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Abstract— To cope with the even more urgent spectrum and
energy efficiency challenge for trillion-level terminal access and
data uploading in the next generation mobile communication net-
work (6G), in this paper, we investigate the uplink transmission
in an original fully-decoupled radio access networks (FD-RAN)
architecture. Specifically, we propose a resilient uplink base
station cooperative reception framework in FD-RAN, which is a
large-scale fading based two-tier signal combination approach for
the uplink transmission, including the localized signal combina-
tion at the base station and centralized signal combination at the
edge cloud, respectively. Then, we formulate a weighted sum-rate
maximization problem for the uplink transmission optimization,
and decompose it into two subproblems. A spectrum-efficiency
maximized virtual service cluster selection (SEMVS) algorithm
is designed by leveraging the channel statistical information for
solving subproblem one, and a fractional programming based
power control (FPPC) algorithm is introduced for the power
optimization of subproblem two. Compared to the typical RAN
architectures with corresponding access and power control meth-
ods, simulation results demonstrate the significant performance
improvements of uplink FD-RAN with the proposed solution.

Index Terms— FD-RAN, virtual service cluster, power control,
spectrum efficiency, energy efficiency.
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I. INTRODUCTION

AS A vital enabler for the future intelligent information
society, the six-generation mobile communication net-

works (6G) are expected to provide higher spectrum effi-
ciency (SE), higher energy efficiency (EE), and a more
personalized user experience [1], [2], [3], [4]. It will con-
nect everything, provide full-dimensional green/economical
coverage, and integrate various functions, including sensing,
computing, caching, communication, etc. However, confronted
with trillion-level massive access and asymmetry quality of
service requirements for uplink and downlink in the incoming
digitized society, how to achieve efficient network resources
utilization and realize cost-effective network operation, will be
of great challenge [5], [6], [7], [8]. To meet these challenges,
an original network architecture, namely, the fully-decoupled
radio access networks (FD-RAN) [2], was proposed and has
attracted considerable attention from industry and academia.

The FD-RAN is essentially a cloud radio access network
(C-RAN) architecture with the complete physical decoupling
of network resources. In the FD-RAN, base stations (BSs)
are decoupled into control BSs and data BSs, and data BSs
are further decoupled into independently deployed uplink base
stations (UBSs) and downlink base stations (DBSs). By virtue
of the physically decoupling of UBS and DBS, the uplink
transmission and downlink transmission can be separated,
which can further break through the constraint that users
should access the same BS both in uplink and downlink
transmission. Besides, the decoupling of data BSs allows us to
flexibly deploy UBSs and DBSs according to the user service
requirements in the coverage area. After that, the collaboration
of multiple BSs to provide personalized services for each
user has become the default operation mode in stand-alone
uplink networks or downlink networks. Moreover, the control
BS acts as the controller of uplink networks and downlink
networks for resource cooperation. Consequently, the new
transmission model with limited and delayed feedback and
the scheduling of decoupled uplink and downlink resources
become vital challenges in FD-RAN networks, which decides
the upper bound performance. Especially, in light of the
explosive growth of uplink traffic and the proliferation of
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massive low-power access points, it is crucial to investigate
the cooperation among multiple UBSs in uplink networks in
order to meet the growing need for uplink services.

Cooperative communication has been proven to be an effec-
tive technology to improve user service when dealing with the
scarcity of the radio spectrum [9], [10]. In the uplink FD-RAN,
each user will be served with cooperative joint reception by
multiple UBSs. Although single BS reception has been well
investigated, how to schedule partial UBSs to serve every user
in FD-RAN remains a major challenge, especially considering
fronthaul and fairness limitations.

The large-scale fading decoding (LSFD) [11] technique,
which combines signals from multiple BSs to reduce inter-
user interference, is suitable for scenarios with massive access
and ultra-reliable service requirements. It can obtain the beam-
forming gain from the combination of multiple antenna signals
and the diversity gain from the combination of multiple BS
signals, which not only promotes the network throughout but
also guarantee user access service. In addition, the power
control can reduce the interference between users with a cen-
tralized optimization algorithm, and then improve network SE.
It can also reduce the overall power consumption compared
to the maximum power transmitting scheme, which deserves
further research for achieving a better balance between SE
and EE. In this paper, we model the joint reception with the
LSFD technique, and propose the non-convex uplink weighted
sum-rate (WSR) maximization optimization problem. In order
to find a low-complexity and practically feasible solution,
the original optimization problem is decomposed into two
subproblems, namely, the virtual access and the uplink power
control. Then, we firstly develop a novel solution on the basis
of marginal effects for the virtual access problem, and propose
an iterative algorithm based on proportional programming
for the uplink power control. The major contributions are
summarized as follows.

• We propose a large-scale fading decoding based
two-tier signal combination approach in uplink FD-RAN,
in which every UBS will firstly process the received sig-
nal from multiple antennas, and then send the processed
signal to the edge cloud for further decoding. The
two-tier signal combination scheme is capable of reduc-
ing information redundancy and improving transmission
efficiency.

• We formulate a general WSR maximization problem to
jointly optimize the user virtual service cluster (VSC)
selection among the cooperative UBSs and user power
control. An effective SE maximized VSC selection
(SEMVS) algorithm is designed to reduce the network
fronhaul load with limited SE sacrifice.

• We design a fractional programming based power con-
trol (FPPC) algorithm to iteratively solve the non-convex
WSR maximization problem so as to reduce the over-
all user uplink transmission power. With the optimized
power control, the energy efficiency will be significantly
improved and finally facilitate the enhancement of spec-
trum efficiency.

The remainder of the paper is organized as follows.
In Section II, we summarize the related work on uplink

association and power control. We describe the system model
and propose the problem of joint optimization of VSC selec-
tion and uplink power control in Section III. Then, the SEMVS
and FPPC algorithms are proposed in Section IV. Besides,
the simulation setup and numerical results are presented in
Section V. Finally, we conclude this paper in Section VI.

II. RELATED WORKS

Recently, with the introduction of C-RAN [12], distributed
antenna system (DAS) [13], and cell-free network [14], how
to excavate the full potential of BSs cooperation from the
perspective of network architecture has been extensively stud-
ied. In the DAS, the BS with a single high-power antenna is
replaced by a group of low-power antenna elements separated
in the same area, so as to provide improved coverage but
with reduced transmit power and enhanced reliability. In the
C-RAN, a series of remote radio heads (RRHs), which perform
radio functionalities (i.e., frequency up/down conversion, and
A/D and D/A conversion), are geographically distributed in the
coverage area. In the cell-free network, a group of distributed
access points (APs) cooperates to serve all active users within
the network coverage area simultaneously using the same
frequency-time resources [15].

