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On Joint BBU/RRH Resource Allocation
in Heterogeneous Cloud-RANs

Kaiwei Wang, Wuyang Zhou, Member, IEEE, and Shiwen Mao, Senior Member, IEEE

Abstract—Cloud radio access network (Cloud-RAN) is a
promising wireless network architecture that can satisfy the fast
growing mobile data traffic and improve the performance of
Internet of Things. In this paper, we propose an energy-efficient
resource allocation scheme based on heterogeneous Cloud-RAN
jointly considering the remote radio head (RRH) antenna
resource with baseband unit (BBU) computation resource. We
formulate our joint resource allocation problem and decompose
it into two subproblems. The first subproblem is a network-wide
beamforming vectors optimization problem, and it is solved by
weighted minimum mean square error approach. Based on the
optimized beamforming vector, we propose an algorithm to get
the RRH-user equipment clusters. The second subproblem is a
BBU scheduling problem, and we reformulate it as a bin pack-
ing problem which aims to minimize the number of BBUs in
working model to save more energy. Compared to some existed
works which form the BBU scheduling problem as a bin pack-
ing problem, we propose a bin packing algorithm based on
the best-fit-decreasing method, which has better performance.
With simulation results and detailed analysis, the system
performance of our proposed joint resource allocation scheme
is verified, which is more energy-efficient than other existing
schemes.

Index Terms—Bin packing, heterogeneous cloud radio access
network (Cloud-RAN), Internet of Things (IoT), resource alloca-
tion, weighted minimum mean square error (WMMSE).

I. INTRODUCTION

THE compelling developed wireless Internet applications,
such as high-definition video streaming, mobile cloud

computing, and so on, have generated drastically increased
wireless communication demands [1]. As wireless data traffic
is explosively increasing, the capacity of existing and future
wireless networks will be greatly stressed [2]. The definition
of next generation networks is under a global discussion [3],

Manuscript received December 6, 2016; revised January 27, 2017; accepted
February 3, 2017. Date of publication February 7, 2017; date of current
version June 15, 2017. This work was supported in part by the Natural
Science Foundation of China under Grant 61461136002, in part by the
Key Program of National Natural Science Foundation of China under Grant
61631018, in part by the National Programs for High Technology Research
and Development under Grant 2014AA01A707, in part by the Fundamental
Research Funds for the Central Universities, in part by the Huawei Technology
Innovative Research, in part by the U.S. National Science Foundation under
Grant CNS-1247955 and Grant CNS-1320664, and in part by the Wireless
Engineering Research and Education Center at Auburn University.

K. Wang and W. Zhou are with the Key Laboratory of Wireless-
Optical Communications, Chinese Academy of Sciences, University
of Science and Technology of China, Hefei 230027, China (e-mail:
wangkw@mail.ustc.edu.cn; wyzhou@ustc.edu.cn).

S. Mao is with the Department of Electrical and Computer Engineering,
Auburn University, Auburn, AL 36849-5201 USA (e-mail: smao@ieee.org).

Digital Object Identifier 10.1109/JIOT.2017.2665550

and the evolution will be defined as an increasing num-
ber of wireless devices with ubiquitous access requirement
of mobile services [4]. The change of mobile communica-
tion services and applications raise a requirement for more
flexible, cost-efficient and powerful network structure and
deployment. In the meantime, the fast development of Internet
of Things (IoT) has driven the enormous amount of traf-
fic with different quality of service (QoS) requirements and
ubiquitous, reliable, and high-data-rate communications [5].
For example, in a future IoT-based smart city, the wireless
network for all devices should provide flexible and high qual-
ity service as well as low operation cost [6]. However, the
current mobile networks are not able to support the diver-
sity mobile services and fluctuating traffic patterns efficiently
but are designed for peak-provisioning and typical Internet
traffic [7].

To satisfy the future demand of growing mobile data traffic
and high-speed data applications in wireless communication
system, many advanced technologies are being developed,
such as millimeter wave communications [8], [9] and mas-
sive MIMO [10], [11]. In addition, cloud technologies, which
can provide the flexibility for the radio access network, have
already received increasing attention for the deployment of
mobile core network functionalities [12]–[14]. As a promising
application for cloud concept in mobile wireless communi-
cation, a new cellular structure named cloud radio access
network (Cloud-RAN) has been proposed by the industry
and studied by several researchers for the next generation
networks. Unlike the existing cellular networks, the com-
putation resource for baseband process in each baseband
unit (BBU) is centralized in baseband resource pool (BRP).
The remote radio heads (RRHs) where the radio function
locate are connected with the BRP through high reliable opti-
cal fibers, and all RRHs can dynamically share the baseband
resource provided by any BBU in BRP [15]. The capital
expenditure and operational expenditure can be significantly
reduced by the distributed deployment of RRHs, while such
a centralized processing structure enables several coopera-
tive communication techniques, such as coordinated multipoint
(CoMP) transmission and joint beamforming with efficient
interference suppression. As a promising technique, cooper-
ative communication can exploit the broadcasting nature of
wireless channels and achieve spatial diversity gains, rate
improvement, and energy efficiency [16].

Based on all the benefits mentioned above, cloud-based
wireless networks also have been recognized as important
deployment methods for future IoT networks. Deng et al. [17]
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discussed the workload allocation issues in a cloud-based
IoT, while a centralized interference mitigation algorithm
was presented in [18] to improve the QoS performance in
a Cloud-RAN-based D2D communication. Zhang et al. [19]
proposed a cellular partition zooming mechanism in Cloud-
RAN-based IoT to achieve higher energy efficiency. Owing to
the distributed RRH deployment, all user equipments (UEs) in
IoT would have easier access to the core network with densely
deployed RRHs. The centralized BBU structure in Cloud-RAN
could facilitate cross-cell cooperation, improve spectrum effi-
ciency, and improve the QoS for all UEs in IoT. However,
there are still many new challenges to be addressed, such as
the resource scheduling problems, the limited fronthaul and
backhaul capacity, the virtualization of computation resource
in BBU, and so on.

