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Abstract—LTE network service reliability is highly dependent  conditions, the newly re-attached users are likely to erpee
on the wireless coverage that is provided by cell towers (eNB poorer performance. Even worse, some users may not be able
Therefore, the network operator's response to outage scenas 15 attach to any neighbor eNB: this may be due to either

needs to be fast and efficient, in order to minimize any degraakion . .
in the Quality of Service (Q0S). In this paper, Wey prgpose an Very low SINR, or due to the fact that all candidate neighbor

outage mitigation framework for LTE-Advanced (LTE-A) wire less €NBs already operate at full capacity. Therefore, during eN
networks. Our framework exploits the inherent design featues downtime, the operator must adaptively re-configure theidRad

of LTE-A; it performs a dual optimization of the transmission  Access Network (RAN) topology settings in order to restore

power and beamforming weight parameters at each neighbor {he rejiable connectivity to users, but limiting the extent
cell sector of the outage eNBs, while taking into account bht . '
compromise on user performance.

the channel characteristics and residual eNodeB resourcesfter . L . .
serving its current traffic load. Assuming statistical Chamel State  The challenge in tower outage mitigatioRrevious work in
Information about the users at the eNBs, we show that this the area of RAN optimization has studied configuration of

problem is theoretically NP-hard; thus we approximate it asa transmission power as well as beamforming weights at eNBs,
convex optimization problem and solve for the optimal poins using  5nce UEs are associated to them. Assuming the allocation

an iterative algorithm. Contrary to previously proposed power . - 2 . -
control studies, our framework is specifically designed to keviate of a set of UEs to their respective eNBs, existing literature

the effects of sudden LTE-A eNB outages, where a large number discusses RAN optimization by proposing algorithms for pow
of mobile users need to be efficiently offloaded to nearby towe. and precoding weight adjustments towards optimizing aesyst

We present the detailed analytical design of our frameworkand tility [4]. One approach requires minimizing the transsios
we assess its efficacy via extensive NS-3 simulations on anB:T power and/or beamforming weights on the eNBs adequate
A topology. Our simulations demonstrate that our framework L . -
provides adequate coverage and QoS across all examined ogéa enough fo.r the transmission link to be strong with the UEs
scenarios. (characterised by an SINR threshold). The other approach
requires maximizing the weighted sum rate by choosing agdtim
l. INTRODUCTION transmission power or beamforming weights such that they
Mobile network operators strive to provide highly reliablelo not exceed a pre-defined threshold [4], [5]. However, in
and efficient network connectivity, in order to guaranteeglo the context of outage of one or more eNBs, a group of
term QoS. However, such guarantees can be compromisedUys (associated to them) facing service interruption is re-
network outage events, where one or more network elemeassociated to appropriate neighbor eNBs among the rengainin
suddenly become unavailable. In this paper, we tackle tble-pr ones in service. Cutting-edge outage mitigation needske ta
lem of adaptively reconfiguring the network in scenarioshwitone step further in configuring operational parameterspbes
eNB outages in LTE-Advanced (LTE-A) macro-cell deployeptimizing radio coverage, operators need to also satipfy a
ments. Outage is defined as an interruption in the coveragje g@fication service requirements, thereby meeting the costo
service of an LTE base station called eNodeB (or alternigtivetraffic demands across the network. This suggests thatglarin
eNB) to the User Equipments (UEs) associated to its cell. Otmver outage, the RAN needs to be reconfigured such that: (a)
or more eNBs, covering cell sectors, suddenly go down amougers that experience outage can be served by neighbor cells
a set of eNBs in the topology. Outage causes the networkly the QoS requirements for such users are still met, even
QoS to be degraded as a result of which any associated U#iging outage; and (c) the operator does not compromise the
performance is affected. We primarily focus on the case pérformance of other attached users that do not experiétige e
LTE-A [1], [2] since it is a mobile network technology thatoutage. These requirements pose new challenges in addyessi
is being widely deployed around the world and is expectdlde problem of adaptive outage mitigation in LTE-A macro-
to dominate the broadband network market within the negéll deployments. Increasing coverage so as to re-assdgizd
few years [3]. In this context, an eNB outage can typicallequires increase in transmission power at the eNBs. Haweve
occur due to: (a) planned maintenance, or (b) unexpectedsvélindly increasing the transmission power of nearby sector
such as bad weather conditions. With planned maintenaniteprder to cover connectivity holes from eNB outage is not
the operator in many cases needs to take the eNB offlithee wisest choice; it can cause excessive levels of co-atann
in order to apply a hardware/software upgrade or perforimterference thereby degrading QoS. The link stability o t
certain repair operations. Moreover, during severe weathre-associated UEs must be strong and their QoS requirements
conditions such as hurricanes and heavy snow storms, eMBerms of finite buffer traffic subscription are requirediie
radio transmitters can be badly damaged. In both such cassgisfied. To the best of our knowledge, these challenges are
the eNB becomes unavailable and thus, its associated Uted adequately discussed in existing literature.
get immediately disconnected. Depending on network ptanni  Our Contributions:In this paper, we address the above chal-
and resource availability, some of these UEs may be aldmges by designing an online outage mitigation framework f
to attach to neighbor sectors. However, due to poorer SINB-associating UEs facing outage to alternate LTE-A eNB cel



sectors. Our framework is based on the conceptiaded-loop

service quality managemewhere real-time outage correlation I B
data along with eNB configuration parameters are provided to ’T“ i i

a centralized RAN controller. To suit a more general case,
our framework assumes imperfect channel knowledge of the
UEs at the eNB; hence, it maintains a statistical distrdouti S T
of the Channel State Information (CSI) at the transmitténs:

contributions in this paper are multi-fold: ATFRBQ fi FORCCT
¢ Design :To the best of our knowledge, our paper is the first ’%“ AL ANTENNA TRANSMITTING
to design an outage mitigation framework for LTE-A systems ATFREQ 2 FOR CC2 (211)
with Carrier Aggregation (CA) and 2D/3D beamforming. A (NB) COLLOCATED SET
e Service Model: Our framework for optimal re-association of SUPPORTING CA