In particular, for the uplink cooperation reception, minimum
mean-square error (MMSE), which is a linear optimal local
decoding method and can simultaneously reduce inter-user
interference [16], is ideally suited for scenarios requiring
massive access and highly reliable service when compared
to maximum ratio combining (MRC) and zero-forcing (ZF).
Moreover, the benefits of centralized MMSE combination were
proven for the enhancement of SE and EE [14], [15], [17].
Although the centralized MMSE combination has an attractive
performance, it is hard to be accomplished for the original cell-
free scenario, where all APs jointly receive signals from all
users [14], due to the constraints of computation, fronthaul
load and etc. [18], [19], [20]. Then, the partial MMSE was
proposed for cutting down the computation complexity [15].
However, the centralized MMSE combination needs to com-
pute the inversion of the channel matrix with the O

(
n3
)

complexity, which is unscalable with the increase of service
UBSs or antennas. Demir et al. analyzed the performance
of several fully-distributed methods, i.e., ZF and MRC [16].
As a compromise, the LSFD technique had been proposed and
attracted plenty of attention for the balance of performance
and complexity [11]. In the LSFD, signals from multiple BSs
are joint-decoded according to large-scale fading for higher
performance than a single BS.

For intensively deployed uplink FD-RAN, the contribution
of different UBSs to the SE is different due to the time-varying
fading channel. According to the research in [21], we can
deduce that just 10-20% of the UBSs could receive more
than 95% of the total power for each user in a 1 km2 square
area. In order to overcome the complexity caused by all BSs
serving all users, there are intensive works concentrating on
selecting partial UBSs to serve users. Björnson et al. proposed
a scalable access and pilot allocation integrating scenario [15].
Zaidi et al. introduced a virtualization access approach, which
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Fig. 1. Proposed resilient UBSs cooperative reception framework.

selects partial service APs according to large-scale channels,
to promote the network performance [22]. Besides, there are
many constraints that influence the UBSs subset selection,
such as fronthaul load, quality of service, and bandwidth
occupation [23].

Additionally, different power optimization techniques based
on maximizing the WSR or Max-Min signal to interference
and noise ratio (SINR) were proposed [24], [25], [26], [27],
[28], [29], [30], [31]. Max-Min SINR optimization has the
advantage of providing as good service as possible for users
who undergo the worst channel, which attracted lots of
research interests [24], [25]. Globally optimal schemes to
solve WSR optimization problems have also been studied
recently [26], [27], [28]. Shi et al. developed the WMMSE
algorithm [30], in which the equivalence of minimizing the
weighted minimum mean square error (MSE) and maximizing
the WSR is proved, and a block coordinate descent strategy is
proposed for the original WSR problem. Shen et al. proposed
another excellent fractional programming based weighted sum-
rate approach, which demonstrates a faster iteration conver-
gency [29], [31]. Moreover, the joint optimization of UBS
selection and power control has also been initially studied [23],
[32], [33], [34]. The authors in [23] proposed an iterative
power control and access point scheduling framework. Dong
et al. employed the iterative successive convex approximation
to maximize the system EE with respect to the power control,
the antenna activation, and the RRH-user association in a
combinatorial manner [32]. Moreover, [33], [34] validated that
the combination of power control and association can promote
SE, EE, and load balancing.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. Overview of the Uplink FD-RAN Network

Fig. 1 illustrates the resilient UBSs cooperative reception
framework. The uplink network contains the physically sepa-
rated control BS and UBSs, in which all users are served by
cooperated multiple UBSs. The control BS is the controller
and coordinator for all UBSs and users located in the FD-
RAN. All UBSs and the control BS are connected to the edge

cloud via low-latency fiber optics. We propose a two-tier signal
combination framework for FD-RAN uplink transmission,
which is comprised of the localized signal combination at
each UBS, and the centralized signal combination at the edge
cloud. As illustrated in Fig. 1, users usually transmit data
signals to a cluster of UBSs, where the received signals from
multiple antennas will firstly be implemented in the first-tier
combination, and then be forwarded to the edge cloud for
the second-tier processing. In addition, the channel statistical
information collected in UBS will be periodically transmitted
to the edge cloud. Consequently, the edge cloud will always
hold global channel information, which is conducive to the
combining of signals for UBSs in the cooperative VSC.

B. Channel Model and Channel Estimation

We concentrate on the uplink transmission scenario in the
FD-RAN, where there are M randomly distributed N -antenna
UBSs serving K randomly distributed single-antenna users.
We assume the channel response hm,k between user k and the
UBS m follows the spatially correlated Rayleigh distribution
hm,k ∼ NC (0,Rm,k), namely, the channel is sampled from
the circularly symmetric complex Gaussian distribution. Each
element of hm,k corresponds to an antenna in UBS m.
Additionally, we assume that the channels between user k to
any different two UBSs are independently distributed. Based
on the spatial independence of different UBSs, it holds that
E

{
(hm,k) (hl,k)H

}
= 0 for m �= l. Then, the collective

channel of user k satisfies

hk ∼ NC (0,Rk) , (1)

where Rk = diag (R1,k, . . . ,Rm,k) ∈ CMN×MN is a
block-diagonal matrix denoting the spatial correlations of
different channels. Besides, we suppose that the spatial cor-
relation matrices Rm,k can always be acquired both in UBS
and edge cloud. And, the average gain βm,k for the channel
between the user k to the UBS m is determined by the
normalized trace

βm,k = tr (Rm,k) /N, (2)
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which reflects the large-scale fading of the channel hm,k.
We assume that the channel hm,k remains constant over a
coherence block τc, which is divided to two parts τc = τp+τu,
with one for pilots (τp) and the remainder for uplink data
transmission (τu). All realizations of channels between any
pair of coherence blocks are independent. We assume there
are τp mutually orthogonal pilot signals ϕ1, . . . ,ϕτp

∈ Cτp×1,
where τp is a constant independent of K . Any pilot is qualified
with |ϕt|2 = τp for t = 1, . . . , τp. Furthermore, the pilots
satisfy

ϕH
t1ϕt2 =

{
τp if t1 = t2
0 if t1 �= t2.

(3)

The pilots are allocated to users in a dynamic cluster
manner [15]. The user set, where all users employ the same
pilot tk, is expressed as Pk =

{
i : ϕtk

= ϕti
, 1 ≤ i ≤ K

}
.

We assume that user k transmits pilot
√
ρkϕtk

, where ρk

denotes the pilot transmission power of k. Then, the UBS
m will receive the pilot signal

yp
m =

K∑
k=1

√
ρk hm,kϕH

tk
+ nm, (4)

where nm ∼ NC

(
0, σ2IN

)
is the Gaussian white noise.