There have been some interesting works focused on resource
allocation and scheduling in Cloud-RAN. Some existing works
are on bandwidth resource allocation among users in OFDM-
based Cloud-RAN [20], [21], while many other works have
addressed CoMP transmission among different RRHs to cap-
italize the advantages brought by the centralized architecture
of Cloud-RAN [22]–[24]. Among them, [22] jointly solved
the RRH selection and beamforming vectors optimization
problem. Dai and Yu [23] proposed a user-centric cluster-
ing scheme to maximize the network utility based on data
joint transmission. A grouping scheme of users and RRHs
is proposed by [24] to achieve high network performance
in Cloud-RAN. However, all these works focused mainly on
the antenna resource of RRHs to serve each UE and have
overlooked the resource scheduling in the BRP. In a cloud-
based network system like Cloud-RAN, the data processing
center provides computation resource as well as consumes
a significant amount of power [25]. Therefore, the resource
allocation and power consumption of BRP should be impor-
tant considerations in the resource scheduling problems in
Cloud-RAN.

Tang et al. [26] proposed a cross-layer resource alloca-
tion scheme that jointly considers resource from BBUs and
RRH antennas, while this paper only focused on the power
consumption and rate allocation of virtual machines (VMs)
generated by BBUs in the BRP and ignored the scheduling
scheme among BBUs. In a Cloud-RAN system, the baseband
processing ability is located on BBUs which are centralized
in the BRP. This kind of structure brings a large amount of
energy savings, such as the energy consumption of cooling
system. At the same time, further energy cost reduction can
be achieved through efficient BBU scheduling, which means
to allocate the baseband processing resource according to dif-
ferent network loads dynamically. A graph-based dynamic
frequency reuse scheme is proposed in [27] to minimize the
number of BBUs in working model in BRP as well as allevi-
ate the intercell interference in Cloud-RAN. Boulos et al. [28]
and Sigwele et al. [29] formulated a similar problem as a bin
packing problem to schedule the baseband resource provided
by BBUs based on different network loads. While all these
works failed to take the RRH antenna resource scheduling into
consideration, and only focused on the resource and power of
BBUs in the Cloud-RAN.

In this paper, we jointly consider the RRH antenna
resource with BBU computation resource, and propose an
energy-efficient resource allocation scheme. We formulate our
problem in our proposed heterogeneous Cloud-RAN from our
previous work [27]. Different from other existed heteroge-
neous Cloud-RAN [30], the macro cell coverage and pico cell
coverage are all served by RRHs which are connected with
the BRP to improve the flexibility of the network. We decom-
pose our problem into two subproblems. The first subproblem
is a network-wide beamforming vectors optimization, which
aims to get approach to the optimized data processing rate
and transmitting rate with the beamforming vectors. We use
a weighted minimum mean square error (WMMSE) approach
to solve it. Based on the optimized beamforming vector, we
propose an algorithm to get the RRH-UE clusters. The sec-
ond subproblem is a BBU scheduling problem, which aims to
minimize the number of working BBUs to save more energy,
and we reformulate it as a bin packing problem. Compared to
the existed works which formed the BBU scheduling problem
as a bin packing problem [28], [29], we propose a bin pack-
ing algorithm based on the best-fit-decreasing (BFD) method,
which has better performance without increasing the compu-
tation complexity. To the best of our knowledge, it is the
first resource allocation scheme in heterogeneous Cloud-RAN
jointly consider the RRH antenna resource and the BBU
scheduling.

This paper is organized as follows. Section II introduces
the heterogeneous Cloud-RAN structure and formulates the
energy-efficient joint resource allocation problem. Based on
WMMSE approach, Section III analyzes and solves the
network-wide beamforming vectors optimization problem. We
formulate the BBU scheduling problem as a bin packing
problem in Section IV and propose a heuristic algorithm to
solve it. Section V shows the simulation results and finally,
Section VI provides the conclusion.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we introduce the heterogeneous Cloud-
RAN system and formulate our energy-efficient joint resource
allocation problem.

A. System Scenario of Heterogeneous Cloud-RAN

We consider a heterogeneous Cloud-RAN system with two
kinds of RRHs: 1) the macro RRH and 2) the pico RRH. The
macro RRHs are regularly deployed to form ordinary hexago-
nal macro cells and provide wide area coverage. Each macro
cell is equipped with one macro RRH. Several pico RRHs are
located in each macro cell to serve some hot points or edge
areas. We denote the set of macro cells as I = {1, 2, . . . , I},
so there would be I macro RRHs to serve the whole network.

The heterogeneous Cloud-RAN proposed in this paper is
shown in Fig. 1, where all the RRHs are connected to the BRP
through a switch of 10 Gb/s Ethernet [31]. All the UEs of IoT
can access to several RRHs based on different channel states
and QoS requirements. The switch can dynamically change
the connections between BBUs and RRHs under the control
of a center management unit (CMU). The BRP consists of K
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Fig. 1. Heterogeneous Cloud-RAN architecture.

BBUs, and we use K = {1, 2, . . . , K} to denote the set of all
BBUs. The BBUs could serve each UE by generating a VM to
provide computation resource as common data center do in a
cloud-based system [32]. Each UE has its own corresponding
VM located in the BRP. Due to limited processing ability of
each BBU [15], the number of VMs generated by one BBU is
limited, which means that one BBU can only support a limit
number of UEs. And we also assume that each UE can only
be supported by one BBU. Similar assumption about the BBU
processing ability can be found in [27], [33], and [34]. A BBU
can be turned to sleep model when no UE need to be supported
by it to save energy. All BBUs in the BRP is assumed to be
the same with each other, which means different BBUs have
the same processing ability.