. . . . . CELL SECTOR BOUNDARY
UEs facing outage is novel in that we consider the UES’ qualit

of service requirements in addition to conventional faxgurch
as channel characteristics of the UEs from the eNBs and @%ﬂ
traffic load at the eNBs.

o Optimization : We establish that the outage mitigationees in their optimization. In [9] and [10], the authors ddes
problem is NP-Hard and we approximate it to be solved Vigaximizing the weighted sum rate objective function subjec
convex optimization techniques. The RAN controller runs 3hower thresholds. This problem is however non-convex (gimi
iterative reconfiguration pr_ocedure for optimizipg tramssion g our original problem without approximation) and the auh
power and 3D beamforming weights on serving eNBs to r@gyise a joint optimization strategy to optimize the linbaam
associate UEs facing outage. By doing so, our framewoyKctors across coordinated cells and independently-ratetiil
maximizes the network coverage with higher link stabilityasource slots that address the frequency diversity in OKDM
and the aggregate QoS from the serving eNBs for all UE§ystems. They present an iterative algorithm that atterttpts
especially the ones facing outage. Contrary to previoukwago|ye the first-order optimality conditions of the non-cerv
dealing with traditional power control, our design is custit roblem, which gives us insights for deriving the first order

1. Modeled macro-cell LTE-A deployment, where each site hosts
IMO-capable sectors with 120-degree angle separation.

for outage scenarios. o ~ optimality conditions.
« Evaluation :We implement our outage mitigation solution in
NS-3 [6] and perform extensive simulations on a sectorized [I. SYSTEM MODEL DESCRIPTION

macro-cell topology. Our simulations demonstrate that ourin this section, we discuss the design space of our system
reconfiguration framework outperforms the existing tiadiél model and we elaborate on the set of design assumptions.
power allocation techniques in terms of mitigating outage A. Design Space Description: We considerM collocated
through the net QoS satisfaction and achievable throughputsets of sectored LTE-A eNBs; i.e., each sector is associated
Related Work: There is substantial existing literature whichwith a separate eNB, as modelled in [11]. Hence there are
talks about transmit power and beamforming weight configurans sectored eNBs. Since the considered eNBs are LTE-A,
tions in telecommunication systems. We highlight and elat@ they can perform Carrier Aggregation (CA) of up to five
the most relevant and compare them with our proposed wopl0-MHz Component Carriers (CC) concurrently, which means
In [7], the authors propose a joint optimization of beamfersn their aggregate bandwidth can be up to a maximum bandwidth
in a MIMO multi-cell setting. They focus upon minimizingof 100 MHz [12]. In addition, the eNBs are equipped with
the total weighted transmission power and the maximum p@D and 3D beamforming capabilities (CoMP), wherein higher
antenna power across base stations, such that the link é&etwsignal gains are achieved across specific directions bystagu

any base station - UE pair meets a certain threshold. They tise phase and weights of multi-antenna transmissions. Each
an important result in [8], which shows that the SINR coristra eNB covers a sector (area of coverage), so any collocated set
that requires the link to satisfy a pre-defined thresholdiwal has 3 sectored eNBs with angular orientation®gf120° and

can be modelled as a convex constraint using second-order, respectively, as shown in Fig. 1. The figure also shows
cone programming. Using this, they model the problem aeployment of 2 Component Carriers (CCs) on every sectored
a convex optimization problem via Lagrangian duality theoreNB. Each CC covers one cell, which is a group of users in
and propose an iterative algorithm that converges to ofiityna the sector area. The covered area of the 2 cells for each eNB
The key difference in our paper is the impact caused by teeuld be somewhat different based on the frequency, power,
frequency-selective OFDMA sub-channels considered in oamd antenna configuration.

MIMO OFDM system. Similarly, a dual optimization techniquén general, each collocated set of sectored eNBs serves
for transmission power and beamforming weights using arsterone set of cells, and each sectored eNB is deployed with
arrays is given in [5]. They however do not model the problem inter-band aggregated Component Carriers (CCs) [12]
as a convex optimization but propose an iterative convegery’ = {C,,C,,...Cc} belonging to frequenciesfi, f, ... fc}.
algorithm for optimizing beamforming weights and transmit Each eNBm has N,,. transmit antennae for any CC
power that meets the SINR thresholds for operating link® Tlr. that emit signals at the corresponding frequengty
objective function is different in our case, as we focus oti-opand each transmit antenna hag antenna elements. The
mizing the effective coverage in a topology that accountsije number of transmit antennae for any eNB is given by
namic outages. Moreover, they do not account for QoS guarav; = S | N,, . and the total number of transmitter antennae



is Np = 322 Np.. Let K be the total number of Userby psd = P../B. Here, B is the total number of PRBs of
Equipments (UEs) in the system. We consider the UEs to ) _ N (c) .

be scheduled on all the CCs. Leg,. be the total number @1 CC in the aggregated carrier angl.. = 2 Pucls the

of receiver antennae for signals corresponding to €Cat total transmission power of the eNBR. Here, namsS; , (b)}
any UE k. The number of receiver antennae for any WiS is the number of independent data streams from transmitter
given by : Ny = ¥ | Ni... and the total number of receiverover PRBb. And tr{s;(b)} = psd .. Hence, the transmission
antennae is given bz = 35 ¢  Ni.. We assume that from eNB m to UE k over PRBb of CC ¢ is given by

