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Abstract—Cloud radio access network (C-RAN) is deemed as
a promising architecture to meet the exponentially increasing
traffic demand in mobile networks, where baseband processing
is separated from remote radio heads (RRHs) and performed in
a centralized baseband unit (BBU) pool. However, the densely
deployed RRHs, as well as the passive optical network which
provides high capacity backhauls between the RRHs and the
BBU pool, consume a large amount of energy. In this paper, we
propose efficient RRH switching schemes to achieve a tradeoff
between the system energy saving and the load balance among
the RRHs in the C-RAN. We first develop an approximation
algorithm to address the intractable user association problem
for a given set of RRHs, based on which we introduce efficient
local search algorithms to perform RRH selection procedure,
which can reduce the load fairness index of the C-RAN by
controlling the active/inactive state of each RRH. We also discuss
the handover signalling overhead issue and introduce an adaptive
trigger mechanism to avoid switching on/off too many RRHs
simultaneously so as to keep the signalling overhead of the C-
RAN below an acceptable level. Numerical results demonstrate
that the proposed RRH switching schemes can improve the
system performance of the C-RAN significantly. Moreover, our
proposal sheds light on how to design effective and efficient
handover schemes for next generation mobile networks.

I. INTRODUCTION

Due to the ever increasing of subscribers and diverse
applications, the energy consumption of information and com-
munication technology (ICT) industry is growing at the rate of
15% — 20% each year [1], leading to huge network operating
expense (OPEX), as well as greenhouse effect. Green com-
munications have become a significant theme for the coming
fifth generation (5G) era [2-6] for the purpose of reducing
OPEX and maintaining sustainable development for network
operators. Cloud radio access network (C-RAN) is deemed
as a promising architecture of the 5G mobile communication
systems, which shows potentials in addressing the challenges
mentioned above [7-10]. In the C-RAN, signal processing
functions are decoupled from remote radio heads (RRHs)
and centralized in a baseband unit (BBU) pool. By creating
a series of common processing resources, the BBU pool
brings the benefits of performing efficient resource allocation
and interference management, upgrading the network flexibly,
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and reducing the cost of network deployment, operation and
maintenance.

The capacity of the conventional mobile communication
network is generally designed to satisfy the peak traffic
demand of the system without considering the temporal-spatial
traffic fluctuations in the service area [11, 12]. Therefore, there
always exist active base stations (BSs) with light traffic loads.
These active BSs still require a huge amount of basic power
consumption even though they only serve a small number of
users. For the C-RAN, the optical transport network (OTN)
where optical fiber is used to connect optical line terminals
(OLTs) with a set of optical network units (ONUs) to provide
cost-effective backhaul links between the RRHs and the BBU
pool [13, 14], together with the active RRHs, consume most of
the energy of the system. Obviously, the energy consumption
of the C-RAN can be significantly reduced if we switch off
some RRHs with light traffic load and put the corresponding
ONUs into sleep mode. However, it would break the load
balance among the RRHs in the C-RAN because the users
previously served by the RRHs switched off should be asso-
ciated with the remaining active ones, decreasing the capacity
margins of these active RRHs and potentially incurring outage
for the incoming users. Moreover, switching on/off RRHs in-
evitably leads to a lot of user association handovers, which can
yield heavy signalling overheads borne by the core network.
Therefore, it is important to design practical RRH switching
scheme for the C-RAN that considers the load balance and the
signalling overheads from the viewpoint of the system.

In current mobile communication systems, a user is general-
ly associated with an access point, e.g., an RRH in the C-RAN
or a BS in the conventional cellular network, who can provide
the maximum received signal power (MRSP) or the highest
signal-to-interference-plus-noise ratio (SINR), while paying
little attention to the load level of the access point. However,
the load imbalance among the RRHs in the C-RAN would
degrade the system performance significantly since it prevents
the C-RAN from fulfilling its throughput potential and reduces
the number of admissible users. Therefore, it is reasonable and
promising that we develop efficient RRH switching algorithms
from the load balancing (LB) perspective to overcome these
drawbacks. The key idea behind our LB scheme is as follows:
The core network of the C-RAN proactively adjusts the on/off
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state of each RRH and performs appropriate user associations
according to the imbalance degree of the system so that the
traffic load could be distributed almost equally among the
RRHs. The advantage of such an LB strategy is two-fold: First,
the number of active RRHs could be minimized in an optimal
situation for a given traffic demand in the whole service area
[15,16] so that the total energy consumption of the C-RAN
could be reduced to the largest extent; second, a proactive
handover of user association based on system load can reduce
the outage probability of the incoming users because it keeps
the fairness index of the system below a threshold so that burst
traffic can be addressed efficiently, which will be verified by
numerical results.