To capitalize the advantages brought by the centralized
architecture of Cloud-RAN, we consider a CoMP transmis-
sion scheme among all the RRHs in this paper. Among several
kinds of downlink CoMP techniques, we choose joint pro-
cessing scheme to formulate our system. In joint processing
transmission scheme, each UE’s data will be shared among all
the RRHs in the CoMP cluster [35]. Considering the channel
conditions and power consumption, there is no need for all
RRHs in the whole network to joint serve one UE. So similar
to the static base station clustering in [23] and the virtual base
station clustering scheme in [24], we limit the maximum coop-
erative range of RRHs into one macro cell, i.e., each UE can
be jointly served by the macro RRH and all pico RRHs located
in the cell where the UE located in. The signal from RRHs
located in other macro cells will be treated as interference. All
RRHs in macro cell i forms a set Li = {1, 2, . . . , |Li|}, where
|Li| denote the cardinality of set Li. Also, we denote the UE
set in cell i as Mi = {1, 2, . . . |Mi|}.

The arrival data of UE m ∈ Mi which comes from the core
network will first be processed in VM generated by one BBU
in the BRP, and then transmitted to the RRHs located in cell i
which jointly serve UE m ∈ Mi through the fronthaul link. We
assume that each RRH is equipped with N transmission anten-
nas and each UE is equipped with one receiving antenna. We
use hij

lm ∈ C
1×N to denote the channel gain from RRH l ∈ Li

to UE m ∈ Mj. Since UE m ∈ Mi only receives useful signal
from the RRHs located in the same cell, we use wi

lm ∈ C
N×1

to denote the beamforming vector for UE m ∈ Mi from RRH
l ∈ Li. We use wi

m ∈ C
|Li|N×1 to denote the beamforming

vector of UE m ∈ Mi based on all the RRHs in Li and
w = {wi

m|i ∈ I, m ∈ Mi} to denote all the beamforming
vectors. Correspondingly, hij

m ∈ C
1×|Li|N is used to denote the

channel gain from the RRHs in Li to UE m ∈ Mj in Mj.
Given that Dil = {01

N, . . . , Il
N, . . . , 0|Li|

N , l ∈ Li}N×|Li|N , we
can represent wi

lm with wi
m through

wi
lm = Di

lw
i
m. (1)

Note that the beamforming vectors can also demonstrate the
transmission relationship between UEs and RRHs. UE m ∈
Mi is served by RRH l ∈ Li only when ||wi

lm|| �= 0.
Let xi

m denote the data symbol for UE m ∈ Mi with
E[|xi

m|2] = 1 and xi
m’s are independent with each other. Then

the received signal at UE m ∈ Mi is given by

yi
m = hii

mwi
mxi

m +
∑

m′∈Mi,
m′ �=m

hii
m(t)wi

m′xi
m′

∑

i′ �=i

∑

m′′∈Mi′
hi′i

m wi′
m′′xi′

m′′ + zi
m, m ∈ Mi, i ∈ I (2)

where the first term on the right hand side is the useful
signal for UE m ∈ Mi, the second term is the intracell
interference signal from other RRHs in cell i, and the third
term is the intercell interference from the RRHs in other cells.
zi

m ∼ CN (0, (σ i
m)2) represents the additive Gaussian noise.

Consequently, the transmission rate for UE m ∈ Mi can be
formulated as

ci
m = B0 log2

⎛

⎜⎝1 +
∣∣hii

mwi
m

∣∣2
∣∣∣
∑

(j,n) �=(i,m) hji
mwj

n

∣∣∣
2 + (

σ i
m

)2

⎞

⎟⎠ (3)

where B0 is the total system bandwidth. We can see clearly
from (3) that the transmission rate of each UE depends not
only on the beamforming vector of itself, but also on the
transmission beamforming vectors of other UEs. So the coor-
dination of RRHs in the same macro cell and among different
macro cells is needed to suppress the intracell and intercell
interference. And according to the time varying channel sta-
tus and QoS requirements of UEs, the coordination of different
access points need to be updated quickly. Such kind of coordi-
nation is hard to realized in traditional heterogeneous cellular
network due to the distributed network structure. While in a
centralized heterogeneous Cloud-RAN, it is much easier to
be achieved. To fulfill the coordination of all RRHs in the
network, the CMU can decide the network-wide beamforming
vectors according to the channel state information and differ-
ent UEs’ QoS requirements, and allocate the BBU processing
resource to each UE via generating VMs. So in this paper, we
combine the optimization of beamforming vectors and BBU
resource scheduling and propose an energy-efficient method
to achieve better system performance.

Base on the beamforming vectors of each UE, the total
power consumption of RRH l in cell i can be expressed as

Pi
l =

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2 + PC (4)

where
∑

m∈Mi
||Di

lw
i
m||22 represents the transmit power of

RRH l ∈ Li and PC represents the circuit and fronthaul link
power consumption of each RRH. Since each RRH is equipped
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with no air conditioner and the fronthaul link power consump-
tion is rather small, PC could be neglected [36]. Then, the total
power consumption of RRH l ∈ Li only consists of transmit
power, which can be expressed as

Pi
l =

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2. (5)

The transmit power of RRH l ∈ Li is limited to (Pi
l)

max, which
can be given by

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2 ≤ (

Pi
l

)max
. (6)

We use ai
km to indicate whether UE m ∈ Mi is served by

the VM generated by BBU k, which can be expressed as

ai
km =

{
1, if UE m is served by BBU k,m ∈ Mi

0, otherwise.
(7)

With the indicator variable ai
km, the constraints of BBU

processing ability can be formulated as
∑

i∈I

∑

m∈Mi

ai
km ≤ U (8)

which constrains the processing ability of BBU k to U, and
∑

k∈K

∑

i∈I
ai

km ≤ 1 (9)

which limits the data of each UE m ∈ Mi can only be
processed by one BBU.

