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Abstract—This study evaluates whether last versions of Long ally migration towards higher degree of autonomous driving
Term Evolution with dual connectivity are able to support the [9], [10].
latency and reliability requirements for the upcoming vehicular The focus of this paper is, therefore, on the data interoapti

use-cases and time-critical applications. Data interrugbn times . d by hand d I .
during handovers and cell management operations are evalted M€ caused by handovers and cell management events in

by means of system level simulations for a high-speed scefimr @ highway scenario. A network topology with an overlay
The scenario models a highway covered by a macro layer and an macro layer is assumed, supplemented by small cells along
ultra dense network of small cells distributed on both sidef the  the highway to boost the capacity. Macro and small cells are
Iroad. Results reveal that for sm_gle connectivity, and dued the deployed at separated carrier frequencies using LTE. Cases
arge amount of handovers, terminals are unable to exchanggata . . . .
with the network about 5 % of the time. This time is consideraly ~ With and without DC are studied. For DC operations, the
reduced if dual connectivity with split bearer architecture is performance is analyzed including the two user-plane archi
adopted, with less than 1 % of time in data interruption. However,  tectures that the 3rd Generation Partnership Project (3GPP
when adopting secondary cell group architecture, the rela¥e has defined [11]. As our objective is to present results off hig
data interruption time increases up to 6.9%. practical relevance, we conduct the analysis for a speeiéit r
life highway segment, which is reproduced in a system level
simulator. In addition, latency measurements of the variou
Nowadays, passengers in vehicles tend to consume lagggps of the handover procedures and cell managementsction
amounts of entertainment and media content while commutisgnducted in [12], are fed into the simulations to have high
[1]. A possible solution to deal with the increasing number gealism on the assumed parameters.

active users along roads, and to increase the capacity, mayhe rest of the paper is structured as follows: Section II
be the deployment of small cells. This offers several advagescribes the scenario that will be analyzed and the mobil-
tages; however, the addition of small cells also comes Wiffy framework. Section Ill explains the adopted simulation
some challenges related to efficient mobility managemegiethodology, and Section IV presents the performancetgesul

especially, for users traveling at high speeds [2]. Finally, Section V concludes with the final remarks and the
Dual connectivity (DC) is a recently developed featurgroposed future work.

for Long Term Evolution (LTE) Release-12 [3], which sig-
nificantly increases the end-user throughtput and achiev§s scenarIO DESCRIPTION ANDMOBILITY FRAMEWORK
enhanced mobility robustness [4]. Examples of DC studies
include assessments of throughput gains [4]-[6], as well asThe studied scenario is a 7.5 km section of the E-45 highway
mobility performance results [2], [7]. The majority of tlees that encircles the city of Aalborg, Denmark. As illustraied
former studies are conducted for urban scenarios, with tRé@gure 1, the scenario is characterized by two network Eyer
users moving at moderate velocities, and do not study thperating at separate frequency bands (non co-channed). Th
effects at handovers and cell management events as, f6E macro layer represents the actual network deployment of
example, data interruption times. one of the Danish operators. The small cells layer, on theroth
Field measurements of LTE mobility reported in [8], shovihand, is a fictitious Ultra Dense Network (UDN) distributed
that each handover results in an average data interruptilang the highway.
time of 50 ms. Nevertheless, delays can be larger than 80 m3he macro network is deployed at 1800 MHz and consists
5% of the time. As a result, data interruption times caused 23 cells, distributed on 13 base station sites, with amagye
by mobility events are becoming an increasing problem thkitter-Site-Distance (ISD) of 1092 m, an average antennghiiei
needs special attention, especially, in the highway sé@naof 31.3m and an average tilt (mechanical and electrical) of
as handovers and cell management events rates increase With. The small cells layer operates at 3400 MHz with a
the speed. The majority of broadband applications may b@nimum ISD of 100m. The small cells are deployed on
supported by the use of small cells and DC; however, daiath sides of the highway to ensure good coverage along the
interruption becomes a potential issue when considerieg ttoad. In total, there are 119 small cells in the scenarioleThb
stringent latency and reliability requirements of the upomy summarizes additional information about the charactesistf
vehicular use-cases, traffic safety applications and teatev the network.

