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Abstract—In this paper, we introduce an application-aware shared band, operators can pick up coverage again in th@emacr
spectrum sharing approach for sharing the Federal under-ulized network.
3.5 GHz spectrum with commercial users. In our model, usersra Making the under-utilized federal spectrum available for

running elastic or inelastic traffic and each application running . .
on the user equipment (UE) is assigned a utility function baed secondary use increases the efficiency of spectrum usage and

on its type. Furthermore, each of the small cells users has a can provide significant gain in mobile broadband capacity
minimum required target utility for its application. In ord er for if those resources are aggregated efficiently with the exist

users located under the coverage area of the small cells’ eMeBs, jng commercial mobile systems resources. Many operators
with the 3.5 GHz band resources, to meet their minimum .o \illing to take advantage of the LTE-Advanced carrier

required quality of experience (QoE), the network operator . . .
makes a decision regarding the need for sharing the macro @99regation feature which was introduced by 3GPP release

cell's resources to obtain additional resources. Our objeve is 10 [2]. This feature allows users to employ multiple car-
to provide each user with a rate that satisfies its applicatin’s riers to ensure a wider bandwidth, by aggregating multiple

minimum required utility through spectrum sharing approach  non-continuous or continuous component carriers (CCs), an
and improve the overall QOE in the network. We present an .o atore achieve higher capacity and better performance.

application-aware spectrum sharing algorithm that is base on . .
resource allocation with carrier aggregation to allocate nacro cell [3: the authors have introduced a resource allocation (RA)

permanent resources and small cells’ leased resources to §&nd  Optimization framework based on carrier aggregation (CA).
allocate each user's application an aggregated rate that caat The proposed multi-stage resource allocation algorithiao al

minimum achieves the application’s minimum required utility.  cates the primary and secondary carriers resources ofgtimal
Finally, we present simulation results for the performanceof the among users. The final optimal rate allocated to each user is
proposed algorithm.
the aggregated rate.
Index Terms—Application-Aware, Spectrum Sharing, Resource | this paper, we introduce an application-aware spectrum
Allocation with Carrier Aggregation, 3.5 GHz Band . .
sharing approach for cellular networks sharing the federal
under-utilized 3.5 GHz spectrum. In our model, the small
. INTRODUCTION cells, with the under-utilized 3.5 GHz spectrum resourees,
The demand for wireless broadband capacity has beesated within the coverage area of a macro cell. The network
recently growing much faster than the availability of newperator makes a decision regarding the need for sharing the
spectrum. Because of the increasing demand for spectrumcro cell’s eNodeB resources with small cells users based o
by commercial wireless operators, federal agencies are ntie small cell users’ demand for spectrum resources. We use
willing to share their spectrum with commercial users. Thetility proportional fairness approach to guarantee a mim
Commission and the President have outlined a path to dayality of service (QoS) for each user. In our proposed model
ble the available spectrum for wireless broadband use, th@all cells’ users have a minimum required utility value for
Presidents Council of Advisors on Science and Technologgch of their applications. The network operator decides to
(PCAST) Report identifies two technological advances thare the macro cell's eNodeB resources if the value of any
increase wireless broadband capabilities. First, inangathie of small cell user’s application utility function of its altated
deployment of small cell networks and second using spectruate, i.e. allocated by the small cell's eNodeB, does notesic
sharing technology. The 3.5 GHz Band is an ideal banbe user's application minimum required utility value.
for small cell deployments and shared spectrum use because
of its smaller coverage. The National Institute of Standard
and Technology (NTIA) Fast Track Report [1] identified the
3.5 GHz Band for potential shared federal and non-federalCarrier aggregation enables concurrent utilization oftmul
broadband use. This band is very favorable for commercfe component carriers with different propagation chamést
cellular systems such as LTE-Advanced systems. tics [4], |5]. Due to the significant features of CA, an appiop
Small cells are low-powered wireless base stations dedigrede CA management is essential to enhance the performance of
to play well with macro networks in a heterogeneous netwodellular networks. A tractable multi-band multi-tier CA ohels
(HetNet). Small cells are backed up by a macro cell layéor HetNets are proposed ihl[6]. Two models are considered:
of coverage so that if a small cell shuts down in the 3.5 GHnulti-flow CA and single-flow CA, each UE performs cell
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selection based on the reference signal’'s maximum received I1l. PROBLEM FORMULATION

