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Abstract—In this paper, we introduce a novel approach for
optimal resource allocation from multiple carriers for users
with elastic and inelastic traffic in fourth generation long term
evolution (4G-LTE) system. In our model, we use logarithmicand
sigmoidal-like utility functions to represent the user apgications
running on different user equipments (UE)s. We use utility
proportional fairness policy, where the fairness among ugs is
in utility percentage of the application running on the mobile
station. Our objective is to allocate the resources to the @ss op-
timally from multiple carriers. In addition, every user sub scribing
for the mobile service is guaranteed to have a minimum qualit-
of-service (QoS) with a priority criterion. Our rate allocation
algorithm selects the carrier or multiple carriers that provide
the minimum price for the needed resources. We prove that
the novel resource allocation optimization problem with jdnt
carrier aggregation is convex and therefore the optimal saltion
is tractable. We present a distributed algorithm to allocae the
resources optimally from multiple evolved NodeBs (eNodeB)
Finally, we present simulation results for the performanceof our
rate allocation algorithm.

Index Terms—Optimal Resource Allocation, Joint Carrier
Aggregation, Inelastic Traffic

I. INTRODUCTION
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cation. Hardware implementation challenges are in the need
for multiple oscillators, multiple RF chains, more powérfu
signal processing, and longer battery life [5]. Regardiag r
source allocation, a distributed resource allocation ritlgm

is needed to optimally allocate resources from differentiees

of different network providers.

In this paper, we focus on joint resource allocation from
multiple carriers. We formulate the resource allocatioti-op
mization problem with joint carrier aggregation into a cexv
optimization framework. We use logarithmic and sigmoidal-
like utility functions to represent delay-tolerant and lrea
time applications, respectively/1[6]. Our model supportshbo
contiguous and non-contiguous carrier aggregation froe on
or more network providers. In the rate allocation process, o
distributed algorithm allocates resources from one or more
carriers to provide the lowest resource prices for the neobil
users. In addition, our algorithm uses utility proportibna
fairness policy to give priority to real-time applicationser
delay-tolerant applications when allocating resources.

A. Related Work

In recent years, mobile broadband systems have witnesseth [6]-[8], the authors present an optimal rate allocation
rapid growth in both the number of subscribers and the traffidgorithm for users connected to a single carrier. The agdtim

of each subscriber. Mobile subscribers are currently mmnirates are achieved by formulating the rate allocation dpim
multiple applications, simultaneously, on their smart pé® tion problem in a convex optimization framework. The author
The network providers are moving from single service (e.gse logarithmic and sigmoidal-like utility functions topre-
Internet access) to multiple service offering (e.g. muttiia  sent delay-tolerant and real-time applications, respelgtiIn
telephony and mobile-TV)_[1]. In order to meet this stronff], the rate allocation algorithm gives priority to reahe
demand for wireless resources by the mobile users maplications over delay-tolerant applications when aitiog
resources are needed [2]. However, due to the scarcity rebources as the utility proportional fairness rate atiooa
the spectrum, it is difficult to have a single frequency bangblicy is used.
fulfilling this demand. Therefore, resources from diffaren In [9], the authors present multiple-stage carrier aggiega
carriers need to be aggregated, leading to interband nevith optimal resource allocation algorithm with utility guor-
contiguous carrier aggregatidn [3]. tional fairness. The users allocate the resources from ttste fi
In addition, The National Broadband Plan (NBP) and th@rimary) carrier eNodeB until all the resources in the ebi®d
findings of the President’s Council of Advisors on Sciencare allocated. The users switch to the second (secondary)
and Technology (PCAST) spectrum study have recommendessdrier eNodeB to allocate more resources, and so forth. In
that under-utilized federal spectrum be made available f[#0], spectrum sharing of public safety and commercial LTE
commercial use[]4]. Making more spectrum available wilbands is assumed. The authors presented a resource alfocati
certainly provide opportunities for mobile broadband adfya algorithm with priority given to public safety users. The
gains, but only if those resources can be aggregated efficiemesource allocation algorithms inl[9], [10] does not ensure
with the existing commercial mobile system. The efficiemno optimal pricing where the allocation is performed in mukip
contiguous carrier aggregation of federal spectrum in® tlstages. In this paper, we present an algorithm that alle¢hée
existing cellular network is a challenging task. The chadles resources jointly from different carriers and thereforewens
are both in hardware implementation and joint resource alloptimal rate allocation and optimal pricing.
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B. Our Contributions U;(r1; +r2;). We use a multi-variable normalized logarithmic