We use PB
k to denote the power consumption of BBU k.

Based on the BBU power consumption model given by [37],
we have

PB
k =

{
Pact + ∑

i∈I
∑

m∈Mi
ai

kmϕ
(
μi

m

)
, if k ∈ B

Psleep, otherwise.
(10)

In PB
k , B represents the set of BBUs in working model.

The parameter Pact here indicates the statistic part of power
consumption of BBU in working model, which includes the
power consumption of backhaul transmission equipment, the
air conditioner, and so on. We use Psleep to denote the power
consumption of BBU in sleeping model. μi

m here indicates the
VM processing rate for the data of UE m ∈ Mi. The power
consumption model of VM is often assumed to be a convex
and increasing function with the processing rate of VM, and it
forms the dynamic power consumption part of BBUs in work-
ing model. We use ϕ(μi

m) to indicate the power consumption
of VM according to the data processing rate it provides for
UE m ∈ Mi, which is linear with the data processing rate
μi

m [38], where we have

ϕ
(
μi

m

) = αμi
m (11)

α represents the variation coefficient of ϕ(μi
m) as a function

of μi
m.

We assume that the BBU data processing rate should be
equivalent to the RRH data transmission rate to satisfy the
basic UE QoS requirement [28], [38], so usually we have

μi
m = ci

m. Based on the energy consumption of each BBU, the
energy consumption of the entire BRP can be expressed as

PB =
∑

k∈K
PB

k

= (K − |B|)Psleep + |B|Pact +
∑

k∈K

∑

m∈M
ai

kmϕ
(
μi

m

)

=
⎛

⎝K −
∑

k∈K
1

⎧
⎨

⎩
∑

i∈I

∑

m∈Mi

ai
km

⎫
⎬

⎭

⎞

⎠Psleep

+
∑

k∈K
1

⎧
⎨

⎩
∑

i∈I

∑

m∈Mi

ai
km

⎫
⎬

⎭Pact

+
∑

k∈K

∑

m∈M
ai

kmϕ
(
μi

m

)
(12)

where 1{·} is an indicator function, which is denoted by

1

{
∑

k∈K

∑

m∈M
ai

kmϕ
(
μi

m

)
}

=
⎧
⎨

⎩
0, if

∑
k∈K

∑
m∈M

ai
kmαμi

m = 0

1, otherwise.
(13)

Note that Psleep � Pact, it is reasonable to turn as many BBUs
as we can to sleep model on the premise of meeting UEs’ QoS
requirements to save more energy.

B. Energy Efficient Joint Resource Scheduling
Problem Formulation

To quantitatively describe the impact on system
performance brought by transmission rate and power
consumption, we use an energy efficiency weighted utility
function f (ci

m, PB
k , Pi

l) to denote the system energy efficiency,
which is a widely used method adopted by many other
works [39], [40]. The energy efficiency utility function is
defined as

f
(
ci

m, Pi
l, PB

k

) =
∑

i∈I

∑

m∈Mi

ci
m − κ

(
∑

k∈K
PB

k +
∑

i∈I

∑

l∈L
Pi

l

)

(14)

where κ represents the system power consumption weight.
Our purpose of this paper is to maximize the energy effi-
ciency utility function of the whole heterogeneous Cloud-RAN
system, including the transmit power of RRHs and data pro-
cessing power of BBUs. We jointly consider the RRH antenna
resource and BBU processing resource scheduling, and com-
bine the network-wide beamforming vector optimization with
BBU processing rate allocation.

Note that the fronthaul links between RRHs and BBUs in
the BRP are capacity-limited, which means the sum rate of
all UEs access to one RRH is limited. Through the indicator
function 1{·}, the fronthaul capacity constraint of RRH l ∈ Li

can be expressed as

∑

m∈Mi

1
{∥∥Di

lw
i
m

∥∥2
2

}
ci

m ≤ Ri
l (15)

Authorized licensed use limited to: Auburn University. Downloaded on April 13,2020 at 02:07:47 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: ON JOINT BBU/RRH RESOURCE ALLOCATION IN HETEROGENEOUS CLOUD-RANs 753

where Ri
l is the maximum capacity of the fronthaul link

connect between RRH l ∈ Li and the BRP.
Considering all the constraints mentioned above, the energy

efficiency maximization problem can be mathematically for-
mulated as

(P0) max
a,w,µ

f
(
ci

m, Pi
l, PB

k

)

s.t. C1 : ci
m ≥ (

ci
m

)req ∀i ∈ I, m ∈ Mi

C2 : Pi
l ≤ (

Pi
l

)max ∀i ∈ I, l ∈ Li

C3 :
∑

m∈Mi

1
{∥∥Di

lw
i
m

∥∥2
2

}
ci

m ≤ Ri
l

∀i ∈ I, m ∈ Mi, l ∈ Li

C4 :
∑

i∈I

∑

m∈Mi

ai
km ≤ U ∀k ∈ K

C5 :
∑

k∈K

∑

i∈I
ai

km ≤ 1 ∀m ∈ Mi. (16)

In problem (P0), C1 is the constraint to ensure the QoS
requirement of each UE jointly consider the BBU processing
rate and RRH transmitting rate. C2 is the transmit power con-
straint of each RRH. C3 is the fronthaul capacity constraint.
C4 and C5 are the BBU processing ability constraints, which
limit the total number of UEs one BBU can process and that
one UE can only be served by one BBU separately.