Ngr > Nr. Zm (b)) = SN 5,(b). Thus, the power spectral density of
e MIMO-OFDM: We consider a linear MIMO OFDM systemeNB m over CCc is:
[13] in which the given frequency-selective channels in Non(c) Nom(€)

any CCC. is converted into a set oB fixed parallel flat lzkm ()P = D w{Si(b)} = > tr{E{s:(b).s:(b)"}}
fading sub-channel Physical Resource Blocks (PRBs). The t=1 t=1

transmission across the PRBs of any CC in the aggregated Nom ()
carrier follows an equal power allocation scheme. We assume =Y psd,=psd,. . )
the fading characteristics to be resolved to the granylat —~ “ e

sub-channel PRBs and hence, we haveandom fading values : ;
on any CCC.. 3D MIMO introduces a vertical dimensionTsinsg\;iforg?iUEk associated to any eN, w..(b). s
in transmitting antennae by accounting for the heights ef tﬁ; e
eNBs and the UEs. For any eNB and UEk, the respective 1211 (DM (D)W (0) | s,
channel coefficient matrix has three dimensions per PRBM K
which are : (i) the number of transmitting antennae on thed, > [Z&m (B)Hkm (D)W s (b)|*.psd,0r . + o, c.[|ZE 0 (D)
eNB m at the corresponding Cg (ii) the number of receiver iy
antennae on the UE receiving signals corresponding to CC 3
C., and (i) the number of elevation antenna elemenxtsper B. Outage and Mitigation: We assume that one or more of the
transmit antenna that accounts for the height of the edB eNBs in a topology dynamically face outage. As a result, the
and UE k. However, the receiver antennae has conventior@dEs that experience outage stop sending/receiving anyafont
2D MIMO characteristics. The channel coefficients betweesr data traffic to/from eNBs that are not transmitting. Our
eNB m and UE k over any PRBb out of the B PRBs of goal is to mitigate the adverse impact of outage. This can
any CCC. is represented by a 3D matrki,H,(b), given by be done by re-associating the UEs to other operating eNBs in
the dimensionsvVy . x (Nm,c X Na). Let Wy (b) andZ, .(b) the neighborhood, upon appropriate re-configuration osimat
denote the corresponding transmit beamformer and recepugver and beamforming parameters. Next, we elucidate the
combiner weights, respectively. strategies required for mitigation.
Let 7, be the set of UEs facing outage. Let;, be the set
e Modeling of Radio Channel CharacteristicsThe received of eNBs from which any UEk € .7, receives signals with
signal for any UEk from any eNBm over a PRBb is [14]:  a Reference Signal Received Power (RSRP) [16] greater than
H a pre-defined threshold. An RSRP value experienced by any
Us(0) = Zia (0)Him (B) Wi (b). 20, (b) + UE from any eNB that is greater than a lower-bound threshold

2

MoK, . indicates that the UE is within the coverage area of the eNB. |
+ 3 D Ziw OHim (OWir g (0)-2ar s + Zin (b)-ne - this case, the UE coulgossiblyconsider re-associating to this
Ny eNB, while facing outage. Lew be the set of eNBs such that

(1) A =U,cn, . Forevery eNBn € .4, J, is the set of UEs
The noisen;,. experienced by the UE over any CCcis an in- which the eNB serves with a RSRP greater than a threshold,
dependent and identically-distributed Gaussian randambie signifying that.#;,, consists of UEs lying within the coverage
with meany. = 0 and variance3, .. The first term on the RHS of m. This includes UEs already being servedqay Now the
in Egn. 1 indicates the intended signal from eMBo UE k, the eNBs in.# need to be able to pull over the maximum possible
second term indicates the inter-cell interference from a3 set of UEs currently facing outage.
m’ #m to UE k' # k and the third term is the receiver noise When UEs get re-asscoiated due to an outage, the perfor-
after combining signals. Since PRB orthogonality in OFDMAnance of the re-associated UEs are certainly impacted. In
guarantees any 2 UEs to be allocated mutually exclusigddition, UEs in nearby sectors are also impacted. This is
PRBs, when simultaneously scheduled, intra-cell interfee illustrated in Fig. 2 which is a result from our simulations
is eliminated in Eqn. 1. For transmission of data symbols tehich are described in detail later. The figure shows the CDF o
any UE k over PRBb of CC ¢ from eNB m, we assume log,,SINR(in dB) as against each of the 250 UEs considered
that all v,,, . transmitter antennae jointly process transmissidor simulation under (i) a no outage and (ii) varying sector
of data symbols to the UE. Let ,(b) € CV+(©) be the data outage sceanrios. The topology with distribution of UEs is
symbol transmitted from antenrtato UE % over all receiver shown in Fig. 3, where the red circles represent UEs and
antennaeVi (c). Let S; i (b) € CVx(*Nk(e) be the transmission the stars represent eNBs. The simulation parameters age giv
co-variance matrix [15]. So, we havs;(b) = E{s:(b).s.(b)}. in Table I. A monotonously increasing curve (passing nearly
The co-variance of the transmitted symbols over any RRBthrough the middle) represents the SINR CDF of the UEs
is the power spectral density of transmitteover CCc given under no outage. And the remaining curves (deviating from



