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Abstract—Mobility performance and handover data interrup- The present paper analyzes intra-frequency mobility perfo
tion times in real scenarios are studied by means of field mease- mance by field measurements in an operational 4G network.
ments in an operational LTE network. Both slow- and high-sped g experienced handover execution time and its associated
scenarios are analyzed by collecting results from two diffeent . . . . . ..
areas: Aalborg downtown and the highway which encircles the data interruption time is observed fpr low and high mOb',“tY
same city. Measurements reveal that the terminal is configeed by 10 the best of our knowledge, previous studies do not distin-
the network with different handover parametrization depending guish between slow- and high-speed scenarios when anglyzin
on the serving cell, which indicates the use of mobility robstness handover delays. To this end, two different urban scenarios
optimization. Although the network is dominated by three- are considered: the downtown area of the city of Aalborg,

sector sites, no intra-site handovers are observed in the tyi . . .
center as cells on the same site often cover different non- 2€NMark, and the stretch of the highway which encircles the

crossing street canyons. Moreover, no handover failures ar Same City.

experienced in the measurements which confirms robust LTE ~ The experimental mobility results are, furthermore, used t
mobility performance. The average interruption time, which is at ity the validity of the performance results obtainednfro
least equal to the handover execution time, lays within a 229 ms . - .

interval. Nevertheless, examples of delays larger than 100s are our dy.nam'c system S'mqlat'ons'_ Hence’.the measurement
occasionally observed. The studied scenarios are repliet in Scenarios are reproduced in our simulator including theesam

a system level simulator to investigate whether simulatiop are drive test routes. Simulation results and field measuresnent

capable of reproducing similar mobility performance. are afterwards compared to check how well the simulator
reproduces real-life LTE performance. A similar study f& 3
|. INTRODUCTION was reported in [6].

Today’s Long Term Evolution (LTE) systems implemen The paper is organized as follows: Section Il describes
Y 9 Y mp %he considered handover timing and the observed Key Per-
the so-calledbreak before makéandover mechanism, where

the User Equipment (UE) breaks data exchange with tﬁoﬁrmance_ Ir_1d|cators (KPls), Wh"e Sec_tlon i presgnts the
: N .Characteristics of each scenario. Section IV describes how
serving cell after receiving the handover command, resyilti

) ) . measurements have been conducted, and the experimental
in temporary data interruption at every cell change. Some

measurements performed in [1] conclude that, in the 95% roefSUItS are shown in Section V. Simulation methodqlogy, as
well as a comparison between measurements and simulations

the cases the device p_erforms an |ntra-_frequency_ har]d'd)veF’esults, are discussed in Section VI. Finally, Section VI
experiences a detach time of 50 ms while in [2], times belog\ﬁmmarizes the concluding remarks
40 ms are found. After estimating an interruption time of 55 m '
by means of measurements in a lab, [3] proposes synchronous I
Random Access Channel (RACH)-less handover procedures to
reduce this time. Additionally, [4] suggests a stochastiriet

for estimating handover interruption times supported bigdfie Figure 1 shows the handover procedure in LTE. It is a
measurements, finding delays out of the usual range providestwork controlled and UE assisted mechanism, where the UE

by the literature. is configured to send measurement reports to the serving cell
Although these gaps in the data-link have a minimal impaggcording to certain triggering criteria.
on the user experience in most of the multimedia and voiceUpon receiving theMeasurement Repgrthe source cell
applications, the newraffic Efficiency and Safetgcenarios sends theHandover Requegb the target cell, which decides
for future wireless systems, envisioned in [5], will requirwhether the UE can be accommodated or n&tinjission
higher reliability constrains and lower latencies than ¢énes Control). The decision is then communicated to the serving
the current communications systems are able to provide. Asall by means of thélandover Request Acknowledgméltie
result, large handover data interruption times may compgemserving cell furthermore indicates to the UE that the haedov
the requirement of providing a reliable exchange of infocan take place by thdandover Commandknown as thdkadio
mation with less than 5ms end-to-end latency, especially Resource Control (RRC) Connection Reconfiguratmassage.
scenarios affected by a large amount of handovers like higihe elapsed time between the moment the UE sends the
speed scenarios. Measurement Repoand the moment it receives thtandover

