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Abstract— Cloud Radio Access Network (Cloud -RAN) has 

recently been proposed as a promising network architecture to 
maintain both profitability and quality of service of the ever -
growing existing networks. This paper provides an extended 
optimization study of improving the performance of Cloud -RAN 
targeting minimized consumed power for the network. The 
minimization problem can be formulated as a Joint RRH selection 
and power minimization beamforming problem . We adapt a 
proposed greedy selection algorithm to decrease the number of 
active Remote Radio Heads ( RRHs) and to optimize the 
transmitted power from RRHs to end users maintaining
heterogeneous users’ QoS requirements. A heuristics -driven 
approach has been proposed and applied to the optimization 
problem to further reach better optimum solutions of power 
consumption and to reduce the problem complexity. Simulation 
results coupled with a statisticalanalysis show that more reduction 
in both power consumption and complexity have been reached.

Keywords— Cloud-RAN, Bea mforming, Greedy Selection, 
Performance Optimization, Power Minimization.

I. INTRODUCTION

The increasing number of smart terminals (smart phones and 
tablet PCs) and other portable devices along with widely used 
mobile Internet applications, has led to exponential growth in 
mobile data traffic. Cisco predicts that globally 67% of mobile 
devices will be smart devices by 2020, up from 36 % in 2015. 
Overall, mobile data traffic is expected to grow to 30.6 Exabyte 
per month by 2020 , in Fig. 1 [1]. Thus, mobile network 
operators are facing a set of challenges to increase the capacity 
and the coverage of their radio access networks(RANs) to meet 
this exponential growth in data traffic demand [4] and to 
maintain a satisfied quality of service (QoS) level.
To mitiga te these challenges, network researchers and 
designers have built and operated novel architectures of RANs. 
For instances, some work investigated adding more access 
points to cover more area, and using the concept of small -cell 
networks as a potential solu tion or even upgrade the old ones 
[2][3]. On one hand, those novel architectures have a good 
effect on RANs’ performance by increasing network capacity 
and decreasing energy consumption. Due to the decreasing 
distance between Base Stations (BSs) and users, less 
transmitted power for users is required, besides compensating 

Path-loss and other network losses such as fading and noise are 
to be studied [3].
On the other hand, novel designs have a bad effect on RANs 

that the overall network power consumption has increased due
to many deployed BSs. As a real example, China mobile 
corporate estimates more than half (i.e. 72%) of the total power 
consumption originates from the cell sites [4]. Also Mobile 
network operators need to cover the expenses for network 
Whether Capital Expenditure (CAPEX) and Operating 
Expenditure (OPEX); meanwhile, the Average Revenue Per 
User (ARPU) stays flat or even decreases over time[5][6] . 
Mobile network load has a tidal effect pattern causing 
oversubscribed BSs in some areas and wast ed power to other 
BSs in other areas. [4]. As a result, mobile operators searched 
for novel efficient network architectures capable of facing 
challenges mentioned previously to maintain both profitability 
and growth along with sustained high levels of QoS [4]. Cloud-
RAN was the solution.
Cloud-RAN concept first proposed in [ 6]. And a detailed 

overview is illustrated in [4][7 ]. Basically, Cloud -RAN 
architecture consists of three core components : i) Baseband 
Unit (BBU) pool: Pool of general purpose processors , located 
at a centralized site, and responsible for all the baseband 
processing tasks; ii) RRHs: located at the remote sites and 
perform radio functions, and they act as relays to the signal 
between users and BBU; and iii) Fronthaul network: a 
connection network between the RRHs to the BBU pool, 
needed to be with high bandwidth and low-latency.
Cloud-RAN is a centralized, Clean, Collaborative and Real 

time Cloud computing network. ZTE estimates up to 80% 
power savings in large scale Cloud-RAN c ompared with 
traditional ones [8]. Pooling to resources and equipment in a 
centralized location, has a significant impact in reducing 
network Total Cost of Ownership (TCO).The Cloud-RAN 
architecture can reduce RAN CAPEX by up to 20% and reduce 
its OPEX by around 63% [8 ]. In total, 15% CAPEX and 50% 
OPEX savings are envision ed comparing to RAN with RRH 
[9].
Also, system capacity is improved in cloud -RAN; due to 