I. INTRODUCTION
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Fig. 1. lllustration of the analyzed highway scenario. Mesites are depicted Channel bandwidth 20 MHz
as white triangles while small cells are illustrated as htireles. Number of cells 119
Antenna height 5m (Fixed)
This study considers a case with single connectivity User Antenna pattern Omni-directional
Average ISD 100 m

Equipments (UEs) used as a baseline, and another one with
all UEs capable of performing DC operations.

Figure 2. Notice that in LTE Release-12 any aggregated SeNB

A. Mobility with Single Connectivity
Qould be released before a MeNB handover.

In this mode, the UE consumes radio resources from on
cell at a time. Following the parametrization in [7], intraC. User-Plane Architectures for Dual Connectivity
and inter-frequency handovers are triggered by the A3 eveml'his study considers the two user-plane architectures de-

(neighboring cell becomes offset better than the serviriy, C€fined by the 3GPP in [11]. Both architectures are depicted in
Intra-frequency events (macro-to-macro and pico-top&@e . . o )

. . 3. A detailed bet hitect b
based on the Reference Signal Received Power (RSRP) e etalied comparison between architectures ean

. o din [3].
dio Resource Management (RRM) measurement while inter- nd in [3]

frequency handovers (macro-to-pico or vice-versa) aredas * (SS%GG)BSZI;?;A‘ELCehltSeZtl\LlJI;ejiz fggr?ggtzg dci:r?(l:tl)(/;rg)ughe
on Reference Signal Received Quality (RSRQ).
9 ved Quality ( Q) CN via S1, allowing the S1-U termination not only at

the MeNB, but also at the SeNB. In this architecture,

the two eNBs carry different data bearers. Independent
Packet Data Convergence Protocol (PDCP) entities are
considered at both nodes, and low requirements in the
back-haul interface between the MeNB and the SeNB

B. Mobility with Dual Connectivity

In this case, the UE is able to consume radio resources
provided by, at least, two different network points [3]. The
eNodeB (eNB) that terminates the S1-Mobility Management

Entity (MME) interface, acts as the mobility anchor towards
the Core Network (CN), and manages the Radio Resource
Control (RRC) signaling, is named the Master-eNB (MeNB).
The eNB which provides additional radio resources for the
UE is defined as Secondary-eNB (SeNB). In this study, it is
assumed that a macro cell acts as the MeNB while a small
cell plays the role of the SeNB. Moreover, it is also assumed
that each UE can be configured with only one SeNB. As
recommended in [7], mobility at the macro layer (MeNB
handover) is governed by the A3 event, based on the RSRP.
A second data link from the small cell layer is added (SeNB
addition) if a neighbor small cell becomes better than aadrert

threshold as the event A4 dictates, based on the RSRQ. The

small cell serving the second data link is changed (SeNB
change) according to the RSRP A6 event (neighbor small cell
becomes offset better than serving small cell). Finallyjthé

measured RSRQ from the SeNB becomes worse than a certain

threshold, as the event A2 states, the additional link isonexd
(SeNB removal). The use of these mobility events is shown in

MeNB HO
Implicit
SeNB release

A3
SC1 > Th
RSRQ

SC2 > SC1+0ff
SC3 > SC2+0ff
RSRP

RSRP

M2 > M1+0Off SC4 > Th

A4 A2
SC4 < Th

RSRQ RSRQ

Fig. 2. Mobility events with dual connectivity.



SCG Bearer Split Bearer TABLE I
MOBILITY EVENTS DURATION AND INTERRUPTION TIMES.

SCG Bearer | Split bearer
Total time - Handover 164 ms 164 ms
Total time - SeNB addition 144 ms 79ms
Total time - SeNB change 154 ms 89ms
Total time - SeNB release 117ms 52ms
Data interruption time - Handover 42ms 42 ms
Data interruption time - SeNB addition 37ms Oms
Data interruption time - SeNB change 37ms 0Oms
Data interruption time - SeNB release 37ms 0Oms

ing the needed time to process each message and the time
it takes to perform a data path update. Using these times and
Fig. 3. User-plane architectures for dual connectivity. following the signaling flows described in [3] for each matyil
event, the interruption times shown in Table Il are usedidéot
that these are typical average values, and different facior
are needed. Regarding mobility, SeNB cell managemefe network side, e.g. load conditions at the target celly ma
is visible to the CN. increase the interruption times. Additional back-haulags!

