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Abstract—Multi-band and multi-tier network densification is  networks may solve these two problems, it creates a new
being considered as the most promising solution to overcome the challenging problem i.e., how to manage user mobility in such
capacity crunch problem of cellular networks. In this direction, a dense network consisting of cells of varying sizes on a wide
small cells (SCs) are being deployed within the macro cell (MC) . . g .
coverage, to off-load some of the users associated with the Mcs.Fange of freguency bands .W'th entirely dlffergnt propagation
This dep|0yment scenario raises several pr0b|ems_ Among oth- characteristics. The fOIIOW|ng Cha||engeS define the breadth
ers, signalling overhead and mobility management will become and depth of this impending problem.
critical considerations. Frequent handovers (HOs) in ultra dense Mobility management in the current networks requires pe-
SC deployments could lead to a dramatic increase in signalling yjqqic signalling to support HO preparation, execution and
overhead. This suggests a paradigm shift towards a signalling - h .
conscious cellular architecture with smart mobility management. complethn phases. This conventional approach may not be
In this regards, the control/data separation architecture (CDSA) Suitable in ultra-dense networks because HO rates and the
with dual connectivity is being considered for the future radio associated signalling overhead will become unacceptably high
access. Considering the CDSA as the radio access network[5] [6]. In the long term evolution, HO failure rate is targeted
(RAN) architecture, we quantify the reduction in HO signalling below 5 percent [7]. However, recent third generation part-

w.r.t. the conventional approach. We develop analytical models . . .
which compare the signalling generated during various HO nership project study [5] shows that adding only ten small

scenarios in the CDSA and conventionally deployed networks. Cells per macro can push the HO failure rate to as high
New parameters are introduced which can with optimum value as 60 percent, indicating the breakdown of current mobility
significantly reduce the HO signalling load. The derived model management mechanism in ultra dense networks. Given the
includes HO success and HO failure scenarios along with specific iy ch smaller average cell size and thus small user sojourn
derivations for continuous and non-continuous mobility users. . . .
Numerical results show promising CDSA gains in terms of saving time, the time to complete a HO must be reduced S'gn'f'camly
in HO signalling overhead. from the current LTE target of 65 ms [8], [9]. New agile HO
. . signalling procedures are also needed to meet the ambitious

_Index Terms—CeIIuIar_ n_etworks, contro_l date_l separation ar- | lat - ts of the 5G t
chitecture; dual connectivity handover; signalling load; radio 'OW '&l€NCy requirements or the system. .
access networks. According to [10], the range of mmW based cells is 100-200
m. With ultra-dense mmW based SC deployments, mobility
management becomes complex because HOs will happen

Usermobility has been the raison d’etre of wireless celluldrequently even for slow mobility users. In the conventional
systems. Studies project that by 2021, global mobile traffRAN architecture, the HO procedure includes transferring
will increase sevenfold [1] as compared with 2016. Thiall channels (i.e., control and data) from one base station
mobile traffic can be analysed to gain deep insights into another with a significant core-network signalling load
human behavior, transportation, networking etc. [2]. At thl1]. For instance, the results reported in [12], [13], [14]
same time, this trend highlights the need for making mobilitydicate high signalling overhead and call drop rates when
management in future cellular networks even more resourtte conventional HO mechanisms are applied in dense SC
efficient and seamless than ever before. In addition, multi-baddployment scenarios. To solve this problem, a futuristic radio
and multi-tier networks consisting of cells of varying sizes oaccess network architecture with a logical separation between
conventional sub 6 GHz and above 20 GHz bands, referregntrol plane and data plane has been proposed in research
to as mmWaves (mmW) henceforth, are being perceived @smmunity [15].
the panacea for the looming capacity crunch. ParticularlyIn CDSA, MCs are chosen to be control base stations. These
mmW small cells are being considered [3],[4] essential faontrol base stations provide basic connectivity and control
future ultra dense multi-tier multi-band networks vis-a-vis 5Gignalling needed for services as evident in Fig. 2. Under the
and beyond. This is because harnessing the abundant ambrella of control base station, high speed and on demand
short range mmW spectrum has strong potential to soldata services are provided through SCs which are termed as
the two long-standing and intertwined problems in celluladata base stations. As illustrated in Fig. 2, all user equipments
networks: spectrum scarcity and interference. However, (WES) are connected to control base station and only active
is worth noticing that while advent of ultra dense mobil&JEs are connected to both control base station and data base
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Fig. 1. Signalling messages exchanged with in a typical S1 handover scenario