power. A major concern about deploy_mg small cells is the|r_ We consider LTE-Advanced mobile system consisting of
small coverage areas and low transmit power. The authors_in . .
o .. ~a_macro cell, referred to by the inde, with a coverage
[7], [8] have addressed this issue and suggested biasing tq. . o )
. radiusD g, that is overlaid withS small cells. The macro cell’s

allow small cells to expand their coverage areas.

eNodeB is configured at the LTE-Advanced carrier and the

Most of the previous research work have focused on fmd'%gnall cell's eNodeB is configured to use the 3.5 GHz under-

resource allocation approaches for intra-system and_mt{ﬂilized spectrum band. Lef denotes the set of small cells

operator of a single network operator. However, current re- o
P 9 . P E)lgated within the coverage area of the macro églivhere
search on resource allocation are for more complex netw;):f

. ) S = |S|. All small cells are connected to the core network.
topologies [[9], [10]. Carrier aggregation in networks th
. s . he small cells are assumed to have a closed access scheme
involve multiple network operators in HetNets need to be

where only registered UEs, referred to by SUEs, are served

further investigated. In[11], the authors have analyzeel trlc])y the small cells eNodeBs. On the other hand, all UEs under

performance of their proposed carrier aggregation framlewome coverage area of the macro c&l and not within the

that combines a statically assigned spectrum with Spec”%@verage of any small cell, referred to by MUES, are served
resources from a shared spectrum pool.

o . by the macro cell’s eNodeB. The set of all MUEs under the
The RA optimization problem can be transformed into a .
coverage area of macro celt is referred to byu. The set

utility maximization problem to maximize the user’s satlsb;f SUEs associated to small cellis referred to byQ,. We

faction rather than the system throughput, where the USElSsume that the association of the UEs with their eNodeBs

satisfaction is represented as a function of the achieveéal dFaemains fixed during the runtime of the resource allocation
rate [12]. In [3], [13], [14], we have proposed a multiplegeta sg

, , " . . process. We have);_, O, = © and?_, Q, = 0. Each
RA with CA algorithms that use utility proportional fairres SUE i has a minimum QoE requirement for its applications

approach to allocate the primary and the secondary carriﬁqgt is represented by the utility of the user’s applicatioth
resources optimally among mobile users in their coveragg. ar.

) ) oo its allocated rate. Let'*® denotes the minimum required utilit
However, these algorithms consider optimization probldras v q y

solve for the allocated rates from the primary and secondaor];/SUEZ €0

carriers without giving the user or the network operator the.Ut'I'ty functions are used to express the user satisfaction

. C oh o
flexibility to decide on the amount of recourses to be alledatW'.th s aII_ocatec_j rate [[15]=[18]. .Th? user application
utility function of its allocated rate; is given byU;(r;) where

to the user by secondary carriers. In this paper, we address. : ; : . .
o . : ; is a sigmoidal-like function used to represent real time
this issue and design a RA with CA model that accounts = " . o !
lications or logarithmic function used to representyel

, . a
for the users demand of resources and controls which us c')pfgrant applications. These utility functions have thiéofeing
are required to be allocated additional resources from the L
X o .properties:
secondary carriers. This is important for users who do nshwi . ) ) )
to pay higher price for more resources if they can be satisfied® Ui(0) = 0 andUs(r;) is an increasing function of;.
with certain rates (i.e. rates that guarantee certain @egfe ¢ Ui(ri) is twice continuously differentiable in-; and
satisfaction represented by utility values). bounded above.
In our model, we use normalized sigmoidal-like utility

