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Joint Beamforming And Power Splitting Design For C-RAN With Multicast Fronthaul

Wanming Hao, Gangcan Sun, Ming Zeng, Zhengyu Zhu, Bin Jiang, and Shouyi Yang

Abstract—In this paper, we investigate the joint beamforming
and power splitting design problem in a base station (BS) cluster-
based cloud radio access network (C-RAN) with multicast fron-
thaul, where users are jointly served by BSs within each cluster.
Meanwhile, each user can simultaneously obtain information and
energy from received signals. On this basis, under predefined
minimum harvested energy of each user and maximum transmit
power of each BS and central processor, we formulate a sum rate
maximization problem by jointly optimizing multicast fronthaul
beamforming, cooperative access beamforming and power split
ratios. Due to the difficulty in solving the formulated problem,
we first transform it into a convex one by successive convex ap-
proximate and semidefinite program (SDP) relaxation techniques,
and then propose an effective iterative algorithm. Moreover, we
design a randomization method that can always obtain the rank-
one solution. Finally, numerical results are conducted to validate
the effectiveness of our proposed algorithm.

Index Terms—SWIPT, C-RAN, Multicast.

I. Introduction

To satisfy the increasing demands of the data rate in future
mobile networks, ultra-dense base station (BS) deployment is
deemed as one of effective schemes [1]. However, this leads
to more serious interference among BSs. To handle it, cloud
radio access network (C-RAN) structure is developed, where
each BS is connected to the central processor (CP) [2]. The CP
jointly manages the interference by global resource allocation,
effectively improving the spectral efficiency (SE) and relieving
the BSs’ burden (via moving the baseband processing to the
baseband unit (BBU) pool) [3]. However, the C-RAN structure
brings another challenge, i.e, the selection of the fronthaul links
carrier. Traditionally, wired fronthaul link is adopted due to its
high stability and capacity. Nonetheless, its high deployment
cost makes it unsuitable for the ultra-dense BS, and thus, the
wireless carrier becomes a suitable candidate [4]. In addition,
coordinated multiple-point (CoMP) transmission technology is
also an effective approach to remove the adjacent-BS inter-
ference, which has been widely applied in C-RAN, e.g., [4]-
[6]. Since the cooperative BSs need to jointly serve users,
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the CP should transmit each user’s signal to these BSs, i.e.,
point-to-multipoint transmission. To realize the above, multicast
technique will be a suitable scheme, which has been adopted
in [4] and [6]. Therefore, to further enhance the performance
of system, CoMP transmission-based C-RAN with multicast
fronthaul represents a promising solution.

On the other hand, the simultaneous wireless information
and power transfer (SWIPT) technique is developed for im-
proving energy efficiency, where both information and energy
are extracted from the same received RF signals [7]. Although
a lot of recent works investigate the SWIPT, e.g., [8]-[10],
the study under C-RAN structure is limited. The authors
in [11] consider the weighted sum rate maximization for a
multiuser multiple-input multiple-output SWIPT system, where
the beamformers in both the downlink and uplink, and the
time allocation are jointly optimized. The authors in [12]
consider a transmit power minimization problem in a full
duplex C-RAN, and four approaches of jointly optimizing
beamformers, uplink transmit power and receiver power ratios
are proposed. The authors in [13] study the min max fronthaul
load optimization problem for an energy harvesting powered C-
RAN with QoS and harvested energy constraints, and propose
an effective beamforming algorithm to solve it. In [14], the
authors investigate SWIPT problem in an uplink C-RAN, and
the minimum mean-square-error is considered by optimizing
precoders and detectors. [15] considers an energy-efficient
uplink resource allocation problem by optimizing the sub-
carrier and power allocation, and then, a quantum-behaved
particle swarm-based low-computational suboptimal algorithm
is proposed. The max-min fair SWIPT is investigated in a
green C-RAN with millimeter wave (mmWave) fronthaul [16].
The minimum data rate is maximized via a two-step iterative
bemaforming algorithm. Although [12]-[16] involve the SWIPT
in C-RAN, the cooperation among multiple BSs is not consid-
ered. Therefore, the multicast fronthaul and CoMP techniques
are not investigated, including the multicast beamforming and
cooperative beamforming design.

