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Abstract — More and more cellular network operators enable the unplanned deployment of
small-sized cellular stations by the end users intihe predominant macrocellular network layout.
This increases the spatial capacity of the cellulasystem and reduces the costs for installing,
managing, and operating the radio access network. ddvever, the impact of such an unplanned
network densification on the robustness of cell hatover (HO) still remains unclear and needs to
be studied. For this purpose, in this paper we hidhght the key aspects of the cell HO process in
the presence of small cells and identify the mairs$ues that affect its robustness. We summarize
lessons learned from the rich literature on HO dedion algorithms for small cells, and present an
algorithm for alleviating interference in the celluar uplink while prolonging the battery lifetime
of the user terminal. Based on the evaluation metlimlogy of the Small Cell Forum, we conduct a
comprehensive system-level simulation study to vdiate the accuracy of our findings and provide
valuable insights on the key performance trade-offshnherent to the HO decision for small cells.
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1. INTRODUCTION

Small cell deployment is currently the main answeethe seamless transfer of the exponentially
increased mobile data traffic throughout the calluletwork infrastructure. Compared to macrocells,
small cells are characterized by low deployment ar@ntenance costs as well as short transmit-
receive range. Femtocells are a special case df seis that are installed and managed by the end
users, reaching the core network of the cellularajpr through the customers’ broadband backhaul
[1]. To cope with their unplanned installation, dimeells offers advanced capabilities for self-
optimization and healing, combined with sophistchtradio resource, interference, and security
management. The support of small cells is a keyfeaf the Long Term Evolution-Advanced (LTE-
A) system, which enables flexible network deployimemproved spectral efficiency, better user
experience and cost effectiveness [2].

The denser yet unplanned deployment of small @ellsSTE-A complicates all individual phases of
Mobility Management (MM) when the User Equipmen&)Us in the connected mode: cell search, cell
identification, and cell handover (HO). Cell seagctd cell identification are the inextricable pads
to the cell HO process since, in combination, teagble the UE to discover and identify small cells
within proximity. On the other hand, cell HO inckslall the decision and signaling processes redjuire
to seamlessly transfer the user connections frenctirent serving to a neighbor cell.

Even though the LTE-A Standard addresses mostediuthdamental issues for MM in the presence
of small cells, certain implementation-dependesués are yet to be solved to fully utilize their
potential for enhanced Quality of Service (QoS) &wl-power transmission of mobile data. LTE-A
supports exciting new capabilities towards imprgvine cell HO process, such as optimization of cell
specific HO parameters, employment of cell and ifbal measurements, and mobility estimation.
The utilization of such features during the HO dimi stage is a key enabler for avoiding frequent y
unnecessary HOs in the small cell network and &itang the negative impact of cross-tier interfern
on the Signal to Interference plus Noise Ratio jerformance [3]. Since HO decision is outside
the scope of the LTE-A Standard, the employmernntefligent HO decisions in the presence of small
cells can be a big competitive advantage for amaipe
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In this paper, we summarize lessons learned fromde€dsion for small cells and present a novel
LTE-A specific HO decision algorithm for small cellThe proposed algorithm alleviates network
interference and prolongs the UE battery lifetigigen a prescribed target SINR for the uplink.He t
sequel, we provide a quantitative performance corspa of the proposed and other existing state-of-
the-art HO decision algorithms by using the widetgepted system-level simulation methodology of
the Small Cell Forum [4]. To the best of our knodde, this is the first work to quantitatively asses
and compare the performance of the key design appes for HO decision in the presence of small
cells. This kind of analysis enables us to quatintily validate the presented lessons learned from
current state-of-the-art and derive useful desigidajines for HO decision tailored to the peculiar
characteristics of the LTE-A small cell network.

2. CELL HANDOVER FOR SMALL CELLS AND OPENISSUES

Cell HO involves two main stages: HO decision ar@d &kecution. In the presence of small cells,
the short transmit-receive range brings the timezbo for cell HO closer to the one for Radio
Resource Management (RRM), significantly increasthg processing and signaling overheads
required for cell HO. HO decision for small celgpically involves the utilization of an enriched s
parameters on the network status [3], e.g., redesignal strength (RSS), user speed, and inteideren
On the other hand, HO execution for small cellsessitates additional signaling to support the
discovery of small cells (proximity indication),etin unique identification (Physical Cell Identifier
(PCI) resolution), and the employment of accesgsrobf2]. These challenges are unique to the small
cell network and, if overlooked, they can incredise number of unnecessary HOs in the system,
resulting in frequent service interruptions andedetation of the QoS as perceived by the cellular
users.