A. Our Contributions functions, as in[[19], that are expressed as

Our contributions in this paper are summarized as: Ui(rs) = c‘( 1 _ d») 1)
i ) W\l T . (1 —b, T ]
« We present a spectrum sharing approach for sharing the 1 4 emailri=bi)
Eiz?i;agr:nder-utlllzed 3.5 GHz spectrum with COmMMefare., ’ ’
« We preseﬁtaspectrum sharing algorithm that is based0 and U?(OO) =1 T_he np:mallzed S|gm9!dal—llke function
resource allocation with CA to allocate the small cells’ & an |nflect|on_ pomt at;“ = bi. _In addmop, we use the
. , normalized logarithmic utility function, used in [19], thare
under-utilized 3.5 GHz resources to small cells’ users
} expressed as
and allocate the macro cell's resources to both macro log(1 + kir)
cell's users and small cell's users that did not reach their Ui(ry)) = ————, (2
applications minimum required utilities by the small cells log(1 + kir{"™)
allocated rates. wherer gives100% utilization andk; is the rate of increase
« We present simulation results for the performance of thg utility percentage with allocated rates that varies Hase
proposed resource allocation algorithm. the user application. So, it satisfi&s(0) = 0 andU; (r"®) =
The remainder of this paper is organized as follows. Sectidn
[Mpresents the problem formulation. In sect[od IV, we gnets ~ Figure[1 shows a heterogeneous network that consists of
resource allocation optimization problems that solve for t one macro cell with one eNodeB and two small cells within
macro cell and small cells allocated rates. Sediibn V pitssethe coverage area of the macro cell, each of the small cells
our proposed resource allocation algorithm. In sediidnwd, has one eNodeB that is configured to use the 3.5 GHz under-
discuss simulation setup and provide quantitative resiittsg utilized spectrum. Mobile users under the coverage of the
with discussion. Section MIl concludes the paper. macro cell and the small cells are running real time or delay

— """ andd; = He% so it satisfied/;(0) =

a;b;



of the SUEs will be allocated zero resources. Therefore, a
minimum QoS is provided to each SUE. This approach gives
real time applications priority when allocating the smadlic
resources. The objective function in optimization probi@n

is equivalent to ma{j‘ :| log U;(r$). Optimization problem
(3) is a convex optlmlzatlon problem and there exists a umiqu
tractable global optimal solution [19].

\. /" log \ N ‘ ; From optimization probleni{3), we have the Lagrangian:
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where z, > 0 is the slack variable ang® is the Lagrange
e multiplier which is equivalent to the shadow price that eerr
Macro cell sponds to the service provider’s price per unit bandwidth fo
the small cell resources [19].

Fig. 1. System model for a LTE-Advanced mobile system witke amacro : : : :
cell and two small cells within the coverage area of the maelb Each of The SO|Ut_|0n gf Squf‘tloﬂ‘?’) is given by the Va|U€Sthat
solve equatiorf12e i)

the small cells is configured to use the 3.5 GHz under-udligpectrum. ‘ ) — p* and are the intersection of the
time varying shadow price, horizontal line= p*, with the

curvey = QIO%L(T geometrically. Once the RA process is
tolerant applications that are represented by sigmoillaldr performed by the small cell, each SUE inQ, will be allo-
logarithmic utility functions, respectively. catedr:®" = r5 rate. However, the network operator decides
if any of the SUEs requires additional resources in order to
IV. RESOURCEALLOCATION OPTIMIZATION FOR reach the minimum required utility}°® of its application by
SPECTRUM SHARING WITH THE 3.5 GHzZ SPECTRUM comparing the utility of the small cell allocated rate that i