Our contributions in this paper are summarized as: utility function, as in [11], that can be expressed as
. We ir_ltr_oduce a novel rate gllocation optimizatio_n_ problem U . N log(1 + k; leil T1i) 5
with joint carrier aggregation that solves for utility func i(rii 2+ ) = 10g(1 + EiTmaz) @

tions that are logarithmic and sigmoidal-like represemtin . . .
delay-tolerant and real-time applications, respectively wherer,,,... is the required rate for the user to achieve 100%

o ... ytilization andk; is the rate of increase of utilization with
« In addition, we prove that the proposed o timizatioH v . o
P brop P llocated rates. So, it satisfié5(0) = 0 and U;(rmas) = 1.

roblem is convex and therefore the global optimal soILg ) _ : . ! . .
'Ei)on is tractable 9 P ee Figurd 2 for a two dimensional view of sigmoidal-like
' ility of logarithmic utility functionU; (r1;+7r2;). We consider

« We present a distributed rate allocation algorithm thﬁf‘ it tional fai biective functi o
converges to the optimal rates that maximize the op 1€ uliity proportional fairness objective function g/ey

mization problem joint utility objective function. M

« Our algorithm outperforms that presented[ih [9].][10]. It mraXH Ui(rii +72i + oo + Tk3) (3)
guarantees that mobile users receive minimum (optimal) =1
price for resources. wherer = {rq,ro,....,rps} andr; = {ry;,re,...,7xi}. The

The remainder of this paper is organized as follows. Sectig@al of this resource allocation objective function is tioedte
[ presents the problem formulation. Sectibnl 11l proves théhe resource for each UE that maximizes the total system
global optimal solution exists and is tractable. In Sectioutility while ensuring proportional fairness between itigb
V] we present our distributed rate allocation algorithmhwit(i.e., the product of the utilities of all UEs). This resoadlo-
joint carrier aggregation for the utility proportional fiagss cation objective function ensures non-zero resource a@iioe
optimization problem. Section VI discusses simulatioruget for all users. Therefore, the corresponding resource aiioc
and provides quantitative results along with discussieatiBn optimization problem provides a minimum QoS for all user.
[VITlconcludes the paper. In addition, this approach allocates more resources tosuser

with real-time applications which improves QoS for 4G-LTE
Il. PROBLEM FORMULATION system.

We consider 4G-LTE mobile system consistingtotarriers ~ The basic formulation of the utility proportional fairness
eNodeBs withK cells andM UEs distributed in these cells.resource allocation problem is given by the following opti-
The rate allocated by th&" carrier eNodeB toi'” UE is mization problem:

given by r; wherel = {1,2,...,K} and: = {1,2,...., M }. M

Each UE has its own utility functiod; (r1; + r2; + ... +rk;) max HUi(Tli S )

that corresponds to the type of traffic being handled by the i

ith UE. The utility function represents the percentage of M M (4)
user satisfaction eith the allocated rate. As UEs run differ  subject to Zm < Ri,..., Z”ﬁ < Ry,
applications their utility functions are different. Ourjebtive i—1 i=1

is to determine the optimal rates that tHeé carrier eNodeB r >0, 1=1,2,.. K,i=1,2,.. M.

should allocate to the nearby UEs. We assume the utility ) ) ]
functions U; (r1; + r2; + ... + rx;) to be a strictly concave whereR; is the total available rate at th&" carrier eNodeB.

or a sigmoidal-like functions. The strictly concave fupeti Ve prove in SectioR )l that the solution of the optimization
is a good approximation for delay-tolerant applicatiorgs,e Problem [#) is the global optimal solution.
File Transfer Protocol (FTP), emails, etc. The S-shaped or I1l. THE GLOBAL OPTIMAL SOLUTION

sigmoidal-like utility function represents real-time &pp- Lo . — :
tions, e.g. video streaming, Voice over IP (MolIP), etc. The In the optimization problemi{4), since the objective func