Since there is no difference between the data process-
ing ability of all BBUs in the BRP, the obvious way to
save energy consumptions of the whole network is minimiz-
ing the number of working BBUs. Based on this idea, the
energy efficiency utility function can be separated into two
subfunctions as

f
(
ci

m, Pi
l, PB

k

) = f1
(
ci

m, Pi
l

) + f2
(
ai

km

)
(17)

where we have

f1
(
ci

m, Pi
l

) =
∑

i∈I

∑

m∈Mi

ci
m

−κ

⎛

⎝
∑

i∈I

∑

m∈Mi

ϕ
(
ci

m

) +
∑

i∈I

∑

l∈Li

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2

⎞

⎠

(18)

and

f2
(
ai

km

) = κ
∑

k∈K
1

⎧
⎨

⎩
∑

i∈I

∑

m∈Mi

ai
km

⎫
⎬

⎭Pact

+ κ

⎛

⎝K −
∑

k∈K
1

⎧
⎨

⎩
∑

i∈I

∑

m∈Mi

ai
km

⎫
⎬

⎭

⎞

⎠Psleep. (19)

The first subutility function f1(ci
m, Pi

l) includes the data
transmission rate of each UE, the power consumption of each
RRH and each VM generated by BBUs in the BRP, which are
all decided by the network-wide beamforming vectors. The
second subutility function f2(ai

km) includes the statistic power
consumption of all BBUs in working model and the power
consumption of all BBUs in sleeping model.

Fig. 2. Two-step approach to solve problem P1.

Based on the two subutility functions, we can separate
the energy efficiency maximization problem into two sub-
problems. The first subproblem is to determine the optimized
network-wide beamforming vectors of each UE by maximiz-
ing f1(ci

m, Pi
l). Based on the beamforming vectors, we can get

the RRH-UE cluster, and the energy-efficient data transmis-
sion rate of RRHs with data processing rate of BBUs. The
first subproblem can be formulated as a WMMSE problem.
Then the second subproblem is to decide the UEs in each
RRH-UE cluster should be served by which BBU in the BRP,
and to minimize the number of working BBUs. We will formu-
late the second subproblem as a bin packing problem. These
two subproblems will be elaborately analyzed in the following
parts of this paper.

As shown in Fig. 2, the energy-efficient joint resource allo-
cation problem (P0) will be divided into two subproblems:
1) the network-wide beamforming optimization problem (P1)
and 2) the BBU scheduling problem (P2). We need to solve
problem (P1), and use a RRH-UE clustering algorithm to get
the RRH-UE clusters, then solve the problem (P2) to obtain
the final resource schedule scheme.

III. ENERGY EFFICIENT BEAMFORMING STRATEGY

In this section, we first formulate the network-wide beam-
forming optimization problem as problem P1 based on the
subutility function f1(ci

m, Pi
l) and solve ti with WMMSE

approach, then we propose an RRH-UE clustering algorithm to
get the RRH-UE clusters based on the optimized beamforming
vectors.

A. Network-Wide Beamforming Optimization

Based on the subutility function f1(ci
m, Pi

l) and the
constraints related to beamforming vectors, the subprob-
lem of network-wide beamforming optimization can be
formulated as

(P1) max
w

f1
(
ci

m, Pi
l

)

s.t. C1 : ci
m ≥ creq ∀i, m

C2 : Pi
l ≤ (

Pi
l

)max
, ∀i ∈ I, l ∈ Li

C3 :
∑

m∈Mi

1
{∥∥Di

lw
i
m

∥∥2
2

}
ci

m ≤ Ri
l ∀l. (20)

Since the phase of wi
m will not have impact on the optimiza-

tion problem or change the constraints, so we can assume that
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each term of hii
mwi

m has a zero imaginary part. Then, we can
rewrite the constrain C1 as

C1 :

√√√√√

∣∣∣∣∣∣

∑

(j,n) �=(i,m)

hji
mwj

n

∣∣∣∣∣∣

2

+ (
σ i

m

)2 ≤ 1√
γ i

m

�{hii
mwi

m

} ∀m

(21)

which is a second order cone (SOC) constraint and γ i
m =

2((ci
m)req/B0) − 1 is the equivalent signal-to-interference-plus-

noise ratio threshold for UE m.
With the concept that a non convex �0-norm optimization

objective can be approximated by a convex �1 reweighted
norm [41], we can approximate the fronthaul capacity con-
straint C3 as

C3 :
∑

m∈M
β i

lmc̃i
m

∥∥Di
lw

i
m

∥∥2
2 ≤ Rl ∀i ∈ I, l ∈ Li (22)

where β i
lm is a constraint weight, which is updated iteratively

according to

β i
lm = 1

∥∥Di
lw

i
m

∥∥2
2 + τ

∀i ∈ I, l ∈ Li, m ∈ Mi (23)

and c̃i
m is the optimum RRH transmission rate for UE m

obtained by the previous iteration.
After all these processing of constraints, the problem (20) is

still not convex. So motivated by [42], we can use a WMMSE-
based solution to deal with the problem. We can reformulate
the target function as

f1
(
ci

m, Pi
l

) =
∑

i∈I

∑

m∈Mi

g
(
ci

m

) + κ
∑

i∈I

∑

l∈Li

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2

(24)

where

g
(
ci

m

) = ci
m − κϕ

(
ci

m

)
. (25)

We denote θ(·) = g(−B0 log(·)), since ϕ(·) has the form
of (11) which is liner with the data processing rate of each VM,
g(ci

m) is strictly concave. With a carefully selected parameter
κ , g(ci

m) could also be strictly increasing with ci
m. So θ(·) is

also concave. Following a similar proof as that of [42, Th. 2],
the problem of (20) can be equivalently transformed into

min
w

∑

i∈I

∑

m∈Mi

ωi
mei

m + θ
(
φ
(
ωi

m

)) − ωi
mφ

(
ωi

m

)