are not included.
« Split Bearer Architectureln split bearer architecture the

data bearer is split into multiple eNBs. In this alternative lll. SIMULATION METHODOLOGY

the S1-U is terminated at the MeNB, where the PDCP Connected-mode mobility performance is evaluated by
layer resides. All DC traffic should hence be routed, praneans of advanced simulations. The system level simulator
cessed and buffered at the MeNB, requiring flow-contr@hplements the mobility mechanisms defined by the 3GPP
and efficient back-haul connection between the MeNBr LTE, including physical-layer measurements, Layer3 fi
and the SeNB. Unlike the SCG bearer architecture, tigring and reporting events. The RSRP, RSRQ and Signal-
SeNB mobility is hidden to the CN and it is not necessany-Interference-plus-Noise-Ratio (SINR) for each usee ar
to forward data between SeNBs or to perform a S1 pagalculated on each time-step, followed by the SINR to
switch at each SeNB change. throughput mapping estimation. Effects of schedulingk lin
adaptation, Hybrid-Automatic-Repeat-Request (HARQ) and
Multiple-Input and Multiple-Output (MIMO) are included.
During the handover execution phase, the UE interrupts dathe tool has been used in several standardization and chsear
exchange with the network. Communication is not restoratudies, such as [7], [12], [13]. More details on the sinuiat
until the handover is completed and the UE receives tlean be found in [14].
first data package from the target cell. Data interruption is A total of 630 users are dropped in the simulations, divided
experienced at each cell change for single connectivityandinto slow- and high-speed users. Ten slow-speed users per
each MeNB handover for DC. macro area are considered, moving at 3kmph. Each of the
For DC, the interruption of the second link due to SeNBsers follow random directions thorough the whole scenario
management events depends on the chosen user plane asttiwn in Figure 1. The purpose of these slow-users is to gen-
tecture. In SCG bearer architecture, the bearer termirattecerate background interference. Additionally, 400 usersing
the SeNB experiences an interruption at every SeNB charael 30 kmph are dropped along the highway. The stretch of the
because the path at the Serving Gateway (S-GW) has toHighway is modeled with two lanes per direction, and each
updated. This interruption time can be decreased by allpwihigh-speed user is randomly assigned to one lane. Among all
data forwarding between the serving and target SeNBs. Naimulated users, statistics are only collected from théway
ertheless, it cannot be totally eliminated because of the tt users. All users in the network generate traffic according to
takes to reconfigure the UE. For split bearer architectime, tPoisson process.
bearer terminates at the MeNB. As a result, and assuming-or the baseline case, a fast transition between smallisells
that there are enough available resources, the MeNB darored by setting a Time-To-Trigger (TTT) of 40 ms. Macro-
adapt the scheduled resources to the UE while it performs@Apico handovers are set to a larger TTT to ensure that the
SeNB operation hence, compensating the effects of the dsignal from the small cells is stable for a longer time, thus
interruption. Thus, SeNB management interruption time cavoiding Radio Link Failures (RLFs). For DC simulationsg th
be considered close to zero for split bearer. SeNB events are also set to 40ms of TTT so that, results can
Measurements reported in [12] characterized the time kit compared with the baseline case. Moreover, a fast tiamsit
takes to exchange signaling messages between nodes,-indhetween small cells is guaranteed by setting the SeNB change