M . .
utility functions have the following properties: tion arg mra;\;Hizl Ui(rii + 12 + ... + i) is equivalent to
e U;(0) =0 andU;(ri; + 2; + ... + Tk;) is an increasing argmax > iz1log(Ui(rii+r2i+...4+7k;)), then optimization

function of r;; for L. problem [#) can be written as:
o U;(rii+ra+...47k;) is twice continuously differentiable
in r;; for all I. M
In our model, we use a normalized multi-variable sigmoidal- Max Zlog (Ui(m +ro 4.+ TKz‘))
like utility function that can be expressed as i=1
M M (5)
1 .
Ui(riitrait...+7ri) = Ci( = —di) (1) subject to Zﬁi < Ry, ZTKi < Rk,
1+ e @iz mi—bi) i=1 i=1

where ¢; = < andd; = —L. So, it satisfies i 20, 1=12..,Ki=12.,M.

1fe2ibi®

U;(0)=0 ande(oo) = 1. See Figurgl2 for a two dimensionalLemma I11.1. The utility functions log(U; (r1; + ... +7k5)) in
view of sigmoidal-like utility of sigmoidal-like utility éinction the optimization problem (B) are strictly concave functions.




Proof: In Section[l, we assume that all the utilitythe the*” carrier eNodeB can be written as; = p;r;
functions of the UEs are strictly concave or sigmoidal-likand we havezl.]\i1 wy = P Zf\il ri;. The dual problem
functions. objective function can be written aB(p) = max L(r,p).

In the strictly concave utility function case, recall thdityt Now, we divide the primal problem(5) |nto two simpler

function properties in Sectidnl I, the utility function igitive  optimization problems in the UEs and the eNodeBs. THe
Ui(rii + ... +7x:) > 0, increasing and twice differentiableUE optimization problem is given by:

with respect tor;;. Then, it follows thatZZi(ruitetroc)

OV (rrit o trics "
0 and % < 0. It follows that, the utility max log(U; (r1i + r2i + .. + rii)) _mei
function log(U; (7’11 + 72; + ... + rK4)) in the optimization ' =1 @)

au; .
problem [%) havea1°g(U7‘(T5;T"'+W”) = 2L > 0 and subjectto p; >0
82Ui lv_(an)Q ‘ r; >0, i=12...MIl=12,.. K.

8?2 log(U; (thr A4rKi)) _ or oo,

07 < 0. Therefore, the

strictly concave ut|I|ty funct|orU (ri;+rei+...+7rK;) natural
logarithmlog(U; (r1;+72i+...+7k;)) is also strictly concave.
It follows that the natural logarithm of the logarithmic liti min D(p)
function in equation[{2) is strictly concave. plb. it >0 (8)
In the sigmoidal-like utility function case, the util- subject 1o pi = 9.
ity function of the normalized sigmoidal-like function isThe minimization of shadow pricg, is achieved by the min-
given by equation[{1) ad/;(r1; + 72; + ... + rx;) = imization of the slack variable;;. Therefore, the maximum
Gl — e — d-) For0 < Zf(ﬂ’li < ZflRl’ utilization of the!** eNodeB rateR; is achieved by setting
et Ooisy i =00 the slack variablez;; = 0. The utility proportional fairness
policy in the objective function of the optimization probie
~FTKi) >0 and—; log Us(r1; + ... +7x:) < 0. Therefore, @) is guaranteed in the solution of the optimization praise
the sigmoidal-like ut|I|ty functionU; (r; + ... + ri;) natural (7) and [8).
logarithmlog(U;(r1; + ... +7x)) is strictly concave function.
Therefore, all the utility functions in our model have stic V. DISTRIBUTED OPTIMIZATION ALGORITHM
concave natural logarithm. | The distributed resource allocation algorithm for optiasiz
tion problems[{I7) and_{8) is an iterative solution for allthcg
the network resources from multiple carriers simultangous
with utility proportional fairness policy. The algorithis i
divided into thei’” UE algorithm shown in Algorithm[{1)
Proof: It follows from LemmdTIL.1 that for all UEs utility and thel*” eNodeB carrier algorithm shown in Algorithin] (2).
functions are strictly concave. Therefore, the optimimati In Algorithm (@) and [[2), all UEs bid for resources from the
problem [b) is a convex optimization problerh [12]. Therearby eNodeBs (or eNodeB receives bids from all the UEs in
optimization problem((5) is equivalent to optimization plem its coverage). eNodeB sets a price for resource based on the
(), therefore it is a convex optimization problem. For ax@n sent UE bids. For UE with more than one nearby eNodeB, it
optimization problem, there exists a unique tractable gllobchooses from the nearby carriers eNodeBs the one with the

