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Abstract—In this paper, we consider a green cloud radio access
network (C-RAN) with simultaneous wireless and power transfer
ability. In order to reduce the energy consumed for updating the
channel state information (CSI), energy users are divided into two
different groups, including the free charge group and the MIMO
group. Then a semi-definite programming problem is formulated
under the constraints of energy and information transmission
requirements. To minimize the total energy consumption, two
algorithms are developed to authorize the energy users into
two group divisions in single time slot. Then the algorithms
are extended to long term scenarios consisting training and
long term stages, the CSI of free charge energy users are not
required during the long term stage. Simulation and numerical
results are presented to demonstrate the efficiency of the proposed
algorithms in significantly reducing the energy consumption of
C-RAN systems.

Index Terms—C-RAN; SWIPT; free energy charge service;
CSI; energy consumption.

I. INTRODUCTION

In next generation wireless communications, cloud radio
access network (C-RAN) has been proposed [[1] as a promising
network architecture that incorporates cloud computing into
wireless mobile networks, which can not only mitigate inter-
cell interference, but also greatly reduce the capital expendi-
ture (CAPEX) and operational expenditure (OPEX) cost. In
C-RAN systems, remote radio heads (RRHs) will be densely
deployed, which are connected to a baseband unit (BBU) pool
via a high-capacity low-latency fronthaul link. In order to
reduce the grid power consumption and make the C-RAN
system more environment friendly, green C-RANs powered
by smart-grid technologies have been investigated [2], where
the RRHs are supplied with renewable energy sources such as
solar and wind powers and energy trading and sharing between
nearby RRHs are also supported.

Meanwhile, it is worth noting that the radio-frequency (RF)
energy of wireless signals can be also exploited to charge
mobile users’ batteries [3]]. In the literature, it has been
demonstrated that ambient wireless signals [4] and dedicated
energy signals [S] can be both utilized to charge low-power
devices. Particularly, simultaneous wireless information and
power transfer (SWIPT) [6] can complete data transmission
and RF energy charging at the same time.

Based on these observations, to enhance the C-RAN systems
with SWIPT capability [2], [[7], [8] will offer the capability to
support many new functions and better user experience with

longer battery life in the realm of IoT and mobile networks. To
support SWIPT in C-RANSs, networked MIMO beamforming
is widely adopted, where the requirement of channel state
information will highly impact on the system energy efficiency,
especially for C-RANS. In [2], the author proposed algorithms
to divide the energy terminals (ETs) into two different groups
where less energy is offered to ETs that are far from the
RRHs. In [9], the authors proposed a method to achieve higher
energy efficiency in wireless power transfer (WPT) by using
instantaneous CSI. [10] introduced a design for beamforming
and minimum mean-square-error (MMSE) based on partly
known CSI of channel. In [6], a joint information and energy
transmit beamforming design was formulated to maximize the
weighted sum-power received by energy users.

From the above mentioned prior works, we notice that either
full or partial CSI is required for all the ETs and information
terminals (ITs), which will consume extra energy for users on
channel estimation and CSI feedback. Especially for devices
powered by RF energy, such energy consumption is critical and
will definitely shorten their life time. However, we observe
that for the users that are sufficiently close to the RRHs,
the average received RF energy in long-term transmissions
is much larger than their requirement even without MIMO
beamforming. Therefore, we propose a novel hybrid approach
for wireless information and power transfer, which eliminates
the CSI requirement for some ETs located within a elaborately
optimized range of RRHs. Such selected ETs are referred to
as free charge users in this paper. The main contributions of
this paper are summarized as follows:

o We propose an energy-efficient green C-RAN system to
support SWIPT using a hybrid approach. Specifically,
some ETs can be freely charged without reporting their
CSI to save energy and prolong their life time.

e To determine ET group division with instantaneous CSI,
we introduce two range based iterative algorithms, where
the group division will be updated according to the
optimization problem which minimizes the total system
energy consumption while ensuring the QoS demand for
both ITs and ETs.

o To optimize ET group for long-term transmissions, we
proposed a training based algorithm depending on the
proposed iterative algorithms, which has been verified to
save energy significantly with extensive simulations.
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Fig. 1. System model with optimized free Charge range.