Unlike the previous works, in this paper, we consider a down-
link BS cluster-based SWIPT C-RAN with multicast fronthaul,
where multiple BSs jointly serve users within one cluster. In
general, the fronthaul link distance between the CP and the BS
cluster is relatively large, and thus, adopting mmWave is not
appropriate due to its large path loss. Therefore, microwave
(current cellular frequency, e.g., sub-6 GHz) is adopted owing
to its small path loss. In contrast, the access link distance
between the BS cluster and users is small, and thus, using
mmWave is appropriate. Specifically, the CP transmits data to
each BS cluster via microwave multicast fronthaul links, and
users simultaneously receive information and energy from the
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BS via mmWave access links. Based on this, we formulate a
sum rate maximization problem by jointly optimizing multicast
fronthaul beamforming, cooperative access beamforming and
power split ratios, under maximum transmit power constraint
for each BS and the CP. For the formulated non-convex
optimization problem, we first transform it into a semidefinite
program (SDP) optimization problem. Then, via successive
convex approximate (SCA) and SDP relaxation techniques, the
SDP problem is relaxed into a convex one, and an iterative
algorithm is proposed. Finally, we propose a rank-one solution
based on the randomization method.

II. SystemModel and Problem Formulation

We consider a downlink C-RAN with one CP and L BS
clusters. The CP is equipped with N antennas, while each BS
is mounted with one antenna for transmitting mmWave signal
and receiving microwave signal simultaneously. We assume
that there are M BSs and K users in each cluster, and each
user is jointly served by M BSs. It is assumed that each
user is equipped with power splitter hardware that can split
the received signal into the information decoder (ID) and
energy harvester (EH). In addition, the beamforming and power
splitting design takes place at the CP.

The received signal at BS (l,m) can be expressed as

yFH
lm = hlmvlxl +

∑L

j,l
hlmv jx j + nlm, (1)

where BS (l,m) denotes the mth BS of the lth cluster, hlm ∈

C1×N represents the fronthaul link channel coefficient from the
CP to BS (l,m), vl ∈ C

N×1 is the multicast beamforming for the
lth cluster, and xl is the multicast signal with E{|xl|

2} = 1. nlm is
an independent and identically distributed (i.i.d.) additive white
Gaussian noise (AWGN), where each entry follows CN(0, δ2).

To this end, the achievable fronthaul rate can be written as

RFH
lm = Bmc log

1 +
|hlmvl|

2∑L
j,l |hlmv j|

2 + Bmcδ2

 , (2)

where Bmc denotes the microwave bandwidth. The multicast
rate of the lth cluster is decided by the BS with the worst chan-
nel condition, and thus the fronthaul multicast rate provided by
the CP for the lth cluster is given [13]

RFH
l = min

m∈M

{
RFH

lm

}
, l ∈ L, (3)

where M = {1, · · · ,M} and L = {1, · · · , L} denote the BS and
cluster sets, respectively.

The received signal of User (l, k) can be expressed as

yAC
lk = gllkwlk xlk +

K∑
i,k

gllkwlixli +

L∑
j,l

K∑
i=1

g jlkw jix ji + nlk, (4)

where User (l, k) denotes the kth user of the lth cluster, g jlk =

[g1
jlk, · · · , g

M
jlk] represents the downlink channel coefficient from

M BSs of the jth cluster to User (l, k), gm
jlk denotes the downlink

channel coefficient from BS ( j,m) to User (l, k). In addition,
wlk ∈ C

M×1 and xlk, respectively, denote the cooperative
beamforming and signal for User (l, k), and nlm is an i.i.d.
AWGN with CN(0, δ2). In (4), the first term stands for the

desired signal, the second term is the intra-cluster interference,
and the third term represents the inter-cluster interference.

The received signal at each user are divided into two parts,
i.e., ID and EH. Let βlk denote the power splitting factor for
User (l, k), the received signal for the ID can be expressed as

yID
lk =

√
βlky

AC
lk + ul,k, (5)

where ul,k denotes the caused noise due to the power splitting
and follows CN(0, δ2

u) [8]. Accordingly, the achievable rate of
User (l, k) can be written as

RAC
lk = Bmm log (1 + γlk) , (6)

where Bmm is downlink mmWave bandwidth, and

γlk =
|gllkwlk |

2∑K
i,k |gllkwli|

2 +
∑L

j,l
∑K

i=1 |g jlkw ji|
2 + Bmmδ2 + δ2

u/βlk
.

In addition, the received signal for the EH can be expressed as

yEH
lk =

√
1 − βlky

AC
lk , (7)

and the harvested energy is

Elk = η(1 − βlk)
(∑L

j=1

∑K

i=1
|g jlkw ji|

2 + Bmmδ
2
)
, (8)

where η denotes the energy conversion efficiency at each user.