R 5 CBS. The procedure of HO trigger and decision is aligned

_ with 3GPP standard [17]. Intra CBS HOs are transparent to
the core network (CN), because DBSs are under the coverage

((( ))) of CBS all the time. Similar architecture configuration has
been proposed in [18], for heterogeneous wireless networks.

These configurations reduces mobility signalling, facilitate HO
in control-user plane split scenarios [19], [20] and reduces the

associated overhead.

There has been existing research work on other areas of
4 NeeUR s HetNets such as energy efficiency [21], [22], [23], [24] etc.
However, according to authors’ knowledge very little work has
been done on reducing mobility signalling in HetNets. Most

Broadcast-type/ Cell-specific signaling

T coverage and mobility management of the existing work in the literature for HO modeling has

sy Dataand Adaptive unicast-Type/ UE-specific been done considering general HO scenario in macro cells or
T— HetNets with conventional architecture. This paper provides a

Fig. 2. Schematic of control data plane separated Architecture model for HO failure in CDSA. To the best of our knowledge,

this is the first scheme that models HO failure under a CDSA
configuration. In addition, we have also included parameter

stationvia a dual connection [14], [16], [15]. This type Ofsetting in terms of shared coverage area to minimize signalling

coverage and connection offers simple and secure HO becaﬁgg reduce ':i fallurI(:_ as p?erOfl n;odelmg. The|r_|e(1;ore, dthle
in this case radio resource control (RRC) connection is mai _portance_ of this work is twofold. 1) tpropose_s a mode
tained by the CBS. In this way, UEs are connected to a C gr_CDSA n HeFNetS.Z) It proposes an analytical model for
with large coverage area. The HO trigger takes place wh@five mobility signalling generated during HO for CDSA in

UE moves towards the edge of serving CBS. As the sign'aFtNetS'

strength/quality of the serving CBS lowers and the neighboring The work presented in [25] focuses on optimization of HO
CBS signal strength/quality and coverage becomes greater tpamcedure in HetNets by incorporating context information
the sum of the signal strength/quality of the serving CBS andsach as user speed, channel gains and traffic load in the
hysteresis (defined by the network), the HO event is triggerezlls. This work proposes a Markov chain-based framework
The UE sends measurement report to the serving CBS. After model the HO process for the mobile user and derives
reading the measurement report, the serving CBS decidesuif optimal context-dependent HO criterion. This work clearly
HO trigger is necessary or not. If HO is needed, serving CBfmonstrates that context-awareness can indeed improve the
sends HO request to the target (neighbor) CBS and once H® process and significantly increase the performance of
request is acknowledged, the serving CBS sends HO triggmobile UEs in HetNets. In contrast to [25], this study aims to
command to the UE to continue moving towards destinati@ddress the question of how much signalling is generated in



caseof HOs for CDSA based HetNets. On the other hand, the  mobility or continuous mobility scenario takes place.
works presented in [26] does provide HO analysis for CDSA 4) HO related parameters such as mobility time duration
based HetNets. This work provides first tractable mobility (T4), time taken for a HO completion ¢} and coverage
aware model for a two-tier downlink cellular network with factor (c) are introduced. These parameters when config-
ultra-dense small cells and Control plane / User plane split  ured appropriately can reduce HO related CN signalling.
architecture. The work performs in depth HO analysis and  Also, for a given topology these parameters can decide
sheds light on HO costs in terms of number of HOs taking  the success or failure of a HO.