weights corresponding to the maximum transmission power
so as to be able to successfully reassociate as many outage-
impacted UEs as possible, as discussed in section Il. The
success of a reassociation is based on whether the QoSeequir
ments for the UE-subscribed traffic are satisfied. Increasin
the eNB transmission power to thmaximum-possibldimit
helps in getting higher RSRP values (based on the transmissi
power) for the UESs, thereby, maximizing coverage. Decrgpsi
the beamforming weights to ainimum-possibldimit that
satisfies the required link stability (characterised by IN
threshold) reduces interference to UEs in neighboring cell
sectors. In essence, appropriately steering the diresdtimeam
over frequency-selective PRBs to intended UEs decreasges th
inter-cell interference. For brevity, we term the proceflssmi-
mizing the beamforming weights corresponding to a maximum
transmission power agptimizing the effective signal coverage
é?Dom the remaining eNBs. Optimizing coverage should adhere
to power constraints for each eNB and is subject to SINR and

b ting d ds in the sl h Yltfic guarantees. As stated above, SINR guarantee require
y curves pointing downwards in the slope) as they Weifie link stability between a UE facing outage and any other

appgrently associated to the eNBs exp_eriencing Serv.im'imserving eNB, considered for re-association, to be grehgan t
ruption, where_asafew other UES associated to the n_elgmporh re-defined threshold. Traffic guarantees require the QoS
sectors get higher channel gains (shown by the points ab%é)uirements of the UE-subscribed traffic (in terms of parde

th? base]ine curve) due to the r_eduction of int_erferencecbl;a finite buffer rate) to be satisfied for any associated/reciased
this motivates the reconfiguration of transmission powed ane using the residual PRBs available in the eNB. This is a

beamforming ngghts across serving eNBs (not experienci t optimization strategy, as the choice of transmisgiower
outage).to be dr|.ven b)_/ the need to not only extend cover d appropriate beamforming vectors on any eNB affects the
to UEs in the neighboring sectors that face outage but also Orformance of UEs associated to eNBs in the neighboring
accommodate the varying channel gains of the UEs associ %@tors Let# — U Won(b) represent the set of all
to their respective cell sectors. ' VmiVkivh

Maximizing coverage requires increasing the transmissi@® unit-norm beamforming vector weights. In addition, let
power across the eNBs. However, this is expected to cau®e = |J Pm. represent the set of all eNB transmission
interference to other UEs. So, the reassociation of outdge ower;"é;g;responding to the set of eNBs and the CCs
to other alternative eNBs must be done while minimizin

) _ ; of the aggregated carrier. Given this, we formulate ourtjoin
the inter-cell interference. Choosing adequate beamfu;m|0 timiza%gn gs follows: ]
weights across the transmit antennae, apart from their powéJ ’

guarantees the desired SINR for the UEs. This is equivatentt  Minimize max Z Z |w,€,m(b)|2.vac
maximizing the coverage (that requires higher RSRP and thus v P vmet; kem: B

Vee€ VbeCe

-20 UE INDEX (1 to 250)

Fig. 2. SINR CDF

the baseline) represent the SINR CDF of the UEs for
topologies containing at least one sector outage. A largebeu

higher transmission power) with minimum inter-cell intrf _ )
ence (with appropriate beamforming weights). The novefty o Subject to ti > W, .. (b)[*.psd, .} < Pm(m,c) ;

this work is that it considers the transmission power in@etmn k€ Hm

on the eNB to be based on its residual radio resources after Wie,m (b) > wrh ; ZVk’m(C) <B;
serving current traffic load. The rationale behind this iatth k

if an eNB in.# is facing exhaustion of its radio resources as [Wem ()15 < 15 Vim(c) € {0,1,2,... B}

a result of serving a large number of users or a higher trafii_Fere psd. . is as mentioned in Eqn. 2, (m, ¢) is the upper

.. . . f c - 43Th B -
.SUbSC”pt.'O”' then it cannot accept and effectively senyeldE bound threshold on the transmission power; the first coinstra
In %o facmg outage. To the best of_our knowledge, our work Bnsures that the power thresholds are not violated, (b) is
the first to incorporate current traffic load charactersst€ the o

) . - as mentioned in Egn. 3 andr, is the lower-bound threshold
eNBs along with the radio channel characteristics of the f0Es SINR per PRB that is required by any UE associated to an

selection of appropriate transmission power and beamﬁgmeNB ; the second constraint guarantees meeting the required

vector weights to mitigate outage. With this approach, t '
transmission power and the related beamforming vectorhmaig?N':({C)t?sretigorlgd;?é dprr]ifirt]'gglr g;i EpF(e);zSihV;ﬁyaéf;‘ tj o“ ESEZ ril’e
k,m

et Progerton 6 e resualafi o UE i y e ;e thrd constrat guarartees
current traffic on a per-LTE-frame basis k the QoS traffic derr]ar)ds of any _as_souated/re—assoma_lted UE
' are met upon association/reassociation. And the last ionist
ensures integrality in the allocation of PRBs from any CC to
the UEs.
As discussed, the goal of our outage mitigation techniqee THEOREM 1: The choice of optimal transmission power
is to minimize, in the mean square sense, the beamformiagd beamforming weights on any eMNBis NP-Hard