sharing the signaling, traffic data and Channel State 
Information (CSI) of active us ers. As well , capacity 
improvement facilitate s implementing joint processing & 
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scheduling (i.e. coordinated beamform ing or multi -cell 
processing [10]).
Another relevant feature of a Cloud-RAN architecture is 

having a capability of l oad-balancing in BBU pool, which 
enables non-uniform loading adaptation.
Despite Cloud-RAN architecture offers significant saving in 

power consumption than conventional RANs. But with a large 
number of distributed RRHs and their corresponding fronthauls 
links carrying oversampled I/Q streams of data; high capacity 
fronthauls are required where a significant increase in network 
power consumption is expected.
Conventionally and up to the best of our knowledge, previous 

works in improving energy efficiency of C loud-RANs have 
focused on minimizing power consumption of BSs and have 
neglected its corresponding transport links power [11]. But with 
such high capacity of fron thauls, their power consumption 
cannot be ignored.

Fig. 1.Cisco Forcast 30.6 Exabytes per Month of Mobile Data traffic 
by 2020 [1].

A. Contribution
Our aim in this paper is to make Cloud-RAN a greener network,
by minimizing both the number of its running RRHs and 
corresponding transport links then minimizing transmitted 
power of such RRHs taking into account QoS requirements of 
users’ applications. An optimization problem can be formulated 
as a Joint RRH selection and power minimization beamforming 
problem. We adapted the problem formulated in [12].  In the 
problem, links power consumption is determined by the number 
of active RRHs, and transmitted power of such active RRHs is 
minimized thro ugh coordinated beamforming. [12 ] For 
reaching a better improved performance of C loud-RAN, our 
extended study has considered the following operating context 
and assumptions.
1- Practically, users have heterogeneous QoS requirements 

depending on their preferred applications (e.g., Voice, 
Web, Video, and Gaming). [13]. So, we classify users to 
different classes according to their QoS requirements (e.g., 
assuming various signal to n oise and interference ratios). 
We target reaching a significant reduction in the total 
power consumption.

2- It is observed that small number of active RRHs are 
obtained especially  at having i) low QoS; ii) small number 
of users; and iii) high relative transport link power 
consumption, as compared to [ 12]. We rerun the 
optimization algorithm starting with near -optimum 
solutions (i.e., predefined numbers of active RRHs) to 
obtain a better optimized C loud-RAN system design in 

regard to both Total power con sumption and time 
complexity reduction.

3- Because of the random deployment in the network 
configuration either in the processes of channel realization 
or setting positions for both RRHs and users, simulation 
results will have different output every run of th e 
algorithm. Accordingly, we apply statistical concepts such 
as Confidence interval (CI) for validate our analytical 
results within a specific range. We use CI with 95% 
confidence level of all obtained values.

B. Paper organization

The rest of the paper is organized as follows. Section II presents 
the Cloud-RAN system architecture model; and it defines the 
relevant power model where the optimization problem is 
formulated; and some related analysis is presented. Section III 
presents the developed Greedy selection algorithm and its steps. 
Simulation results will be discussed in Section IV. Section V 
concludes the paper with an outline of the future work.

II. THE CLOUD-RAN MODEL

A. Cloud-RAN System Architecture Model
As defined in [12], we consider a downlink Cloud-RAN system 
consists of L RRHs of the same type, each with N antennas, and 
K single -antenna user terminals with S = {1,.. ,K} which 
denotes the users index set. Fig. 2 shows a Cloud-RAN system 
architecture with a high capacity fronthaul network connecting
all RRHS to the BBU pool. In the BBU pool, al l b aseband 
processing tasks are done there. We assume that all users’ data 
and CSI are available enabling full cooperation between 
distributed RRHs in the system. With a large number of RRHs 
distributed in the system, this cooperation has a significant 
impact in minimizing the total transmitted power.

However, the more distributed RRHs, the m ore connected 
fronthaul links whose power consumption cannot be ignored in 
the Cloud -RAN architecture. Therefore, switching off some 
RRHs (i.e., inactive RRHs) and its connected links with 
satisfying users requirements, is the main aim in our 
minimization problem.