+ κ
∑

i∈I

∑

l∈Li

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2

s.t. C1 ∼ C3 (26)

where φ(·) is the inverse mapping of the gradient map ∇θ(ei
m)

and ωi
m is the MSE weight of UE m ∈ Mi. Under the inde-

pendence assumption of si
m and zi

m, the corresponding MSE
ei

m is defined as

ei
m � E

{(
si

m − ui
myi

m

)((
si

m

)∗ − (
ui

myi
m

)∗)}

= (
ui

m

)H

⎛

⎝
∑

i∈I

∑

n∈Mi

hi
mwi

n

(
wi

n

)H(
hi

m

)H + σ 2

⎞

⎠ui
m

− 2�
{(

ui
m

)H
hi

mwi
m

}
+ 1 (27)

Algorithm 1 Energy Efficient Beamforming Strategy With
QoS Constrains
Initialization: Choose network-wide beamforming vector

wi
m, then based on wi

m, initialize β i
lm, c̃i

m, ∀i ∈ I, l ∈ Li, m ∈
Mi.
repeat

With fixed beamforming vector wi
m, calculating the MSE

weight ωi
m and the optimum receiver ui

m according to
(27), (29) and (28) in turn, ∀i ∈ I, m ∈ Mi;
Solve the problem (30) with fixed ωi

m and ui
m to get the

optimized energy-efficient beamforming vector (wi
m)∗;

Compute the UE data rate ci
m according to (3) with (wi

m)∗;
Update c̃i

m = ci
m, wi

m = (wi
m)∗, and update β i

lm according
to (23), ∀i ∈ I, l ∈ Li, m ∈ Mi;

until convergence

where ui
m is the optimum receiver under given beamforming

vector wi
m and can be given by

ui
m = hi

mwi
m∑

i∈I
∑

n∈Mi
hi

mwi
n

(
wi

n

)H(hi
m

)H + σ 2
. (28)

By fixing the beamforming vector wi
m and the optimum

receiver ui
m, the optimum MSE weight ωi

m for UE m in cell i
can be given by

ωi
m = ∇θ

(
ei

m

)
. (29)

Note that the optimization problem (26) is convex with
respect to each variables wi

m, under given ωi
m and ui

m, the
optimum beamforming vector can be obtained by solving the
following problem:

(P1-1) min
w

∑

i∈I

∑

m∈Mi

ωi
mei

m + κ
∑

i∈I

∑

l∈Li

∑

m∈Mi

∥∥Di
lw

i
m

∥∥2
2

s.t. C1 ∼ C3

which is a quadratically constrained quadratic programming
with quadratic constraints and SOC constraints. The problem
can be easily solved by using standard convex optimization
solver such as CVX [43]. And the complete method to solve
the energy-efficient beamforming optimization problem (25)
can be elaborated as Algorithm 1.

Suppose Algorithm 1 needs T total number of iterations to
converge or the maximum number of iterations is set to T , then
the computational complexity can be approximately given as
O(T · (NML)3.5) [44].

B. RRH-UE Clustering

Based on the network-wide beamforming vector of each
UE, we can get the connection between RRHs and UEs. In this
paper, for any UE m ∈ Mi, all RRHs located in cell i just pro-
vide a range of CoMP RRH cluster options. Limited by other
constraints, such as the channel states and fronthaul capacity,
the optimum results of wi

m may have some zero terms, which
indicate that the UE does not receive useful signals from cer-
tain RRHs. We use Li

m to denote the set of RRHs which serve
the UE m ∈ Mi. Based on the optimum results of beamform-
ing vectors, we can get the RRH-UE clusters as indicated in
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Fig. 3. RRH-UE clusters.

Algorithm 2 RRH-UE Clustering
Initialize:p = 1;
for i ∈ I do

repeat
choose m ∈ Mi, up = 1, let vp = wi

m, Lp = Li
m;

update Mi as Mi = Mi\{m};
repeat

choose n ∈ Mi

if vp
⋂

wi
n �= 0 then

update up = up + 1
vp = vp

⋂
wi

n
update Mi as Mi = Mi\{n};
update Lp = Lp ⋂Li

n
end if

until can not find a UE n ∈ Mi meet the condition
vp

⋂
wi

n �= ∅
update p = p + 1;

until Mi = ∅
end for

Fig. 3. All UEs in one RRH-UE cluster will be jointly served
by all RRHs in that cluster. According to the processing limit
of BBUs, all RRHs in one cluster need to be assigned to one
BBU, which means all data for UE in that cluster will be pro-
cessed by that BBU. In this paper, our purpose is to find the
RRH-UE clusters based on the optimum beamforming vectors
first, then assigned these clusters to certain BBUs.

To obtain the RRH-UE clusters according to the network-
wide beamforming vectors, we propose an algorithm as is
described as Algorithm 2, which has a computation complex-
ity of O(M2). We use U = {u1, u2, . . . , uP} to denote the set of
all formed P RRH-UE clusters, where up indicates the number
of UEs cluster p has. And we also use Lp to denote the set of
RRHs which serves all the UEs in cluster p, where we have
Lp ∈ L, p = 1, 2, . . . , P.

IV. BBU SCHEDULING SCHEME

In this section, we formulate the BBU scheduling subprob-
lem as a bin packing problem, and propose an algorithm to
solve it.

As the system know the network-wide optimum beamform-
ing vector of each UE, the system could know all the new
formed RRH-UE clusters through Algorithm 2. According to
the energy consumption minimization problem of (16) and
the subutility function f2(ai

km) with BBU processing limit

constraints, the BBU scheduling problem can be formulated as

(P2) min
a

f2
(
ai

km

)

s.t. C4 :
∑

i∈I

∑

m∈Mi

ai
km ≤ U

∀i ∈ I, m ∈ Mi, k ∈ K
C5 :

∑

k∈K

∑

i∈I
ai

km ≤ 1 ∀k ∈ K, i ∈ I, m ∈ Mi.

