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Abstract—In this paper, we propose a new cellular while minimizing the fossil fuel cost. Although the aim
network operation scheme ful lling the 5G requirements  of these studies is to optimize the green collaboration
related to spectrum management and green communica- patween hoth networks, the microgrid aspects with dy-
tions. We focus on cognitive radio cellular networks in - o o .
which both the primary network (PN) and the secondary nam'c_ pricing was not ans'dered' In add'“P”’ theleO
network (SN) are maximizing their operational prots. The ~€missions are not considered as the main metric for
PN and the SN are required to respect a C@ emissions green communications in the cellular networks.
threshold by switching off one or more lightly loaded base
stations (BSs). In addition, the PN accepts to cooperate vhit To address these challenges, we propose, in this paper,
the SN by leasing its spectrum in the cells where the PN an energy-aware and spectrum-aware operation for CR
is turned off. In retum, the corresponding SN BSS host - o) 1ar networks. In addition, the BSs are powered by a

the PN users and impose extra roaming fees to the PN. " . .
We propose a low-complexity algorithm that maximizes microgrid that includes renewable energy. Hence, the dy-

the pro t per CO » emissions metric while switching on/off Namic energy pricing at the microgrid levels and the re-
the BSs. In the simulations, we show that our proposed newable energy availability are considered as constraints

algorithm achieves performances close to the exhaustive of the pro t maximization problem. The PN reduces its
search method. In addition, we nd that the roaming price CO, footprint and saves energy by cooperating with the

is a key parameter that affects both PN and SN pro ts. Y .
Index Terms—Collaborative cellular networks, spectrum SN. We formulate a pro t maximization problem while

cooperation, green cognitive radio networking. respecting a C® emissions threshold and maintaining
a required level of quality of service (QoS). The £0
l. INTRODUCTION emissions reduction is performed by switching off some

of the PN BSs while of oading the corresponding users
In cellular networks, the energy consumption of thgy the closest SN's BSs. In exchange, the SN fully uses
base stations (BSs) is arou% of the total network the corresponding bandwidth and receives a roaming
consumption [2]. Hence, the main focus of the operatorgaward from the PN. We propose a low-complexity

is to reduce their expenses by reducing the BS consumilqorithm to switch on/off the BSs based on a prot
tion and, therefore, maximizing their pro t. As a resultyer cG emissions metric.

reducing the energy consumption is an obligation due to
the heavy energy bills [3] and the high @@ootprint The main contributions of this work are:
of the cellular networks which preset2% of the
global emissions [4]. Also, in the next generation cellular
network design, the energy-ef ciency and environment-
awareness as well as dynamic spectrum management are
required to be jointly considered [5]. Previous works
studied the green collaboration between the primary
network (PN) and the secondary network (SN) in the CR
cellular networks [6]-[10]. In [8], the SN maximizes its
achievable rate while the PN is minimizing its energy
consumption. In [10], the two operators collaborate The rest of this paper, we present the system model
in Section II. In Section I, the problem formulation
is presented. In Section |V, the proposed algorithm for
1Extension of this work has been published in IEEE Access [1]. PN and SN is developed. Numerical results are given in
978-1-5386-3531-5/17/$31.08 2017 IEEE Section V. Finally, the paper is concluded in Section VI.

Developing a green model for collaborative CR
cellular networks aiming to maximize both pro ts,
Proposing a low-complexity algorithm managing
BS on/off switching, roaming, and spectrum,
Comparing our proposed algorithm's performance
to that of the exhaustive search method.




Il. SYSTEM MODEL
A. Cellular Network Model

We consider two mobile operators operating over the
same frequency bandwidth and same area: an operator
licensed to use the frequency bandwidth denoteth\hy
i.e., the PN, and an operator that shares the bandwidth,
i.e., the SN, in exchange of eventual users roaming from
the PN. The PN and the SN seMg andN users using
Ngs BSs modeled as hexagonal cells each, respectively.
The SN BSs are deployed on the PN cells edge to avoid
the interferences and to cover the same overall area as
shown in Fig. 1.