II. SYSTEM MODEL

As shown in Fig. [I we consider a green C-RAN system
with SWIPT capability in this paper, which consists of N
single-antenna RRHs, Ug single-antenna ETs and Up single-
antenna ITs. All RRHs are connected to one central proces-
sor (CP), which is responsible for resource allocation and
coordinates the joint beamforming at each RRH. Let Lp =
{1,2,...,UD},£E = {1,2,...,UE} and/\f: {1,2,...,N}
represent the index sets of ITs, ETs and RRHs, respectively. In
our model, ETs are dynamically divided into two independent
groups, namely free charge ETs (FETs) and MIMO ETs
(METsS). The relationship between any two ET groups is given
as:

Le=LyULp, LuNLr =0 (D

where we define £yy = {1,2,..., Ly}, Lp = {Ly+1, L+
2,...,Ug}. The ETs harvest energy and the ITs receive the
information from the RRHs at the same time by exploiting the
downlink channel.

Let w; = [wi, ... wi]# € CN*! represent the
beamforming vector from all RRHs towards the i-th IT,
Vi € Lp, where w,; denotes the beamforming weight

from n-th RRH towards the i-th IT. Let h'”) =

[(hiD])Ha---,(h%?])H]H € CN*1 represent the channel
vector from all RRHs towards the ¢-th IT, Vi € Lp. Let
hEMET] = [(h[lyET])H, ce (h%ET})H]H € CN*1 represent

the channel vector from all RRHs towards the i-th MET,
Vi € Lg. Hence, the received information-carrying signal y;
at the i-th IT can be written as:

yi = (hEID])HwiSi + Z (hEID])ijSj +ni,, (2
JELD,jFi

The received signal consists of three parts: the faded desired
information-carrying signal s; via the Rayleigh fading channel,
the interference signal s; that is supposed to be delivered
from RRHs to other ITs due to the sharing bandwidth, and
the Gaussian noise n; ~ CN(0,0?) at i-th IT side. Without
loss of generality, we have assumed that E(s;) = 1,Vi € Lp
for the rest of the paper.

To measure the QoS for the ITs, we can derive the signal-

to-interference-plus-noise-ratio (SINR) of the ¢-th IT as:

[

07 + D ierp jri (R P Hw,)2

In our model, different energy transmission service is per-
formed based on the ETs’ group division, i.e., METSs are con-
sidered to receive the energy via beamforming transmission,
in which extra energy is required to reporting CSI to CP via
uplink channel for real time beamforming coordination. FETs
are considered to receive the energy via the information signal
broadcast of single RRH, due to the fading of the signal, one
RRH can only guarantee free charge service in a short distance,
this distance will be named as free charge range in the rest of
our paper, hence the energy that are carried by signals from
other RRHs has been ignored.

We assume that the number of ETs is fixed and limited. In
each time slot, under the perfect CSI knowledge of METSs
and ITs, The beamforming vector for joint transmission is
optimized by CP. Hence, the total energy harvested by i-th
MET, Vi € L) in each time slot is expressed as:

PM = 37 |(RMETH 2 )

(2
JELD

SINR; = 3)

where 7 represents energy harvesting efficiency rate. In this
paper, we assume that all the ETs have the same energy
harvesting efficiency.