place per unit length. However, widely differing from the 5) Finally, this work informs the reader whether multi-
scope of our study, [26] does not compare quantitatively how  tier multi band SCs ought to be deployed using current
much amount of signalling load is generated in case of HO  HetNets format or CDSA approach. The results confirm
success and HO failure in CDSA for HetNets. The work that for ultra-dense HetNets deployment CDSA ought to
in [27] focuses on HO problem in two tier networks which be used.

arises in HetNets due to network densification. The solutionThe remainder of the paper is organized as follows. In

to the problem is specified in terms of HO skipping based afection 11 we discuss the system model and assumptions,
velocity of the user, so that connection can be maintained f@gction III presents the signalling probability model. The
longer duration without causing any connection interruptiogxpected CN mobility signalling model is presented in Section
HO cost is defined based on the delay incurred on accountjgf A special scenario for the case of continuous mobility
HO interruption which takes place during a HO. Even thougdlgnalling is presented in Section V. We present numerical

[27] considers two tier HetNet model, unlike our study it doegsults in Section VI followed by conclusion, in Section VI
not consider a CDSA architecture specifically. In addition, fespectively.

does not take into account for the mobility signalling load
considerations.

According to Nokia Siemens networks, in current network
deployments signalling is growing 50 percent faster than The analytical model for reducing HO signalling in this
data traffic [28]. Previously published works [14], [29], [30]paper focuses only on the RRC related CN mobility signalling
[31] on mobility signalling claims that mobility signalling exchange which takes place during the HO procedure (active
is reduced as long as UE’s mobility is within the coveragmode) in a cellular system. Fig. 1 indicates the amount of
area of CBS. As a result signalling channel is not changsdynalling exchange which is generated during a typical S1 HO
and mobility signalling is reduced. However, this is not thecenario [37]. The actual sequence of HO messages are shown
case when the UE moves from one CBS to another CBi&.Table I. It is evident that compared to RAN side majority of
Other studies [32], [33], [34] analyse the dual connectivitthe mobility signalling messages are being exchanged with the
and HO failure rate of the CDSA using simulations, withouEN as shown in the shaded region in Fig. 1. In the CDSA the
providing a concrete analytical framework. In order to evalua@N signalling remains unchanged as long as UE mobility is
the HO signalling cost, [35] and [36] propose HO managemewntthin the same CBS because intra CBS HOs are transparent
schemes and evaluate the signalling cost for femtocells. Hotw-the CN, as described in Introduction section and shown in
ever, these analysis assume that the HO is successful for Ff. 2.
percent of the time which is not the case in real networks. The model is applicable for both intra-frequency and inter-

In order to assess the mobility and signalling reductioirequency HO scenarios. In the CDSA network, the CBS and
benefits of CDSA, it requires a framework that quantifies tHeBS are usually deployed in separate frequency bands to
mobility-related signalling load. A first attempt towards thigvoid inter-layer interference. Although this may complicate
framework is reported in [11]. While this framework provideshe UE radio frequency (RF) design, a separate frequency
the foundation, it misses out two important facts. deployment is being considered in the new radio guidelines

1. It does not consider HO failures scenario. 2. It does nof the 3GPP [38]. In this direction HOs within the footprint
take into account quality of service (QoS) requirements suohthe same CBS require changing the DBS only, hence they
as HO time, shared coverage factor and HO duration relat@@ considered intra-frequency HOs. On the other hand, inter-
parameters which are essential for QoS requirements of ti@8S HOs, i.e., HOs between two different CBSs, require

Il. SYSTEM MODEL AND ASSUMPTIONS

sensitive applications in ultra-dense HetNets. changing both the CBS and DBS, i.e., a two-link HO. Such
Keeping the above limitations of [11] in mind, we make tha scenario may involve intra-frequency and inter-frequency
following contributions in this paper. HOs. Consequently, a longer or shorter measurement gap

1) We propose an analytical model which provides probasay be required depending upon the cell deployment density.
bility of HO failure signalling, probability of HO successAccording to Mahbas et al [39], using smaller values of
signalling and probability of no HO signalling. measurement gap, better system performance can be achieved