. HANDOVER TIMING AND KEY PERFORMANCE
INDICATORS



0]

Measurement Report

[Torget | and antenna heights that vary from 15m to 60 m. Although the
e majority of the sites have 3 sectors, some of them count with

2 or even 4 sectors. Whereas the entire urban scenario mea-
HO Request 0 sures 5450mx5335m, the results are collected in a smaller
[Admission Control ] | et observation area of 800 m x 1200 m. The area is surrounded by

HO Request Ack

buildings of an average height of 4 stories. Some open areas
such as parks, squares and a fjord can be also found. The

HO Command

Forward packets to target

Statas Transfer scenario characteristics are summarized in Table |I.
I:Buffer Pa:lckets Ex?_c?non 2) Highway: High-speed mobility performance is studied
nchoaien T N by analyzing the 8.5km stretch of the E-45 highway that
UL Allocation and Timine Advance e_ncwcles the city of Aalborg. W|_der open areas than in the
Handover Confirm o city center can be found in this scenario, as well as, an
‘ immersed tunnel of 582m length. The network of this area
Fig. 1. Definition of the handover preparation and executiores. is characterized by 13 macro sites with 2 or 3 sectors and an

Commandis defined as the handover preparation time. Aft@verage ISD of 1092m. The average antenna height is 31.3 m.
receiving theHandover Commanahe UE detaches from the Scenario information can be found in Table I1.
serving cell and initiates the synchronization phase whii t
target. Data communication is interrupted during this tame IV. MEASUREMENTS
is not restored until the UE sends thkandover Confirmation
or RRC Connection Reconfiguration Completessage. The Drive test campaigns are performed along selected routes
time interval between both RRC messages is referred to as #teeach scenario. For the City Center, four drive tests are
handover execution time. In these studies it is assumed tBghducted at an average speed of 15kmph whereas, in the
the data interruption time is equal to the handover exenutiglighway scenario, a total of eight drive tests are performed
time. However, it typically takes around 5ms from the timgour at an average speed of 80 kmph and four at 100 kmph.
when the UE transmits thBRC Connection Reconfigurationwhile the drive test in the City Center is defined by a
Completemessage until the target eNB starts scheduling daiRsed path, the measurements in the Highway are taken in
for the UE [3]. Hence, the data interruption time is slightlyoth directions: from starting point A to an ending point
larger than the handover execution time. B, and vice-versa. The terminal used in the measurements

In addition to the handover timing, other KPIs will bels a Samsung Galaxy S-lll, LTE capable, forced to work at
also considered in these studies such as: average numbet8ff0 MHz. The UE is classified @ategory 3 meaning that
intra- and inter-site handovers, number of Radio Link Fau it supports a maximum data rate of 100 Mbps in the down-
(RLFs) and rate of Handover Failures (HOFs), as defindéidk. The device is programmed to periodically download a
in [7]. Coverage is also analyzed by recording the Referent80MB file from a FTP server. The position of the UE is
Signal Received Power (RSRP) during the drive tests. recorded using the Global Position System (GPS). Propyieta
software installed in the phone allows to extract the RRC
messages exchanged between the UE and the serving cell,

Low and high mobility performance is studied by analyzings well as information about the physical cell ID, RSRP,
two different scenarios of the city of Aalborg: The city cent Reference Signal Received Quality (RSRQ), Received Signal
and a stretch of a highway. The analysis is performed underSifiength Indicator (RSSI) and experienced Physical Downli
operational LTE macro network deployed at 1800 MHz withared Channel (PDSCH) throughput. RRC messages analysis
20 MHz channel bandwidth. is done to extract the mobility parametrization of the netwo

1) City Center: The network in this area consists of 2gn both scenarios. This mobility parametrization has be&ar
macro sites with an average Inter-Site-Distance (ISD) dfiii4 into account during the simulation phase.