The energy that FETs can harvest in long term situation
is considered as the average energy that it received from the
broadcasting signal delivered by the closest RRH, as each ET
is equipped with a battery to storage energy. The closest RRH
of one FET will be considered as the assigned RRH for this
FET. The distance DEF] from i-th free charge user, Vi € Lp,
to its assigned RRH is given by:

DIt = min DI )
VneN
where DZ[-? represents the distance from ¢-th FET to the n-

th RRH. Hence, the average energy that a single free charge
energy user can harvest in each slot from its assigned RRH
is:

P = ppll (DI, ©)

where PJ{)p I is the total energy consumption used for signal

delivery of each RRH. The minimum energy that an FET
requires is denoted as Pfy,iy,, and the minimum energy that
an MET requires is Py,in. Although the METs and FETs
are essentially same type of devices, due to consumption of
updating CSI, the minimum energy that is required by METSs
is larger than FETs, as Prpin < Pomin.

We assume that the total energy cost will not reach the
maximum operational power limitations of each RRH. Hence
the P! of each RRH is:

PP = 3" Jwnil,Vn e N. 7

i€LD



The CP coordinates the beamforming based on the CSI up-
dated by MIMO terminals in long term situation. In order
to guarantee the minimum received energy requirement of all
FETs, there exists the free charge range set RAN , in which
all the ETs can be served as FETs. Thus the free charge service
range Range of n-th RRH is determined as below:

1
a

Range, = (nP,[lOp]/mem) , )

where « is the path loss exponent of this system. The green
energy that is generated by devices installed in each RRHs is
considered as P,[f"],Vn € N. So we can calculate the total
energy cost for n-th RRH PP as:

_ plenl. 9)

plrul — plorl L
Notice that the P for each RRH must be non-negative due
to the system characteristics.

III. PROBLEM FORMULATION

In this paper, we aim to minimize the total system energy
cost to satisfy the energy harvest requirement of ETs and the
QoS requirement of ITs by adjust the beamforming vector of
each RRH. We consider the total energy cost of each RRH
in this system as P and the total energy that is used for
information delivery and energy transmission defined as P,[fp I,
Now, we can formulate the following optimization problem:

i [pu] [op]
pnin Jé] Z PP 4y Z PPl Nin e N (10)
’ neN neN
st. SINR; > SIN Ry, Vi € Lp (11)
P > Pypin Vi € Lo (12)
P> Pppin,¥i € L (13)
Plorl < plrul o plen] yp e A (14)
VPP >0, ¥ne N (15)

where STN R, is the minimum SINR that is required by all
ITs to guarantee the QoS constraint. The weight coefficients
£ and  both larger than O is set to balance the system and
avoid multi-solution problem in the convex optimization.

Let H, = hflhi and W,; = wini. D, 2
diag(0g...0pn,1,0,41...05) = 0,Vn € N denote an aux-
iliary matrix. > prl = Yicry Lonen WiwiDy =

Y i £, Wi represent the total energy that is used to deliver
the signals. Let D;"f represents the auxiliary D matrix that
is associated with the i-th, Vi € Lp free charge user. The
constraint of SINR for i-th, Vi € Lp IT user can be written
as:

WHWD) - SINRpw  (16)

Yjccp.jriHiW ;) + 0}

Hence, the problem in (10) can be written as

; [pu] ) ;
pmin B> P4y Z Wi VneN,Vie Lp (17)
neN i€LD
tr(H; W) 2
b e W) —of 20,
s.t SINR... Z ‘tr(H W;)—o; >0
JELD,jFi
Vie Lp (18)
Y te(H;Wi) = Pamin, Vi € L (19)
i€Lp
. tr (W, Di™/]
(d;™)~
(20)
> (WD) < PP 4+ Pl vne N (21)
VieLlp
PP >0, ¥n e N (22)

When Pl" — plov) > 0 is true for all the n in A/ and both
weight coefficients are large than 0, the problem (17) can be
transformed into

i L [en]
pmin - (B7)x Y Wimqx B (23)
! i€LD
1t P — PPl < 0,¥n € N, due to the constraint in (22)

as the system can only receive the energy from the grid,
the energy cost in this RRH is considered to be 0, In order
to avoid the multi-solution problem and reduce the energy
consumption. We choose the solution which have minimum
energy cost in each RRH as the optimal result.