2) We propose an analytical model to quantify the mobilitin case of dense cell density and higher values of measurement
signalling generated in the core network for the caggap in case of sparse cell density. This issue can be solved by
of HO success, and HO failure in both CDSA andimiting the number of CBSs / DBSs that are being monitored
conventional network. by the UE, e.g., the UE monitors the top-n cells per cell

3) The analytical model quantifies the expected mobilityategorization to ensure that data transmission is balanced
CN signalling generated: when either a non-continuow@gainst the accurate measurement cycle. However, modeling



TABLE |
HO MESSAGES

stays below 6 dB for at least 1 sec [40]. Using this
approach, probability of SINR greater than the threshold
can be computed. If SINR threshold is less than the

Number | Description
1 RRC ConnectiorReconfiguration threshold for a given time, it will be a HO failure and
2 RRC MeasuremenReport vice versa. Similarly, HO failure caused by partial HO
3 HO Decision _ can be characterized by calculating the probability that
4 S1 HandoverRequired whether all bearers get transferred completely or not. By
> S10forward RelocatiorRequest computing the probability of all bearers transferred or not,
6 S11Create BeareRequest/Response - .
v ST handoverequest we can_compute probability of_HO success or HO fa|lu_re
] AdmissionControl respectively. For a more detailed discussion on possible
9 S1Handover Request Ackmgdedge HO failure scenario, reader is referred to [40].
10 S10Forward RelocatiorResponse Regardless of the HO failure reasons all factors contribute
11 S11Create BeareRequest/Response to the same amount of CN signalling load.
12 S1HandoverCommand For the evaluation and comparison purposes the modeling
13 RRC ConnectionReconfiguration . .
i RandomAccessPreamble approach proposed in Sections 1l to V__can_ be a_dap_ted
15 RandomAccess Response (UL Allocation #AY to model the conventional network mobility signalling in
16 RRC Connection ReconfiguratioBomplete order to assess the CDSA gains as proposed in [11].
17 S1 HandoverNotify
18 Data Transfer in Taget I11. SIGNALLING PROBABILITY MODEL
19 S10Forward Relacation Completefi In order to evaluate the CN signalling load as a result of

for control basestation . .

50 STUE Context Releas€ommand HO, the probabilities of failure (P, success (B and no HO

can be goal of future work.

(P.,) needs to be modelled. To compute these values, we need
to model the HO procedure between two CBS in terms of a
. . o ] timing diagram as shown in Fig. 3. From the timing diagram
this specific scenario is beyond the scope of this paper, afdrig. 3 the abbreviations for various terms used and defined

) . B _are provided in Table 1.
In order to derive the analytical model for mobility sig-

nalling in case of CDSA. The following assumptions are made.

L . System Model
The user remains in the system upon HO success or HA(‘) y _
failure. In case of HO failure UE will remain connected Consider a CDSA cellular network where the CBSs are

to the CBS but will require RRC re-establishment witf"odelled as a Poisson Point Process (PPP) with depsity
the DBS. , while DBSs are modelled as another PPP with density

Different amount of signalling is generated in CN in casn€répz = p1. o 5 _
of HO failure and HO success. Specifically, a HO failure Assumea session duration with probability density func-

event generates more signalling than a HO success eVt (Pdf) fs() and mean EY]. The CBS residence time is
as shown in Fig. 4. modelled as a random varialflg with pdf fz, (¢1) and mean

A user can remain within the same CBS and not perforfi?1], While the DBS cell residence time is modelled as a
an inter-CBS HO with probability . It can perform an fandom variabled, with pdf f,(62) and mean E[4].

inter-CBS HO from one CBS to another CBS. Inter cBS Fig. 3 provides a timing diagram that illustrates the defini-
HO can be successful with probability, ®r it could be tion of all the parameters. Without loss of generalization, we
a failure with probability R. follow [11] and assume that users move at random directions