IIl. SCENARIO DESCRIPTION

TABLE | TABLE I
AALBORG CITY CENTER SCENARIO PARAMETERS AALBORG E-45 HIGHWAY SCENARIO PARAMETERS
Parameter Value Parameter Value
Total scenario area 5450 m x 5335m Stretch length 8.5km
Number of cells 88 Number of cells 23
Number of sites 29 Number of sites 13
Average antenna height 30.8m Average antenna height 31.3m
Antenna height std. deviation 13 m Antenna height std. deviation 13.22m
Average antenna tilt 3.9° Average antenna tilt 2.1°
Average tilt std. deviation 2.4° Average tilt std. deviation 1.6°
Average ISD 741m Average ISD 1092m
Minimum ISD 308 m Minimum ISD 624 m
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Fig. 2. Zoom into the observation area of the Aalborg City €escenario. Fig. 3. Zoom into the observation area of the Highway E-45atie. Base
Base station locations depicted as white triangles. Mea@s&®SRP during station locations depicted as white triangles. Measure&MR8uring drive
drive tests is shown in a color scale. This drive test pathbleas also analyzed tests is shown in a color scale.
in a 3G study in [6]. o .
From the message analysis, it is discovered that the A3
V. EXPERIMENTAL RESULTS offset and hysteresis remain constant and equal to 2dB re-
spectively, while the TTT varies from cell to cell. Three

A. Coverage TTT values are found distributed among the cells of each

Figure 2 and Figure 3 show the observation area and t %enarlo: 320, 1024 and 1280ms. The use of different han-

. . ver event configuration for different cells indicates
network layout of each scenario together with the measurg? 9 tise

RSRP during the drive tests. As it can be observed in Figure Mobility R_obustness Optimization (MRO) at th? network.
. . : . h RO essentially tunes the handover parameters in coherence
high RSRP is experienced in areas where the network is mors

.. With the characteristics of different cell boundaries. Agkx
dense whereas low values are found around the highlighte .
. . . . . value of the TTT tends to postpone handovers, while the
!unctlon (mFersectlon Boulevgrden with Danmarksgade), 3hort TTT results in faster and more aggressive handover.
I was prewo_usly conc!udgd in [6]. I\_le_verthe!ess, levels AThe use of MRO helps eliminating HOFs. Figure 5 shows
sufficiently high to maintain connectivity during the WhOIEihe distribution of the TTTs found during the measurements
drive test. On the other hand, the coverage along the High '

is more uniform as only few locations with low RSRP levels ice that, although the City Center scenario consists8of 8

are found. Although no data is recorded while driving thiou cells, only 17 are discovered by the phone. On the other hand,

he phone reports measurements from all cells in the Highway

the immerse tunnel due to GPS signal loss, the coverage,is . ing fact is that th Ilin the Ci .
enerally good inside the tunnel and the connection is ne\'/Ae? Interesting aCt.Is that the cell in the City Center. scemar
9 with a larger TTT is the one located on the other side of the

lost.
measlD | measObjectID measObjectID] measObject ‘carrierLeq{
B. RRC Messages Analysis 1  —— : A
The RRC message analysis shows that the UE is configured? ReportConflD| _reportConfig Event
by the network to send th®leasurement Repolioth period- 1 : ;esffféfﬁ:;gﬁﬁ ig
ically and event-triggered. These reports may include & lis o 3 ReportConfigEUTRA | Periodic
of neighboring cells, their measured RSRP and RSRQ values, 4 ReportConfigEUTRA | A2

the event used for triggering handovers and the correspgndi Fig. 4. UE measurements configuration recorded during tive dests.
target cell. The configuration is done through Measurement

configurationfield included in theRRC Connection Recon- BCity Center BHighway
figuration message which also contains information about 25

which carriers and Radio Access Technologies (RATs) should
be measured. Figure 4 shows the measurement configuration
extracted during the drive tests. By analyzing kheasurement
Reportprior to each Handover Command it can be identified
that handovers at 1800 Mhz are triggered by the commonly
used A3 eventrfieasID1, measObjectIl, ReportConfilD1). — —
The RRC Connection Reconfiguratiomessage also provides 320 1024 1280
information about the RRM measurement, which in this case TTTIms]

is RSRP, and the values of the handover parameters: timeﬁ@.’ 5. TTT distribution among the discovered cells by themhduring the
trigger (TTT) and offsets. measurements for each scenario.