In this paper, we investigate both static RRH selection and
dynamic RRH switching schemes for the C-RAN from the
load balance perspective. The former is designed to optimize
the load distribution among the RRHs, where the power and
bandwidth budgets of RRHs, the rate requirements of users
and the system energy consumption are jointly considered.
For the dynamic RRH switching, we define a fairness index
to measure the imbalance degree of the system and propose an
adaptive switching trigger mechanism to control the signalling
overhead of the system. The main contributions of this work
are summarized as follows:

« We develop an efficient approximation algorithm to
achieve energy-efficient user association in the C-RAN,
which is different from the MRSP or the SINR schemes.
Our proposal can accommodate more users with rate
guarantee, especially when the RRHs have limited radio
resources.

« We introduce an effective local search procedure to
achieve load balance among the RRHs. By defining a
fairness index to measure the balance degree of the traffic
load among the RRHs, we introduce three local im-
provement operations: ‘open’, ‘close’, and ‘exchange’ to
work out (near) optimal solution. Numerical results show
that our proposal performs quite well for all considered
scenarios. Moreover, it obtains a tradeoff between energy
efficiency and system stability.

o We design an efficient trigger mechanism to adjust the
imbalance degree among the RRHs proactively and con-
trol the unavoidable signalling overheads at the same
time. Numerical results indicate that signalling overheads
can be kept under an acceptable degree once suitable
parameters are given.

The rest of this paper is organized as follows. Section II
discusses related works. Section III presents system model
and formulates optimization task. In Section IV and Section
V, the static RRH selection and dynamic RRH switching
algorithms are presented in detail, respectively. Section VI
shows numerical results, as well as discussions. Conclusions
are drawn in Section VIIL.

II. RELATED WORK

LB in mobile network has been extensively investigated
in the literature. A cell zooming based LB technique is

proposed in [17], where the key idea is to adjust the coverage
area of each cell according to the traffic variation in the
service area adaptively. The proposed cell zooming method
can dramatically reduce the energy consumption of the cellular
network. Generally, LB procedure involves user association. In
[18], a network-wide utility maximization optimization task by
jointly considering partial frequency reuse and load balance in
the cellular network is formulated to implement dynamic user
association, where both optimal offline and practical online
algorithms are developed. In [19], the authors presented an a-
optimal distributed user association strategy, which emphasizes
on the flow-level cell LB under spatially inhomogeneous
traffic distributions. The optimality condition of minimizing
a generalized performance function of the system is also
derived. In [20], a load-aware user association approach is
presented, which converts the original intractable LB problem
to a convex optimization form. A distributed algorithm based
on dual decomposition is proposed to obtain a performance-
guaranteed optimal solution. In [21], joint cell association and
resource partitioning schemes are developed for heterogeneous
cellular networks. Numerical results show that the proposed
simple lightweight heuristics can obtain great gains, as well
as near optimal solution when the number of interference links
is small.

It is worth noting that the LB is also the key issue of cell
planning in cellular radio networks, where the traffic load in
the service area is usually abstracted into discrete demand
nodes (DN) and the BSs/cells provide power and capacity
coverage for the DNs. The LB is implicitly embodied in the
planning procedure; that is to say, the target of cell planning
always involves distributing the DNs evenly among the B-
Ss/cells so as to minimize the capital expenditure (CAPEX)
from the viewpoint of network operators. In [22,23], the goal
of cell planning is to minimize the total deployment cost while
satisfying the traffic requirements of all DNs. In [24], the
number of fully satisfied DNs is maximized with a given
deployment budget. Recently, the RRH selection in the C-
RAN is also investigated, e.g., in [25], the authors tried to
select a subset of the RRHs to minimize the total power
consumption of the C-RAN while satisfying some practical
network constraints. However, all these works focus on user
association and LB algorithms for different utility functions or
network scenarios while the signalling overhead generated by
user association is ignored, as well as the consequent handover
issue. In this paper, we investigate the dynamic RRH switching
in the C-RAN from the load balance perspective and study
how to achieve a tradeoff between energy saving and network
stability, including the signalling overhead of the system and
the performance guarantee for the users.