An LTE system with equal number of low and highWith a random velocity. Under this assumptiongg[can be

mobility distributed users are considered. The term sectgpProximated by the ratio between the number of UEs in a
is used with the same meanings as a cell. CBS and th_e number of UEs leaving a CBS per unit time
HO failure is considered on account of too late HO. Thed1]- According to [41]
assumptions are valid for CDSA in ultra-dense networks, Number of UEs in &CBS
as with densification more HO failures may take place E[61] = Numberof UEs leaving a CBS (1)
because of too late scenario if HO parameters are not _ o ] _
tuned accordingly. Following derivations in [41], E[f] can be approximated
« HO failure can take place due to various other reasofs-
other than too late HO, such as transport network re-
liability i.e., S1 interface is down, poor RF conditions, E[0,] =
radio link failure and partial HO etc. Analytical model
for HO failure due to reasons other than too late HO can
be derived accordingly. For the case of HO failure causedwhere, the symbols;Sin equation (2) indicates area of the
by poor RF conditions, radio link failure is triggeredCBS and L, representtength of the perimeter of CBS as given
when the downlink signal to interference noise ratin Table Il. As we are considering a PPP model, according to
(SINR) is below a certain threshold (Qout = - 8 dB) an{¥42]

T * Sl
E[’U]Ll

)



TABLE Il
SYMBOL AND ACRONYMS DESCRIPTION

Symbol | Description
Sy NormalizedCN mobility signalling load on accouruf
HO failure
S NormalizedCN mobility signalling load on accourtdf
HO success
A SessionDuration
Ayr ResidualSessionDuration
0 Cell residencdime
0, ResidualCell residencdime
[ ResidualCell residence time of control base station
0,2 ResidualCell residence time of data basttion
Ta Mobility time duration during which HO takgdace
Ta,, ResidualMobility time duration during whictHO
takesplace
T, Time taken for handovetompletion
p1 Cell density of control basstation
P2 Cell density of data basstation
v Average elocity
L1 Length of perimeter of the control bas#ation
S1 Area of control basestation
c Coverage éctor
LTE | Long Term Evlution
mmW | Millimeter Waves
MME | Mobility ManagemenEntity
3GPP | Third Generation Partnershiproject
MME | Mobility ManagemengEntity
CN Core network
HO Handover
RRC | RadioResourceControl
BS BaseStation
CDSA | Control Data Separatiodrchitecture
CcP Control Plane
DP DataPlane
CBS | Control BaseStation
DBS | DataBaseStation
TA Time Alignment
UE User Equipment
SC Small Cell
S =~ 3)
P1
and
4
L= — 4)
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1
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Fig. 3. Timing diagram of handover model parameters

B. Mobility Time Duration ()

If a user is in moving state, on account of mobility it
eventually moves from one CBS to another CBS. In order
for a user to perform a HO successfully the HO must be
completed within a required time duration. Otherwise, UE may
move out of coverage of the serving CBS and HO failure
occurs. As the user approaches the edge of CBS, it starts
receiving signal coverage from a neighboring CBS. Ideally,
the HO ought to take place when a user is receiving signal
from both neighboring and serving CBS, while it is moving in
the direction of the neighboring CBS. This duration while UE
is moving in the direction of neighboring CBS and receiving
coverage from both serving and neighboring CBS is termed
as mobility time duration and abbreviated ag T

In order to define § mathematically We proceed as fol-
lows; a UE stays in a cell for a given time equal to average cell
residence timed). Ty is a function of average cell residence
time. Cell residence time is dependent upon cell density and
user velocity. Therefore, in order to derive a relation between
mean cell residence time and mobility time duration (HO
duration), we model it as:

Ty=E[f]*c*x1073 7

Where T; is the HO time duration (HO time) in the above
equation. HO time depends upon the coverage parameter

Substituting (3) and (4) into (2). Equation (2) can be re-writte@rger shared coverage area, HO duration is longer because it

as

™

E[64] = TGN 7,

®)

takes longer for a user to traverse the intercell coverage area
and for small coverage area it is shorter accordingly. Therefore,
the coverage parameter ¢ ranges between 0.1 and 0.9. The
coverage factor c is dimensionless in our model. As mobility
time duration is taken in milliseconds, whereas cell residence

Similarly, the expected cell residence time for DBS can Hémne is in seconds (depending upon the cell radius) therefore

listed as

a factor of 1/1000 is added for conversion.