We consider three issues to be instrumental for d¢@ision in the presence of small cells: a)
optimize the HO triggering procedure, b) employeifgrence-aware and energy-efficient HO
decisions, and c) attain compatibility with the lglelr standard. Referring to the first challenge,
existing cellular systems support a plethora of RREpabilities at the cells, including carrier
aggregation and multi-antenna transmissions. Jptimization of the HO triggering, in conjunction
with the use of advanced RRM capabilities, will leleathe operators to lower the HO probability and
condense the signaling overhead required for cé@l Bn the other hand, the HO decision stage is a
key vehicle for improving the energy-efficiency dfie network nodes and handling network
interference at a macroscopic level. Besides, rattgi compatibility with the cellular system is not
trivial, given that most of the existing HO decisi@lgorithms utilize parameters that are not
(presently) available to the access network, réggicertain functional enhancements or additional
network signaling to support them.

HO execution for small cells dictates a) smootkgnation of all functions required for handing over
to a small cell, and b) careful planning / dimengig of all auxiliary network infrastructures reced
to support inbound/outbound mobility to small celksg., femtocell gateway (F-GW) [2]. The
employment of autonomous cell search, small cediniification, and access control, should be
carefully re-designed to avoid over-engineering ggalice the HO execution delay. On the other hand,
even though small cells can be deployed by thesusaan unplanned fashion, the installation officaf
concentrators that handle the localized traffiswfall cells should be (to a certain extent) subject
network planning. For example, the strategic depleyt of F-GWs based on network or geographical
data can significantly reduce the control burdequined for handling the femtocell traffic in thereo
network, e.g., in a shopping mall.

3. HANDOVER DECISIONFOR SMALL CELLS

The literature on HO decision algorithms for snwlls is rich, e.g. [5]-[9]. Most of the existing
works incorporate several parameters to reach itfed decision, such as RSS, speed, and transmit
power. In our previous work in [3], we have survéynd classified the most prominent algorithms for
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femtocell-specific HO decision based on the primeniterion used. Below, we briefly introduce the
key properties of each algorithmic class to lauttod discussion on lessons learned from existing
literature, followed by useful guidelines and bastctices for the design of HO decision algorittors
small cells.

31 Classification of HO Decision Algorithms

RSS- based algorithms

RSS refers to the received power on the pilot teremce signals transmitted by a specific cell. In
the presence of small cells, RSS is a decisionnpeter biased in favor of macrocells, since a) RSS i
the product of the reference signal (RS) transroivgr and the path loss [2], and b) different RS
transmit powers are radiated between the macrandllsmall cell tiers. There exist various approache
on how to use the RSS during the HO decision pl&lsemainly including RSS comparison of the
candidate cells (relative RSS) either directly athwa HO hysteresis margin (HHM), and RSS
comparison of the cells with absolute thresholdsdéute RSS). The HHM is typically used to avoid
frequent handovers and mitigate the ping-pong eff€be ping-pong effect refers to the situation
where the cell edge user is repeatedly handedb®mtareen neighboring cells.

Speed-based algorithms

In this class of algorithms [6], the decision isc¢bed by comparing the user speed to algorithm-
specific thresholds. The user speed is typicallgdut reduce the number of unnecessary HOs for
medium to high speed users, while it is frequentynbined with other metadata on the UE mobility
pattern. Speed-based algorithms incorporate oteeisidn criteria as well, such as the RSS and the
traffic type of the user connections.

Interference-aware algorithms

Algorithms in this class directly or indirectly ammt for the interference at the UEs or the cédlssi
[7]. The main decision parameters include the ReckiSignal Quality (RSQ) at the UEs or the
Received Interference Power (RI&)the cells. The RSQ refers to the ratio of th&R®m a target
cell to the interference at the UE site, while RI® refers to the¢otal received power from all cells or
non-associated users in proximity. RSQ-based dlgns compare the RSQ of the serving and the
neighbor cells, or allow inbound mobility to a shall whenever the respective RSQ is higher than a
fixed threshold [7]. RIP-based algorithms emphasizeeducing interference in the uplink direction.