Each PN and SN user is exploiting a certain service
provided by the operator and denoted by and s,
respectively. The number of users of netwbik denoted
by N( ) wherei 2 f p;sg denotes the PN and SN,
respecuvely In addition, the type of provided service is
denoted by; =1; ; ;. We denote byf;; (Xi;yi) the service in the networki. These coordinates follow
the joint probability density function of the coordinateshe distributionf;. (u;v). We denote byN;, i 2 f p; sg
of the users of a networkexploiting a service . Also, the maximum number of users that can be served simul-
we denote byP;; the power consumed at theth BS taneously by each BS. In our framework, we assume

Fig. 1: Primary and secondary cells deployment.

at the network which is derived as [11]: that both networks are well-planned which means that
) Npj  NpandNs; N whereN;; describes all
N Xi i (k) 4 py- ) the users connqtg:ted to theth BS in the networki
& ' Pij ' such thatN;; = L) Ni.J However, the number of

=1 k=l users served by the SN BSs may exceed the secondary

where p(k ) is the transmission power of thk-th capacity after of oading the PN users. Hence, we de ne
user explomng the service in the j-th BS, a is a an outage constraint of the PN users. In addition, the
coef cient related to both ampli cation and feeder losse€o0S in terms of data rate should be higher than a
in the networki, andl is the circuit power that does certain minimal required data rate per user exploiting
not dependent on the transmit power [12]. We focu#e service denoted byr; . Hence, we de ne the

in this paper, on planning the downlink transmissiofollowing inequality

using average statistics. Hence, we derive the average 0) !

transmit power per user exploiting the service de- w; log, 1+ Prmin_ ri ©)
no{__gad bypi(;] Consequently, eq. (1) becom®s; = wi; No
a L Nif 't )+ b wherebf ) is the average power where N, is the noise per bandwidth ansi, is the

per §ervice |n the j-th BS. In addition, for a given bandwidth fraction used by each user exploiting the
service , the average transmit power per user, [11], iService in the networki with a target rate de ned

() .

p,) = P [d, lwhereP{,) denotes the minimum in (3). Similarly to [10],w;; is de ned by
power needed to any user exploiting the serviceo p()
obtain an acceptable QoS. The paraméterepresents o Ny A

. ; W = o (4)
the effects of the BS's carrier frequency, propagation NG i No
environment, and antenna settings. The parametis- 1+ m'" Wy sy e T
notes the pathloss exponent @d [d;; ]is an averaging "
of the distance function betweentheh BS of network  whereW 1() is the lower branch of the W-Lambert
and the users of network exploiting the service  function and dened in[ 3 1-0] [13]. Ncpte that the
connected to this BS, wheie= sif i = pandi = p if p , i )
- inequalit m'" -W ' No g P ’ < s
i = s. The average distandg; [d,; ] is derived using q Y T 1 pC) min '

Cij dened as the distribution of users exploiting the,avs true. Hence, the bandwidth fraction in (4) is
service in thej-th BS of the network, as: ositive.
7 P

B [dy]= . (u xy)*+(v y;)? Zfi (uv)dudv; B, Conditions of Green-Oriented Cellular Networks
! @) We present four conditions qualifying the PN and SN
where (u;v) are the coordinates of a user exploitingnetworks as green-oriented cellular networks:



the bandwidth fraction that the SN needs to be able
to serve the users and we hade ; D -
Spectrum sharing The PN allows the SN to share
a fraction of the bandwidth with a prigess given

1) Limited CQ footprint: The CGQ emitted by both
PN and SN is limited by a certain allowed quani@p,
evaluated using a quadratic penalty function [14]. At a
BS| of the networki, this penalty function, denoted by

Fis, is de ned by [14]: by (1  pj). Meanwhile, the SN transmission is
( . @ required to limit its interference to a given threshold
FCO 0; if B Ei: denoted byly.
W