In order to estimate the channel hm,k, we define the pilot
signal received at UBS m for user k as

yp
m,k � 1√

τp
yp

mϕH
tk

=
K∑

i=1

√
ρi√
τp

hm,iϕ
H
ti
ϕH

tk
+

1√
τp

nmϕH
tk

=
∑
i∈Pk

√
ρiτphm,i + n̂m,k. (5)

Leveraging the typical MMSE method [15], the estimation
of hk can be denoted as

ĥm,k =
√
τpρkRm,ky

p
m,k∑

i∈Pk
τpρiRm,i + δ2IN

, (6)

Thus, we can obtain the correlation matrix of estimation error

Cm,k = E

{(
hm,k − ĥm,k

)(
hm,k − ĥm,k

)H
}

= Rm,k − τpρkRm,k

(∑
i∈Pk

τpρiRm,i+ σ2IN

)−1

Rm,k.

(7)

C. Two-Tier Combination Based Uplink Data Transmission

For the uplink transmission, we assume that user k transmits
symbol qk, which satisfies E {qk} = 0, and E

{
|qk|2

}
= 1.

Thus, UBS m will received the mixed signal from all users

ym =
K∑

k=1

√
ηkhm,kqk + nm, (8)

where ηk ≤ 0 denotes the data transmission power. Consider-
ing the fronthaul overhead, we assume each BS will schedule
a subset of users Km. Then, we define the variable xm,k to

denote whether UBS m serves user k

xm,k =

{
1 m→ k

0 others,
(9)

where xm,k is 1 if m is expected to decode signal for user k
(m→ k) and 0 otherwise. Specifically, we assume that every
UBS can serve no more than KT users [23], [35], where the
KT is a hyperparameter specified by the fronthaul bandwidth.
In addition, considering the fairness between different users,
we assume that every user will employ at most MT UBSs.
Naturally, the subset of UBS that serve user k can be defined
as Mk = {m : xm,k = 1, k ∈ {1, . . . ,K}}. In addition, the
user subset that is served by UBS m can be expressed as
Km = {k : xm,k = 1, k ∈ {1, . . . ,K}}.

Here, we put forward a two-tier signal combination frame-
work based on LSFD for uplink joint reception. We assume
every UBS will firstly receive signals with multiple antennas
and implement local combination. Then, the combined signal
will be transmitted to the edge cloud. Thereafter, signals
from multiple UBSs would be jointly decoded according to
corresponding channel statistics information.

1) Localized Combination: As for user k, the service UBS
m will implement a real-time local combination for mul-
tiple antennas with the decoding vector wm,k. Then, the
local symbol estimation of qk can be expressed as q̂m,k =
xm,kwH

m,kym,k, where xm,k is a long-term variable corre-
sponding to large-scale channel, and determined by the edge
cloud controller. By minimizing the MSE between qk and
wH

m,kym,k given channel estimation ĥm,k, we can acquire the
MMSE combination vector

wm,k = arg min
wm,k

E

{∣∣qk − wH
m,kym

∣∣2 |
{
ĥm,k

}}
= ρk

(
K∑

i=1

ρi

(
ĥm,iĥH

m,i + Cm,i

)
+ σ2IN

)−1

ĥm,k.

(10)

2) Centralized Combination: Then, we will combine all
received signals from UBSs belonging to Mk for any served
user k with the centralized combination vector αm,k

q̂k =
√
ηk

( ∑
m∈Mk

α∗
m,kw

H
m,khm,k

)
qk

+
K∑

i=1,i�=k

√
ηi

( ∑
m∈Mk

α∗
m,kw

H
m,khm,i

)
qi + n′

k. (11)

Specifically, the last term n′
k =

∑M
m=1 αm,kxm,kwH

m,knm

denotes the weighted noise sum. Then, we can rewrite (11)
to the effective channel expression

q̂k =
√
ηkαH

k gkkqk︸ ︷︷ ︸
Desired signal

+
K∑

i=1,i�=k

xm,k
√
ηiα

H
k gkiqi︸ ︷︷ ︸

Interference

+ n′
k︸︷︷︸

Noise

.

(12)

As shown in (12), the signal after the first-tier combination
can be regarded as an effective signal received by |Mk|
antennas in a single UBS. Then, we can define the effective
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channel from user k to all UBSs in Mk as

gk,i �
[
wH

t1,kht1,i, . . . ,wH
t|Mk|,kht|Mk|,i

]T
, (13)

where |Mk| is the number of elements of set Mk, and tm
indicates the index of the m-th UBS in Mk. The m-th element
in gk,i is g(m)

k,i = wH
tm,khtm,i. Then, we further define the

combination vector αk ∈ C|Mk|×1 for user k

αk �
[
αt1,k, . . . , αt|Mk|,k

]T
. (14)

From another perspective, both gk,i and αk are functions
of X, which should be denoted by gk,i (X) and αk (X).
However, we still use the original formation of gk,i and
αk for a compact expression. Although the real-time and
deterministic channel αH

k gk,i cannot be known in the cloud, its
expectation αH

k E {gki} is able to be acquired with periodically
uplink transmission [15]. According to the inference of use-
and-then-forget (UatF) bound [16], the achievable SINR for
user k can be written as

φk

=
ηk

∣∣αH
k E {gkk}

∣∣2
αH

k

(∑K
i=1 ηiE

{
gkigH

ki

}− ηkE {gkk}E
{
gH

kk

}
+ Nk

)
αk

,

(15)

where Nk = diag
(
σ2E

{∥∥∥wH
t1,k

∥∥∥2
}
, . . . , σ2E

{
‖wH

t|Mk|,k‖2
})

means the effective noise power diagonal matrix. In addition,
expectation terms E {gkk} and E

{
gkigH

ki

}
can be obtained

through periodic statistics of UBSs.

D. Problem Formulation

In this paper, we target to determine the service UBS
subset and transmission power for users to maximize the
WSR. Then, a network utility function, namely, the weighted-
sum-rates maximization, is proposed for the FD-RAN uplink
transmission. According to [16], the effective MMSE-based
optimal centralized combination vector α can be acquired:

α� = arg max
α

φk

=

(
K∑

i=1

ηiE
{
gkigH

ki

}− ηkE {gkk}E
{
gH

kk

}
+ Nk

)−1

× E {gkk} . (16)

For notation clarity, we utilize Φk{X̂,η,α�} to represent
the SINR for user k. Substituting α with the proposed cen-
tralized combination vectors α�, the optimal SINR for user k
depicted in (15) can be rewritten as

Φk{X,η,α�} = ηkE
{
gH

kk

}( K∑
i=1

ηiE
{
gkigH

ki

}− ηkE {gkk}

×E
{
gH

kk

}
+ Nk

)−1

E {gkk} , (17)

which is only correlated to the association decisions X and
transmission powers η for all users. Given a set of weights

v1, . . . , vK that reflect the users’ priorities for scheduling, the
optimization problem of WSR maximization can be modeled
as

max
X,η

K∑
k=1

vk log2 (1 + Φ{X,η,α�}) (18a)

s.t. 0 ≤ ηk ≤ ηmax, (18b)
K∑

k=1

xm,k ≤ KT , (18c)

M∑
m=1

xm,k ≤ MT , (18d)

xm,k ∈ {0, 1}, ∀m ∈ M, ∀k ∈ K, (18e)

where (18b) means that the transmission power is larger than
zero and is up to ηmax for the reason of physical power
constraints of users. (18c) and (18d) correspond to fronthaul
and fairness limitations, respectively. The constraint in (18e)
enforces the scheduling decisions to be binary. Namely, a user
is scheduled if its scheduling variable equals one, and vice
versa.