]

-
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Blintra SiteHOs ~ WInter Site HOs TABLE Il
MEASURED HANDOVER TIMES DURING THE DRIVE TESTS

IS

53_5 Average Times [ms] | Median Times [ms]
E : Scenario HO HO HO HO

2 25 Prep. Exec. Prep. Exec.

§ 21 City Center 48.2 28.9 39.0 26.0
@ E-45 80kmph | 39.2 26.1 36.0 26.5

g 05 E-45 100 kmph| 44.7 24.5 38.0 24.0
EaN

City Center Highway 80 kmph  Highway 100 kmph

handovers have been recorded in any of the measurements in
Fig. 6. Average number of handovers per UE per minute oldainethe the City Center. In connection to this, it is worthy to higjfit
measurements for both scenarios. that due to Line Of Sight (LOS) conditions, the site located
fjord compared to where the drive tests are performed.  at the other side of the fjord is the main dominant in this
observation area. Moreover, the TTT asigned to this pdaticu
C. RLFs and HOFs cell, larger than the one in the neighbors, makes it more
Upon detection of physical layer problems, the UE starts tigéfficult for the UE to connect to this server. Although the
timer Ts10. If better radio conditions are not experienced an@resence of wider open areas explains the existence of intra
Ts10 expires, a RLF is declared. Afterwards, the UE attemp$ée handovers in the drive tests for the highway, the istter-
the re-establishment and if it does not succeed in a period®ents are still dominant in this scenario.
time 7511, the UE goes to RRC idle mode. HOF is declared Table Ill shows the average handover times experienced
if a RLF occurs during the handover process. during the drive tests. As some of the times are found to
From the RRC messages analysis it is found that tf€ in the region of hundreds of milliseconds, the median
timer 7510 is parametrized with a value of 2s. This larg&alues are also shown to avoid a possible bias in the results.
value assures that the UE has enough time to get backTiie recorded latency values in the City Center are generally
synchronization after experiencing bad radio conditiond ahigher than in the Highway scenario due to presence of inter-
hence, avoiding RLF declaration. Futhermore, the titfig; ~ Site handovers only. Nonetheless, the predominant nunfber o
is found to be 3s. Measurements revealed that neither RLPtr-site events in both scenarios makes the median values
or HOFs are experienced in any of the scenarios, even thowgiilar in all the cases. On average, it takes a total time of
some areas with low RSRP levels are found. 77ms to perform a handover in the City Center whereas,
In order to confirm that our method for checking RLFs anlfl the Highway, it takes 65 and 69ms when driving at 80
HOFs is valid, a simple experiment to force a RLF was coq"d 100kmph respectively. The measured average handover
ducted before the drive tests. After setting the configargfor  €X€cution time —and its associated data interruption time—
performing a download, the phone was wrapped in aluminuff’Tesponds to 28.9ms in the City Center, 26.1ms in the
foil, replicating a scenario in which the UE experiences gighway while driving at 80 kmph and 24.5ms at 100 kmph.
signal drop. Analyzing the RRC messages, it was observEf® average number of handovers experienced in the City
that following the wrapping of the phone, the device sends &ENter is 16.5, while in the Highway are experienced 24.9
RRC Connection Re-establishment Requesssage with the and 213 handoyers at each speed. From these numbers, and
valueOtherFailurein the cause field. At this point, if the phonecOnsidering that it takes 450 to travel the observed urkm p
is unwrapped before the timdk,, expires, the connection is and 444 s and 354 s to_transyerse the segment of the E-45 at 80
successfully re-established. However, maintaining itpped  21d 100 kmph respectively, it can be calculated that the @hon
for a longer time, causes the phone to go to idle mode aft¥fS able to transmit or receive data the 99.8% of the time.