Ener gy-efficient algorithms

Energy-efficiency is critical for the LTE-A networkodes, which are required to support advanced
radio capabilities, e.g., carrier aggregation andtirantenna transmissions. Existing energy-effitie
algorithms use the mean UE energy consumption emtean UE transmit power to reach to a final
decision, e.g., [8].

Cost-function based algorithms

These algorithms use a single cost-function caledlairom various parameters (e.g., multi-
parameter functions or weighted summations) [9F WRcision is reached by comparing the outcome
of the cost-function for the serving and the nemhtells. Apart from the criteria mentioned befdres
cost-function may also employ the available bandwat the neighbor cell, the UE membership status,
or the path loss between the UE and the neighBbor ce

32 Lessons Learned from the Design of HO Decision for Small Cells

RSS-based algorithms are in general of low-compjlexind easier to validate through performance
analysis. Minimum network interventions are alsguieed to support them, unless more sophisticated
capabilities are deployed, e.g., mobility predictidlowever, this kind of algorithms are in general
interference-agnostic and do not consider the imp&dnterference on the SINR, throughput, or
energy consumption performance. On the other hapeed-based algorithms reduce the HO
probability and mitigate the number of unnecess$#ds for medium to high speed users. However, in
most of the cases, existing algorithms comparaitiee speed with arbitrarily chosen thresholds, whic
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are not the outcome of simulation or analysis. Arotweak aspect of existing speed-based algorithms
is that they do not consider the monetary, siggalor energy consumption overhead, required for
evaluating the UE speed and its transfer to thérsgicell.

Interference-aware algorithms improve the SINR aaltbw for interference handling at a
macroscopic level. However, algorithms that areetdasn relative RSQ comparisons are required to
optimize their HHM both to lower the HO probabilignd reduce the ping-pong effect. On the other
hand, the incorporation of the RIP at the cellssite the RS transmit power, dictates the deployroen
more complex signaling procedures, which are typicautside the scope of the respective works.
Energy-efficient algorithms reduce the energy exitere and typically improve the SINR
performance in the uplink. However, they also iaseethe signaling and processing overhead to keep
track and evaluate the energy-efficiency at thdulzl nodes. Cost-function based algorithms
incorporate a wide set of parameters to reach add€sion. The integration of bandwidth-related
parameters often enables preliminary admissionrebat load balancing. Nevertheless, cost-function
based algorithms typically do not provide a dethileethodology for calculating the optimal weights
or adjustment factors of the cost-function, whiblowever, may have a major impact on the final
decision outcome. In Table 1, we summarize thengtrand weak aspects of the aforementioned
algorithmic classes.

RS S-based Speed-based Interference-aware Energy-eféait Cost-function based

(+) Low-complexity

(+) Reduce HO probability

(+) Ente SINR performan

é+) Reduce energy
expenditure

(+) Enable preliminary
admission control

Strong
aspect

(+) Easier to analyze

(+) Mitigate unnecessary H(
for medium to high speed

(+)Minimum network
interventions

users

S

(+) Improve SINR

(+) Enable interference handlimerformance in the

uplink

(+) Load balancing

(-) Interference-agnosti

c (-) Arbitrary speed thadh

(-) Require HHM optimizatio|

h (-) Increase comiitle

Weak
aspect

(-) Do not account for
SINR, interference and
energy energy-efficiend

() Increase monetary and
signaling cost for estimating

(-) Increase complexity

() Increase network
signaling

Mhe UE speed

(-) Increase network signaling

(-) Require optimizatio
of the weights and
adjustment factors

Table 1: Comparison of HO decision classes

33 Design Guidelines and Best Practices

Based on the previous discussion, we identify foey design principles for robust HO decision
algorithmic design in small cell networks: a) foaus the multiple-macrocell multiple-small cell HO
scenario, b) be compatible with the cellular systehoptimize decision-related parameters, andsd) u
widely-accepted evaluation methodologies.