IV. RANGE BASED OPTIMAL GROUP DIVISION

In this paper, we propose two iterative algorithms to derive
the optimal ET division authorization and generate beamform-
ing design based on the ET division. As the system constraints
in the optimization problem (17), the set of FETs Ly and
METs Ly is dynamic during the iterations, so we can get the
optimal result of problem (17) based on the ET group division
of each iteration round. In this section, we discuss the situation
of single time slot, then compare the difference between
the two proposed algorithms and evaluate their performance.
Finally, we extend them to long term scenarios.

A. Algorithms for single slot situation

The key component of both algorithms is based on the free
charge range of each RRH decided by the system settings
and the ET group division of the current iteration round. The
acceptable free charge range of each RRH can be computed
as:

1

n ZiGLD tr (W; D)7 =
mein

As RAN represent the set of free charge range of all RRHs,

and if the distance of one ET to its assigned RRH is closer

than the free charge range of this RRH, this particular terminal
will be authorized as an FET in the iterative algorithm.

Range,, = nenN (24)



We set Group as the ET group division including £ and
Ly and Group,, as the group division after k-th iteration
round respectively. Hence, we define the process that is used
for updating the ET group division in each algorithm.

1 Group division updating process

1: Input the system setting, ET group division Group;,_,

2: Calculate problem (17) for optimal RRH energy cost
PPul and beamforming vector set W

3. Calculate the free charge range RAN based on the W
and system setting

4: Updating the ET Group division Group,, based on the
system setting and free charge range RAN

5: Check the boundary point

The system settings include the locations of each RRH, ET
and IT, the CSI of each channel, Pyin, Prmin, STN Ry and
other system settings that was initially present. This process
has also been refered as one single iteration round in this
paper. It can be noticed that the system settings remain fixed
once initialized. In the iteration process, there may exist some
terminals which are located within short distance from the
free charge range boundary but we consider those points as
boundary terminal. For boundary points, we will compare the
system performance when setting this point as FET or MET
and choose the better result as output.

To adjust the different situations, we developed two different
algorithms based on the group division updating process. In
the first algorithm, we begin with the initial ET group division
with Lys = Lg,Ly = Group,, which means that all
the ETs will be considered as METs in the beginning. The
algorithm is described below.

2 Algorithm 1:Iterative algorithm considering METs
Input the system settings and Group,
Process channel checking, generate Group,
Process Group division update and generate Group,
while (Group,_, # Group,,Vk > 0) do

Process Group division update
end while
if (Group,,_, = Group,,) then

Choose PPl set generated by Group, , as output
else

Compare all the system output results generated
by Group,_,) to Group,, when Groupg_,, =
Group,, Choose the minimum PPl get as output
11: end if
12: Total system energy consumption Pltetell =3~ plrl

D A A >

,_.
4

In the initial part, when the energy terminal channel towards
its assigned RRHs is extremely poor, the burden of energy
transmission to support this user will be separately taken by
other surrounding RRHs whose channel have better fading rate
but longer distance. This will affect the iteration processes as
this energy terminal will be considered as an MET with high

rate energy cost. In order to avoid this, we consider this energy
terminal as Free charge energy terminal in the beginning round
of iteration, an action which we name as ’channel check
process’. In order to avoid the endless iteration loop that may
exist in some situations, we consider that if current ET group
division is equal to any division in the past iterations, then
we break the loop and take the minimum system energy cost
result between the current group and the duplicate group in
past as the output.

In the next proposed algorithm, we consider the Group,
decided by the free charge range that is generated by the green
energy as the RRH have no battery to store the extra energy.
The initial range of each RRH can be expressed as:

Range,, = [77P7[fn]/Pf7m-n]é ,YneN (25)

So in this algorithm, ETs inside of this range will be con-
sidered as FETs and other ETs will be considered as METSs
before the channel check process. The algorithm is described
below.