The second problem is tti& eNodeB optimization problem
for rate proportional fairness that is given by:

we have the first and second derlvatlveglsr log U (r1; +

Theorem II.2. The optimization problem (@) is a convex
optimization problem and there exists a unique tractable
global optimal solution.

optimal solution [[12]. B lowest shadow price and start requesting resources from tha
carrier eNodeB. If the allocated rate is not enough or theepri
IV. THE DUAL PROBLEM of the resources increase due to high demand on that carrier

The key to a distributed and decentralized optimal solutic#NodeB resources from other UEs, the UE switches to allocate
of the primal problem in({5) is to convert it to the dual prable the rest of the required resources from another nearby eBlode
We define the Lagrangian carrier with a lower resource price. This is done iterativel

until an equilibrium between demand and supply of resources
Zlo ( (rs + 75 + o 47 )) is achieyed and the optimel _rates and price are aIIocated_ in
& LT Ki the mobile network. Our distributed algorithm is set to avoi
o o the situation of allocating zero rate to any user (i.e. na use
_pl(z i+ 210 — R1) — .. _pK(Z rici + 2xi — Ric) is dropped) which is inherited from the utility proportidna

P ] fairness policy in the optimization problem 4.

(6)
where z; > 0 is the [t" slack variable of the'” constraint VI. SIMULATION RESULTS
corresponding ta; and p; is the shadow price of thé" Algorithm (@) and [[2) were applied to various logarithmic

carrier eNodeB (i.e. the total price per unit rate for all thand sigmoidal-like utility functions with different paraters
users in the coverage area of tié& carrier eNodeB) and in MATLAB. The simulation results showed convergence
p = {p1,p2, ..., pr }. Therefore, the*" UE bids for rate from to the global optimal solution. In this section, we present



Algorithm 1 Thei” UE Algorithm

Send initial bidw; (1) to It carrier eNodeB (wheré ¢
L=1{1,2,..,K})
loop
Receive shadow pricesc . (n) from all in range carriers
eNodeBs
if STOP from all in range carriers eNodeB®n

Calculate allocated rateg? = (%)
sTOP "
else

SetpY. = {} andr? =

for m=1— K do
P (n) = min(p \ {p%i, Phiins -~-vp$i;1})
lm = {l € L : p min(p \
{02 s Phins - P D} {ln is the index of the
corresponding carriér
Solver,, ;(n) = arg max(log Ui(ryi+ ... +rKi) —

L i

Zfilpl(n)rli) for the,, carrier eNodeB
ri(n) = ri,,i(n) — X500 1l (n)
if r*(n) < 0 then
Setr™(n) =0
end if
Send new bidw,,;(n) = pli,(n)r*(n) to L,
carrier eNodeB
end for
end if
end loop

Algorithm 2 The** eNodeB Algorithm
loop
Receive bidsw;;(n) from UEs{Let w;;(0) = 0 Vi}
if Jwii(n) —wii(n—1)] <0 Vi then

Allocate ratesy P = () to it UE
STOP

else i~
Calculatep;(n) = 71‘:1};’;”(")

Send new shadow prigg(n) to all UEs
end if
end loop

System Model with three groups of users. Th¥ group
with UE indexesi = 1,2,3,4,5,6 (red), 2" group with UE indexes
i = 7,8,9,10,11,12 (blue), and 3"* group with UE indexes: =
13,14,15,16,17,18 (green).