C. Time Taken For a Handover Completion,T

The HO procedure starts from the instant measurement
report is sent by the UE to the source CBS, and concludes



Whensession duration is less than residual cell residence time

HANDOVER SUCCESS HANDOVER FAILURE . d
IS computed as:
Ca) () Ca) (a0 P
a L P .
UE Soyrce | Destination UE Source | Destination Prob.(A < 01,.) = / fo.. (:L‘)/ ily) dy dz (9)
- - =0 ' y=0
Preparation
Phase Phase

Execution
Phase

Completion
Phase

Execution
Phase

Completion
Phase

Prob.(A>01,.)=1 —/ Jo, . ( / fly) dy dx

(10)
Similarly, Ty, is the residual mobility time duration during
which HO takes place as shown in Fig. 3. The probability that
time taken for an inter-CBS HO completion (JTis greater
than residual mobility time duration is computed as:

Re- Prob.(Ty, > Tq,r ) =1— Prob.(T, < Ty, )

Establishment

When time taken for HO completion is less than residual
mobility time duration, it is computed as:

Fig. 4. Comparison of Handover Success and Handover Failure Procedures

Prob.(T, < Ty,) / Jra.( / fr,(v) dv dz

once UE receives RRC connection reconfiguration message (12)
from the target CBS. The HO procedure consists of three
phases: preparation, execution and completion phase as shown
in Fig. 4. For a successful HO all three phases need to bBrob.(T, > Ty4,.) =1 */ fra, (2 / frp(v) dv dz
completed successfully. The time taken to complete all the (12)
phases of HO successfully is termed Bs In [43], authors pjygging the values from equations (12) and (10) in equation
have studied the HO failure rate and delay of the HO as wel8) e get probability of failure as:
Their result include overall HO duration which is around 83-
95 ms. HOs can take place sooner than this duration as well. .
In order to compute the effect of signalling load in case ofpf =(1 _/ fra.(z )/ frp(v) dv dz) * (

z=0

both HO success and failure scenario we use the valug, of T
as100 ms, an upper bound to meet the HO delay requirements 1- / Jfor.( / Ia(y) dy dz)
in this work. "
D. Probability of Handover Failure

For the CDSA system model, it is known that CN signalling- Probability of Handover Success
is generated in inter CBS HOs only [15]. Expressed differently The definition of P, is equivalent to the UE attempting
all the DBS HOs do not generate CN signalling as long as the change the serving CBS, and it is successful in doing so.
CBS anchor point remains the same. The definitionPpfis  Wwith reference to Fig. 3P, is equivalent to the probability
equialent to the UE attempting to change the serving CBhat T, instantoccurs before 7T, duration.In other words,
while doing so it is not successful. With reference to FigP3, the session started when UE was associated with; GBS
is equivalent to the probability that,Toccursbeyond residual finished successfully in the next CBS when the UE tried to
mobility time duration7};,,. The session started when UE wagittempt a HO in order to associate with CBSwhere j> i
associated with CBSandfailed to finish and drops the sessiorgnd T, < T4, Considering Fig. 3, we can write,Ras:
when the UE tries to attempt a HO in order to associate with

CBS;, where j> iand T, > Tq4,,. Considering Fig. 3, we can
write Py as:

(13)

P, = Prob.(T, < Ty,r ) * Prob.(A > 61,7) (14)

Plugging values from equations (10) and (11) into equation
Py = Prob.(T, > T4, ) * Prob.(\ > 61,,) (8) (13), we get:

where Prob.( ) means probability of an event #hd. is the

residual cell residence time of a CBS. The probability that Py = (
session duration)) is greater than the residual cell residence

time, it is computed as:

de,( ) pr( ) dv dz) * (

1—/ for (@ /fA ) dy dz)