In this section, we present a resource allocation framewagken by U; (1" Al with the valueu;> If the achieved utility

for cellular networks sharing the federal under-utilize® 3 for certain SUE is less that the minimum required utilitye th
GHz spectrum. In our model, SUEs are allocated resourdegwork operator requests additional resources from th@ana
from the leased under-utilized 3.5 GHz resources at tiell for that SUE. The small cell eNodeB creates a s€
small cells eNodeBs whereas MUEs are allocated resour€ésall SUEs that needs to be allocated additional resources
only by the macro cell's eNodeB. Each of the SUEs haswhereQ,p = {SUEse Q, s.t. u[""> U;(ri™")}.
minimum required utility "% for each of its applications. ~Once each small cedlwithin the coverage area of the macro
First the small cell's eNodeB allocates its available ldase€ell B performs its RA process based on optimization problem
resources then the network operator decides which SUEs i), the macro cell starts allocating its resources to allEB8U
require additional resources in order to achieve theirmimn Wwithin its coverage area as well as the SUEs that were reghorte
required utilities and allocate them more resources froen thy the network operator, for their need of additional resear
macro cell eNodeB based on a resource allocation with carrieet Q be the set of SUEs that will be allocated additional
aggregation optimization problem. resources by the macro cell whege= Ule Q.p. The set
The resource allocation process starts by allocating ea®hUEs that will be served by the macro cell's eNodeB; i.e.
of the small cells resources to SUEs under it coverage arparticipate in the macro cell RA process, is given/bwhere
We use a utility proportional fairness resource allocatiod = 1|J Q. The resource allocation optimization problem of
optimization problem to allocate the small cell resourdése the macro cellB is given by:
RA optimization problem of the small cedl is given by:

18]
Qs max UZ(’I’l + CZ)
r
rTrIaX H Ui(r i=1
18]
‘QS‘ ©)) subject to r; < Rp
subjectto > 1} < R, — (5)
im1 . .
. . 0 fUE i¢Q
0<r<Rs,, i=1,2,..,|Q4, C; = {T§,all fUE ic o

wherer® = {r{,r3,...,rg |}, |Qs| is the number of SUEs
under the coverage area of the small celland R, is
the maximum achievable rate of the under-utilized 3.5 GHgherer = {ry,72,...,73}, || is the number of UEs that
leased spectrum available at the eNodeB of small gell will be be served by the macro cell's eNodeB aRg is
The resource allocation objective function is to maximize t the maximum achievable rate of the resources availablesat th
entire small cell utility when allocating its resourcesalso macro cell's eNodeB. The resource allocation objectiveefun
achieves proportional fairness among utilities such that ntion is to maximize the entire macro cell utility when alltiog

OST‘Z'SRB, i:1,2,...,|ﬂ|,



its resources. The RA optimization p_roplelﬂ (5) is l_)a_sed_ %gorithm 1 The i SUE € Q, Algorithm
carrier aggregation. It seeks to maximize the multiplmati 00
of the utilities of the rates allocated to MUEs by the macro P I - max

, Send application utility parametefs, a;, b;, "> and
cell's eNodeB and the utilities of the rates allocated to the 0 5 the SUE’s in band small cell’s eNodeé
SUEs ing by small cells’ eNodeBs and macro cell’s eNodeB. ;i ve the final allocated all'¢ h ) Il cell
Utility proportional fairness is used to guarantee that abiine e(’:\le“(/je B € |fna atr?ca ed ratg n ro[ijn d eBsma ce
UEs will be allocated zero resources. Real time application ‘:’jel odeb or from the macro cell's eNodeb.
are given priority when allocating the macro resourcesgisin end foop
this approach. The objecti‘vcle function in optimization deob
(B is equivalent to maziil logU;(r; + C;). Optimization - — -
problem[[5) is a convex optimization problem and there exi':'?‘l?omhm 2 The i MUE € . Algorithm

oop

a unique tractable global optimal solution [19]. L . max
From optimization problenf{5), we have the Lagrangian: ~ >¢nd application utility parameteis, a;, b; and " to
the macro cell's eNodeB.