IIT. NETWORK MODEL AND PROBLEM FORMULATION

A. System Model

Consider an area D € R? served by the C-RAN, which
includes K users, N RRHs and a BBU pool. Denote K =
{1,2,..., K} as the set of users and N' = {1,2,..., N} as the
set of RRHSs, respectively. For RRH n € A/, b7%" is the total
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max

" is the maximum transmission

available bandwidth and p
power.
For notation simplification, the backhaul link between RRH
n and BBU pool is also denoted as n and the set of backhauls
is denoted as . The power model of passive optical network
is the same as that in [13]. The power consumption of OTN
can be denoted as
Pip = Poit + ) Py, 1
neN
where P, is the acquired power of OLT and P, ,, is the power
consumption of backhaul n:
{ Py, RRH n is active,
P bn = ’

s

VneN. ()
Py, RRH n is inactive.

Obviously, if RRH n is active, the power consumption of
backhaul n would increase

P, =P, - P, 3)

A binary variable z,, is introduced to indicate whether RRH
n is active or not,

1 RRH n is active,
VneN. 4)

Zn = .. .
0 RRH 7 is inactive.

Therefore, P;, can be transformed as
Py, = Pp+ Y (ngn—P§7n)zn+ > B,
neN neN

(5)
= Polt+ Z ZnPb,n+ Z qu,n
neN neN

For each user k£ € K, RZ”” is the minimal rate require-
ment. Denote py, ,, as the index indicating whether user k is
associated with RRH n or not,

{ 1 wuser k is served by RRH n,

Pkn = . (6)
0 otherwise.

Denote hy, ,, as the channel gain between user £ and RRH n.
The bandwidth and the power of user k obtained from RRH
n are denoted as by, ,, and py, ,,, respectively. The transmission
rate between RRH n and user k can be calculated as

Pk.n hk,n
bk,n(NO + Ik,n) ’
where N is the power spectral density (PSD) of additive white
Gaussian noise (AWGN). I ,, is the maximum interference
introduced by other active RRHs with unit bandwidth, which
can be denoted as

Ikm = Z

n'eNs,n'#n
where N = {n € Nz, = 1} is the set of active RRHs.
Moreover, the total power consumption of the C-RAN includes
the OTN and the transmission links between RRHs and users,
which can be written as

Ptn + Z Z Pk,n
neN kek

= > P+ Y ¥ Pk + Pfixeda

neN neN kek

where Priged = Poit + Xnen By -

Tkon = bk,n log2 [1 + (7)

P i [0 ()

Ptotal =

€))

B. Problem Formulation

Our goal is to determine when and how the RRHs perform
switching operation. As the arrivals and departures of users,
the distribution of traffic load changes. On the other hand, the
on/off operation of RRH will influence the load distribution
among the active RRHs. Therefore, it makes sense that we
need a fairness index ® to measure the imbalance degree of
traffic load among the RRHs quantificationally. For RRH n €
N, its traffic load can be calculated as

Ly=Y —2en ,
jeic log(1 + SIN Ry, )
where SINRy, ,, is the received SINR of user k£ associated

with RRH n. The fairness index ® of the C-RAN could be
quantized as

Vn e N, (10)

_ MSE(L1,Ls,...,Ly,) (11)
Mean(Ly, Lo, ..., Ly,)’

where ng = |N;|, MSE(:) and Mean(-) denote the mean
square error and the mean of the traffic load of the RRHs,
respectively. The more imbalance of the traffic load among
the RRHs yields, the larger the fairness index is.