We find that the optimization problem (18a) has a mixed
binary integer formation and is nonconvex with the power
control variables. In fact, as mentioned above, the general
WSR maximization problem has been shown to be NP-hard
by Luo and Zhang in [30]. To solve this problem and obtain
an effective solution, we divide the problem (18a) into two
sub-problems, (19a) and (20a), to decouple the optimization
of binary variables X and continuous variable η. The sub-
problem (19a), which concentrates on the UBS selection based
on the effective spectrum efficiency maximization, can be
formulated as

max
X

K∑
k=1

vk log2 (1 + Φk{X, η̂,α�}) (19a)

s.t.
K∑

k=1

xm,k ≤ KT , (19b)

M∑
m=1

xm,k ≤ MT , (19c)

xm,k ∈ {0, 1}, ∀m ∈ M, ∀k ∈ K, (19d)

in which, η̂ means the power control variables are fixed.
Besides, the sub-problem (20a) focuses on solving the user’s
transmit power optimization with fixed virtual association
decisions X̂

max
Γ,η

K∑
k=1

vk log2

(
1 + Φk{X̂,η,α�}

)
(20a)

s.t. 0 ≤ ηk ≤ ηmax, ∀ k ∈ K. (20b)

IV. VIRTUAL SERVICE CLUSTER SELECTION AND UPLINK

POWER CONTROL

In (17), the second-order statistics E
{
gkigH

ki

}
cannot be

directly obtained by only one BS since E{g(m1)
k,i g∗(m2)

k,i } for
m1 �= m2 involves two different UBSs. However, considering
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that the spatial correlation matrix Rk is a block-diagonal
matrix, in other words, the channels between any different
UBSs are mutually independent, we can acquire the following
expectation

E

{
g(m1)

k,i g∗(m2)
k,i

}
≈

⎧⎪⎨⎪⎩
E

{
g(m1)

k,i

}
E

{
g∗(m2)

k,i

}
m1 �= m2

E

{
‖g(m1)

k,i ‖2
}

m1 = m2.

(21)

where g(m)
k,i = wH

t1,kht1,i denotes the mth element of gki.
Therefore, E

{
gkigH

ki

}
can be rewritten to (22), shown at the

bottom of the page, where diag{A} is the diagonal matrix of
matrix/vector A while D{A} denotes its variance.

Applying (22) to (16), the MMSE-based centralized effec-
tive combination vector can be further rewritten as

α�
k =

(
K∑

i=1

ηiE {gki}E
{
gH

ki

}
+

K∑
i=1

ηidiag {D {gki}} + Nk

)−1

E {gkk} . (23)

Based on the secondary combination vector (23), and applying
(22) to (17), the effective SINR can be converted to (24),
shown at the bottom of the page,.

In the following, we will firstly decide on the UBS associ-
ation policy, X̂, and then optimize the transmission power for
all users based on the solved association decisions.

A. Effective Spectrum Efficiency Maximized VSC Selection

The UBS selection problem mainly contains two stages.
First of all, each UBS will individually estimate its first-order
and second-order statistics, and then transmit uplink statistical
information to the edge cloud. Afterward, the edge cloud
will solve the UBS selection problem with the provided
information.

1) Statistics of Effective Channel: First of all, each UBS
estimates its channel based on the received pilot signal. In gen-
eral, any UBS m will ignore those users whose channel to
UBS m is terrible. Before determining the VSC, we will firstly
define the channel fading threshold TR, which means that the
users whose channel fading to m lower than the TR will not
be served. Then, the users, whose large-scale channel fading
to UBS m is higher than TR, will come into being a candidate
service set Kc

m. Thereafter, the UBS can only compute wm,k

for those users belonging to Kc
m, which can significantly cut

down the computation complexity and save energy during
UBSs selection and network operation. Accordingly, only
partial estimation of gk,i will be utilized to obtain αmmse

k and
Φk{X, η̂}. Hence, each UBS will only estimates the statistical

information E{‖wH
m,k‖2}, E{g(m)

ki }, and D

{
g(m)

ki

}
for those

users belonging to Mc
k, and then upload it to the edge cloud.

Moreover, if we get Kc
m, the candidate uplink service UBSs

subset Mc
k = {m|k ∈ Kc

m,m = 1, . . . ,M} for user k can be
acquired.

Different from the LSFD proposed in [15], the channel
statistics transmitted to the cloud, enable the edge cloud to
obtain the global statistical information, which will allow
the network to make global scheduling decisions. Compared
with [15], the proposed method can decrease computation cost
of the edge cloud for the localized computation of variance
D {gki}. Then, we described how to acquire the statistics of
the effective channel in Algorithm 1, which is executed at each
UBS m in M.

Algorithm 1 Localized Statistics of Effective Channel

Input: Rm,k, m ∈ {1, . . . ,M}, k ∈ {1, . . . ,K}
Output: E{‖wH

m,k‖2}, E{g(m)
ki }, and D

{
g(m)

ki

}
1: parallel for m in M do:
2: Determine Kc

m based on large-scale fading βm,k

3: Estimate E{g(m)
ki }, D

{
g(m)

ki

}
, and E{‖wH

m,k‖2} for
every user in Kc

m

4: Upload the statistics of effective channels and Kc
m to

the edge cloud
5: end parallel

2) Parallel VSC Selection: The information entropy is
increasing when adding more receive antennas [36], which
means the increase in the available uplink rate for every user
k. Though the rate, achieved by the MMSE-based decoding,
has a gap with the information entropy, cooperation reception
with more UBSs for every user k can still prompt the SE.
In particular, the UBS selection problem is mutually decoupled
and independent among different users for the reason that
the decoding policy of user k will not influence the others.
We define the following discriminant equation Ψk (Mk,m)

E
{
gkigH

ki

} ≈ E {gki}E
{
gH

ki

}− diag
{
E {gki}E

{
gH

ki

}}
+ diag {E {gki} � E {gki}}

= E {gki}E
{
gH

ki

}− diag
{∥∥∥E{g(1)

k,i

}∥∥∥2 , . . . ,∥∥∥E{g(|Mk|)
k,i

}∥∥∥2}+ diag
{

E

{∥∥∥g(1)
k,i

∥∥∥2} , . . . ,E{∥∥∥g(|Mk|)
k,i

∥∥∥2}}
= E {gki}E

{
gH

ki

}
+ diag {D {gki}} (22)