3 Algorithm 2:Iterative algorithm with green energy

1: Input the system settings

2: Process the initial range RAN(,Vn € N based on the
green energy harvested

3: Decide the group division Group, based on Rang and
the system settings

4: Process the channel checking, generate Group,

5: Rest parts same as algorithm 1 start from step 3

The major advantage of this algorithm compared to the
Algorithm 1 is that the system will not require the CSI for
the ET that in the green energy free charge range. However,
if there are no ETs inside that range, it will take one more
iteration round to achieve the result as the second iteration
round is same as the initial round of Algorithm 1.

B. Algorithm for long term scenarios

For long term scenarios, we divide the long term in to
two stages, the training stage and the long term stage. In the
training stage, we assume that all ETs are updating the CSI to
CP in each time slot regardless which ET group division they
are in and initialize the system to process the iteration in each
time slot. After Q'"*™"9 glots, we can get the possibility of
one ET being an FET or MET and then we can get ET group
division training results under a certain threshold.

In the long term stage, the ET group division remains fixed
and equal to the training result we get in the training stage,
the METs and ITs will keep updating the CSI in each time
slot while FETs remain silent in the uplink channel.

V. SIMULATION RESULTS AND ANALYSIS

We set up a SWIPT system with 3 RRHs, 7 ETs and 4 ITs
where each RRH is located with in 20m distance from each
other in neighboring hexagonal cells. ETs and ITs locations
are randomly generated in three RRH hexagonal cells as Fig 2l
The simulation parameters are set as follow: The green energy
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Fig. 3. System performance of total energy con-
sumption under different Pgqy iy in single time slot

Fig. 2. RRHs and terminals location. D
situation.

Plen] that harvested by each RRH is 2, 2.5, 3 W respectively.
The SIN R,,;, required by ITs is set as 20 and the minimum
energy required by FETs and METs is -20 dBm and -17
dBm. The path loss exponent « is -2.5 and energy harvesting
efficiency for all ETs is 80%. The energy division threshold
is 0.5, the weight coefficients S and ~ are set as 1.

The simulation of each case is operated with CVX under
SDP mode for the output of average over 200 individual
channel sets. We also set up several comparison algorithms
to analyze our performance. In the first comparison algorithm
we consider that all ET in this system are FETs, the second
comparison algorithm is that we consider all ETs in this
system are METs which is commonly used in MIMO settings
of current research. The third comparison algorithm is the
brute force algorithm where we test all the possible ET group
divisions under this channel set and choose the lowest system
cost as the output. This output can be considered as the optimal
value that this system can achieve with current system setting.

Fig[l shows the system perform under different P,,,i,.
When P, is increasing, the situation is equal to the energy
that used for updating CSI is increasing. As the P, in-
crease, the free charge range is increasing to support the energy
requirement of METs, but as our algorithms can dynamically
adjust the ET group division base on the range, so the it have
a better performance compare to the comparison algorithm 2
when CSI consumption is large.

In the long term scenarios, we set the number of training
slots to be 10, and take one training stage and one long term
stage as a complete sample, the comparison algorithms 1 and
2 are the same as the single slot situation, the performance of
this system is shown in FigH4l

VI. CONCLUSION

In this paper, we have focused on energy saving research
by using the free charge service to support the energy trans-
mission to some ETs based on the beamforming design. ETs
are dynamically divided into two groups, then an optimization
problem is formulated to minimize the total energy con-
sumption with guaranteeing the QoS requirements for both
ITs and ETs. Next, two iterative algorithms are proposed to
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Fig. 4. System performance of total energy con-
sumption under long term scenarios.

authorize the ET group division based on the free charge
range and then an extended algorithm in long term scenarios is
presented. The performance evaluation of proposed algorithms
in single slot and long term scenarios are presented which
show that compared to the current SWIPT green C-RAN
models, our algorithms are able to significantly reduce the
energy consumption.
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