As mentioned above, the RRH switching procedure influ-
ences the load distribution among all RRHs, as well as the
total power consumption of the system. From the perspective
of LB, if the traffic load among the RRHs are ideally balanced,
the system can achieve stable situation that can deal with
unexpected future traffic demand efficiently. However, LB
usually increases power consumption when offloading users to
the RRHs that are far away from them. Thus, our optimization
objective of the RRH switching problem is to select a subset
from N to minimize the fairness index under given power
budget while satisfying practical network constraints. The
problem can be mathematically formulated as follows:

minimize ®

Zn Pk, >0k,nyPl,n

st. Cr: Y bpp <z, VnelN,
kelC

C2 : Z pk,n < an:Lnaz7 Vn e N7
kelC

Cs: Tpp > RZ”", VkelC,
Cy: Piotar £ Py,

05: pk)n§2n7Vk€K,Vn€N7
06: bk,nzoypk,n207Vk€’C7vn€Na
Cr: znyprn €{0,1}, Ve e K,neN.

where P, is the power budget for the C-RAN. C; and C5 are
the bandwidth and power budgets of RRH n, respectively. C5
means that the rate requirement of user k should be satisfied.
Cj is the total consumption power limitation of the C-RAN.
Cs indicates that user £ should be served by an active RRH.

(12)

IV. StaTiCc RRH SELECTION SCHEME

The optimization task defined by (12) is a mixed integer
programming problem. Exhaustive search could obtain optimal
solutions intuitively. However, the complexity of finding the
optimal solution is too high even for medium scale case. Here,
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we introduce an efficient local search procedure to obtain
promising solutions with reasonable complexity, which is
jointly performed with an efficient user association algorithm.
The intuitiveness of our proposal is to satisfy the traffic
demands of the users with the minimum energy consumption
while keeping the traffic load distributed among the active
RRHs almost equally.

A. Bandwidth and Power Allocation Algorithm

Consider a user can be served by an RRH, the following
question arises: Given a set of users and an RRH, is it
possible for the RRH to satisfy the rate requirements of all
users under the bandwidth and power budgets of the RRH?
Mathematically, it can be illustrated as follows: Given a set of
users /C,, served by RRH n, we try to find a feasible bandwidth
and power allocation to serve all users:

find bk,napk,n
st. Cr: Y byp<bier,
ke,
O R Pen <P (13

03 o Ten = Rk,min7 Vk e Icn7
Cy: bkﬂl > 0,pk7n >0,Vk e Ky,

If a feasible solution to (13) exists, we claim that all users in
K., can be served by RRH n. Solving (13) is not straightfor-
ward so we consider its equivalent problem which is easier
to address. Assuming that users in /C,, consume all bandwidth
b;*%%, we try to find the minimum power consumption of RRH
n with rate requirements of users. The optimization problem
is as follows:

min Y Pkon
bk, nsPk,n ke,
s.t. Cl : Z bk,n = b;naz’
ek, (14)

C12 RS Rk,’mi’ru Vke ’Cna
Cg : bk,n 207pkr7n ZO,VkE’Cn

Based on C5 in (14) and the definition of 7y, ,,, we have

bk " R min
=— 12 %%~ —1].
Pk.n Hkm

Substituting (15) into (14), the optimization problem can be

converted into
R’k,mu',n
» bk_"(g Shn _1)

15)

min
bk:,n kelC,, Hk»,n
st. Ci: Y bpp=bmae, (16)
ke,

Co: bpp>20,VEke .

As the objective function is convex and all the constraints are
affine [26], (16) defines a convex problem that can be solved

TABLE I
ALGORITHM 1: BANDWIDTH AND POWER ALLOCATION

1: Initialize: 1 = 0, AV = 0, Anin = 0, Amaz = T;
2: repeat

3 l=1+1;

4: )\(l) = (Amam + )\min)/2§

5: for k € IC,,

6: Calculate by, ,, that satisfies Eq.(16);

7 by, n, = max{0, by, };

8

: end for
9: if Ypexc,, br,n > b7
10: Amin = A0,
11: else
12: max = A,
13: end if
14: until XD - 20D < ¢
15: for k € IC,

16: bZ,n =bins

17:  Calculate pz’n using Eq.(15);
18: end for

19: return b}, D} .5 Ykerc,, Phon

by standard convex optimization techniques. The Lagrangian
of (16) is

b " R min
L=y Zhkin (2 beon 1)

kel Hk,n

A ben =) = X pienbion,

ke, kelkr,

where A and iy, are the Lagrange multipliers. Let b} ,, and
A", j ., be the primal and dual optimal points with zero
duality gap [26]. By using KKT conditions [26], we can obtain
the following equations:

1 Ry i In 2\  hymin
A= 1- Shmin BENSTET g a7
Hk,n b]:m‘
> bin=B, (18)
kelC,,
[ = 0,07, > 0. (19)

Eqg. (19) indicates that the rate requirement of user k& cannot
be satisfied when there is no power margin. by, and A"
can be obtained via bisection method. The bandwidth and
power allocation algorithm is detailed in Table I, where €
is a tolerance and I' is a appropriately large number. Let
Pn(Ky) = Ykex,, Pk, be the optimal value of (16). If P, (KC;,)
does not exceed p;'*“, the rate requirements of all users in ),
can be satisfied by RRH n and we claim that RRH n can cover
IC,.; otherwise, RRH n cannot serve all users in /C,,.

B. User Association Algorithm

We develop a %-approximation algorithm (Algorithm 2) for
the user association problem as described in Table II. Define
K, as the set of users associated with RRH n by Algorithm
2. K, and N, are the remaining users and the candidate RRHs,
respectively. First, we initialize /C,;; = @ for each RRH, K, =
K and N, = N,. We calculate the required minimum power
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TABLE IT
%-APPROXIMATION ALGORITHM FOR USER ASSOCIATION PROBLEM

Algorithm 2

1: Initialization: Ky, = @,Yn € Ng; Ky = K; Ne = N;

2: Calculate the required minimum power py ({k}),k € Kr,n € N¢;
3: repeat

4 (K',n") = argmin g nykeic, nen, Pn({k});
5: if p, (K, U {K'}) <pTo®
6:

7

8

Kpr < Kpr U{k'};
K« KA{R}:
else
9: Ne « N \{n'};
10: end if
12:until Kr =@ or Ne =@
13: return /C,,

pn({k}) for each k € K., n € N, where p,({k}) is defined
as follows:

pu({k}) = Z;IT (M 1), (20)
Then we find out the index (k',n’) corresponding to the
minimum power consumption p,,-({k’}) and obtain p,, (ICpy U
{k'}) by using Algorithm 1. If p,,/ (KC,,, u{k’}) is less than the
power budget, we assign user k&’ to RRH n’ and set K,.\{k'}.
Otherwise, RRH n' cannot offer required rate requirements
for the remaining users since user k' can consume less
power with the same bandwidth compared to other remaining
users. Therefore, we can remove RRH n’ from A.. This
procedure terminates when all users have been assigned to
the corresponding RRHs or all active RRHs cannot satisfy the
rate requirements for remaining users.

To prove the approximation approximation ratio of Algo-
rithm 2, we introduce the following lemma:

Lemma 1. For RRH n and two sets of users K1, Ko, where
|’C1| = |’C2| prn({]ﬁ}) an({kz}), Vki € K1, ko € Ko, then
we have p,, (K1) > pn(K2).

Proof: The proof is presented in Appendix A. |
The following corollary follows Lemma 1:

Corollary 1. Given an RRH n and two sets of users K, K.

If pn({k1}) > pu({ka}), Yh1 € Ky, ko € Ko, and p,(K1) <
pn(K2), then | K| < |Kal.

Proof: The conclusion is intuitive because if | K| > | K3,
we consider a set K’ € K of users, where |K'| = |K3|, then

pn(Kl) an(K,) an(KQ)-
Thus we always have |K;| < |K3|. [ |

Theorem 1. Algorithm 2 is a %-approximation algorithm for
the user association problem.

Proof: Let K be the set of completely satisfied users in
the optimal solution. For each RRH n € N, the set of users
served by it in the optimal solution is denoted as K,,. Denote

K’ and K, as the set of users selected by Algorithm 2 and
the set of users assigned to RRH n € N, respectively.

According to Algorithm 2, users served by RRH n consume
less power compared to the users in I@n\IC’. Therefore, we
have

pn({k2}) 2 pu({k1}), VEy € K/ ko e K \K'. (21)
Moreover, we can obtain
pu(K5 U {ka}) > P, (22)

for each user ks € I@Nn\IC’ since user ko is not served by RRH
n. As the users in C,, are served by RRH n, we also have

PR 2 pu(Ka\K). (23)
Combining (22) and (23), we can obtain
(K, U {k2}) > pa (K \K). 24)
According to (21), (24) and the Corollary 1, we have
I\ < K7, 0 {Ra}| = I +1, (25)
which can be expressed as
] 2 [\ (26)
Then,
2K = K] rx Il
> KK+ z K \K'| 27)
= |Kn K|+ |KK\K'].