Φk{X,η} ≈ ηkE
{
gH

kk

}⎛⎝ K∑
i=1,i�=k

ηiE {gki}E
{
gH

ki

}
+

K∑
i=1

ηidiag {D {gki}} + Nk

⎞⎠−1

E {gkk} . (24)
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Algorithm 2 SE Maximized VSC Selection

Input: γ0, Rm,k, m ∈ {1, . . . ,M}, k ∈ {1, . . . ,K}
X = 0, Z = Inf (M, K),

Mk = ∅, Km = ∅, Qm = ∅
Output: X,Mk,Km, k ∈ {1, . . . ,K};

1: parallel for every k in K do:
2: Create the candidate service UBS set Mc

k

3: for i = 1; i ≤ |Mc
k|; i+ + do

4: Compute m = argmax
m,m∈Mc

k

Φk(Mk ∪ {m})
5: if Ψ (Mk,m) ≥ γ0 then
6: if |Km| < KT then
7: Mk = Mk ∪ {m}
8: Km = Km ∪ {k}
9: Z (m, k) = Ψ (Mk,m)

10: else
11: j∗ = arg min

j=1,...,K
Z (m, j)

12: if Z (m, j) < Ψ (Mk,m) then
13: Remove m from Mj

14: Remove j from Km

15: Z (m, j) = +∞
16: Run step 3–5
17: else
18: continue
19: end if
20: end if
21: else
22: break
23: end if
24: end for
25: Acquire xm,k according to Mk

26: end parallel

to determine whether UBS m will serve user k:

Ψk (Mk,m) =
Φk(Mk ∪ {m})− Φk(Mk)

Φk(Mk)
, (25)

which indicates the marginal effect when adding the UBS
m to the VSC of user k. Then, we define the threshold
γ0 for Ψ (M,m), which implies that only those UBSs whose
channel meets the condition Ψ (M,m) < γ0 will serve user
k. Next, we propose the SEMVS Algorithm 2, which can be
implemented in parallel at the edge cloud.

B. Fractional Programming Based Power Control

As for the NP-hard problem (20a), in this paper, we propose
a Lagrangian dual transform [31] in order to tackle the sum
logarithmic ratio problems, which moves the SINR term to
the outside of logarithm. Recalling the SINR term in (24),
we firstly assume

μk(η) = μk(X̂,η,α�) =
√
ηkE {gkk} , (26)

where μk(η) is a complex vector. In addition, we also assume

Bk =
K∑

i=1,i�=k

ηiE {gki}E
{
gH

ki

}
+

K∑
i=1

ηidiag {D {gki}} + Nk. (27)

Then, the weighted sum-of-logarithms maximization object
(20a) can be transformed to

max
η

K∑
k=1

vk log
(
1 + μH

k (η)B−1
k (η)μk(η)

)
(28a)

s.t. 0 ≤ ηk ≤ ηmax, ∀ k ∈ K. (28b)

where the term μH
k (η)B−1

k (η)μk(η) can be physically inter-
preted as the effective SINR term. As for (28a), the fol-
lowing transform is proposed in [29] in order to move
the ratio term to the outside of logarithm. For conve-
nience, we denote the object function of (28a) as ψ(η) =∑K

k=1 vk log
(
1 + μH

k (η)B−1
k (η)μk(η)

)
.

Theorem 1 (Lagrangian Dual Transform for Complex Vector):
Given a sequence of multidimensional and complex functions
μ(η) : Cd1 → Cd2 for k ∈ K, a multidimensional function
B(η) : Cd1 → S

d2×d2
++ and a nonempty constraint set

η ∈ H ⊆ Cd1 , where d1, d2 ∈ N, a multidimensional and
complex logarithmic FP problem

max
η

ψ(η)

s.t. η ∈ H (29)

can be recast to the new expression

max
η,γ

L(η, γ)

s.t. η ∈ H, (30)

in which the new objective function L is defined as (31),
shown at the bottom of the next page, where γk is intro-
duced as an auxiliary variable introduced for each SINR term
μH

k (η)B−1
k (η)μk(η). According to [29], the two problems

are equivalent for the reason that η is the solution to (29) if
and only if it is the solution to (30), and the optimal objective
values are also equal meanwhile.

Then, applying the Lagrangian dual transform to reformu-
late the original objective function ψ (η), we have the new
expression ψ1 (η,γ) in (32), shown at the bottom of the next
page, where γ refers to a collection of auxiliary variables.
Now, the ratio terms inside the logarithm function have now
been moved outside of the logarithm. Then, accordingly, the
original problem (20a) can be expressed as the equivalent
optimization problem below

max
η,γ

ψ1 (η,γ) (33a)

s.t. 0 ≤ ηk ≤ ηmax, ∀ k ∈ K. (33b)

When η are fixed, the optimal can be explicitly deter-
mined by setting partial derivative of the Lagrangian
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function ∂ψ1/∂ηk to zero, i.e.,

γi = ηkE
{
gH

kk

}⎛⎝ K∑
i=1,i�=k

ηiE {gki}E
{
gH

ki

}

+
K∑

i=1

ηidiag {D {gki}} + Nk

)−1

E {gkk} . (34)

The optimal γk is equal to the effective SINR of user k. Then,
in order to decouple the numerators and denominators of the
fractional term, the multidimensional and complex quadratic
transform is proposed. According to [29], the following theo-
rem holds:

Theorem 2 (Multidimensional and Complex FP): As for
μ(η) and B(η) mentioned above, the original problem

max
η

μH(η)(B(η))−1μ(η)

s.t. η ∈ H (35)

is equivalent to

max
η,y

2 Re
{
yHμ(η)

} − yHB(η)y

s.t. η ∈ H,y ∈ C
d2 , (36)

where y = [y1, . . . , yK ] refers to a collection of auxiliary
variables for all users.

In the following, we regard
√
vk (1 + γk) · ηkE

{
gH

kk

}
as the numerator term μ (η), and regard∑K

i=1,i�=k ηiE {gki}E
{
gH

ki

}
+
∑K

i=1 ηidiag {D {gki}} + Nk

as the denominator term B (η) in Theorem 2 at the same
time. Then, we apply the quadratic transform to the fractional
term in (33a) in order to to optimize η for fixed γ. We utilize
the Theorem 2 to further reformulate the original object ψ1 to
new object function ψ2. Then, the new formation of problem
(33a) can be denoted as

max
η,γ

ψ2 (η,γ,y) (37a)

s.t. 0 ≤ ηk ≤ ηmax, ∀ k ∈ K, (37b)

where ψ2 (η,γ,y) equals to (38), shown at the bottom of the
page.