(30)

Note that the statistic power consumption Pact of BBU
in working model is much larger than the power con-
sumption Psleep in sleeping model, so we can equivalently
transfer problem (P2) to a BBU number in working model
minimization problem as (P2-1)

(P2-1) min
a

∑

k∈K
1

⎧
⎨

⎩
∑

i∈I

∑

m∈Mi

ai
km

⎫
⎬

⎭

s.t. C4 :
∑

i∈I

∑

m∈Mi

ai
km ≤ U

∀i ∈ I, m ∈ Mi, k ∈ K
C5 :

∑

k∈K

∑

i∈I
ai

km ≤ 1 ∀k ∈ K, i ∈ I, m ∈ Mi.

(31)

Since the BBU processing ability limit that the data from
one UE can only be processed in one BBU, all RRHs in one
cluster need to establish connections with one BBU, and all
UEs in that cluster need to be assigned to the certain BBU.
Based on the RRH-UE clustering results, we can transfer the
corresponding relationship between UEs and BBUs into the
relationship between RRH-UE clusters and BBUs. We use bp

k
as the indicator which can be expressed as

bp
k =

{
1, if RRH-UE cluster p is served by BBU k

0, otherwise
(32)

and based on bp
k , we can easily get the related indicate value

ai
km. If bp

k = 1, then all UEs in RRH-UE clusters p will be
served by BBU k. We also use yk to indicate whether BBU k
is in working model to provide computation resource, where
we have

yk =
{

1, if BBU k is in working model

0, if BBU k is in sleep model.
(33)

Based on the indicator bp
k and yk, the BBU processing ability

constraints can be rewrote as

C4 :
P∑

p=1

upbp
k ≤ Uyk ∀k ∈ K

C5 :
P∑

p=1

bp
k ≤ 1 ∀k ∈ K (34)

separately, where constraint C4 limits the maximum number
of UEs one BBU can support, and constraint C5 limits that
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Algorithm 3 Bin Packing-Based BBU Scheduling
Initialization: Rearrange up ∈ U by descending order, L =

{Lp|p ∈ {1, 2, ..., P}}, for all BBUs,Ck = U, k = 1, ..., K.
i = 1,j = 1;
Choose uj and its associate RRH set Lj;
Assign Lj to BBU i;
Update L = L\Lj;
Update the remaining capacity of BBU i as Ci = Ci − uj;
repeat

Update j = j + 1, choose uj;
if there is BBU k fulfill Ck − uj ≥ 0 then

Choose k∗ = arg min
k

(Ck − uj),

∀k fulfill Ck − uj ≥ 0,k ∈ [1, ..., i];
Assign Lj to BBU k∗;
Update the remaining capacity of BBU k∗ as Ck∗ =
Ck∗ − uj;
Update L = L\Lj;

else
Update i = i + 1;
Assign Lj to BBU i;
Update the remaining capacity of BBU i as Ci = Ci −
uj;
Update L = L\Lj;

end if
until L = ∅

the data for one UE can only be processed by one BBU. Thus,
the subutility function f2(ai

km) can be replaced by

f̃2
(
bp

k

) = κ
∑

k∈K
bp

kPact + κ

(
K −

∑

k∈K
bp

k

)
Psleep. (35)

Thus, we can reformulated the problem (P2-1) as

(P2-2) min
a

∑

k∈K
yk

s.t. C4, C5 (36)

which is a typical 1-D bin packing problem.
Bin packing problem is a kind of problem aimed to assign

a set of items in different sizes into the minimum number
of bins. Each bin has a fixed bin capacity, so that the sum
size of all items assigned into one bin can not exceeds the
capacity. In this paper, each BBU is regarded as a bin, and
RRH-UE clusters are regarded formed as different items which
have different numbers of UEs as sizes. And now we need to
assign these RRH-UE clusters to different BBUs in BRP to
set up the physical fronthaul link between BBUs and RRHs,
and minimize the number of BBUs in working model to save
more energy.

Since bin packing problem is one of the classical NP-hard
problems, many heuristic algorithms were proposed to find
better packing results. Boulos et al. [28] formulated the BBU
resource allocation problem in a frequency reuse system as a
bin packing problem, and proposed a heuristic algorithm to
assign each RRH to BBUs. It tried to assign the RRH with
largest resource demand and the RRH with the least resource
demand to one BBU in one turn. Sigwele et al. [29] proposed

Fig. 4. Simulation scene of heterogeneous Cloud-RAN.

three kinds of heuristic algorithms to allocate the computing
resource of BBU based on next-fit (NF), first-fit, and first-fit-
decreasing (FFD), those are three widely used approximate
algorithms for bin packing problem. In this paper, we propose
a heuristic algorithm based on BFD, which is another bin pack-
ing approximate algorithm and has better performance without
increasing the complexity.

We first sort all RRH-UE clusters in descending order by the
number of UE in each cluster, then assign these RRH-UE clus-
ters to each BBU in order. Every time we check the clusters in
the list, then we will try to put it into the most full BBU where
it fits, or open a new BBU to serve it when no existed BBU
in working model has enough spare processing ability, until
all the clusters are assigned to BBUs. The BFD-based heuris-
tic BBU scheduling algorithm is elaborated in Algorithm 3.
The complexity of solving Algorithm 3 is same with BFD bin
packing solution, which is O(P log P) and P represents the
total number of RRH-UE clusters here.

In summary, we first get the optimum data transmission
rate and VM processing rate of each UE through the opti-
mum network-wide beamforming vectors obtained by solving
problem (P1). Based on beamforming vectors, the RRH-UE
clusters can be obtained through Algorithm 2. Then, we
can get the scheduling results between RRH-UE clusters
and BBUs through Algorithm 3, which is the final resource
allocation result of problem (P0).