Note that Kn K’ denotes the selected users in K. Thus (K n
K")u (K\K') = K and finally we get

! L -
Kl 2 51K (28)

C. Local Search Algorithm for Minimizing Fairness Index

We can determine the set of active RRHs N required to
serve the given set of users K with Algorithm 2. Then we
try to minimize the fairness index to improve the stability of
the system. Recall that L,, is the traffic load of RRH n and
® is the fairness index indicating the balance degree of traffic
load distribution. For a given N, the fairness index can be
calculated as follows:

MSE(Ly, Lo, ..., Ly)
D(N,) =
(V) Mean(Lq, Lo, ..., Ly)

Then we introduce efficient local improvement operations to
minimize the fairness index as illustrated in Table III. Starting
with a feasible solution, e.g., N, = N, we can perform three
local improvement operations as follows:

‘open’ operation: Switch on an inactive RRH n and perform
Algorithm 2. If ®(N; u {n}) < ®(N;), we add RRH n to
Me: -/\/s <_-/\/:€ U {n}

‘close’ operation: Switch off an RRH n € N and perform
Algorithm 2. If ®(N\{n}) < ®(N;), we remove RRH n to
Nt Ny < N \{n}.

,Vn e N.
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TABLE III
LOCAL SEARCH FOR RRH SELECTION

Algorithm 3
1: Initialization: Feasible solution N

2: repeat
“open”operation
3 for n e N\N;
4: Calculate ®(N, U {n});
5: if (Nsu{n})<d(WN;)
6: Ns <« Nsu{n};
7 end if
8 end for
“close” operation
9: for n e N
10: Calculate ®(N\{n});
11: if D(N:\{n}) < P(Ns)
12: Ns < Ns\{n}:
13: end if
14: end for
“exchange”operation
15: for n e Ns
16: for n/ € N\ N,
17: Calculate ®(N\{n}u{n'});
18: if (Ns\{n}u{n'}) < ®(Ns)
19: Ns « No\{n}u{n'};
20: end if
21: end for
22: end for

23: until No operations can decrease the fairness index
24: return N

‘exchange’ operation: Switch on an inactive RRH n’ ¢
N\WN; and switch off an active RRH n € N simultaneously,
then perform Algorithm 2. If ®(N;\{n} u {n'}) < ®(N;),
we set Ny < N\{n}u{n'}.

V. DYNAMIC RRH SWITCHING SCHEME

As discussed above, the system should be equipped with
enough margin to tackle unpredictable traffic demand required
by the incoming users. Though the BBU pool equipped with
powerful computing capacity can make an almost online deci-
sion on how to satisfy the requirements of the incoming users,
frequently switching on/off RRHs can also yields unbearable
computation burden, as well as unacceptable signalling over-
heads. If a user needs handover because the serving RRH is
overloaded, a problem raises naturally: which RRH should
the user be redirected to? Recall that a user redirection may
break the balance of traffic loads among the active RRHs.
Furthermore, when a user departs, the corresponding RRH
needs to release the corresponding radio resources and decide
whether the balance procedure should be performed or not if
current traffic loads are not distributed in balance among the
RRHs.

Our proposed dynamic RRH switching scheme is illustrated
in Fig. 1. We can see that the switching procedure is triggered
when the power and bandwidth requirements can not be
satisfied or the fairness index exceeds a predefined threshold.
As shown in Fig. 1, when user k arrives, we test if the active

_Initiation

Judge the event type

User arrival User departure

Associated with
corresponding RRH

Bandwidth and
power allocation

RRH switching
procedure No

Fig. 1.

Flowchart of dynamic RRH switching mechanism.

RRH with the minimum required power to serve it can satisfy
the bandwidth and power budgets. If it is not the case, or the
fairness index exceeds the predefined threshold, we trigger the
static RRH selection algorithm to re-balance the load among
the RRHs. When the service of user k’ terminates, we release
the occupied bandwidth and power resources. Notice that RRH
switching inevitably incurs handovers of quite a few users,
which generates signalling overheads and may deteriorate the
system performance. So the fairness index threshold should be
chosen carefully according to the performance requirement of
the practical systems.