We propose to maximize ψ2 (η,γ,y) over variables η,γ,y
in an iterative manner as follows. With the update of γk as is
shown in (34), we now consider the jointly optimization of η
and y in (37a). First, when all the other variables are fixed, the
optimal yk can be explicitly determined by setting ∂ψ2/∂yk

to zero, that is

y∗
k =

√
vk (1 + γk) ηk ·

(
K∑

i=1

ηiE {gki}E
{
gH

ki

}
+

K∑
i=1

ηidiag {D {gki}} + Nk

)−1

E {gkk} . (39)

Proof 4.1: The details of the proof are shown in
Appendix A.

Then, we have the expression of yk = (y∗k)∗. We can
find that the optimal yk is exactly a minimum mean-
square-error (MMSE) receiver scaled by a factor of√
vk (1 + γk) with respect to each user k. Next, if vari-

ables γ and y are fixed, we can take the optimal transmis-
sion power ηk for user k through solving ∂ψ2/∂ηk = 0.
We have

∂ψ2

∂ηk
=

√
vk (1 + γk) · �{E{gH

kk

}
yk

}
√
ηk

−
K∑

i=1

yH
i E
{
gikgH

ik

}
yi. (40)

Then, after settling (40), we have the expression of ηk:

ηk =
vk (1 + γk) · (�{E{gH

kk

}
yk

})2(∑K
i=1 y

H
i

(
E {gik}E

{
gH

ik

}
+ diag {D {gik}}

)
yi

)2 .

(41)

However, every user should be subject to the maximum
power constraint, which contributes to the final power

L (η,γ) =
K∑

k=1

vk log (1 + γk) −
K∑

k=1

vkγk +
K∑

k=1

vk · (1 + γk)μH
k (η)

(
μk(η)μH

k (η) + Bk(η)
)−1

μk(η) (31)

ψ1 (η,γ) =
K∑

k=1

vk

(
log (1 + γk) − γk + (1 + γk) · ηkE

{
gH

kk

}
·
(

K∑
i=1

ηiE {gki}E
{
gH

ki

}
+

K∑
i=1

ηidiag {D {gki}} + Nk

)−1

E {gkk}
⎞⎠ (32)

ψ2 (η,γ,y) =
K∑

k=1

vk log (1 + γk) −
K∑

k=1

vkγk +
K∑

k=1

(
2
√
vk (1 + γk) ηk�

{
E{gH

kk}yk

}
−yH

k

(
K∑

i=1

ηiE {gki}E
{
gH

ki

}
+

K∑
i=1

ηidiag {D {gki}} + Nk

)
yk

)
. (38)
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control decision

η�
k = min {ηmax, η

�
k} . (42)

Then, according to (39), (34) and (42), we propose to
maximize ψ2 for variables y, γ, and η in an iterative manner
as shown in the Algorithm 3:

Algorithm 3 Proposed Matrix Fractional Programming Strat-
egy for Uplink Power Control
Input: Initialize all variables to feasible values: ŷ, η̂, γ̂, Imax,

ε, i = 0

Output: Users’ transmission power: η̂

1: repeat
2: Update ŷ(i+1) according to (39) and (34)
3: Update γ̂(i+1) according to (34)
4: Update η̂(i+1) according to (41) and (42)
5: until the weighted sum-rate converges.
6: return η̂;

V. NUMERICAL RESULTS AND DISCUSSIONS

A. Simulation Setup

We consider a scenario with 1 control BS, M = 64 UBSs
with antennas N = 4, and K = 30 users distributed in
a 1000m × 1000m square area. All the UBSs and users
are independently and uniformly in the area of interest.
Utilizing the distance-based wrap-around simulation strat-
egy [37], we can acquire the performance of the network with
30 active users/km2 and 256 antennas/km2. In this area, all
UBSs receive both signal and interference from all directions
simultaneously. As for m-MIMO cellular network (Cellular),
we keep the same number of antennas with Mc = 4 BSs
and Nc = 64 antennas in the same area. And, we also
consider the small cell scenario, in which Ms = 64 small
cells, each with Ns = 4 antennas, are uniformly distributed in
the same area. Besides, we assume that the channel follows
spatially correlated Rayleigh fading [15] at 2 GHz carrier
frequency, where the large-scale fading is based on the 3GPP
Standards [37] and the spatial correlation matrices is generated
employing [15]. We assume τc = 200, τp = 10, which
corresponding to the case of 2 ms correlation time and
100 kHz coherence bandwidth. In addition, we assume that the
transmit power is up to 200 mW with a bandwidth 20 MHz,
and the noise power spectrum density is −174 dBm/Hz with
a noise figure 7 dB. In this paper, the computation of EE
is according to [38] and [39], which is detailly described in
the Appendix B. Here, we choose the following parameters:
PU = 0.1 W, Pfix = 0.825 W. For the cellular network, the
fixed power consumption (control signals, backhaul, etc.) Pfix

is assumed to be 18 W. Also, the traffic-dependent fronthaul
power is 0.25W/(Gbits/s), and the maximum transmit power
is 0.2 W for all users.

In the following, we first compare diverse performance
benchmarks between SEMVS-based FD-RAN and other net-
works, namely m-MIMO cellular network, small cell, LSFD-
based cell-free network (LSCF) [15], and LSFD-based cell-

Fig. 2. Distribution of users and UBS, and VSCs for partial users.

free network with the Dynamic Cooperation Clustering (DCC-
LSCF) [15]. Then, we compare the proposed FPPC power con-
trol algorithm with several state-of-the-art algorithms. At last,
we further investigate the relationship between the m-MIMO
cellular network and the number of UBSs.

B. Virtual Service Clustering

In order to clearly show the association between users
and UBSs, we validate the Wrap policy temporarily in this
subsection. Fig. 2 illustrates the virtual service clusters for
partial users in FD-RAN, which is achieved by the proposed
SEMVS. In Fig. 2, service UBSs for users are connected with
semi-transparent lines. Specifically, we strengthen some users
with circle dashed lines, whose service UBSs are clear to
observe. It is obvious that service UBSs for each user will
come into being a VSC. With the unified control of VSC,
the virtual association in FD-RAN is extremely flexible and
dynamic with users’ movements as time goes on. That is, users
will enjoy a continuous and handover-imperceptible service,
which is almost impossible to achieve in traditional cellular
networks.