Most existing algorithms consider a single-macriosilgle-small cell HO decision scenario, e.g.,
[5] [6]. Nevertheless, existing reports foreseet ttiee number of small cells will surpass that of
deployed macrocells by up to six times within thextnfew years [10], transforming the operator-
planned network of medium to large radii cells talti-tier network with numerous user-deployed
small sized stations. In such an environment, gtrist support of inter-cell mobility asks for HO
algorithms that are optimized to operate undemnthéiple-macrocell multiple-small cell HO scenario.

Referring to the issue of compatibility, existinglgions incorporate a rich set of parameters to
improve the cell HO performance. However, only & fiescribe the additional network functionality
and signaling procedures required to support tigpecifying in detail all necessary architecturad an
functional enhancements is critical, as it guarestbe smooth integration of the proposed solwiwh
provides stimulus for further research, innovatiamg standardization.

Another critical issue is the optimization of adirameters involved in the HO decision. The use of a
HHM during the RSS / RSQ comparison plays a keg nolhandling the fast variations of the wireless
medium and mitigating the ping-pong effect. Thifeef is even more prominent in the presence of
small cells due to the overlapping cell coveragem@ined with speed-based parameters, the utilizatio
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of a HHM can significantly reduce the HO probaliliespecially for medium to high speed users.
However, optimizing the HHM is cumbersome and stidag based on robustly handling the (negative)
impact of user mobility while, at the same time,aking the most out of the short transmit-receive
range.

Since the evaluation of a HO decision algorithmintegral part of its design, validating the
performance of the proposed algorithms using réalig/stem assumptions and simulation setups is
also important. Even though some of the existingppsals conduct mathematical analysis, the
assumption of simplistic network layouts raisesgfioms about their scalability in real-life systems
Besides, recent trends for performance evaluationuiti-tier networks, such as the Small Cell Forum
evaluation methodology or stochastic geometry §8huld be integral part of future proposals for HO
decision in a small cell network.

4. PROPOSEDALGORITHM

In view of the above discussion, we propose a nBi@ldecision algorithm for the LTE-A small cell
network. The proposed algorithm applies to the iplekmacrocell multiple-small cell scenario, is
compatible with the LTE-A Standard and utilizes twb its key features: the enhanced cell
measurements and the so-called private mechanisnofestandard use [11] [12]. The former feature
enables the LTE-A cells to assess their radio stayuperforming local measurements, e.g., cell RIP
and downlink RS transmit power; the latter featerables the exchange of measurements either
directly (X2 interface) or through the core netwdi&l interface). The proposed algorithm uses
measurements from all candidate cells to optimiee HHMs. The first HHM is used to avoid cells
that can compromise service continuity, due to mbannel conditions, while the second HHM is used
to identify the cell with the minimum required Ukansmit power, given a prescribed SINR target.

Let € denote the set of candidate cells for the taggeer @nds the current serving cell.
Furthermore, leRIP(c) andPgs(c) denote the RIP and the downlink RS transmit paweasurements
performed at cellc, respectively, andRSRP(c) the RS Received Power (RSRP) measurement
performed at the user, i.e., the RSS from cellfThe aforementioned parameters are standard cell
measurement capabilities in LTE-A [11]. Given a sgribed mean SINR target for the user
connections, denoted by, and a minimum RSRP requirement for sustainingisercontinuity,
denoted byRSRP,, the set of candidate cells that sustain a minimequired channel gain, denoted by
M, can be identified using Eq. (1):

M = {c|RSRP(c) > RSRP,, + HHM,(c), where c € C and HHM, (c) = Prs(c) — T(c)} Q)

where T(c) denotes the maximum transmit power of the candidail ¢ (typically 20 dBm for
femtocells and 43 dBm for macrocells). Eq. (1) &ived by considering that a) the channel gain
between the UE and the target cell equals the odiioe RSRP and the actual RS transmit poweref th
cell, and b) the minimum required channel gain bancomputed as the ratio of the RSS threshold
RSRP,;, to the maximum transmit power of the target cell.