D. Data Interruption Time



TABLE Il 5 100
SIMULATION PARAMETERS. g - ]
. . = I Macro Only
Transmitted power| Macro: 46 dBm. Pico: 30dBm 2 50 [ small Cells Only 1
Macro: Vehicular test environment [16] s [ Macro + Small Cells |
Path loss ) . 2 25
Small Cells: Urban Micro (UMi) [17] §
Number of UEs 230 free users + 400 highway users 0 Single Connectivity Dual Connectivity
Users speed Background: 3 kmph. Highway: 130 kmph _
Packet call size Negative exponential distributed. Average: 1 Mbit § 2000 - ]
Inter-arrival time | Average: 2s & 6000 I Intra-Freq HO .
- - w 5000 - [ inter-Freq HO 1
Sim. Time 210s 2 4000 [ SeNB Addition 1
RLF [15] Qin: -6dB. Qout: -8dB. T310: 2s ‘é‘.gggg r [ 1seNB Removal 1
= L C j
Handover / MeNB Changes - A3 event < 1000 SeNB Change 1
>
. . 0
Macro-Macro Offset: 3dB. RSRP based. TTT: 256 ms w Single Connectivity Dual Connectivity
Macro-Pico Offset: 3dB. RSRQ based. TTT: 128 ms
Pico-Pico Offset: 3dB. RSRP based. TTT: 40 ms Fig. 4. Connectivity distribution and mobility events foingle and dual
Pico-Macro Offset: 3dB. RSRQ based. TTT: 40 ms connectivity modes.
Pico RE 6 dB
SoNB Addi iiNB Man?gemﬁnltd'_zvfgt; ~SRO_TTT 20 1.16 handovers per second. Considering 42 ms of intermuptio
SeNB ~ ftion - event. Threshold: ;I.dB R'SRP QT'TT_ T ™S time per event and a driving time of 2105, it can be calculated
SeNB = I"’mge ~ event. Threshold' = d‘B o ::)S that each UE experiences a total interruption time of 10.2s.
ceftb Release event. Threshold: -17dB-RSRQ. TTT: 40mMp  This means that a single connectivity device is not able to

transmit or receive any data 4.8 % of the driving time. Notice

offset to 1dB. Poor secondary links are avoided by settifg2t When considering 80 ms of interruption time per evesit, a
the SeNB release threshold to -17 dB of RSRQ. Furthermofgund in [8], the total data interruption time increases ap t

a Range Extension (RE) of 6dB is applied to increase 93 %, and 11.6% when considering 100 ms.

utilization of the small cells in the highway. To ensure that For DC, 0.2 MeNB handovers per second occur, resulting
the users are able to traverse the whole highway stretch, R&n interruption time of 1.7 s. When SCG bearer architectur
simulation time is set to 210s. Simulation parameters afeUsed, the delays at the small cells layer should be added.
summarized in Table 1. Since the data bearer terminates at the SeNB, each SeNB
The main Key Performance Indicators (KPIs) collected froffanagement event is affected by the E-UTRAN Radio Access
the simulations are: the number of mobility events, the ofte Bearer (E-RAB) modification and the possible delays when the
RLFs, the number of Handover Failures (HOFs) and the dapsGW forwards the data packets towards the eNBs involved.

interruption times. The definition of RLF and HOF can b&loreover, due to the large number of SeNB events, SCG
found in [15]. Moreover, the user throughput is also analyzebea_rer add; 12._83 to the total interruption time. Consideri
the interruption time due to MeNB handovers and due to SeNB

IV. PERFORMANCERESULTS management events, it can be calculated that the UEs are in
Figure 4 shows the number of events and the connectivilata interruption for 6.9% of the time. The contribution of
distribution that a UE experiences. As can be seen, tiigch SeNB event to the interruption time for SCG bearer is
scenario is especially challenging due to the large numbggpicted in Figure 6. On the other hand, for the split bedner,
of mobility events. When using single connectivity, a UElelays at each SeNB management event can be neglected and
at 130 kmph experiences an average of 4176 handovers per
hour, corresponding to 1.16 events per second. The de\ -
is connected to the small cells 96.6% of the time, whe SingleConnectivity_ |
intra-frequency handovers between the small cells domin oc - spit earer [N
the statistics. For DC, the total number of events increa:
because each UE maintains two active links. However, Mel 1 T I O O
handovers are reduced by 83 %, with a total number of ( 12 3 A“vera;e Daglm;mpﬁinﬂie pelrﬂugl[i] 12 13 14 15
events per second. In this case, SeNB changes are domi ‘ ‘ ‘ ‘ ‘
with 1.3 events per second. The latter is expected becagse g, Connemvity_ i
mobility parametrization of 1dB offset favors it. On aveeag pc.spi searer [JII il
a UE is operating in DC 95.7% of the time. NO RLFS C ,¢.scc gearer |
HOFs are observed in the simulations for single and dt ‘ ‘ ‘ ‘ ‘ ‘
ConneCtiVity' ° Percemarje of Time aZUE isin Da:ia Imerrupllin over the ?olal Dr|V|n96T|me [%] !
Figure 5 depicts the data interruption time experienced per

UE. For single connectivity, each UE performs an average oFig. 5. Data interruption time per UE with single and dual mectivity.