C. Spectrum Efficiency

As illustrated in Fig. 3(a), the performance of FD-RAN
with SEMVS algorithm is far superior to that of m-MIMO
cellular networks, especially for those users undergoing poor
channel (small window area). Compared to the LSCF and
DCC-LSCF in [16], the proposed SEMVS algorithm holds
almost the same cumulative distribution function (CDF) for
the SE, which is on the condition that FD-RAN only employs
approximate one-fifth of the average number of UBSs com-
pared to DCC-LSCF. Besides, the FD-RAN still has a large
SE improvement compared to the small cell for the users with
poor channels, which shows the superiority in cooperation
reception. By comparing the different scenarios, we notice that
the users with poor channel conditions experience lower SE
in the m-MIMO network, since there are larger location gaps
between those users and BSs compared to FD-RAN. On the
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Fig. 3. SE comparison among different network architectures.

contrary, as shown in Fig. 3a, users in FD-RAN with ideal
channel conditions will have about the same SE as those in
an m-MIMO network. It might be the reason that these users
are sensitive to interference and each UBS can locally suppress
interference using its array of antennas, and the cooperation
of multiple UBSs makes up for the weakness of fewer BSs.
Therefore, the proposed FD-RAN is capable of suppressing
mutual interference so that everyone can transmit at maximum
power.

Specifically, we can notice Fig. 3(b) that the FD-RAN
accompanied with SEMVS can achieve nearly 235.7% SE
improvement for the 5th percentile user when compared
to that of the cellular network. Furthermore, the 20th and
50th percentile users in FD-RAN still demonstrate a 103.8%
and 50% SE improvement than that in the cellular network,
respectively. The percentile results further validate the fact that
the FD-RAN will bring better performance improvement to
users with poor channel conditions.

Fig. 3(c) shows that the SE of FD-RAN is always increasing.
This is because the MMSE-driven two-layer combination
framework can compress interference among different users,
and the smaller average distance between users and UBSs
will enhance the effectiveness of SINR. On the contrary, the
SE of both the m-MIMO network and the small cell will
decrease when the load is heavy with increasing users. With
respect to m-MIMO, a single BS typically serves several times
more users than FD-RAN, and the increasing average distance
between the user and BS will lead to a poor channel for
more users who are far away from the BS. This causes severe
inter-user interference, i.e., low SINR. In terms of small cell,
a single BS with only a few antennas has limited interference
suppression, but FD-RAN might utilize the collaboration of
several BSs through the 2nd layer combination. Interestingly,
the SE performance in SEMVS-FD even exceeds that in DCC-
LSCF sometimes, which might be the reason that the SEMVS
algorithm forms a more appropriate VSC.

D. Energy Efficiency

In Fig. 4(a), we can notice that the EE of the proposed
algorithm is much higher than m-MIMO and LSCF network,
and the performance improvements reach 70.1% and 55.3%
separately. Then, the FD-RAN still has a EE improvement of

12.8% compared to the DCC-LSCF. Furthermore, the EE in
FD-RAN is even superior to small cell network in which every
user employs only one BSs, though the EE in DCC-LSCF is
lower than small cell. Because the fronthaul load in SEMVS is
much smaller than that in DCC, which in turn leads to lower
fronthaul cost.

Moreover, we compare the EE with different network ser-
vice users in Fig. 4(b). We find that the EE in FD-RAN has
95.4%, 54.3%, and 35% improvements compared to m-MIMO
when there are 10, 50, and 90 users respectively. Besides,
there are still 28.4%, 64.6%, and 64.3% EE improvements
between the FD-RAN and LSCF for 10, 50, and 90 service
users, respectively.

Then, we observe the EE change for increasing users further.
In Fig. 4(c), we find that the EE of the FD-RAN is always
superior to other schemes. Generally, the EE of all the schemes
will firstly increase until the highest EE, and then decrease
according to the increase of users. The differences are the
value of the highest EE and the number of users when
achieving it. As for FD-RAN, DCC-LSCF, and small cell,
it will approach the highest EE when the number of users
is approximate to the number of UBSs/APs (64). However,
it will approach the highest EE for LSCF when the number
of users is smaller (60), which might be the reason for the
high power consumption of the fronthaul. There are two cross
points P1 and P2 for LSCF and m-MIMO. As for the P1, the
fast-increasing fronthaul consumption will offset the gain of
SE improvements for LSCF. As for the P2, the SE of m-MIMO
will rapidly decline for strong interference when the network
load becomes heavier.

E. VSC and Fronthaul Load

Fig. 5(a) depicts the distribution of the size of VSC for
SEMVS and DCC. We find that the distribution of VSC
sizes produced by these two algorithms differed signifi-
cantly, with SEMVS being much smaller than DCC and
more uniformly distributed, which would lead to different
calculations and energy costs (Fig. 4). As represented in
Fig. 5(b), compared with the DCC, the average fronthaul
load of SEMVS (2.1 users/UBS) is much smaller than
that in DCC [15] (9.3users/BS). Moreover, we can observe
that the VSC size (average virtual service UBSs) for every
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Fig. 4. EE comparison among different network architectures.

Fig. 5. Comparison of fronthaul and number of service UBSs for different algorithms.

user in SEMVS (4.6 UBSs/user) is also much smaller than
DCC (19.9 UBSs/user), which is shown in Fig. 5(c). Accord-
ing to the phenomenon above mentioned, the VSC size will
directly affect the EE of the network, while adding an extra
UBS to the VSC might result in negligible SE improvement.
From this point of view, the proposed SEMVS can achieve a
better balance between SE and EE.

F. Uplink Power Control

As for the uplink transmit power control, we emphatically
compare the proposed FPPC algorithm with WMMSE and
other three heuristic but scalable benchmarks schemes:

• WMMSE. The WMMSE algorithm has been well studied
in the literature as a beamforming scheme, and adaptive
power control is implicitly included in the uplink power
control [16].

• Fractional Power Control (FPC). We consider the frac-
tional power control scheme with exponents [30], [40].

• Full Power. All users transmit with full power.

1) Spectrum Efficiency: Fig. 6 compares the uplink SE of
the power control methods described above. We can obviously
observe that no matter what the network load is, the proposed
FPPC algorithm always achieves the highest SE. When the
network load is light, almost all the algorithms mentioned
have the same SE. However. Compared to the full power
transmission, the improvements of FPPC will become more
obvious (6% for 190 users) as the network load increases.

Fig. 6. SE with the increasing number of users for different power control
algorithms.

This is because network interference is becoming serious and
affects the decoding when the network is under a heavy load.
In addition, the sum SE maximizing power control algorithms,
namely WMMSE and FPPC, provide almost the same SE
performance.

2) Energy Efficiency: In Fig. 7, we can view the uplink EE
with increasing users. At a first glance, when the network has
a small load, all the algorithms have a similar EE, because
almost all the users transmit with full power at this moment.
As the service users increase, the EE of the full-power version
will decrease rapidly, but the EE of FPPC and WMMSE
still slowly increase. It’s the reason that the speed of SE
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Fig. 7. EE with the increasing number of users for different power control
algorithms.

