SC calculates the probability that at least one SC except
SC i conducts CoMP-JT (i.e., λ−i) given the policies and
CoMP-JT conduction probabilities (line 5 in Algorithm 1).
Then, each SC solves the LP problem to obtain the best
response policy π i∗ (line 6 in Algorithm 1).3 This procedure
is repeated until the stationary policies of all SCs converge.

3In this paper, we have utilized the linprog function in Matlab 2021 to
solve the LP problem. However, please note that any kinds of LP solver can
be exploited.

P[Ei′ |Ei,Ni,Ai = 0] =


∑

k>Emax−Ei

PE (λE , k), if Ei′ = Emax

PE (λE , k), if Ei′ = Ei + k, k ≤ Emax − Ei
0, otherwise.

(8)

P[Ei′ |Ei,Ni,Ai = 1] =



∑
k>Emax−Ei

PE (λE , k), if Ei′ = Emax − Ni, k > Emax − Ei

PE (λE , k), if Ei′ = Ei + k, k ≤ Emax − Ei,Ni ≤ Ei∑
k<−Ei+Ni

PE (λE , k), if Ei′ = 0,Ni > Ei

0, otherwise.

(9)

v(Si,Ai) =


∑

k<−Ei+ni

|Ei + k − Ni|PE (λE , k)PU (λU , k), if Ai = 1

0, otherwise.
(10)

c(Si,Ai) =


Pr

[P0 + n∑
j=1

B(j, λ−i)∑
I + σ 2 < γth

]
, if Ai = 1

Pr
[ n∑
j=1

B(j, λ−i)∑
I + σ 2 < γth

]
, otherwise.

(11)
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FIGURE 2. System topology.

TABLE 2. Summary parameters.

The complexity of the proposed algorithm depends on
the complexity of solving LP problem. The complexity of
the Vaidya’s algorithm, that is the representative algorithm
solving a LP problem, is O((|Si||Ai|)3) [28] (i.e., polynomial
time), where |Si| and |Ai| denote the numbers of states and
actions of SC i, respectively. Meanwhile, to reach the equilib-
rium, the algorithm needs only a few iterations (see Fig. 3).
To sum up, the proposed algorithm can easily be implemented
in real CoMP-JT systems.

V. NUMERICAL EXAMPLES
To evaluate the performance of the proposed system, we built
a simulation program using MATLAB. In the downlink of
mmWave cellular networks, the number of SCs that can con-
duct CoMP-JT is set to 4 and the interfering SCs are set to 15.
To consider the outdoor dense mmWave networks, as shown
in Fig. 2, the distance between user and SCs conducting
CoMP-JT, rc = 200m, and the distance between user and
interfering SCs, ri = 300m [17], [20]. For the channel model
of mmWave networks, we consider that each SC has i.i.d.
Nakagami fading channel and m = 3 [23]. Moreover, α = 2,
γth = 1 and Pt = 30dBm. Table 2 lists the chosen system
parameters for mmWave networks [20]. In addition, our sys-
tem is compared with four schemes as follows: 1) Always,
where SCs always conduct CoMP-JT; 2) P-based, where SCs
conduct CoMP-JT with the probability P, where P is set to
0.8; 3) Rand, where SCs randomly conduct CoMP-JT; and
4) Non-CoMP, where SCs do not conduct CoMP-JT.

FIGURE 3. Convergence to the constrained Nash equilibrium policy,
where Tx denotes the initial policy of each SC.

Fig. 3 shows the process wherein the policies of SC con-
verge to the constrained Nash equilibrium policy. We assume
that, for the initial probability to conduct CoMP-JT, SC 1 has
0.9, SC 2 has 0.5, SC 3 has 0.1, and SC 4 has 0.8. As can be
seen in Fig. 3, the best response algorithm converges within
a few iterations (i.e., three iterations). This means that our
scheme can be implemented into the system without high
overhead. We can see that each SC chooses its action by con-
sidering the other SCs actions at the best response. After the
convergence, SC 1 and SC 4 with the high initial probability
to conduct CoMP-JT obtain the low probability. In so doing,
their grid energy consumptions can be reduced. Meanwhile,
SC 2 and SC 3 with the low initial probability to conduct
CoMP-JT have high probability to maintain the target outage
probability.