Paper Notation: ℜ(. ) , ℂ, (. )் ܽ݊݀ (. )ு , E[·] denotes the real 
part, complex domain, the transpose and Hermitian denotes the 
expectation of a random variable, respectively. 
ࣝࣨ(0, ߪ

ଶ) denotes a complex Gaussian distribution 
representation.|·| stands for either the size of a set or the 
absolute value of a real scalar, depending on the context while 
| · |denotes ℓ-norm of a vector. Let L = {1,., L} denotes the
RRHS index set , and let A and Z denote the active RRH set 
and the inactive RRHset, respectively. Where A⊆ L and A∪Z= 
L.
At RRH side: Each RRH ݈ transmit a baseband signal ܺ

ܺ = σ ܹ ܵ , ∀݈ ∈ A
୩ୀଵ (1)
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Where, ܹ ∈ ℂே×ଵ ∀݈ ∈ L , ∀݇ ∈ S is the beamforming 
vector for users k at RRH ݈, ܵ is the data symbol for user k 
with power [|ଶܵ|]ܧ = 1.
At user side: Each user k received a baseband signal ݕ

ݕ = σ ℎ
ு

 ∈ ܹ ܵ + σ σ ℎ
ு

ܹ ܵ + ݖ , ݇ ∈ ܵ ∈ஷ (2)

Where: ℎ ∈ ℂே×ଵ ∀݈ ∈ L , ∀݇ ∈ S is the channel vector to 
user k from RRH݈, ܼ is the Additive white Gaussian noise at 
user k with distribution ࣝࣨ(0, ߪ

ଶ),where ߪ
ଶis noise power at 

user k Assuming single user detection for each user (i.e 
interference can be treated as a noise), Then each user k has a 
signal-to-interference-plus-noise ratio (SINR) given by 

ܴܰܫܵ =
|σ ℎ

ு
ܹ∈ |ଶ

σ |σ ℎ
ு

ܹ∈ |ଶ + ߪ
ଶ

ஷ
, ܭ∀ ∈ ܵ. (3)

The transmission power constraint for each RRH is given by

σ ԡ ܹԡమ
ଶ ≤ ܲ , ∀݈ ∈ .ܣ

ୀଵ (4)
Where ܲ is the maximum transmit power of each RRH ݈.

Fig. 2. Cloud-RAN system architecture [12].

B. Power Model

We adopt on the p ower model for the Cloud-RAN system as 
defined in [12] considering a sleep mode to both the RRHs and 
their corresponding transport links in order to minimizethe total 
power consumption.

· RRH power model 

Considering the linear model presented in [17]:

ܲ
 = ൝ ܲ,

 + ଵ
ƞ ܲ

௨௧ ݂݅ ܲ
௨௧ > 0,

௦ܲ,
 , ݂݅ 

௨௧ = 0.
(5)

where ܲ ,
 is the active power consumptionfor RRH ݈ , ௦ܲ,



is the power consumption in the sleep modefor RRH ݈ , ܲ
௨௧

is the transmit powerfor RRH ݈ , and ηis the drain efficiency 
of the radio frequency (RF) power amplifier at RRH ݈.

· Fronthaul network power model

We assume Passive Optical N etwork (PON) for the 
fronthaul n etwork, which is considered cost -effective 
connection [18].Also, for promising power saving; more 
Optical Network U nit (ONU) is implemented in a sleep 
model [19].

So, the Fronthaul network power consumption is defined as

ܲ௧ = ܲ௧ + σ ܲ
௧ ,

ୀଵ (6)
Where ܲ௧ is the Optical Line T erminal (OLT) power 
consumption. ܲ

௧ = ܲ,
௧ and ܲ

௧ = ௦ܲ,
௧ denote the power 

consumed by the ONU ݈ (or the transport link ݈ ) in the active 
mode and the sleep mode, respectively.