VI. NUMERICAL RESULTS AND DISCUSSIONS
A. Simulation Environments

Consider a C-RAN serving a geographical region with an
area of 2x 2 km?2, where the maximum transmission power of
each RRH is 1W. The bandwidth of each RRH is selected from
[20 40 60 80 100] MHz randomly. All users are distributed
uniformly in the region and the required minimum rate of each
user is chosen randomly from [0.1 1 10] Mbps. We employ
the path loss model specified in [27] for the link between
RRHs and users. That is, the path loss is 140.7+36.7log,, (D)
(in dB), where D (in km) is the distance between RRHSs
and users. The standard deviation of lognormal shadowing is
10 dB and the noise power spectral density is —184dBm/Hz.
The transport network power consumption model is proposed
in [13]. The fixed power consumption of OLT is 20W. The
required power consumed by each active backhaul is 3.85W.
For the ONU with sleep mode, its power consumption can
be reduced to 0.75W, which means that P,, is 3.1W for each
RRH. Therefore, Pfizcq can be calculated as 20 +0.75N (in
W). The power budget of transport network and transmission



IEEE INFOCOM 2017 - IEEE Conference on Computer Communications

—H&—— Our proposal
—— SINR-based

Percentage of satisfied users

0.65 [
CRE, Bias=6 dB
06 CRE, Bias=12 dB
055 ‘ ‘ ‘ ‘
50 80 110 140 170 200
Current number of users
Fig. 2. Percentage of satisfied users as a function of the number of users.

N =20.

link is 40W. All results are averaged with 200 Monte Carlo
simulations.

For comparison, we introduce three user association
schemes which have been widely discussed in the literature:
SINR-based scheme, cell range expansion (CRE) [21, 28], and
the minimum power (Min-power). For the SINR-based user
association, user k is associated with the RRH that provides
the maximum SINR. In other words, user k is assigned to
RRH n* = argmaxpen, pp " Hy,n. For the CRE scheme,
a positive range expansion bias is added on the received
signal strength of users, expanding the coverage of the cell
with low transmission power. The Min-power differs from
our proposed static RRH switching algorithm in local search
procedure, where the total power consumption is minimized
rather than fairness index. Since both the SINR-based scheme
and the CRE scheme are usually designed for heterogeneous
networks, we select an RRH randomly as macrocell with 40W
transmission power. Moreover, the path loss is calculated as
128.1 + 37.6log;,(D) when the SINR-based scheme and the
CRE scheme are involved.

B. Simulation Results

First, we study the influence of the number of current users
on the percentage of satisfied users. As can be seen in Fig. 2,
our proposed user association algorithm performs better than
others, such as the SINR-based scheme, the CRE with bias
of 6dB, and the CRE with bias of 12dB. The SINR-based
scheme performs poorly because most of the users are served
by the only macrocell, reducing the total number of satisfied
users in the system. The number of the satisfied users of the
CRE scheme is larger that that of the SINR-based one because
the CRE can offload the macrocell to the RRHs efficiently.
The performance gap between our proposed user association
algorithm and others enlarges as the increasing of the number
of users. Specifically, around 88% users can be fully satisfied
by our proposal when K = 200 while others are lower than
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Fig. 3. The fairness index of the C-RAN during each iteration.
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Fig. 4. The number of active RRH as a function of number of users.

76%. Our proposed user association algorithm performs well
even if radio resource of the RRHs are strained.

The convergence of the proposed local search procedure
is shown in Fig. 3, which illustrates the fairness index of
the C-RAN during each iteration. As can be seen in Fig. 3,
the proposed local search algorithm converges rapidly. The
required number of iterations is inversely proportional to the
number of users. About 15 iterations are needed for the case
that K = 60, NV = 20, while only 9 iterations are required for
the case that K = 100, N = 20. It makes sense that more RRHs
could be closed when the number of users is small. Moreover,
Fig. 3 also indicates that the fairness index can be reduced
about 56% and 60% by our proposed algorithm for the case
that K =60, N =20 and K =100, N = 20, respectively.