A. Problem Formulation

In this paper, our objective is to maximize the sum rate by
jointly optimizing beamforming and power split ratios, which
can be formulated as

max
{vl,wl,k ,βlk}

∑L

l=1

∑K

k=1
RAC

lk (9a)

s.t. Elk ≥ Emin
lk ,∀l, k, (9b)∑L

l=1
||vl||

2 ≤ Pmax
CP , (9c)∑K

k=1
|wl,k(m)|2 ≤ Pmax

l,m ,∀l,m, (9d)∑K

k=1
RAC

lk ≤ RFH
l ,∀l, (9e)

where (9b) denotes the minimum harvested energy for each
user, (9c) and (9d) represent the maximum transmit power
constraints for the CP and BS (l,m), respectively, where wl,k(m)
is the mth element of wl,k, and (9e) is the fronthaul capacity
constraint. Due to the non-convex objective function (9a), con-
straints (9b) and (9e), (9) is a non-convex optimization problem.

III. Proposed Solution

First, we define the semi-definite beamforming matrix Vl =

vlvH
l and Wl = wlwH

l . Accordingly, the rank of Vl and Wl

should be one, namely rank(Vl) = 1 and rank(Wlk) = 1. Via
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introducing auxiliary variables alk, blk and clk, (9) can be recast
as the following SDP optimization problem

max
{Vl,Wl,k ,βlk ,alk ,blk ,clk}

∑L

l=1

∑K

K=1
Bmm log (1 + alk) (10a)

s.t. alk ≤ γ
′
lk,∀l, k, (10b)∑L

j=1

∑K

i=1
Tr(G jlkW ji) + Bmmδ

2 ≥ blk,∀l, k, (10c)

blk(1 − βlk) ≥ Emin
lk /η,∀l, k, (10d)∑L

l=1
Tr(Vl) ≤ Pmax

CP , (10e)∑K

k=1
Wlk(m,m) ≤ Pmax

l,m ,∀l,m, (10f)∑K

k=1
Bmm log

(
1 + γ′lk

)
≤ cl,∀l, (10g)

cl ≤ Bmc log

1 +
Tr(HlmVl)∑L

j,l Tr(HlmV j) + Bmcδ2

 ,∀l,m, (10h)

rank(Vl) = 1, rank(Wlk) = 1,∀l, k, (10i)
Vl � 0,Wlk � 0,∀l, k, (10j)

where γ′lk =
Tr(GllkWlk)∑K

i,k Tr(GllkWli)+
∑L

j,l
∑K

i=1 Tr(G jlkW ji)+Bmmδ2+δ2
u/βlk

, G jlk =

gH
jlkg jlk, Hlm = hH

lmhlm.
One can observe that (10) is still a non-convex optimization

problem due to non-convex constraints (10b), (10d), (10g),
(10h) and rank-one constraint (10i). Next, we will transform
them into the convex ones by advanced approximated tech-
nologies. We first introduce auxiliary variables ξlk and εlk, and
(10b) can be split into the following constraints

alkξlk ≤ Tr(GllkWlk),∀l, k, (11a)

ξlk ≥ Γlk + Bmmδ
2 + δ2

uεlk,∀l, k, (11b)
εlk ≥ 1/βlk,∀l, k, (11c)

where Γlk =
∑K

i,k Tr(GllkWli) +
∑L

j,l
∑K

i=1 Tr(G jlkW ji). In addi-
tion, the upper bound of alkξlk can be expressed as

a[n]
lk ξ

2
lk/2ξ

[n]
lk + ξ[n]

lk a2
lk/2a[n]

lk ≥ alkξlk,∀l, k, (12)

where a[n]
lk and ξ[n]

lk , respectively, denote the values of a[n]
lk and

ξ[n]
lk at the nth iteration, and thus (11a) can be formulated into

the following convex constraint

a[n]
lk ξ

2
lk/2ξ

[n]
lk + ξ[n]

lk a2
lk/2a[n]

lk ≤ Tr(GllkWlk),∀l, k. (13)

Next, we can transform (10d) and (11c) into the following
linear matrix inequality (LMI) constraints blk

√
Emin

lk /η√
Emin

lk /η (1 − βlk)

 � 0,
[
εlk 1
1 βlk

]
� 0,∀l, k. (14)