(B EM?+ i B E ifE > EP;

i " [1l. PROFIT MAXIMIZATION AND CONSTRAINTS
) FORMULATION

where ; and ; are de ned as the pollutant coef cientsA. Primary Pro t Expression and Constraints
of the fossil fuel u;ed directly and mdlrectly to run o operational PN prot, denoted by, is de ned
the BSs of networki, and whereE; is the energy as:
consump,tion of the B$ of the networki. We denote by 0 1
FC% =" | Fi5 the total CQ emissions of network Xes Nes (roamed
2) BSs Deactivation Both PN and SN are allowedto p = pi= @ Ppiop Npj + Np; A
deactivate one or more BSs to reduce the, @tprint. =1 | i=1 {z )
However, if a PN BS is switched off, the corresponding
SN BS needs to be active in order to serve the primary s
roamed users while collecting a roaming reward paid by + (1
the PN. We denote by; the binary variables describing i=1
the status of th¢-th BS in the network, i.e., ; =0 1
if the BS is switched off, otherwise;; = 1. When, pos
ii = 0 we assume that the corresponding BS is idle _ _ _ = .
W]ith no energy consumption, i.e5; = 0. The status - pi (Pss(L s )W+ st sj W Gy By )
of the PN and SN BSs are set in two vectors denoted 1_ {z }
by p and s, respectively. Active BS prot

3) Adopting Renewable Energyn addition to the )
fossil fuel based energy, the cells need to be connectedgpere pj is the PN prot at the cellj, pp.op is the

a microgrid offering a green-generated energy, e.g., W"Eﬂ)eration fees per PN used (roamed i e count of all
. )
or solar energy. We denote tEéjg) the corresponding of paded users in the cejl, andproamis the roaming fees

energy of thg -th BS in the network. Hence, the cells per yser. The decision variables of the primary problem
are rst powered by the available green energy, then agge oi i piiN (roameq forj =1; ;Ngs. Since g; is
o o ] ] y . :

switched to the fossil fuel in the case where the gregpyariable of the secondary problem, we choosg =
energy Is ms_uf cient. o pj While solving the primary problem, meaning that the
4) Dynamic Energy Pricing:We assume that the g js assumed to use all the available spectrum fraction

price of fossil fuel energy varies with the BS consumpsffered by the PN. The PN pro t maximization is subject
tion whereas the price of thgreenenergy, denoted by g the following constraints

cl9), is constant [15]. Hence, the energy cost function of
the BSj in the networki, denoted byc;; is given by

Service prot

pij ) Psl sj W NF()'rjoamed

{z }

Inactive BS prot

proam

Roamed users constraint:The roamed users are
limited by the SN service capacity denoted Ky,
i.e.,

C(g); .
(6) 0 N N 8)

9+ f (B );

ifE; E i(;jg)
e > &
wheref (:) is the price variation with the consumption.

This model is related to the sensitivity of real-time
energy demand to the fossil fuel.

Gj =

Service outage constraintThe PN needs to ensure
good QoS by having a number of users in outage
lower than an outage threshold denotedXy, i.e.,

P Ngs (roamed
C. Dynamic Spectrum Management Np j=81 Npj + Np; Pt (9)
out-
The available bandwidttW is dynamically shared Np
by the two networks with two spectrum management However, this outage condition is not required by
models:

the SN since (i) the spectrum resource and,CO

Spectrum leasing The PN leases a fraction or the
totality of the spectrum to the SN with a prigg .
The fraction of leased bandwidth is denoted By ,
0 pj 1 Fromthe SN side, we denote by;

footprint are mainly correlated to the PN operation
(ii) having higher priority, the roamed PN users are
served before the SN users bene ting from a best-
effort service.



CO;, footprint constraint: The PN CQ emissions Hence, we have,

is below a threshold denoted lﬁ,{ﬂ de ned as: Ns; N N (roamed 8 =1; ‘Ngs:  (14)

FCO; - NBSFCOZ cP (10) Note that in thls constraint the variable to be
P pii optimized isNgj whereas in (8) the variable is
i=1 N (roamed

Note that the real threshold, denoted®§, should COZ footprlnt constraint: The SN CQ emissions

not be exceeded by the sum of PN and SN emis- is below a threshold as follows:

sions, i.e.C{ + C3  CO, whereCy is the SN Nes

CO, emissions threshold, whef2O, = Ngs CO; FEO = FSC;J-OZ Ci: (15)

andtco; is the CQ emissions allowed in the area i=1

one cell. Spectrum leasing constraint: The SN can fully

use a leased fraction of the bandwidth smaller than
the leased fraction that the PN is offering