· Network power consumption
As in [12], we define ܲ

 ≜ ܲ,
 + ܲ,

௧ ( ܲ
௦ ≜ ௦ܲ,

 +
௦ܲ,
௧ ) as the active (sleep) power consumption when both 

the RRH and corresponding transport link are switched on 
(off). Therefore, the network power consumption of the 
system is given by 

ܲ(ܣ) =  1
ƞఢ

ܲ
௨௧ +  ܲ

 +  ܲ
௦ + ܲ௧

ఢ∈

=  1
ƞఢ

ܲ
௨௧ +  ܲ



∈
+  ܲ

௦ −  ܲ
௦ + ܲ௧

ఢఢ

=  1
ƞఢ

ܲ
௨௧ + ( ܲ

 − ܲ
௦)

∈
+  ܲ

௦ + ܲ௧
ఢ

=   1
ƞ



ୀଵ∈
ԡ ܹԡమ

ଶ +  ܲ
 +  ܲ

௦ + ܲ௧
ఢ∈

, (7)

We refer to ܲ
 as the relative transport link power consumption 

for simplification. Given a Cloud-RAN with the RRH set L, the 
term  σ ܲ

௦ + ܲ௧ఢ in (7) is a constant. Therefore, the 
minimization problem will be

,ܣ)ܲ ܹ) = σ σ ଵ
ƞ


ୀଵ ∈ ԡ ܹԡమ

ଶ
ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ

்௧ ௧௦௧௪

+

σ ܲ


ఢᇣᇧᇤᇧᇥ
୭୲ୟ୪ ୰ୣ୪ୟ୲୧୴ୣ ୲୰ୟ୬ୱ୮୭୰୲ ୪୧୬୩ ୮୭୵ୣ୰

,(8)

C. Optimization Problem Formulation and Analysis

The network power consumption minimization problem can 
be formulated as

ऀ ∶ minimize
ሼௐೖ ሽ ,

,ܣ)ܲ ܹ)

ݐ݆ܾܿ݁ݑܵ ݐ
|σ ℎ

ு
ܹ∈ |ଶ

σ |σ ℎ
ு

ܹ∈ |ଶ + ߪ
ଶ

ஷ
≥ ߛ ,

                          σ ԡ ܹԡଶ
ଶ

ୀଵ ≤ ܲ , ݈ ∈ .ܣ (9)

Where ߛ is the target SINR for user k.
The problem ऀ is a joint RRH set selection and transmit 
beamforming problem, which is difficult to solve in 
general. In the following paragraphs, we will analyze and 
reformulate it.
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· Problem Analysis
Since the objective function and constraints will not be affected 
by ܹ phases. So, the SINR constraint can be rewritten as a 
second-order cone (SOC) constraint [20].

(ܹ,ܣ)ொܥ ∶ ฯ[ℎ
ு

ଵܹ , . ℎ
ு

ܹ ]்

ߪ
ฯ ≤ ඥߚ ℜ(ℎ

ு
ܹ), (10)

The per-RRH power constraints (4) can be rewritten as
,ܣ)ܥ ܹ) ∶ ฮ ෩ܹฮ ≤ ඥ ܲ , ݈ ∈ ܣ , (11)

Where෪ܹ = [ ܹଵ
் , … … , ܹ

் ]் ∈ ∁ே × ଵ

We can now formulate the network power minimization 
problem with QoS constraints ܥொ(ܣ, ܹ) and per-RRH transmit 
power constraints ܥ(ܣ, ܹ) as follows:

ऀ ∶ minimize
,ௐ

,ܣ)ܲ ܹ)
ݐ݆ܾܿ݁ݑܵ ݐ ,ܣ)ொܥ ܹ) , ,ܣ)ܥ ܹ) , ݇ ∈ ܵ. (12)

Hence, the problem ऀ is a joint RRH selection and coordinated 
power minimization beamforming problem. This joint problem 
is a convex -cardinality optimization problem , which is NP -
hard. Bu t With known active RRH set A, this optimization 
problem becomes a SOCP programming one [14], which is 
convex and can be solved in polynomial time. For instance, a 
solution can be found using interior point methods [15] or either 
by modeling framework (i.e. CVX [16]). As a result, we solve 
the following power minimization beamforming problem with 
the given active RRH set:

(ܣ)ऀ ∶ minimize
ௐ

  1
ƞ



ୀଵ∈
ԡ ܹԡమ

ଶ

ݐ݆ܾܿ݁ݑܵ ݐ ,ܣ)ொܥ ܹ) , ,ܣ)ܥ ܹ) , ݇ ∈ ܵ. (12)

III. GREEDY SELECTION ALGORITHM

This paper adapted greedy selection algorithm defined in [12 , 
Algorithm 1] . In the way to minimize both Power consumption
and complexity. Greedy selection algorithm is employed to
perform RRH selection according to Decision Rule (i.e. ܦଵ), by 
choosing one RRH to be inactive in each iteration and re -
optimizing the coordinated transmit beamforming for the 
remaining active RRH set .