151 I Receive the final allocated raté" from the macro cell’s
Lp(r,p?) = (O logUi(ri + C3)) = p? (O _ri+ 25 — Rp) eNodeB.
i=1 i=1 ©6) end loop

wherezp > 0 is the slack variable ang? is the Lagrange
multiplier which is equivalent to the shadow price that eerr i i
sponds to the service provider's price per unit bandwidth f490rithm 3 Small Cells eNodeB Algorithm

the macro cell resources [19]. |00P_ o |
The solution of equatiod [5) is given by the valuesthat Initialize Q.5 = 0; r{" = 0.
solve equation‘%(”*a‘) = pB and are the intersection Receive application utility parameteks, a;, b;, r"® and
) _ori . _ _ req ;
of the time varying shadow price, horizontal line= p?, u;  from all SUEs inQ,.

. o . Q. Q.
with the curvey = 218Ut geometrically. Once the Solver® = arg@%}XZL:l'lOgUi(Tf) —p (&) -

macro cell eNodeB is donelperforming the RA process based R;)

on optimization problem({5), each UE i# will be allocated Let 5" = 7# be the rate allocated by thesmall cell's
rdl = 7, + C; rate. eNodeB to each user i@,.
Calculate the SUE utility/; (r>") Vi € Q,
V. THE MACRO CELL AND SMALL CELLS RA for SUEi + 1 to |Q,| do
OPTIMIZATION ALGORITHM if U;(r7") < > then
In this section, we present our resource allocation algarit Qsp = QsEf U SUE{i} s.all
The proposed algorithm consists of SUE, MUE, small cell Send SUE: parameters:;, a;, b;, 7" andr;”™ to
eNodeB and macro cell eNodeB parts shown in Algorithm the macro cell's eNodeB
@ [2,[3 and K4, respectively. The execution of the algorithm else a sl ,
starts by SUEs and MUESs, subscribing for mobile services, Allocate rater = ;""" to SUEi
transmitting their applications utilities parameters teit end if
corresponding eNodeBs. First, each small celleNodeB end for
calculates its allocated rat§™®" to each SUE inQ,. It then end loop
checks whether the achievable utility of that rate is less or
greater than the SUE’s minimum required utilig®%. If for _ _
any SUEUl-(rf’a") < u®® the small cell's eNodeB sends theflgorithm 4 The Macro Cell's eNodeB Algorithm
application parameters and the allocated raf¥ for that SUE ~ loop
to the macro cell's eNodeB requesting additional resources Initialize C; = 0; i =0.
Otherwise, it allocates the raté®" to that SUE. for s <~ 11to S do
Once the macro cell's eNodeB receives the &gt from Receive application utility parameteks, a;, b;, "
each small cell inS within its coverage area. It starts the RA and Tf"a” for all SUEs in Q,p from small cell s
process to allocate its available resources to each UR in eNodeB.“
based on a RA with carrier aggregation optimization problem Ci=r7* Vi€ Qup
Once the RA process of the macro cell is performed, the macro €nd for s
cell allocates rate?' = r, + C; to thei*" UE in 8. Create user grouR = J,_, Qsn
Create user groupg = ulJ Q
VI. SIMULATION RESULTS Solve 1 = argmrale‘i‘l logUi(ri + Ci) —
Algorithm [1,[2,[3 and ¥ were applied in C++ to multiple pB(Z‘iill(ri) — Rp).
utility functions with different parameters. Simulatioasults Allocate r?“ =r; +C; to each UEi in 3

showed convergence to the global optimal rates. In thismgct end loop
we consider a macro cell with one eNodeB. Within the the




TABLE | 100

USERS AND THEIR APPLICATIONS UTILITIES ‘ ‘ ‘ ‘ _'_Tis,(zll
sob T;all i
— — —v—r;“”
User's Index | User's Type Applications Utilities Parameters _ 60k +Ts,all |
UE1i={1} | SUE Sig2a; = 3, b; = 20, u*¥=0.8 % 4
UE2i = {2} | SUE Sig3a; =1, b; =30, u) = 0.8 4071 ]
UE3: = {3} | SUE Log2 k; = 3, r"™™ =100, u}?= 0.5 . . . . . . .
UE4i — {4} | SUE Log3 k; = 0.5, 7@ = 100, u/®? = 0.5 2oﬁ;/~—— - %7
UE5i = {5} | MUE Sigla; =5, b; = 10 — - ‘
UE6i = {6} | MUE Sig3a; =1, b; = 30 20 40 60 80 100
UETi= {7} | MUE Logl ki = 15, 7™ = 100 The rates->?" allocated by th Rns I's eNodeB t ith
UE8: = {8} | MUE Log3 k; = 0.5, M = 100 (1%)< lgsriel%(i). allocated by the small cell's eNodeB to usersdn wi