IIl. OPTIMAL MITIGATION STRATEGY FORMULATION



Vk,m(c) = 2] Rk_ ~ | R_k

The above optimization problem is hard to solve as it is Blog, (1 +km(e) — B10g; @km(c))
difficult to estimate the value of;, ,,(c) due to the stochastic Wherew....(c) is the exponential effective SINR average [18]
random variableHH . (b) (considering statistical CSI) asso-from CC c of eNB m to UE k and Vi, (c) is the expected
ciated with eachy in CC C.. It is hard to determine the number of PRBs to be allocated from @C of eNBm to UE,
value of V;...(c) for even 2 UEs. Previous works have modas shown in Eqn. 5. The approximation of {og- ) ~ log z is
eled the problem of choosing optimal transmission power @8rcommonly-studied approximation [19] and the approxiorati
beamforming weights of each eNB in a multi-cell beamforminig within 1 bit (log1 + =) —log = < 1;for = > 1). For @y, m(c)
scenario, subject to SINR constraints, as a convex opttiniza We have:
problem. However, since our work additionally includes the
QoS constraint based on the residual frequency-seleciBsP
at the eNB, they cannot be directly applied here.

m’/#m
—Proof. If we prove the NP-hardness for a simpler single-

; here®&,. .. (c) is the expected wideband channel gain between
cell version of the same problem, then the NP-hardness n;opéN X L
will also apply for our “harder” multi-cell problem as wekor eNB m and UEk over CCC.. The approximation gap for

this, let us consider the following decision versid@piven the this is elucidated in [18] and [20]. From the 2nd constraint,

- - - - : as it is required for the resulting SINR across each PRB to
z?ttgnasléqigs)r]:agg\?veoﬂgta%%dlSbteh:rﬁﬁﬁl%e@%?Sﬁtlgz tion be greater than the threshold SINR, the exponential effecti

vk across eNBm, resulting in a successful association/re-tshli’:Reivsgaegnﬁglmé%)e?i\lleargsg ;\Z}g(g jaUrJi];g(fc()).rAinsf?ére
association ofk, UEs, wherek = 1,2,... K, and K, < |#,|. P 9

. . O Es associated to the eNB. This results in different values
First, to claim that the problem is in NP, we should prove thé& Vem(c) across different UEs. So, imposing the constraint

<0.B (4)

Gk,rn(c)~Pm,c

= )
Z Gk,m’ (C)'Pm’,c + E?\’,c

wk,m(c)

a Yes/Noanswer to the corresponding decision problem can Qe = ;

verified in polynomial time. Giver?* and #*, the computed at szv’“’”(c) < B for each UEk associated t-o the eNB:

set of transmission powers and beamforming weights acrdggkes it difficult to get a closed-form expression for thetot

eNBs needed to associate, UEs, it takes only a linear time number of PRBs allocated to all associated UEs from eNB

to determine the feasibility in terms o, ..(c) and to verify on CCC. and to check if it does not excee&dl To handle this

that the sum of allocated PRBs from eNB does not exceed problem, we introduce a new fractional variablebased on the

the total number of PRBS. It again takes only a linear time scheduler (such as the Proportional-Fair scheduler, Rooipic

to determine the feasibility in terms of computing,,..(b) for ~scheduler, etc.) [21] that assigns each CC in the aggregated

all B PRBs on eNBn for each associated UE and to verify carrier of the eNB with its portion of the finite-buffer peafme

that w,m (b) > wm,Vb:1 < b < B. UE-subscribed traffic that it should serve, schedules #iar
Next, to show that the problem is NP-Hard, we must redu@@rtion on the corresponding PRBs of the CC and allocates

a known NP-complete problem to our problem in po|yn0miéher_n to the UEs. Based on the reql_Jlred traffic, instantaneous

time. Let us take an instance of the NP-Complete Subset s@ffievable throughput and past-achieved throughput fiteen t

problem [17], whose decision problem is stated as follow§C of any eNB to a UE, the scheduler determines how many
“Given an instance of non_negative integefss27 ...sn, and an PRBs should be allocated from that CC to the UE. This helps

integert, is there a subset of these numbers with a total sum in estimating the fraction of PRBs which the scheduler desid

This decision problem is proven to be NP-complete. We witp allocate to the UE. The value of the number of PRBs is
provide a reduction in polynomial time to the decision peshl also impacted by the total number of UEs associated to the
of our version as follows: As3 is the total number of PRBs corresponding cell. There is however no guarantee that the
on any CC of any eNB; —> B. The PRB allocation is done total number of PRBs allocated to the UE by the scheduler
based on the given finite-buffer QoS requirement for eact:lUEWouUld ascertain meeting its QoS requirements. That is tite du
given by R.. So,s, = R, Clearly, the successful allocationof our _congtrair?t to ensure it. So, the third constraint ¢upo
of K, UEs to any eNBn is possibleif and only ifthe B PRBs approximation) is written agy, . (c) < 6« B. _
can support the net traffic requirement of all these UEs,rgive A critical aspect of this approximation is that the equation
Ko . - . does not essentially capture frequency-selectivity acttos CC
by k; s. S0, aYesanswer to this decision problem indicates @ but rather chooses a wideband Channel Quality Indication
Yesanswer to allocatings, UEs, based on the configuration of(CQI) reporting. On the other hand, this helps in approxingat
transmission power and beamforming weights on each eNB the problem as a convex optimization problem and deriving
This impacts its SINR for any UE, which further determines a near-optimal solution. However, the principle of freqeyen
the rate and hence, the number of PRBs allocated to the Electivity in PRBs is accounted for, when we determine the
[ | near-optimal 3D beamforming weight matrices as detailed
Approximation: Since we prove that the independentlyin Lemma 2 and in the next section.
modulated PRBs makes the problem hard, we approximate tHd&EMMA 1. The optimization problem with approximated
problem so that it could be solved using convex optimizatigtonstraints is convex with respect to the choice of transimis
techniques. Accordingly, the 3rd constraint is approxadaas powers across eNBs
follows: We analyze the formulation in terms of joint optimization of
both & and #'. Let us split the formulation into two sub-
Viem(c).8.1009, (1 4+ @k m(c)) = Ry = problems. The first sub-problem is theaximization objective



by choosing the optimal transmission power for each eNB. that couples both traffic and signal guarantees is obtairoed f

Z Z W , P the following:
P* = arg max Wi 1 (b)]7 —22
4 v;/ne%/t; vt/%xm; B Ry
cEE ECc _ b4
Vk,m(c).ﬂ.|0g2 (1 + wTh) ~ Ry ; wmh~ 2V’€7m(c)'ﬂ -1 (8)
subject tottf >~ Wi, (b)]°.psd,, .} < Pm(m,c) ;
KE Hm ' If wk,m(b) > wm, this results in the above constraint in Eqn. 7
(proved to be convex from [8]).