To handle (10g), we introduce auxiliary variables dlk, υlk, τlk,
and split it into the following constraints

cl ≥
∑K

k=1
Bmm log (1 + dlk) ,∀l, (15a)

υ2
lk ≤ dlk(Γlk + Bmmδ

2 + δ2
uτlk),∀l, k, (15b)

τlkβlk ≤ 1,∀l, k, (15c)

υ2
lk ≥ φlk,∀l, k, (15d)
φlk ≥ Tr(GllkWlk),∀l, k. (15e)

By first-order Taylor approximation technique, we have log(1+

dlk) ≈ log(1+d[n]
lk )+ (dlk−d[n]

lk )/(1+d[n]
lk ), where d[n]

lk denotes the
value of dlk at the nth iteration. Then, (15a) can be transformed
into the following convex constraint:

cl ≥
∑K

k=1
Bmm

log
(
1 + d[n]

lk

)
+

dlk − d[n]
lk

1 + d[n]
lk

 ,∀l, (16)

where d[n]
lk denote the value of dlk at the nth iteration. (15b) can

be reformulated the following LMI constraint[
dlk υlk

υlk Γlk + Bmmδ
2 + δ2

uτlk

]
� 0,∀l, k. (17)

Similar to (12) and (13), (15c) can be approximated as the
following convex constraint

τ[n]
lk β

2
lk/2β

[n]
lk + β[n]

lk τ
2
lk/2τ

[n]
lk ≤ 1,∀l, k. (18)

where τ[n]
lk and β[n]

lk , respectively, denote the values of τ[n]
lk and

β[n]
lk at the nth iteration. In addition, according to the first-order

Taylor approximation, υ2
lk can be expressed as

υ2
lk ≥ 2υ[n]

lk υlk − (υ[n]
lk )2,∀l, k, (19)

and we can transform (15d) as the following convex constraint

2υ[n]
lk υlk − (υ[n]

lk )2 ≥ φlk,∀l, k. (20)

Finally, we need to handle with (10h). By introducing
auxiliary variables λlm, ωlm, (10h) can be split into as

cl ≤ Bmc log(1 + λlm),∀l,m, (21a)
λlmωlm ≤ Tr(HlmVl),∀l,m, (21b)

ωlm ≥
∑L

j,l
Tr(HlmV j) + Bmcδ

2,∀l,m. (21c)

One can observe that only (21b) is non-convex constraint.
Similar to the previous method, we directly transform (21b)
into the following convex constraint

λ[n]
lmω

2
lm/2ω

[n]
lm + ω[n]

lm λ
2
lm/2λ

[n]
lm ≤ Tr(HlmVl),∀l,m. (22)

Now, the only obstacle is the rank-one constraint (10i).
By SDP relaxation, i.e., removing (10i), we can obtain the
following convex relaxed SDP optimization problem

max
{Vl,Wl,k ,βlk ,alk ,blk ,clk ,ξlk ,εlk ,dlk ,υlk ,τlk ,λlm,ωlm}

∑L

l=1

∑K

K=1
Bmm log (1 + alk)

(23a)
s.t. (10c), (10e), (10f), (10j), (11b), (13), (14), (15e), (16),

(17), (18), (20), (21a), (21c), (22). (23b)

Problem (23) can be solved by standard convex optimization
technique, e.g., interior-point method [18]. On this basis, to
obtain the solution of the problem (10), we need to iteratively
solve (23). Specifically, starting from an initial feasible solu-
tion, we update {a[n]

lk , ξ
[n]
lk , d

[n]
lk , τ

[n]
lk , β

[n]
lk , υ

[n]
lk , λ

[n]
lm , ω

[n]
lm } iteratively

by solving (23) using the obtained results from the previous
iteration. The above procedure is carried out until convergence.
We summarize the above iterative scheme in Algorithm 1. To
evaluate the characteristic of rank-one for the obtained solu-
tions, we perform 1000 times random trials, and the number of
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Fig. 1: Sum rate versus (a) iterations, (b) maximum transmit power of the CP, and (c) maximum transmit power of each BS.

Algorithm 1: The Proposed Iterative Algorithm.

1 Initialize {a[n]
lk , ξ

[n]
lk , d

[n]
lk , τ

[n]
lk , β

[n]
lk , υ

[n]
lk , λ

[n]
lm , ω

[n]
lm }, n = 0, the

maximum iteration Imax.
2 repeat
3 Update n← n + 1.
4 Solve problem (23) and obtain its optimal solution

{V[n]
l ,W[n]

l,k , β
[n]
lk , a

[n]
lk , ξ

[n]
lk , ξ

[n]
lk , d

[n]
lk , τ

[n]
lk , β

[n]
lk , υ

[n]
lk , λ

[n]
lm , ω

[n]
lm }.