1

0.8

<06

s,all

U,‘(T-

0.4

R_=50 R =70
s s

(b) Users’ QoE represented by the utility of user’s appiaratof its allocated
rate U; (r>®") when R, = 50 and R, = 70.

Fig. 2. The users utility functiond/;(r;) used in the simulation (three Fig. 3. The small cell's eNodeB allocated rates with < Rs < 100 and
sigmoidal-like functions and three logarithmic functipns users’ QoE whenk; = 50 and Rs = 70.

coverage area of the macro cell there exists one smallscella utility proportional fairness approach. We also show how
Four SUEs are located under the coverage area of the sntladl proposed rate allocation algorithm converges for wfie
cell s with UEs indexes{1, 2,3,4}. The SUEs user group isvalues of R;. In Figure[3(b), we show the QoE for the four
given by Q, = {1,2,3,4}. Four MUEs are located under theSUEs which is represented by their applications utilitiés o
coverage area of the macro cell’s eNodeB but not within thiee small cell allocated rate@i(rf*a”) when R, = 50 and
small cell. The MUESs user group is given by= {5,6,7,8}. R, = 70. We notice that in the case @t, = 50, the utilities
Each UE whether it is SUE or MUE is running either real timef the small cell allocated rates for UE2, UE3 and UE4 did not
application or delay tolerant application. Each of the SUEgeach the minimum required utilities for these SUEs whereas
applications utilities has a minimum required utility thiat in the case ofR; = 70 the utility of the small cell allocated
given by u;>® that is equivalent to the’; value for that user rate for UE4 did not reach the minimum required utility for
whereas MUEs do not have minimum required utilities fathat SUE. Therefore, based on the proposed algorithm the
their applications. The UEs’ indexes, types and applicstionetwork operator will request additional resources forséhe
utilities parameters are listed in tatile I. Figlife 2 shows tUEs from the macro cell's eNodeB and these UEs will be
sigmoidal-like utility functions and the logarithmic utyf allocated additional resources based on a resource atincat
functions used to represent the SUEs and MUESs applicatiomsth carrier aggregation scenario.

A. Small Cell Allocated Rates and Users QoE B. Macro Cell Allocated Rates and Users QoE

In the following simulations, the small cell's carrier tbta In the following simulations, the macro cell’s carrier tota
rate R, takes values betweet) and 100 with step of 10. rate Rp takes values betweetD and 100 with step of 10
In Figure[3, we show the small cell’s allocated rabésa” and R, is fixed at50. As discussed if_VI-A, in the case of
for users in Q, with different values of the small cell's R, = 50 the network operator requests additional resources
carrier total rateR; and the users QoE with the small celfor three SUEs (i.e. UEs i®;5 = {2, 3,4}) as they did not
allocated rates whe®, = 50 and R, = 70. In Figure[3(d), reach their minimum required utilities. Therefore, the noac
we show that users running real time applications are giveall's eNodeB performs a resource allocation with carrier
priority when allocating the small cell's resources duehieit aggregation process to allocate resources to the UEs in user
sigmoidal-like utility function nature. We also observeath group 3 where3 = {2,3,4,5,6,7,8}. In Figure[4, we show
non of the UEs is allocated zero resources because we utieglfinal allocated rateg? for the UEs inj3 and these users



aggregation. We showed through simulations the the prapose
50 algorithm converges to the optimal rates. We also showed tha
- small cells’ users can achieve their minimum required QoE by
~ . .
+ eol using the proposed spectrum sharing approach.
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