Wem(D) > wih 3 Vim(c) < 0xB. (6)
Recall thaM, ... (b) here is the beamforming weight value when V. OPTIMIZATION OF TRANSMISSION POWER AND
outage happens, since the starting point of our optimiratio BEAMFORMING WEIGHTS

procedure happens at outage. With respect to this maximmzat Having shown that the approximated mitigation strategy is a
objective, the objective function is a linear function ofeth convex optimization problem, strong duality holds. Hertbe,
transmission power. A linear function is both convex angplution can be characterized via its Lagrangian. The mat@®
concave. Thus, the objective with respect to transmissisvep in this optimal reconfiguration of the transmission powed an
involves the maximization of a concave function. The lefti¢ha heamforming weights on each eNB is to make the coverage
side of the first constraint is a linear and hence, a conv@$m each CC of the eNB is proportional to the number of
function of the transmission power. Hence, the first comstraresidual PRBs. The Lagrangian is applied in two phaggs,

is convex. The second constraint may appear non-convexd c, for the transmission power and beamforming weights,
however, constraints of this type can be transformed intor@spectively.

second-order cone constraint and thus convex [8], [7]. Thus

the left hand side of the second constraint can be written As Transmission power Optimization

a concave function of the transmission power. The left handHere, we increase the transmission power of each eNB
side of the third constraint is a convex function as log of trggsed on its residual PRBs so that the coverage from each
expected SINR is also concave. The log of expected SIN

. i them is increased due to a higher resulting RSRP value for
based on wideband CQI reporting that uses one SINR va & UEs. This reconfiguration impacts the SINR of the UEs

for the entire CC from Eqn. 5, is present in the denominat 6ontributing to both the signal and interference facterkjch

![?] Ean. 4 as tqllscuigedt_ab(t)ve, a;.nd. IS rt'ﬁm;e convex. Theref urn affects satisfaction of their QoS. Hence, we musate
€ maximization objective 1o oplimiz€ he ransmissiowen through the reconfiguration values so as to reach the optimal

in Egn. 6 is a convex optimization problem. : : : : ;
) NP . . oint of signal coverage, where there is maximum possible
—LEMMA 2: The optimization problem with approximate eassociation of UEs. The high-level overview of the praced

constraints is convex with respect to the beamforming We'ngefore divulging intricate details is as follows: The prdase

across eNBs. initially starts with the maximum possible transmissiorwgo

The second approximated sub-problem is thaimization on each eNB that maximizes coverage due to increased RSRP.

objective by choosing the appropriate beamforming We'g.htﬁut this contributes to interference in a multi-cell setupiet

for each optimal transmission power obtained from the jonesi oo help in successful reassociation. So, at evesie

sub-problem. the transmission power on each eNB is reduced based on the
yr . 2 Phc interference it contributes to neighboring sectors, unél get
7= are it vze;l_ Vk; _ Wem (B)I" B an upper bound on the transmission power of each eNB that
Veew  vbeco maximizes coverage. The procedure stops at this optimat,poi
subject to| Wy, (b)|3 < 1 characterized by the first-order Karush-Kuhn-Tucker (KKT)
. - conditions [9], [7]. Referring to the corresponding objeet
Wi (b) > 2% —1; @) in Egn. 6, the primal variable to be optimized in the first phas

is P, and the lagrangian dual variables (for the constraints in
As discussed earlier, the optimal transmission power usg@ primal problem) includ@,..c, ym. and k., .. By applying
in Egn. 7 is the one obtained from solving the optimizatiothe Lagrangian, we get:
problem in Eqn. 6, based on the expected SINR from wideband

CQI reporting. However, with the optimal set of transmissio L PN pr)= > > |Wk’m(b)|2.Pm*c
power valuesZ#* obtained from the first sub-problem, the Vm el VkEHm; B
beamforming weights are obtained on a per-PRB basis using veew vhete

sub-band CQI reporting. Recall thay;, . is the optimal trans- 9 Pmc

mission power allocated for C€of eNB m (as obtained from B Z Amie( Z Wim 0)[- B ~ Pm(m, ))
the previous phase), afd;...(c) is the approximated number ecw R

of PRBs allocated from the CC to any UE We need to

choose the minimum possible beamforming weights for each + Z Z Bom,e (Wh,m (b) — wrh)

of the Vi...(c) PRBs allocated from CQ. of eNB m to TS Vs dim

UE k. This, when coupled with per-UE minimum-acceptable

SINR requirements, results in the SINR-based constrast, a — Z Z Em,e(Vi,m(c) — 0, B) 9)

shown above in Eqn. 7. Hence, the approximated constraint Vmed; he Ky,

Vee®



andxn,. = 0, the iterative procedure is based on the expression
in the matroid, which is of the following form:

Now, from Eqn. 3, we can write:

1Zi 1 (). Hie i () W1 (B) [* . P

We,m (b) — wrh =

B.wth Tm,c(t)E = Tm’,c(t - 1)\1’ +Q
The value of the dual variables obtained at each iteratien ar
H 2 Pore o H , used to find the corresponding primal varialdh . at that
- Z [Zic,me (0) Hi s (0) Wir i (B)7. B —ON,el|Zk,m (D)l iteration. This can be written in standard function, asdiol:

(m/ k")#
(m, k)

(10)  Tomel®) = (T o(t = DT + Q) = frno(Tour ot — 1)). (13)

Similarly, we have: . . .
y Any expression that can be written in the above standard

Gy, (c)-Pe form is proven to converge. We avoid elaborate discussions o
m convergence due.to space c_:onstraints and the reader_isedafer
: to [7], [5] for pertinent details. At convergence, we will e

P} .. i.e., the optimal transmission power for eNBon CCec.

v.Ic,m(c) - ekB -

- Z Gk,m’(c)P’g’c
m’ e B. Beamforming Weights

We do not show the entire step of derivation for the final Heré, we reduce the beamforming weights corresponding to

_ : - N . ;
closed-form expression of, due to space constraints. How-€2Ch transmission powef;, ., we obtain for every eNB in

ever, by re-arranging as shown in Egn. 15 and setting tH® Previous stage, while still maintaining a strong, stabik
. . L1 between the eNB-UE pair. This helps in reducing the intdr-ce
gradient ofZ, with respect toP,,. , =——, equal to zero, we

— o, Zim (B)17

(11)

. . © " Py, _ interference among eNBs. The rationale here is to determine
obtain the following set of equalities which form the firsder the appropriate beamforming weights for every PRB on each

CC in the eNBs, thereby retaining the frequency-selegtivit
of the OFDMA-modulated CC. The computation is based on
the optimal transmission power for each eNB on CC ¢
obtained from the previous Lagrangian phagg,., along with

the estimated number of PRBs for every reassociated UE given
by Vi m(c) and the SINRwy ., (b). Referring to the objective
function in Egn. 7, the primal variable to be optimized heye i
W.....(b) and the dual variable considered her&;is, (b).

Lo(7.O)= >, > |Wk,m(b)|2.P]’*;’c

Vme#; VkE A m;
- 1) (14)
1

conditions required for optimality:

S W) '
VkEHAm;
H Vbece
e S B O Hun O W )
Hm,c ke ; WTh =
. vbece
e Gy,m(c)
>
VkEHm; 2B8-0x-B — 1
VbECe
0
H
Al = S0 1ZE () Hir o (0) Wi (0)]
D e ey
m/#m B/ e Z Gk’,m(c)

V(k',m’)
#(k,m)

2 D W)

VmeEM; VRE K m;
Vee® — Vbece

The complementary slackness conditions are given by:

Prc
Ame | D Wi (b)[*. 5= = Pm(m.c) | =0
VEkE Hm;
Vbece
> Hme (Wrm(b) —wm) =0 (12)

VRE K :

Vbece o

Z Rm,c (Vk,m(c) - akB) =0
VkeHXm

)\m,c >0, Hm,c > 07 KRm,c >0

The equalities and complementary slackness, shown above,
along with the constraints in the transmission power sub-
problem in Eqn. 6 form the KKT conditions, required for

optimality. From the first-order conditions for optimalitywe

construct our iterative procedure as follows: Let the teoms

- Z Z Ck,m(b)

VmeM; VEKE X m;
Vee€ Vbece

VcEE ~ Vbece
Wk,m(b)
Ry
27,6,7“(0).5 _

After substitution from Egn. 3 intav, . (b) like what is
shown in Egns. 10 and 11 and then, rearranging, we have:

L. O= > > oXelem®IZI. 0

VmeH; VkEHm;
VeEE  Vbece

Py . |Zka (b)~Hk,m(b)|2-<k,7n(b)
FYY Wi e O
KA BRFVhm® 1)

D 1ZE o (0)-Hir i (0)7 G (D)W () (15)

(m? K)#
(m, k)

Similarly, the first-order optimality conditions for KKT,

the LHS of the matroid be written as,,.(t), um,(t) and obtained by equating the gradient 0f in 15 with respect to

km,c(t) and the terms on the right be written as, .(t — 1),
P o(t — 1) @nd ks (¢ — 1). Starting fromA,,c =0, fim,e =0

the beamforming weightWy,., (b) to zero, include the following
equalities:



TABLE |

1ZZ . (5).Hi m (D)2 .Cho.m (b) NS3 SMULATION PARAMETERS
, ; -1
R
B 2W 1 Parameter Value
Macro eNB Tx power range 45-50 dBm
Macro eNB height 32m
H 2 UE height 15m
- Z 125t (0)-Hir i (D)7 G (D) (16) Antenna Directional, sectored
(m’,k:’) £ Orientations 0°,120°, 240°
(m, k) Beamwidths 30° — 70°
’ Antenna Gain 10-15 dBm

. . Path Loss model Log-Distance
The corresponding complementary slackness conditions Risnce-dependent pathloss expl 3.52

similar to Eqn. 12, referring to the constraints in Eqn. 7iSTh| Frequency-dependent pathloss eXp2.16

expression can also be written in standard function shown|ig!NR threshold 35 dBm
Eqgn. 13. And with a similar reasoning, it converges to anFading distribution '(-59:'”8@"":' 6.5dB)
optimal p(_)lntW&:m(b) [7], [9] i.e., the appropriate transmit[macro inter-site distance 1.732 km
beamforming weight for any PRB from eNB m to UE k. Operating central band frequencigs748 MHz, 2125 MHz
Bandwidth of the CCs 10 MHz (50 PRBs)
V. PERFORMANCEEVALUATION Maximum number of UEs 1000
. . User distribution Uniform across cell
In this section, we evaluate the performance of our propOSeUE Traffic subscription Binomial
framework. We present our computer simulation setup fadidw | Distribution of traffic choices Uniform
by our results Scheduling algorithm Proportional-Fairness
y ) PHY AMC decoding AmcMirror model