5 until n = Tmax or Convergence (threshold=10−3);

rank-one solutions is 996 (99.6%), which shows the efficiency
of the proposed Algorithm 1. Meanwhile, when the obtained
solution does not satisfy the rank-one characteristic, we propose
a randomization method to obtain the rank-one solution, and
the detailed procedure can be found in Appendix.

Next, we discuss the effectiveness of the proposed algorithm.
To obtain the solutions of the original non-convex problem
(9), we need to iteratively solve the convex problem (23). The
optimal solutions of (23) can be obtained at each iteration,
since it is a convex optimization problem. Moreover, iteratively
solving (23) will increase or at least maintain the value of the
objective function in (23) [19]. Due to the limited transmit
power, the objective function of (23) will be a monotonically
non-decreasing sequence with an upper bound, which converges
to a stationary solution that is at least locally optimal.

Now, we analyze the complexity of the proposed algorithm.
Given an iterative accuracy ς, the number of iterations is on
the order

√
∆ ln(1/ς), where ∆ = 14KL+4ML+ MKL+NL+L+1

denotes the barrier parameter related to the constraints [20]. In
addition, (23) includes 4KL + 3ML + L + 1 liner constraints,
3KL two-dimensional LMI constraints, L N-dimensional LMI
constraint, KL M-dimensional LMI constraints and 2KL + ML
second order cone constraints. Therefore, the total complexity
of solving (23) is given by O

(
z
√

∆ ln(1/ς)(z1 + z2z + z3 + z2)
)
,

where z = O(N2L + KLM2) and N2L + KLM2 denotes the
number of decision variables, z1 = 28KL + 3ML + N3L +

M3KL + L + 1, z2 = 15KL + 3ML + N2L + M2KL + L + 1,
and z3 = KL((M + 2)2 + (N + 2)2) + 4KL.

IV. Numerical Results

In this section, numerical results are provided to evaluate the
performance of our proposed algorithm. We assume that there
are L = 2 BS clusters, and each cluster includes M = 3 BSs
and K = 2 users. The CP is equipped with N = 8 antennas. We
assume that all users and BSs are uniformly distributed within
a circular cell with 40 m radius. The distance between the CP
and the BS cluster center is 300 m. The mmWave bandwidth
and microwave bandwidth are assumed Bmm = 40 MHz and
Bmc = 20 MHz, respectively. The path loss is modeled as 69.7+

24 log10(d) dB at mmWave frequency and 38 + 30 log10(d) dB
at microwave frequency, where d in meter is the distance [21].
The noise variance is set as -174 dBm/Hz, and the noise power
caused by the ID at the users is -100 dBm. For simplicity,
we set the minimum harvested energy for each user to be the
same, and denote it by Emin. Meanwhile, the maximum transmit
power for each BS is also set the same, and denoted by Pmax

AC .
The energy conversion efficiency is set to η = 0.8.

Fig. 1(a) shows the convergence performance of our pro-
posed algorithm, where Emin

lk = 1 mW and Pmax
AC = 30 dBm.

One can observe that the sum rate converges after 15 iterations
for Pmax

CP = 40 dBm, and about 20 iterations for Pmax
CP = 43 dBm.

Meanwhile, as expected, the sum rate is high when the CP’s
allowable transmit power is higher. This is because a higher
CP’s transmit power can provide a larger fronthaul rate.

Fig. 1(b) shows the sum rate versus maximum transmit power
of the CP under different Emin

lk and Pmax
AC . Under all considered

conditions, the sum rate first increases with Pmax
CP , and then

saturates. In addition, although improving Pmax
CP can increase

the fronthaul rate, this does not necessarily lead to the growth
of the sum rate, since the latter is also affected by the transmit
power of the BSs. For example, the sum rate has reached the
maximum when Pmax

CP = 43 dBm and Pmax
AC = 30 dBm, and

it keeps a constant even for a higher Pmax
CP . Furthermore, we

can find when Pmax
CP is relatively low, the sum rate is the same

for all considered conditions. This is because that the fronthaul
rate determines the sum rate for a low Pmax

CP , while the BS’s
transmit power can simultaneously satisfy the requirement of
harvested energy and maximum fronthaul rate. However, as
Pmax