· Greedy Selection Algorithm Procedure
Denote the iteration number as i =0, 1, 2,…. At the ith iteration,
[]ܣ ⊆ L and ܼ[] denote the set of active and the inactive RRH 
set, respectively with ܼ[] ∪ []ܣ = L. At each iteration i, an 
additional RRH ݎ[] ∈ []ܣ will be added to ܼ[], resulting in a 
new set ܼ[ାଵ] = ܼ[] ∪ ൛ݎ[]ൟ after this iteration. Also, a t 
iteration i, we need to solve the power minimization 
beamforming problem ऀ(ܣ[]) in (12) with the given active 
RRH set .([]ܣ

The decision r ule ܦଵ chosen to yield the smallest network 
power consumption after switching off the corresponding RRH 
and to guaranty minimizing the total power consumption (not     
only the transport network power consumption) is defined as

ଵܦ ∶ []ݎ = arg min
∈[] ܣ)∗ܲ

[]) .           (13)

Where ܣ
[] ∪ ሼ݉ሽ = []ܣ

ܣ)∗ܲ
[] ) is the optimal solution of (12) with ܣ

[]
  set 

(ܲ∗ቀܣ
[] ቁ = ∞ if (12) is infeasible

A. Greedy Selection Algorithm Flow chart

In F ig. 3, the main steps of Greedy Selection Algorithm
procedure are illustrated. In whic h J denotes the set of 
candidate RRHs that can be turned off.

Fig. 3. Greedy Selection Algorithm Flow Chart.

Where T: true & F: False.

Table. 1 Simulation Parameters
Parameter              Value
Path-loss at distance ݀ (km) 148.1+37.6logଶ(d୩୪) dB
standarddeviation of log-norm shadowingߪ௦ 8dB
Small-scale fading distribution ġ ∁ࣨ(0, I)
Noise powerߪ

ଶ[21](10MHz bandwidth) -102 dBm
Maximum transmit power of RRH ܲ  [21] 1 W
Power amplifier efficiency ƞ[17] 25%
Transmit antenna power gain
Confidence Level

9dBi
95%

IV. SIMULATION AND RESULTS

We conducted a set of simulations of a Cloud -RAN model to 
study and analyze quantitatively the performance improvement 
that can be achieved to the network with respect to the number 
of active RRHs and the average network power consumption. 
Moreover, we evaluate the time complexity of the Greedy 
selection algorithm we adopt for reaching near -optimum 
solutions of an energy-efficient Cloud-RAN design.
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Our results are compared with the Coordinated Beamforming 
(CB) algorithm [11],which will have always has more  power 
consumption as it only minimizes the total transmit power 
consumption where all RRHs are active.We consider a channel 
model between the k-th user and the l-th RRHS as discussed in 
[12].

ℎ = 10ି ಽ൫ೖ൯
మబ ඥ߮ߜ ġ                (14)

where ܮ(݀) is the path -loss at distance ݀ , ߜ is the 
shadowing coefficient and ߮  is the antenna gain and ġ is the 
small scale fading coefficient . We use the standard cellu lar 
network parameters as shown in Table.1 [12]. Obtained results 
are statistically validated with 95% confidence interval.

The network power consumption is given in (7). We set 

௦ܲ,
 = 4.3 ܹ and ௦ܲ,

௧ = 0.7 ܹ, ∀݈, and ܲ ௧ = 20 ܹ[17][19].
In the following we define adaptive algorithms as
“GS”:is running to Greedy selection algorithm in [12] 

which has a little difference output than it due to 
randomization in channel realization.

“near-optimum GS”,in which starting from near optimum 
solution to Greedy algorithm in network Realization 1.

“near-optimum ۵܁”in which considering heterogeneous 
QoS requirements for users in Greedy algorithm in network 
realization 2.

“near-optimum ۵܁”,starting from near optimum solution 
to “near-optimum GSଵ .