Fig. 1.
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—— Log k = 15, i = 4, 10, 16
—— Logk=3,i=5,11,17
Log k = 0.5, i = 6,12, 18
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Fig. 2. The users utility functiong/;(r1; + r2;) used in the simulation
(three sigmoidal-like functions and three logarithmic dtions).

b = 20 corresponding to a sigmoidal-like function that is
an approximation of an adaptive real-time application with
inflection point at rate- = 20 (e.g. standard definition video
streaming and is the utility of UEs with indexés-= 2, 8, 14),
and a 1, b 30 corresponding to a sigmoidal-like
function that is also an approximation of an adaptive real-
time application with inflection point at rate = 30 (e.qg.

the simulation results of two carriers and 18 UEs showmigh definition video streaming and is the utility of UEs

in Figure[1. The UEs are divided into three groups. Thaith indexesi

3,9,15), as shown in Figurg€l2. We use

1% group is connected td** carrier eNodeB only (index three logarithmic functions that are expressed by equation

i=1,2,3,4,5,6), the2"¢ group is connected ta"¢ carrier
eNodeB only (index: 7,8,9,10,11,12), and the 3¢

() with r,,.. = 100 and differentk; parameters which are
approximations for delay-tolerant applications (e.g. F We

group is connected to boths* and 2"¢ carriers eNodeBs usek = 15 for UEs with indexes = 4,10, 16, k = 3 for UEs
(index i = 13,14,15,16,17,18). We use three normalizedwith indexesi = 5,11,17, andk = 0.5 for UEs with indexes
sigmoidal-like functions that are expressed by equatign (4 = 6,12,18, as shown in Figurél2. We sét= 103, the

with different parameters. The used parameterscare 5,

1%t carrier eNodeB rate?; takes values between 20 and 300

b = 10 corresponding to a sigmoidal-like function that is amwith step of 10, and the"? carrier eNodeB rate is fixed at

approximation to a step function at rate= 10 (e.g. VoIP
and is the utility of UEs with indexes = 1,7,13), a = 3,

Ry = 100.
In Figure[3(@) and 3(b), when the resources available at
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(a) The allocated rates;; from the 15¢ carrier eNodeB to th&"® group of

users.
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by aggregating resources from both eNodeBs as intended by
our algorithm.

VII. CONCLUSION

In this paper, we introduced a novel resource allocation
optimization problem with joint carrier aggregation. Weneo
sidered mobile users running both real-time and delay-date
applications with utility proportional fairness alloaatti policy
in 4G-LTE system. We proved that the global optimal solution
exists and is tractable for mobile stations with logaritbmi
and sigmoidal-like utility functions. We presented a disited
algorithm for allocating resources from different carsiemp-
timally to mobile users. Our algorithm ensures fairness in
the utility percentage achieved by the allocated resouimes
all users. Therefore, the algorithm gives priority to thenss
with adaptive real-time applications with guaranteed mimnin
QoS for all service subscribers. In addition, our algorithm
guarantees allocating resources from different carrieith w
the lowest resource price to mobile users. We showed through
simulations that our algorithm converges to the optimag rat

30
—e— =13
25
. — =14
20 —o— =15
. —o— =16
a15 P
109 1 =18
5 D\X/D‘D-D—D\, )
50 100 150 200 250 300
Ry (1]

(b) The allocated ratesy; from the 2*¢ carrier eNodeB to th&"<¢ group of 2]
users.

Fig. 3. The allocated rates; from thel*" carrier eNodeB to th8"? group
of users with1s? carrier eNodeB rat20 < R; < 300 and 2"¢ carrier
eNodeB rate fixed aRs = 100.

(3]

[4]

1

10 [5]
—— pl
100 : »@\D\D\j\mn —o— p2 [6]
o DYHL%_

O [7]

102
1073 50 100 150 200 250 300 8
B (8]

1

Fig. 4. Thel*t carrier shadow pricg; and2"¢ carrier shadow prices with
the 15 carrier eNodeB rat€0 < R; < 300 and the2"¢ carrier eNodeB
rate Ro = 100.

[9]
[10]
the 27¢ carrier are more than that at* carrier, we observe
that the resources allocated to t8& group users are from
the 27¢ carrier. With the increase in the’t carrier eNodeB [11]
resources?;, we observe a gradual increase in #é group
rates allocated from the* carrier and a gradual decrease fronk?!
the 2"¢ carrier eNodeB resources. This shift in the resource
allocation is due to the decrease in the price of resources fr
1%t carrier as it has more resources. In Figure 4, we observe
that the shadow price of thé*t carrier eNodeB is higher
than that of2"? carrier eNodeB forR; < 50, approximately
equal for60 < R; < 200, and lower for Ry > 200.
Therefore, the3”® group users, that are covered b§ and
274 carrier eNodeBs, receive the minimum price for resources

allocation with the lowest possible resource price.
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