the T41; expiration. Figure 7 depicts the empirical Cumulative Distribution
Function (CDF) of the extracted handover preparation and
D. Handover Events and Timing execution times. While the lower tail of the plot reaches a

Figure 6 shows the average number of measured handd A milliseconds, it can b.e ob.ser\_/ed that the 5% of the cases,
events per user per minute split into inter- and intra-sit9€ handover execution time is higher than 55 ms for the Clty
handovers. As expected, the number of handover increag;&"ter’ reaching extreme values of more than 100 ms. This
with the speed. However, although the UE velocity is a factGP" be due to the back-haul latency, load condmons_m the
5-7 higher in the highway scenario as compared to the C@rget ceI_I, a_nd the Random Access procedures during _the
center, the handover rate is only a factor 1.5-1.6 highetifer ynchromzatlorphgse. These large values may compromise
highway case. The larger ISD in the highway is the reason fme rejquweme_nts,. in terms of latency and reliability, fotufe
not experiencing higher relative handover rates, as combafeal't'me applications.
to the city center. The chosen drive path and the location OR/I
the sites with respect to the streets layout play an impbrtan™ °
role in these studies. The street canyon effect makes thealsig To verify whether our simulator is able to reproduce results
from far sites to dominate over closer sites. Thus, no isit@- in coherence with the measurements, the site-specific Sosna

M EASUREMENTS ANDSIMULATIONS COMPARISON



LF real-life effects to a large extend. Nevertheless, a deeper
09 I comparison including more statistics are needed.
08t d 4
orl | VII. CONCLUSIONS
06 iy Mobility performance and handover timing for site-specific
éo.s— | scenarios are studied in this paper by means of drive tests
o4l | measurements and system level simulations. Field measure-
' HO Prep Time - City Center ments are performed in an operational LTE network in the
03r HO Prep Time - Highway 80 kmph | . .
s : HO Prep Time - Highway 100 kmph metropolitan area of the city center of Aalborg, Denmark, to
< & ——HO Exec Time - City Center T ili i+ H HR
L j!f HO Exec Tim - Highway 80 kmph | | ;tudy slow mob|llty_at 15 kmph. Addl_tlonally, hlgh mobility
' = ——HO Exec Time - Highway 100 kmph is analyzed in the highway which encircles the city, at speed
% 10 20 30 40 50 0 70 8 9 =—-100 of 80 and 100 kmph. Experimental results show that although

Time [ms] the average measured data interruption time is found to be,

Fig. 7. CDF of the handover preparation and execution tinnésimed during gt |east. between 24 and 29 ms. some extreme values higher
the measurements for both scenarios. ' v .

than 100ms are found. These high delays may compromise

. . : .the requirements for future traffic and safety applications
are simulated under a dynamic system level simulator Whl(i.l”tl]e number of handovers are found slightly higher in the
implements the majority of the RRC connected mode mObiIité‘mulations than in measurements. Nevertheless, sirnokati
mechanisms defined by the 3rd Generation Partnership I?rolaer% able to indicate that the scena.rios are aﬁectéd by a high
(3GPP) for LTE, including terminal physical-layer MEASUTS, \mber of inter-site handover and high handover delays
ments, Layer-3 filtering and reporting events. The simulato '

has been utilized in several mobility studies, for 3G and 4G, AS future work, it is recommended to further investigate the
involving 3GPP ( [7], [8]) and site-specific scenarios ( [G]handover timing in real networks ((le..g., fqr a given backthau
[9]). fatency, to study how the load conditions in the target celym

. o . modify the handover delay). Moreover, it is also suggested t
Mobility parametrization discovered by the measurements : ) ; .
: . . explore solutions to decrease the handover interruptioe ti
and the network information provided by the operator aré ™ . = * o ;
. : . : . onsidering latency and reliability requirements for fetbG

taken into account to align simulations with measurements. lications

. . : : a
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