All our simulation are done on MATLAB R2014a .
· Power Consumption versus target SINR

Consider a network with L = 10 2 -antenna RRHs and K = 
15single-antenna Mobile users ( MUs) uniformly and 
independently distributed in the square region of length 2000 
meters. We set all the relative transport link power consumption 
to be ܲ

 = (5 + ݈)ܹ , ݈ = 1, … . .ܮ
We averaged over 50 randomly generated network 

realizations for each simulation point.
Fig. 4 demonstrates the average network power consumption 

versus different target SINRs . This figure shows that w ith 
starting solving the optimization problem with the adapted 
Greedy algorithm by near optimum solutions as in “near-
optimum GS”), the total power consumption is minimized 
especially at low SINRs for users.

Fig. 5 shows that, nearly, the same active RRHsobtained but 
the time complexity of algorithm can be redu ced by about 
92.44% as shown in Fig. 6. The statistical analysis for results of
average power consumption versus SINR with a 95% 
confidence interval is illustrated in Fig. 7.

Fig. 4. Average network power consumption versus target SINR.

Fig. 5. Number of active RRHs versus target SINR

Fig. 6. Simulation time before and after beginning with near optimum 
solution.
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Fig. 7. Average network power consumption for greedy coupled with 
Confidence interval versus target SINR with starting from near-

optimum solution.

· Average network power consumption versus relative 
transport links power consumption

Consider a network with L = 20 2-antenna RRHs and K = 15
single-antenna MUs uniformly and independently distributed in 
a square region of length equals 4000 meters. We set all the 
relative transport link power consumption to be the same, and 
set the target SINR as 4 dB.

We averaged over 10 randomly generated network 
realizations for each simulation point.

Fig.8 demonstrates the average network power consumption 
versus relative transport link power consumption. This figure 
shows that with considering heterogeneous QoS requirements 
for users,considering three classes of users with different target 
SINR where each class with 5 users and with three target SINR 
(0,2,4) dB. As in “ near-optimum GSଵ” this figure .

For more reaching near-optimum solution for reducing 
power consumption , we start from a near optimum solution to 
near-optimum GSଵ which shown additional reduction in total 
power consumption as in (near-optimum GSଵ).

With using adaptive “near-optimum GSଵ and “near-optimum 
GSଶ”, n umber of active RRHs running can be significantly
reduced as shown in Fig.9.

Fig. 11 demonstrates the reduction in time complexity when 
using both adaptive “ near-optimum GSଵ “ near-optimum GSଶ”
It approximately 97.05% with applying near-optimum GSଶ.

The statistical analysis for results of Average power 
consumption versus Relative transport link power consumption
for adaptive greedy obtained with a 95% confidence interval 
illustrated in Fig. 7.

Fig. 8. Average network power consumption versus Relative 
transport link power consumption.

  Fig. 9. Number of active RRHs versus Relative transport link power 
consumption.

Fig. 10.  Simulation time  minimization bars due to considering      
heterogeneous QoS requirements for usersand starting with near 

optimum solution.
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Fig. 11. Average Network power consumption for adaptive Greedy 
algorithm coupled with confidence interval versus transport link 

power consumption.

V. CONCLUSION

In this paper, we provided an extended study targeting 
performance-enhanced Cloud-RAN through minimizing the 
power consumed in the network taking into account the active 
RRHs and the fronthaul links. We adapted a greedy selection 
algorithm to decrease the number of active RRHs and to 
optimize the total transmitted power consumption maintaining 
heterogeneous users’ QoS requirements. Simulation r esults 
showed better performance at minimized active RRHs
numbers, especially at havinglow users’ QoS requirements and 
at high relative power consumption of the fronthaul network.
The obtained results when applying a heuristics-driven solver
to the optimization problem , considering near-optimum 
inactive RRHs numbers, yielded a significant reduction in the 
power consumption and the time complexity of the problem.

As a future work, we target studying the performance of 
Cloud-RAN at large scale implementation with massive 
number of RRHs and at heterogeneous highly dynamic 
environments. Accordingly, for reaching optimum power 
consumption and minimized optimization problem complexity 
at such Cloud-RAN contexts, we will investigateapplying RRH 
clustering techniques, whether static or dynamic, that each end 
user is served by a specific number of RRHs.
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