Fig. 4 and Fig. 5 show the changes in the average
grid energy consumption ψG and the outage probability ψo
according to Ni, respectively, where Nc = 3. From these fig-
ures, we can see that our system operates adaptively in varied
Ni, where, as Ni increases, the average grid energy consump-
tion of EE-CoMP increases while keeping the target outage
probability (i.e., γo). This is because SCs in EE-CoMP deter-
mine whether or not to conduct CoMP-JT while considering
other SCs’ policies. For example, for Ni = 8, ψG = 0.01 and
ψo = 0.1. This means that, even if a small number of SCs
participate in conducting CoMP-JT, it can maintain the target
outage probability. Since SCs in CoMP-JT recognize this
fact, most of them do not participate in conducting CoMP-
JT, which leads to diminished grid energy consumption (i.e.,
higher energy efficiency). On the other hand, for Ni = 16,
to meet the target outage probability, the probability to con-
duct CoMP-JT of SC can be increased. Thus, the grid energy
consumption is increased. On the other hand, for the other
compared schemes, as Ni increases, ψG of these schemes
increase as well. Because they do not adjust their conducting
CoMP-JT policies by considering the interference level, their
grid energy consumptions remain constant regardless of Ni,
and their outage probabilities increase asNi increases.We can
also see that even if non-cooperation transmission scheme
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FIGURE 4. Average grid energy consumption, ψG versus Ni .

FIGURE 5. Average outage probability, ψO versus Ni .

FIGURE 6. Average grid energy consumption, ψG versus Average outage
probability, ψO.

(i. e., Non-CoMP) offers the low grid energy consumption,
this scheme suffers from insufficient average outage proba-
bility. Specifically, CoMP-JT has an improved average outage
probability when the interference power level is high.

Fig. 6 showsψG with respect toψo, where EE-CoMP (0.1)
and EE-CoMP (0.2) respectively denote γo = 0.1 and 0.2.

FIGURE 7. Average outage probability, ψG versus Nc .

FIGURE 8. Average outage probability ψO versus Nc .

From the vertical red line of Fig. 6, we can see that EE-CoMP
can prolongψG aboveψo. That is, asNi,ψG are increased and
ψo is maintained. This is because the SCs in our system can
energy-efficiently operate (i.e., SCs can reduce unnecessary
conducting CoMP-JT) by considering the actions of neighbor
SCs. We can also see that ψG cannot be decreased without
increasing the tolerance of the target outage probability in
the system. For example, when γo=0.1, ψG increases from
0.01 to 0.24 with increasing Ni. Meanwhile, for γo = 0.2,
ψG can be maximized at 0.03.
Fig. 7 and Fig. 8 show the effect of the number of SCs

that participate in the conducting CoMP-JT, i. e., Nc, on ψG
and ψo, respectively, where Ni = 15. From these results,
we can see that EE-CoMP operates adaptively when Nc is
changed. That is, as Nc increases, ψG is decreased and ψo
is maintained. This is because the probability to conduct
CoMP-JT of SC is decreased with increasing Nc. As a result,
the grid energy consumption is decreased. For example, for
Nc = 3, ψG = 0.12. When Nc = 7, ψG = 0.01. We can also
see that the ψG of other schemes remain constant regardless
of Nc, because those policies are fixed. Then, the outage
probabilities of other schemes decrease as Nc increases.
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VI. CONCLUSION
In this paper, we propose an energy efficient CoMP-JT
(EE-CoMP) scheme for the outdoor dense mmWave net-
works. In our scheme, SCs in the cooperative region decide
whether or not to conduct a CoMP-JT by considering the
actions of other SCs in a distributed manner. To minimize
the grid energy consumption of SCs while maintaining the
target outage probability of the system, a stochastic game
model with constraints is formulated and a multipolicy is
obtained by a best response algorithm. The results show that
EE-CoMP can reduce the grid energy consumption by 80%
compared with a probability-based scheme while providing a
sufficiently target outage probability (e.g., 0.1). In our future
work, to overcome the limitation (that each SC should have
some statistical information) of the proposed scheme, we will
introduce a multi-agent reinforcement learning approach.
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