Focusing on the adaptation of the second HHMP{g) denote the mean transmit power of the user
in the target celt. Aiming to reduce the uplink transmit power, i.B(c) < P(s), the cell with the
minimum required UE transmit power is given by E2).

argmaxcey RSRP(c) = {c| RSRP(c) > RSRP(s) + HHM,(c),where HHM,(c) = Prs(c) — Prs(s) +1(c) —
VA (2)

The rationale behind Eq. (2) is that the mean Wadmit power for the target cell is equal to the
product of the SINR target times the RIP at thgdtacell divided by the channel gain between the UE
and the cell. The proposed algorithm is summaraetbllows:
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Proposed HO decision algorithm for small cells

(1) Handover Triggering

(2)  AcquireRIP(c), Pgg(c), andT (c) for every cellc in €

3) Calculate HHM, (c) = Pgrs(c) — T(c) and HHM,(c) = Prg(c) — Prs(s) + I(c) — I(s) for
every candidate cell i@

4) Identify the candidate cell sB := {c|RSRP(c) > RSRP,, + HHM,(c)}

(5) Handover to the cell that satisfies Eq. (2)

(6) Terminate HO decision phase

Upon HO decision triggering (step 1), the servirgl ¢decision entity) acquires the maximum
transmit power, the cell interference and the downRS transmit power for all candidate cells, by
using the private mechanism for non-standard ue@ @). The two adaptive HHMs are subsequently
evaluated for all candidate cells (step 3) and(thi) set of cells that sustain service continisty
identified (step 4). The cell that requires the imum UE transmit power is subsequently selected
(step 5) and the HO decision stage terminates @Gtep

5. SIMULATION STUDY

In this section, we assess the performance of tieposed algorithm and one representative
algorithm from each HO decision class (Section.3The emphasis is given both on revealing the
strong and weak aspects for each HO decision approas well as on algorithm performance
comparisons. The HO algorithms under scope areties in [5], [6], [7], [8], and [9], which will be
referred to as RSS-based, speed-based, interfeagvare, energy-efficient, and cost-function,
respectively. The system-level simulations are cotetl according to the Small Cell Forum evaluation
methodology [4]. Given that the simulation modet grarameters are in line with [4, pp. 107-110],
below, we only briefly discuss some key featurethefsimulation setup.

We consider a hexagonal LTE-A network with a mdirster composed of seven macrocells. The
network is extended by using the wrap-around tepkmi while a certain number of blocks with
apartments, referred to demtoblocks, are uniformly dropped within the LTE-A networkear in
accordance with the femtoblock deployment densinameter, denoted hag;. This parameter adjusts
the percentage of the network area covered withtdelocks and takes values in [0, 1]. Each
femtoblock consists of two stripes of apartmendshehaving 2x10 apartments of 10mx10m size (dual
stripe model [4]). In between and around the sipee consider a street with 10m width, leadingrio
overall block size of 120m x 70m. Femtocell stasicand users are uniformly dropped within the
apartments, where each femtocell initially serves associated user. Each apartment is equipped with
a femtocell with probability 0.2. All femtocells gport one Closed Subscriber Group (CSG) [2], i.e.,
closed access only, where three CSG are considerethe entire network. All LTE-A users are
members of up to one CSG. Each macrocell initisdigves thirty users (ten users per sector), wirieh a
uniformly dropped within it. Aiming to guaranteer@nimum QoS, all algorithms are evaluated using
the same mean SINR target 3dB (fixed user throughpiser mobility is modeled in accordance with
[8]. Note that apart from increasing the femtockdhsity in the network, a highdy.; also increases
the number of users in the system, i.e., one aniditiuser per femtocell.
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Table 2: Femtocell utilization

Number of femtocell users / Total number of users

Algorithm drp drp drp drp drp drp dep

= 0.01 | = 0.05 =0.1 = 0.25 = 0.5 = 0.75 =1
Proposed 11/171 | 22/181 | 33/194 | 58/231 | 100/312 | 112/381 | 135/462
Cost-function based | 11/171 | 18/181 | 32/194 | 54/231 88/312 95/381 | 95/462
Energy-Centric 11/171 | 22/181 | 30/194 | 47/231 67/312 81/381 | 100/462
RSS-based 3/171 8/181 | 14/194 | 30/231 68/312 70/381 | 79/462
Speed-based 3/171 7/181 | 11/194 | 23/231 66/312 74/381 | 86/462
Interference-aware 3/171 5/181 | 10/194 | 20/231 49/312 50/381 | 68/462