CP increases, the access link rate determines the sum rate
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due to the limited transmit power of each BS. As a result, the
sum rate is lower for a large Emin

lk .
We plot how the sum rate varies with Pmax

AC in Fig. 1(c),
where we set different Emin

lk and Pmax
CP for comparison. Similar

to Fig. 1(b), the sum rate first increases and then remains stable
when Pmax

BS increases. In fact, when Pmax
BS is low, the BSs first

need to satisfy the requirement of each user’s harvested energy
and then the remaining power can be used to transform data.
Nonetheless, when Pmax

BS is higher, the BSs have enough power
to support the requirement of each user’s harvested energy and
maximum fronthaul rate provided by the CP. The reasons are
the same with that Fig. 1(b).

V. Conclusion

In this paper, we have investigated the joint beamforming and
power splitting design problem in a BS cluster-based SWIPT
C-RAN with multicast fronthaul. We have proposed a joint
optimization algorithm of the multicast fronthaul beamforming,
cooperative access beamforming and power split ratios to
maximize the sum rate of the system. Meanwhile, we have
analyzed the solution profile. Simulation results have verified
the effectiveness of our proposed algorithm, and shown the
effect of the CP’s and BSs’ transmit power on the sum rate.

Appendix

Let V∗l and W∗
lk denote the obtained solutions of problem (9)

via our proposed algorithm. If rank(V∗l ) = 1 and rank(W∗
lk) = 1,

they can be respectively expressed as V∗l = θlv∗l (v∗l )H and
W∗

lk = θlkw∗lk(w∗lk)H by using eigenvalue decomposition (EVD)
method, and the optimal beamforming can be directly obtained
as vo

l =
√
θlv∗l and wo

lk =
√
θlkw∗lk. Otherwise, we adopt the

randomization technique method (see, i.e., [22]) to obtain the
rank-one V∗l and W∗

lk. Specifically, applying the EVD tech-
nique, we decompose V∗l = XlDl(Xl)H and W∗

lk = YlkΩlk(Ylk)H .
Then, by introducing the random vector s[n] ∼ CN(0, I) and
u[n] ∼ CN(0, I), we form the nth candidate beamforming vector
as v[n]

l = XlD1/2
l s[n] and w[n]

lk = YlkΩlk
1/2u[n], respectively. As

a result, we have E{v[n]
l (v[n]

l )H} = V∗l and E{w[n]
lk (w[n]

lk )H} = V∗lk.
Finally, we substitute the nth candidate beamforming vectors
v[n]

l and w[n]
l into problem (9) and reformulate the following

optimization problem:

max
{c[n]

l ,t[n]
lk ,β

[n]
lk }

∑L

l=1

∑K

K=1
RAC[n]

lk (24a)

s.t. E[n]
lk ≥ Emin

lk ,∀l, k, (24b)∑L

l=1
c[n]

l ||v
[n]
l ||

2 ≤ Pmax
CP ,∀l, (24c)∑K

k=1
t[n]
lk |w

[n]
l,k (m)|2 ≤ Pmax

l,m ,∀l,m, (24d)∑K

k=1
RAC[n]

lk ≤ RFH[n]
l ,∀l, (24e)

where c[n]
l and t[n]

lk are coefficients, RAC[n]
lk = Bmm log

(
1 + γ[n]

lk

)
,

γ[n]
lk =

t[n]
lk |gllkw[n]

lk |
2∑K

i,k t[n]
li |gllkw[n]

li |
2+

∑L
j,l

∑K
i=1 t[n]

ji |g jlkw[n]
ji |

2+Bmmδ2+δ2
u/β

[n]
lk

, RFH[n]
l =

min
m∈M

{
RFH[n]

lm

}
, Elk = η(1−β[n]

lk )
(∑L

j=1
∑K

i=1 t[n]
ji |g jlkw[n]

ji |
2 + Bmmδ

2
)

and RFH[n]
lm = Bmc log

(
1 +

c[n]
l |hlmv[n]

l |
2∑L

j,l c[n]
j |hlmv[n]

j |
2+Bmcδ2

)
. It can be ob-

served that problem (24) can be solved using the iterative
method proposed in Section III. Finally, we execute problem
(24) repetitively for multiple different candidate vectors and
select the optimal c[n]∗

l and t[n]∗
lk that owns the maximum sum

rate, i.e., vo
l =

√
c[n]∗

l v[n]
k and wo

lk =

√
t[n]∗
lk w[n]

lk .
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