The SN maximizes its prot when exploiting the 0 i 8 =1 Ne: (16)
leased or the shared spectrum by serving its users or sl pi >l v 0B
collecting the roaming fees, respectively. The expressionln the next section, we present an algorithm that solves

B. Secondary Pro t Expression and Constraints

of the SN prot is the PN prot maximization problem as well as the SN
X M pro t maximization.
BS BS
¢ = sj Ps:opN's;j sj Cs;j Es;j IV. PROPOSEDL OW-COMPLEXITY ALGORITHM
1=1 (z } 1=1 {z } In order to allow the SN to transmit while respecting
Service prot Energy cost the CQ constraint, we assume that the PN CiGotprint
Nes is limited by a fraction of the total allowed emission and

+ 6@ p) PoanN{®™ pg ggw  denotedby,ie.Cfi = CO;andCi =(1 )CO,,
=1 After maximizing its prot, the PN communicates the
1 : {z }  decided variables to the SN to maximize its prot given
inactive PN BS prot the CQ emissions fractiorl

Nes - .
si pj (Pss(@ s )W + pgi s W); A. PN Prot Maximization
1=1 (z } We formulate the PN pro t maximization problem as:
Active PN BS pro t maximize p; (17)
(11) i+ opi N (mamed
whereps.op is the operation fees per SN user. Subject to:  (8); (9), (10);
The variables of the SN problem arg; ; s;;Nsg; pj 210;19;0 o L
forj =1; ; Ngs which are subject ve constraints:

_ which is a combinatorial NP-Hard optimization problem
Powgr budget constrfi_qnt The(%l;lmteilansmn POWET, \where the optimal solution cannot be derived analytically
l.e, 2 Ng; ps 1 Np; p I'sj MUSt and requires an exhaustive search (ES) method character-
be below the avallable power budget denoted Ryeq py a high complexity. Instead, we propose a near-
Ps, Wherep \'sj Is the transmit power of the gptimal solution based on a low-complexity algorithm
roamed users exploiting in the j-th cell. This shown to have a close performance to those of the ES.

constraint can be written as: Our proposed algorithm is based on switching off the
Xs BSs that have low prot and high COemissions. The
N P + N(“’""”‘e"ppl & Ps: (12) way to decide which BS to be selected is to compute
=1 ’ =1 the prots and the CQ emissions of all the PN BSs in
Interference constraint: The SN interference at th? t"ll’lo(rf;‘%ggs actcljve a”(;j |fnact|v§. Thelr\]l the parameters
the PN BS must be lower than a certain interferencevi '\ p; are derived, oy = BS, aS.
thresholdl . ( P wiN,
. . . =1 p Mpj Tpi -
This constraint can be written as: if pj =1;then PI W
pi (roamed _ 0
K . pii B
Psj = Im8 =1; ;Ngs: (13) 18
Si) Ep; [ds;j ] t ( L ( )
Service capacity constraint: All served users, if pj =0;then roame
o P N( 9 = minfNg;N
including the roamed PN ones, must be below the pij s: Npj G- (19)

SN service capacity.



The next step is to switch off the BSs that have a higher
pro t when inactive than when they are active. This can
be the case when the energy used to serve the PN users  ooof
in a cell is higher than the roaming fees to be paid if
they are roamed to the SN.

Hence, the obtained, represents the solution if g2000r
the outage constraint and the roamed users constraint 2 .,|
are respected. Otherwise, more BSs are needed to be
switched off until respecting all the constraints. For this
reason, we introduce the ratio of the prot of a BS over s00
its emission as a new metric that we call it pro t per €O LY
emissions($=Kg). We, then, use this metric to switch o o1 oz 03 04 05 00 0
off the BS with which the prot per CQ emissions : ‘
is the lowest among the other BSs. We summarize our Fig. 2: PN and SN pro ts as function of the GO
proposed algorithm igorithm 1. emissions fraction .