Table 2 depicts a concrete measure of femtocditation: the number of users associated with a
femtocell. Note that the proposed algorithm consillly increases femtocell utilization compared to
the other algorithms, as it accounts for the acint@rference and path loss between the UE and the
neighbor cells. Increased femtocell utilizatioralso observed for the cost-function based algorithm
which uses an enriched set of parameters to alidwund mobility to femtocells. High femtocell
utilization is shown for the energy-centric algbnt as well, as it tends to utilize the energy sgvin
potential of femtocells. On the other hand, theegpeased algorithm reduces femtocell utilizatioe du
to the use of speed thresholds, whereas low utdizais also observed for the interference-aware
algorithm, which limits inbound mobility to femtdéeto mitigate cross-tier interference.
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Figure 1: Mean Received Interference Power: (#)atells (eNBs and HeNBs) and (b) at the UEs

Fig. 1 demonstrates the mean received interferpogeer at the cells (Fig. 2a), including both
eNBs and HeNBs, and the UEs (Fig. 2b) versus tmediglock densitydzz. Interestingly, even though
the proposed algorithm increases the interfererictha cells (Fig. 2a), it offers a considerable
reduction of the UE interference at the same tiRig. (2b). The former property follows from the high
offloading gain towards the small cells, which e&ses the number of uplink interferers operating
within the small cell tier. On the other hand, fbemer property follows from the high utilizatiorf o
small cells, which reduces the mean inter-siteadist between the devices and the serving base
station. The cost-function based algorithm incredke cell interference as well. However, at thaea
time, it results in medium to high UE interfererfoe the same reasons. Similar, yet slightly worse,
performance is observed for the RSS-based algarithinereas the speed-based and energy-centric
algorithms show roughly the same performance. Imrest, the interference-aware algorithm attains
the lowest cell interference and the highest ieterfce at the UEs, which is quite the opposite \ieha
compared to the proposed one.
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The results in Fig. 1 reveal an important perforogatrade-off for the LTE-A small cell network.
Even though HO algorithms with high small cell izgéition increase the interference at the cellsy the
simultaneously result in considerable interferemiggation at the UEs and increased offloading gain
for the macrocell tier. Thus, apart from interfarerand load handling at the LTE-A cells, small cell
specific HO decision can also complement the ieterice management in the downlink direction.
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Fig. 2 illustrates the mean energy consumptionbiteait the user, owing to transmit power, for all
algorithms. Although the cost-function algorithnmsuéts in high femtocell utilization (Table 2), it
simultaneously requires the highest UE energy edipa per bit (Fig. 2). This result reveals the¢e
though prioritizing femtocell over macrocell accesthances femtocell utilization, the smart selectio
of a target femtocell plays a key role for sustagniow cross-tier interference (Fig. 1), and uiilg the
energy saving opportunities offered by the femtigc@fig. 2). As expected, the speed-based and the
interference-aware algorithms show relatively highergy consumption per bit compared to other
algorithms, mainly due to the high macrocell usitibn (Table 2). Interestingly, the energy-cenama
RSS-based algorithms demonstrate roughly similafopeance, whereas the proposed algorithm
reduces the energy expenditure per bit by 10% € 26mpared to all algorithms, depending on the
femtocell deployment density. This performance iowement follows from the proposed algorithm’s
tendency to drastically increase the utilizationsafiall cells, which in turn reduces the (average)
distance between the UEs and their respectiversgoalls.

From Fig. 2, it follows that even though a highemfocell utilization increases the mean cell
interference in the system (Fig. 1), comparablydoenergy expenditure per bit can be achievedeif th
actual cell interference and path loss betweerrJthand the target cells are taken into account &hi
one of the key design differences between the megband the cost-function based algorithms.
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Figure 3: Average HO probability (%)

As expected, the HO probability strongly dependshenactual utilization of femtocells, given that
HO algorithms that increase the femtocell utilizatalso result in higher HO probability (Fig. 3)otd
that even though the proposed algorithm achieves highest femtocell utilization, it attains
significantly lower HO probability compared to thest-function algorithm. Moreover, the RSS-based
algorithm shows roughly constant HO probability focreasing femtocell density, whereas the HO
probability for the speed-based and energy-ceraigorithms is proportional to the femtocell
deployment density. As expected, the interfereneara algorithm attains the lowest HO probability,
owing to the increased macrocell utilization.