The number of active RRHs as a function of the number of
users is shown in Fig. 4, where the number of RRHs is set
to 20 at the beginning. Intuitively, the Min-power requires the
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least RRHs to serve all users as compared to other schemes.
Since the local search procedure of our proposed static RRH
switching algorithm is to balance the load distribution among
the RRHs, the required number of RRHs to provide rate-
guaranteed service is a little larger than that of the Min-
power. However, both of them perform better than the SINR-
based scheme and the CRE with bias of 9dB. This observation
verifies that our proposed user association scheme and local
search procedure performs well in different scenarios.

The performance of our dynamic RRH switching scheme is
shown in Fig. 5. Outage probability is introduced to measure
the system stability. Once the rate requirement of a new arrival
user cannot be satisfied, we regard this as an outage. The
arrival and departure of users follow Poisson point process. A
is the user arrival rate while p is the departure rate. The outage
probability of other three scheme decreases as the increase
of user departure rate u. We can see from Fig. 5 the outage
probability of our proposal only varies in a narrow range. The
reason is that the system can adjust the RRH on/off state once
the fairness index exceeds predefined threshold. From Fig. 4
and Fig. 5, we can see that our proposal obtains high system
stability by only activating a little more RRHs as compared
to the Min-power, achieving a tradeoff between energy saving
and system performance.

The influence of the fairness index threshold on the number
of admissible users is depicted in Fig. 6, where we can see that
the available capacity of the C-RAN increases with the growth
of the fairness threshold threshold (Th) for a given number
of current users. The results are reasonable because more
margins can be obtained with the increase of the threshold.
It is interesting that the potential number of admissible users
increases when the number of current users grows. The reason
is as follows: More RRHs are required to be active when
serving more current users; then more incoming users are
admissible when more RRHs are active.
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Fig. 6. Number of admissible users as a function of number of current users
with different thresholds. N = 20.
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We investigate the influence of fairness index threshold
on the handover signalling overheads. Fig. 7 illustrates the
cumulative distribution function to the percentage of handover
users. We can see that the maximum ratio of handover users
increases with the growth of threshold. When the threshold is
set to 0.35, the upper bound of percentage of handover users
is below 0.4. It indicates that the signalling overhead of the
system can be controlled by setting an appropriate fairness
index threshold. We can conclude from Fig. 6 and Fig. 7 that
it is reasonable and necessary to choose a reasonable threshold
to meet the system requirements.

VII. CONCLUSION

In this paper, we investigated the RRH switching problem
from the LB perspective in the C-RAN. Taking into account
the power consumption of both the transport network and
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the transmission links, we proposed a static RRH switching
scheme. Firstly, a bandwidth and power allocation algorithm
is presented, where the goal is to minimize the required
power of an RRH to serve a given set of users. Then, we
developed an efficient approximation algorithm to maximize
the number of satisfied users with a given set of RRHs.
Finally, we selected a subset of the RRHs in the C-RAN to
minimize the fairness index of system load while satisfying the
rate requirements of all users, where an efficient local search
procedure is introduced to work out promising solutions.
Based on the proposed RRH selection scheme, we presented
a dynamic RRH switching mechanism based on the fairness
index threshold, which can adjust the frequency of switching
RRHs and control the signalling overheads of the system.

APPENDIX A
PROOF OF LEMMA 1

To prove Lemma 1, we need the following fact:

Fact 1. Given positive numbers A,aq,as such that a; —1 >
A-(as—1), where a; > 1,a2 > 1 and A >0, then

al -1>A-(a3-1),Yn>1,neR.

Let py,, and by, be the optimal power and bandwidth
allocation for p,(K;), respectively. According to (20) and
pn({]ﬁ}) an({k’g}), Vky € K1, ko € Ko, we have

fhn (2 1) 5 o (2™ 1),

For each ki € KCq, ko € KCg, we have

b* RPY™ ymaz
. ki,n T
Piin = (27 e
Hkl,n
. R}ani" pmaT
5 kin .(2W'bzm B 1) (29)
sz,n
by ;
k s man *
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HkQ,’n
where the inequality follows Fact 1 since b, , < b'%% is
1,n n

always holds. For users in /Cy, we allocate as same bandwidth
as users in Ky, e.g., b};l .- Therefore, we have

pa(K1) = ) Piym
ki€elCy

Dk .(2Rk2,,,m/bzl,n _1) (30)
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