Fig. 8. Comparison of iteration number between WMMSE and FPPC.

increasing in full power schema is slower than that of total
power consumption. The EE of FPPC is lower than the FPC
with the exponent equaling 0.5, but the high EE of FPC
is at cost of lower SE. Moreover, the EE of FPC with the
exponent equaling 0.5 and -0.5 has completely different SE
and EE, which means that the selection of exponent parameters
is crucial in this schema, and leads to diverse performance.
In addition, the FPPC algorithm has a higher but still negli-
gible EE compared with the WMMSE. Considering the same
situation for SE, it reveals that the similar iteration algorithms,
FPPC and WMMSE, wouldn’t lead to great discrimination in
SE and EE performance. At this time, the iteration number
will play a vital factor in power control.

3) Iterations: In Fig. 8, we show the distribution of iteration
number of FPPC and WMMSE, where both the x-axis and
y-axis are in a log manner. We can find that the FPPC
algorithm can terminate the operation within 50 iterations for
most scenarios. However, the WMMSE will terminate for a
mean iteration number of 500, which is a gap over an order
of magnitude. Specifically, there are some scenarios where the
process will terminate within one iteration. Because, users will
tend to transmit with full power when the interference is low,
which makes the transmit powers of all users approximate
or exceed the maximum power at the first iteration. Given
the approximate SE and EE, the proposed FPPC is more
computation-efficient than the WMMSE algorithm from the
perspective of iteration number.

Fig. 9. Comparison of UBS number when achieving the same SE.

Fig. 10. Comparison of EE when achieving the same SE.

G. Comparison Between FD-RAN and m-MIMO When
Achieving the Same SE

Fig. 9 demonstrates how many UBSs can achieve greater
SE than 4 m-MIMO BSs with 64 antennas when the number
of users varies. And, the green dots represent corresponding
UBSs counts. We find the data can be fitted into a three-order
polynomial, and the yellow curve represents the final results.
It is noteworthy that the curve will first rise and then decline as
the number of service users increases. This is identical to the
m-MIMO SE trend depicted in Fig. 3(c). When the number of
UBS is 57, Fig. 9 indicates that the uplink SE of FD-RAN is
always greater than that of m-MIMO. Additionally, when the
network load is low (less than 20 active users), FD-RAN can
achieve the same SE with half as many antennas (32 UBSs)
as m-MIMO. Even if the network is in heavy load (60 active
users), FD-RAN only requires 70% as many antennas as m-
MIMO. The top blue line means that there are 64 UBSs with
4 antennas, indicating that FD-RAN and m-MIMO networks
have the same number of antennas (256 antennas). Then, the
purple area means how many of UBSs can be saved when the
same number of users is served by FD-RAN. To some extent,
this figure can provide some guidance on the deployment of
the FD-RAN uplink network when achieving the same SE as
m-MIMO under a specific network load.

Then, in Fig. 10, we compare the EE of FD-RAN and m-
MIMO when they achieve the same SE. We can find that
the EE in FD-RAN is far greater than that in m-MIMO,
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especially when the network load is low. In particular, the EE
improvements respectively reach 178.5%, 128.0%, and 91.2%
when the network has 10, 20, and 30 active users to be served.
And, the EE still has more than 40% improvement when the
network load is heavy (60 active users). It means that the
FD-RAN will possess far better EE than m-MIMO when they
have the same SE.

VI. CONCLUSION

We have investigated a resilient uplink base stations coop-
erative reception framework in FD-RAN. Firstly, we have pro-
posed a two-tier signal combination approach and formulated
the UBSs selection as an effective spectrum efficiency maxi-
mization problem. And, we have developed a VSC selection
algorithm for the flexible service subset scheduling. Then, the
FPPC algorithm has been proposed for efficient user power
control, which can hold a higher SE compared to the other
schemes, and provide a balance between SE and EE. In addi-
tion, by completely decoupling the traditional base station, the
FD-RAN can implement extremely flexible network resources
management and cooperation, which shed light on the new
perspective, namely shifting the attention from single BS
performance to network-level performance in terms of SE and
EE. In our future work, we will investigate switching on/off
the UBSs to achieve more energy efficiency communications.
Furthermore, the on-demand deployment of UBSs and DBSs
will also be an important issue in balancing QoS assurance
and cost/power consumption in future networks.

APPENDIX A
PROOF OF THEOREM 1

We define the complex variable: z = x+i·y ∈ C, in which x
is the real part. Then, according to [41], we have the following
conclusion:

∂
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2
·
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∂x
− i · ∂

∂y

)
Let complex vector z ∈ CM×1, and complex matrix B ∈
C

M×M . BR and zR denote the real parts of B and z while
BI, zI denote the image parts. Then, BHz can be reformatted
to

BHz = (BR + i ·BI)H(zR + i · zI) (43)

where the real part is �(BHz) = BT
RzR − BT

I zI. Then,
we have the derivative of the real part of BHz with respect to
z:
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For the reason that B is Hermitian, the complex quadratic
form zHBz can be expanded into

zHBz = (zR + i · zI)
H (BR + i · BI) (zR + i · zI)

= zT
RBRzR − zT

RBIzI + zT
I BRzI + zT

I BIzR (45)

According to the properties of the Hermitian matrix, BT
R =

BR, BT
I = −BI, Therefore, we have the following inference:
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Therefore, applying inference (44) and (46) to (38), we have
the partial derivative of ∂ψ2/∂yk:
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Then, we can acquire the expression of yk in (39).

APPENDIX B
ENERGY EFFICIENCY

The total uplink power consumption can be defined as
follows:

Ptotal = PTX + PCP (48)

where PTX is the uplink power amplifiers (PAs) due to
transmit power at the users and PA dissipation, and PCP

refers to the circuit power (CP) consumption. The power
consumption PTX is given by PTX = 1

ζ

∑K
k=1 ηk, where ζ is

the PA efficiency at each user. The power consumption PCP

is obtained as

PCP = MPfix +KPU +
M∑

m=1

Pfh,m, (49)

where Pfix is a fixed power consumption (including con-
trol signals and fronthaul) at each UBS/AP, PU denotes the
required power to run circuit components at each user and
finally, fronthaul power consumption from the mth UBS/AP
to the CPU is obtained as follows

Pfh,m = Rfh,mCth (50)

where Cth is the fronthaul traffic (BT) between the mth

UBS/AP and the CPU, while PBT,m means the corresponding
unit power consumption for fronthaul. Then, we formulate
the total EE of the FD-RAN uplink network. The total EE
is achieved by dividing the sum throughput by the total
consumed power, which is given by

Ee (X,η,α�) =
B · Φ̂{X,η,α�}

Ptotal

(
bit

Joule

)
(51)
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