Simulation setup: We use the open source LTE/EPC Net
work simulator (LENA) M5 release, based on the discret
event Network Simulator NS3 [6]. The salient features o thfor sending their uplink SRS values is 320 ms. With respect
simulation model include a complete implementation of mipli to traffic subscription, the UEs subscribe to traffic applamas
and downlink PHY and MAC layers (e.g. Adaptive Modulationvith finite buffer QoS requirements of 32 kbps, 128 kbps and
and Coding (AMC), path loss models, and channel state inf&12 kbps, following a binomial distribution with a maximurh o
mation feedback). We extended the simulator to support: B)traffic subscriptions per UE. The choice of traffic appiioas
RSRP-based association of UEs to the eNBs, (ii)Log-nornfallows equal probabilities. The Table | contains the value
shadowing between each eNB-UE pair and (iii) Frequencysed for the parameters and a range of values, specifically fo
dependent path loss exponent for computation in inter-batie transmission power and beamforming weights parameters
CA. We simulate our framework over a 21-sector hexagonghe near-optimal transmission power and beamforming weigh
grid with sets of 3 collocated sectored eNB cell sites withsed are obtained from this range through a numerical evalua
directional antenna, as shown in Fig. 3. 7 collocated eNidn of our optimization procedure.
sets (21 cell-sectors with 3 cells per set) are deployedén th There are 2 key main parameters considered for evaluation:
following coordinates : (1700,4250), (3400,4250), (858@), e Fraction of successfully-reassociated outage UEsThe
(2550,2550), (4250, 2550), (1700, 850), (3400, 850) with draction of UEs facing outage who have been re-associated
average inter-cell site of 1.732 km. Each eNB is equippet wisuccessfully and served for their QoS requirements.

2 inter-band CCs, belonging to 748 MHz and 2125 MHz. We Aggregate achievable throughput of outage UEs This is

- ] QPSK, 4QAM,
3_Supported Modulation schemes T6QAM, 64QAM

perform extensive simulations for three cases: the estimated aggregate throughput of all the re-assodi#Es,
(i) Scenario A with outage of a single sector at the center based on their instantaneous Modulation and Coding Scheme
the hexagon, (MCS) values, while considering the allocation of the entir

(ii) Scenario B with the outage of a collocated set of eNBs arafjgregated carrier (all PRBs on all sub-frames) to each UE.
(iif) Scenario C with the outage of 3 cell sectors randomllf indicates the quality of the radio channel made available
distributed over the network. to the UEs facing outage.The evaluation is carried out for
Simulation parameters are detailed in Table I. Each sinmrat the 3 scenarios A, B and C. We evaluate and compare our
result is based on an average of 50 instances of the varigneposed optimization approach against two other appesach
random variates (user placement, log-normal fading, traffone of them (SINR only) is only based on SINR constraints
model). The users are uniformly distributed across theltgpo that requires the link stability to be greater than a thr&sho
The number of traffic applications used by a UE follows without caring about the residual network bandwidth. Theeot
binomial distribution, i.e. there is a non-zero probapilior approach (residual resource only) is a channel-agnosiid-lo
any UE to subscribe for any number of traffic applicationsalancing technique based on the number of residual PRBs
(incl. 0), up to a maximum subscription humber. The choicavailable on each eNB. eNBs having larger residual PRBs
of subscribing to any traffic application by any UE followsare likely to attract more outage UEs for reassociation. In
a uniform distribution. We consider upto 1000 UEs in th&igs. 4, 5, 6, the fraction of successfully-reassociatethgmi
simulation for all the 3 scenarios. Based on 3GPP standardgs is evaluated by varying the number of UEs across the
the maximum number of UEs that can be associated to asiynulation topology from 100 to 1000 for scenarios A, B
cell is 320 as this is the maximum possible association of UBad C respectively. Our method outperforms the other two,
to any cell; this is because the longest supported intesal in all 3 scenarios in terms of guaranteeing QoS. It reports a
Sounding Reference Signal (SRS) periodicity to multiplsgrs successful reassociation of 45%, as against 26% and 23% over
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the existing techniques for scenario A in Fig. 4 for a highlfiguration of the transmission power and beamforming weaight
dense network deployment with 1000 UEs. In Scenarios B anfithe serving base stations in the neighborhood of the ones
C corresponding to Figs. 5 and 6, our technique guarantéés 1facing outage. The unique aspect of our mitigation framé&wor
and 15% of successful reassociation in the worst case. Ihis iis the reassociation of users facing outage to alternate bas
comparison with the existing SINR-based approach yielditg stations that not only provide them with adequate channel
in both the scenarios and load balancing yielding 1% and 2§ains but also possess enough residual resources to meet the
in the scenarios, respectively. The curves decrease as ege kBoS requirements of their subscribed traffic. We model the
increasing the number of UEs in the simulation topology. Momproblem as an NP-hard problem and perform a reasonable
UEs create more traffic and so, there are fewer residual PR&sproximation to solve it via convex optimization techréqu
on each eNB. Hence, the fraction of successfully-reastagtiain two phases. We evaluate our mitigation framework using
UEs keeps decreasing. exhaustive simulations.
In Figs. 7, 8, 9, the achievable throughput of outage UEs
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