Table 3: Performance comparison fQ = 0.5

Algorithm Cost-
RSS- . Speed- Interferen | Energy-
Proposed function .
based based ce-aware Centric
based
Measure
Small Cell Utilization Very High Medium High Medium Low Medium
(%) 32 22 (28) (€39) 16) (22)
Uplink Capacity per User High High Low Medium Medium High
(Mbps) (14.5) (14) (12.6) (13.7) (13.5) (15)
Energy per Bit Very Low Medium Very High Medium High Medium
(nJ/bit) (54) (63) (71) (68) (70) (63)
UE Transmit Power Very Low Low Very High Medium High Very Low
(dBm) 17 (18) (19.5) (18.5) (19) 17
Cell Transmit Power Very Low Low Medium Medium High Low
(dBm) (29) (32) (33) (33) 34) (32)
UE Interference Very Low Low Medium High High Medium
(dBm) (-58) (-56) (-54) (-53) (-51) (-54)
Cell Interference High Medium High Medium Very Low Low
(dBm) (-85) (-87) (-86) (-87) (-91) (-89)
HO Probability High Medium Very High Low Very Low Medium
(%) as) ® (35) ) () %
HO Failure Probability Very Low | VeryLow | Very High Low Very Low Low
(%) (0.1) 0.1 (30) (5) 0.3) 3)
Signaling Rate High Low Very High | VeryLow | VeryLow Medium
(signals/sec) (2220) (880) (5350) (380) (270) (1160)

In Table 3 we summarize and compare the performahedl HO algorithms fordzz = 0.5 under
different performance measures. Note that the t®safer to mean values while the signaling rate
refers to the number of signals per second excliawgéin both the core and the access network. The
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RSS-based algorithm achieves a relatively mediurallsoell utilization, energy consumption and
interference performance, while it sustains low ptObability and signaling rate as well. On the othe
hand, even though enhanced small cell utilizattoshown for the cost-function algorithm, the result
indicate that the cost-function weights should beefully selected to improve its uplink capacity,
interference, and HO probability/signaling perforoe. The incorporation of user mobility criteria
enables the speed-based algorithms to significaetlyce the cell interference and attain very low H
probability / signaling. However, further enhanceiseare required to lower the interference at the
UEs and improve their energy-efficiency. Interfereraware algorithms greatly reduce the cell
interference and keep the HO probability / sigraliow. However, they result in poor utilizationtbie

low power operation of small cells, leading to egé energy consumption and interference at the use
terminals. The energy-centric algorithm substalytiahhances the mean uplink capacity and reduces
the energy expenditure for both the cells and tBs.Uevertheless, the use of higher HHM should be
considered to further reduce the HO probabilityghaling required for monitoring the UE energy
consumption.

Based on the results in Table 3 we can concludectirapared to all other algorithms under scope,
the proposed algorithm attains superior performancterms of energy expenditure per bit, uplink
capacity, cell and UE transmit power, and mean htErierence. These performance improvements
follow from the exchange and utilization of the L:'PEmeasurements, which allow for an accurate
estimation of the actual cell interference and phibs between the UE and the target cells.
Nevertheless, even though the utilization of meaments from other cells enables this robust
performance, i.e., increased small cell utilizattmmbined with smart selection of cells, it is alke
origin for increased cell interference and HO plulig/signaling.

6. CONCLUSION

We have overviewed the main open issues for celititbe presence of small cells, with emphasis
on the implementation-dependent HO decision stad§e have reviewed existing design approaches
for HO decision in order to discuss lessons learawed practices for the algorithmic design of HO
decision in small cell networks. Based on this aision, we have proposed a HO decision algorithm
that addresses most of the design guidelines undsesideration. Using the Small Cell Forum
evaluation methodology, we have validated our viemslessons learned for HO decision in the
presence of small cells, and have revealed theakegntages and main weaknesses of existing design
approaches. The simulation study has shown thautiigation of standard LTE-A measurements
allows the proposed algorithm to double the madraifioading gain, enhance the uplink capacity
(around 0.5 Mbps per user) and reduce the interéerat the UEs (up to 7 dB). On the other hand, the
intense utilization of the small cell infrastru@urombined with the exchange of the standard LTE-A
measurements have been shown to increase thentegference (up to 8 dB) and the HO probability /
signaling requirements. Our results highlight tkeecdhfor small cell specific interference mitigatimd
novel cell HO protocols tailored to the specifi@acdcteristics of the small cell network.
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