DC - SCG Bearer B




‘ ‘ ‘ ‘ system level simulations. Results reveal how, with single
SCG Bearer - SeNB Add ] connectivity, the UEs are unable to receive or transmit any

SCG Bearer - SeNB Change ] data about the 5% of the time due to handovers. Dual con-
5CG Bearer - o8 Release [N ] nectivity significantly reduces the interruption time degimg
| | | | on the chosen architecture. By adopting the split bearer use
0 1 2 3 4 5 plane architecture, the devices experience data intéorupt

Percentage of Time a UE is in Data Interruption over the Total Driving Time [%)]

only 0.81% of the time. Nevertheless, results show that
Fig. 6. Percentage of time in data interruption at the smelsdayer with the improvement is not sufficient to deal with the latency
SCG bearer architecture for each SeNB management event. requirements demanded by the new vehicular use-cases.

As future work, it is recommended to investigate solutions

the main contribution to the data interruption time is gitn o reduce the interruption time and the signaling load tolsar
the MeNB handovers, reducing the latency. In other words, f8!ffilling the requirements imposed by the envisioned use-
the split bearer, the UEs are in data interruption only 0.81 9gses for the next generation of mobile networks.
of the total time.
Table IV shows one of the main benefits of DC: to improve
the per-user throughput. As it can be observed maintainir{é] Liberation from Location. Consumers developing placeesgic internet
P ghput. ! habits, Oct 2014, available at www.ericsson.com.

two data links increases the average user throughput by 109} k. pedersen, P. Michaelseet al, “Mobility enhancements for LTE-
The major improvement is obtained in the 5-percentile with a advanced multilayer networks with inter-site carrier aggtion,” Com-

; 0 ; ; ; munications Magazine, IEERol. 51, no. 5, pp. 64-71, May 2013.
gain larger than 16 %. This shows that users experiencing b?ﬂ 3GPP Technical Report (TR) 36.842. Study on Small Cellsresgmaents

radio conditions in a link, can mitigate the effects by aggite for E-UTRA and E-UTRAN. Higher layer aspecBec 2013, available
ing an SeNB hence, increasing their throughput. The avera?e]z at www.3gpp.org.
4

: i At S. Jha, K. Sivanesaret al, “Dual connectivity in LTE small cell
Physical Resqurce Blpck (PRB) uuhzayon of. the: magro&ell networks,” inGlobecom Workshop®ec 2014, pp. 12051210,
close to the highway is larger than 70 %, indicating high loags) B. Soret, H. Wanget al, “Multicell cooperation for LTE-advanced
conditions. Previous DC studies reported that the achlevab  heterogeneous network scenariodireless Communications, IEEE

; ; ; g vol. 20, no. 1, pp. 27-34, February 2013.
throthpm gain varies with the load of the network [5]’ [’18] [6] G. Pocovi, S. Barco®t al, “Analysis of heterogeneous networks with

therefore, under lower offered load, users will perceivgéda dual connectivity in a realistic urban deployment,” &ist Vehicular
throughput gains with DC. Technology Conference (VTC), IEEMay 2015, pp. 1-5.
[7] S. Barbera, L. Gimeneet al, “Mobility sensitivity analysis for LTE-
advanced hetnet deployments with dual connectivity,81ist Vehicular
TABLE IV Technology Conference (VTC), IEEMay 2015, pp. 1-5.
HIGHWAY USERS THROUGHPUT FOR SINGLE AND DUAL CONNECTIVITY [8] A. Elnashar and M. EI-Saidny, “Looking at LTE in practica perfor-
. — — . mance analysis of the LTE system based on field test resuitsjtular
Single connectivity | Dual connectivity Gain Technology Magazine, IEERoL. 8, no. 3, pp. 81-92, Sept 2013.
Average 15.6 Mbps 17.3 Mbps +10.9% [9] A. Osseiran, F. Boccardét al, “Scenarios for 5g mobile and wireless
communications: the vision of the METIS projecCommunications
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