V. SIMULATION RESULTS

In this section, we evaluate the performance of our proposed
joint resource allocation scheme through numerical simulation
results.

We consider a heterogeneous Cloud-RAN with seven macro
RRHs formulate seven macro cell as shown in Fig. 4. Each
macro cell has three pico RRHs to provide hot-spot coverage.
The network simulation parameters mainly reference to [45]
are listed in Table I. The UEs are randomly located in the
whole area, and we simulate our scheme in different numbers
of total UEs. We also assume the UEs are homogeneous, which
means different UE has the same QoS requirement creq.

To evaluate the BBU scheduling algorithm in this paper,
we choose several existed bin-packing-based BBU scheduling
algorithms as comparison, which are listed below.
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TABLE I
SIMULATION PARAMETERS

1) Optimum Algorithm: The optimum bin packing-based
BBU scheduling algorithm needs to traverse all feasible solu-
tions, and then chooses the solution with minimum number of
BBUs in working model. Since bin packing problem is a typ-
ical NP-hard problem, the complexity of optimum algorithm
is O(2P).

2) Next-Fit-Based Algorithm: The NF-based BBU schedul-
ing algorithm is proposed in [29]. Different from our
proposed algorithm, the RRH-UE clusters do not need to
be sorted before the assignment. And the RRH-UE clus-
ters are just assigned to the next feasible BBUs in the list.
The complexity of NF-based BBU scheduling algorithm is
O(P log P).

3) First-Fit-Decreasing-Based Algorithm: The FFD-based
BBU scheduling algorithm is proposed in [29]. It also needs
to sort the RRH-UE clusters before assignment, but for each
RRH-UE cluster in the list, it just chooses the first feasible
BBU instead of the best feasible one comparing to our algo-
rithm in this paper. The complexity of this algorithm is also
O(P log P).

4) Max–Min Algorithm: The max–min algorithm is
proposed in [28]. Compared to the previous several BBU
scheduling algorithms, it lowers the complexity with the loss
of performance. In each iteration, the algorithm tries to assign
the cluster with maximum number of UEs and the cluster with
minimum number of UEs to one BBU. The complexity of this
algorithm is O(P).

We first evaluate the performance of our BBU scheduling
scheme. Fig. 5 shows the number of BBU in working model
under different traffic loads of the whole network. When the
number of UE in the area is small, we can see that different
algorithms have the same performance. The reason is that one
BBU can support all UEs when the number of UEs is equiv-
alent to or smaller than the processing limit of a single BBU.
As the number of UEs grows, the performance difference
among different BBU scheduling algorithms will become more
obvious. It is clear that except the optimum algorithm, our
proposed BFD-based BBU scheduling algorithm outperforms

Fig. 5. BBU number in working model under different UE number.

Fig. 6. BRP power consumption under different UE number.

Fig. 7. System utility under different UE number.

others, for the reason that it chooses the best fit BBU for each
cluster with least capacity loss.

Fig. 6 illustrates the energy consumption of BRP under
different UE numbers. According to the BBU power model
introduced in Section II, the power consumption of BRP is
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mainly consisted of the power consumption of BBUs in work-
ing model and sleeping model. We set the QoS requirement
of each UE as creq = 10 Mb/s, and simulate the performance
of each BBU scheduling algorithm. Based on the network-
wide beamforming vectors approached by Algorithm 1, we
can get the power consumption of each VM provided by
BBUs in working model, and then obtain the BRP power
consumption. From Fig. 6, we can see that our proposed
BFD-based BBU scheduling algorithm outperforms all other
heuristic algorithms, and the performance of the algorithm is
closest to the optimum result.

As two simple basic bin-packing algorithms with lower
complexity, the NF algorithm and the max–min algorithm
do not sort the elements before packing, but with loss of
performance as Fig. 6 shows. Compared to a better algorithm
FFD, BFD also sorts the elements in decreasing size before
packing, but it puts each element in the fullest bin which it fits,
rather than the first fit one. So it has slightly better performance
than all the other algorithms except the optimum one, which
means it requires the least number of bins to pack all the num-
bers. So based on BFD, our proposed BBU scheduling scheme
in this paper requires the least number of BBUs in working
model. Furthermore, it can fulfill all the UEs’ requirements to
get the best performance with the lowest energy consumption
as shown in Fig. 6.

Fig. 7 illustrates the system utility under different UE num-
bers. We set the QoS requirement of each UE as creq = 10
Mb/s. As the number of UE grows in the network, the system
utility increases, for the reason that more UEs bring more
throughput, while the energy consumption does not increase
much. Clearly that different BBU scheduling algorithms may
result in different system utility performances. From the simu-
lation results, Compared to other BBU scheduling algorithms,
we can see that besides the optimum algorithm, our proposed
BFD-based algorithm has the best performance comparing to
other BBU scheduling algorithms.

VI. CONCLUSION

We jointly consider the RRH antenna resource and
BBU computation resource and proposed an energy-efficient
resource allocation scheme based on heterogeneous Cloud-
RAN in this paper. We decompose our problem into two
subproblems. The first subproblem is a network-wide beam-
forming vectors optimization, and we use a WMMSE approach
to solve it. Based on the optimized beamforming vector, we
propose an algorithm to get the RRH-UE clusters. The second
subproblem is the BBU scheduling problem, and we reformu-
late it as a bin packing problem which means to minimize the
number of working BBUs to save more energy. Compared to
some existed works which form the BBU scheduling problem
as a bin packing problem, we propose a bin packing algorithm
based on the BFD method, which has better performance.
With the detailed theoretical analysis and simulation results,
the performance of our proposed BBU scheduling algorithm
is better than other heuristic algorithms, which will lead to a
higher system energy efficiency.
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