—-©-— Total profit; exhaustive search
—©— Total profit; proposed algorithm
—-A:-— PN profit; exhaustive search 1
—A— PN profit; proposed algorithm
—-%-— SN profit; exhaustive search
—¥— SN profit; proposed algorithm

1000 [

% &
¥ ol ¥
0.7 .8

Algorithm 1 PN BSs management based on minimum

prot per CO, emissions ’ ] i
1: Initialize the PN with active BSs, i.e.,, = w0t o
I S o b 5!
2: Compute the active and inactive prots of each BS ¢ L4 e
using (7). 5 . »l :
3: While (8) is respected, switch off all BS withctive A e $ ool )
prot lower than inactivepro t. R I g
. . = v [=A=PN, exhaustive search
4: Update , using (7),F $ using (10), and the new Ay M S A i
service outage using (9). i e B .
- whi CO, P i i ek
5. while (_Fp Ci,) or ( eq. (9) is not satis edflo A S rTEErym——
6: SWltCh Oﬁ the PN BS Wlth |0West pro t per CQ Fraction of PN CO, emission , Fraction of PN CO, emission ,

emissions, denote its index fythen update .
Set ,p=1 andN;f:zamed): Nipip-
8 Update p, F$%, and the new service outage.

Fig. 3: PN and SN energy consumption and active BSs
as function of the fraction of COemission .

9: end while
10: The , resulted from the obtained, presents V. NUMERICAL RESULTS
the maximum prot achieved while respecting the
constraints. We consider 12 BS deployed for the PN and the

SN, the adopted prices and parameters are listed in
Table | [14]. The monetary unit is denoted by $.

B. SN Prot Maximization The PN and SN pro ts as well as their sum are plotted

as a function of the fraction of PN GGemissions, , in

Fig. 2, for both the proposed algorithm and the ES. We

show that PN prot of our proposed algorithm reaches

The SN prot maximization problem is de ned as

Q"a’ﬂmN'zf ° (20) values abouB0% 100% of the ES prot. In the SN
Subject to: (12); (13); (14); (15); (16). side, the pro t corresponding to the proposed algorithm

is higher than the ES prot allowing the sum of PN

The SN starts by determining the needed bandwidé@nd SN prots to be almost the same. In addition, we
fraction ; after serving the PN roamed users andotice that the PN pro t corresponding to the proposed
having the values of, and p; from the PN as part algorithm is piece-wise constant.
of the cooperation. In addition,s; is computed while  In order to understand this shape, we plot the PN
respecting (3) and (13). If the GQonstraint is not met active BSs and energy consumption as a function of
by the SN, some SN BSs need to be switched off untit Fig. 3. We notice that the proposed algorithm orders
having the CQ emissions undeCy . Note that the SN the PN BSs, given their pro t per COemissions. As
can only switch off the BS that corresponds to an activiacreases, the allowed PN G@missions is higher and
PN cell. Otherwise, the roamed PN users will not bthe next BS in the ordering can be activated. This fact
served. Besides, the SN starts by switching off the B&uses the piece-wise constant curve shapes re ected in
having the lowest pro t per C@ the energy consumption.



TABLE I: Adopted network prices and parameters

| Parameter | Value ][ Parameter | Value |
Number of BSNgs 12 Cell radius (m) 500
Total bandwidthw (MHz) 55 Allowed outagePout 5%
Sharing pricepss ($=MHz) 100 Leasing priceps ($=MHz) 120
Received powePrSﬂn)(dBm) -90 Interf. thresholdl , (dB) 0
Pathloss constarK (dB) 1285 || Roaming priceproan($) 4:25
Pathloss exponent 3.76 Rate per useri( ) (kbps) 250
Pollutant coefcients p; s 0:01 Service pricespf)p;? %) 4
Pollutant coef cients p; s 0:1 Service CapacityCj 50
CQO; limit per BS Cfr'] (Kg) 90.3 BS constant poweb (W) 715
CO;, emissions fraction 0.4 Scaling parametea; 7:84
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