Prob.(A > 01,.) =1— Prob.(A < 04,,) (15)



F. Probability of No Handover Similarly, using Lemma 1 in [11] the pdf of residual
The definition of P,., is the probability that the UE does Mobility time duration in case of exponential distribution is

not attempt to change the serving CBS. With reference to FRJVEN as:

3, P,, is equivalent to the probability that the session started .

when UE was associated with CB&ndfinished successfully Fro (t) = fra(t) = e 20

in the same CBS and UE did not try to attempt a HO in order 70, (1) = fra) E[T4] (20)

to associate with CBS, where j> i. Considering Fig. 3, we  substituting (18), (19) and (20) into equations (13), (15)

can write P, as: and (17) respectively. After mathematical simplification, we

get P, P, andP,,, closedform expressions to be as follows:
P, = Prob.(A < 6y1,7) (16)

AEINE] /5,

Plugging value from equation (9) into equation (16), it , _ E[T,]
T+ 4E[\Ev]\/p,

becomes: I (E[Tdar] + E[T,)]

) *( ) (21)

AENE] /5,
T+ 4ENE[] /7,

™

=0 =0 * = BT, 1+ B
The probabilities of HO failure, HO success and no HO
signalling considering general distributions are shown in equa- P,, =
tions (13), (15) and (17) respectively. In order to have closed T m+HAENE[]/p,
form expression for these probabilities we consider exponen-The closed form expressions forf Rnd P, indicate that
tial distribution as follows. they depend upon cell density, user velocity, session duration,
mobility time duration and time taken for a HO completion.
G. Exponential Distribution for Session Duration, MobilityMobility time duration in turn depends upon cell residence
time duration and Cell Residence Time time and cell coverage factor. Therefore, from a design per-
spective larger value of coverage factor and high cell residence
IIii_me result in better values of successful HO probability. This

Pro = fo...(2) Ialy)dydz (17) p E[Ty,]

*( ) (22

(23)

The expressions foP, P,, and P, computedearlier in
equations (13), (15) and (17) are given for general dist

bution. In order to have a closed form solution. we Codpsight can help cellular network designers to plan better ultra-

. . . . . networks which can r [t in mor ful H n
sider the scenario where the session duration, cell reside eLse etworks (.:. ca' esgt ore successiu O.S and
ess amount of mobility signalling compared to conventional

time and mobility time duration are exponentially distributed.
Exponential distribution has been considered in this pap%(?tworks.
as it represents the worst-case scenario from signalling load
perspective. The model(s) in [11] show that the HO-related
signalling load is memoryless under exponential distribution The total CN mobility signalling load generated during a
and the signalling probability is independent of the previoddO depends upon a number of factors such as :

case. A HO success or failure at one CBS does not mean it will, UE speed and mobility

resultin HO upon the next consecutive CBS. Consequently, we, BS density

consider the exponential distribution to model the worst-case, Sessionduration

scenario in both the CDSA and the conventional architecture, Transport network reliability (stability)

and to evaluate the upper bound of the signalling load thats Coverage factor

corresponds to insights into the worst case scenario. « Miscellaneous

According to [11] when session duration and the cell The yser(s) is assumed to be RRC connected and active in

residence time are exponentially distributed, the residual s@ss network. We model the HO scenario and CN signalling
sion duration and the residual cell residence time are a'é@nerated as a result of probability of HO failure, success

IV. MOBILITY SIGNALLING MODEL

exponentially distributed such that and no HO signalling using Markov chain as shown in Fig.
ot 5. In the CDSA approach shown in Fig.2, each inter-CDSA
Ht) = far () = %}E]’\] (18) HO success or HO failure generates CN signalling, we will

denote this CN signalling as;$, while intra-CBS HOs i.e.,
-t DBSs do not generate CN signalling. The coefficients?
fo, () = fo, (1) = E[64] (19) andy in Fig. 5 are HO coefficients. In a cellular network, the
' E164] probability to HO from one cell to another is not the same for
The mobility time duration is derived from cell residencéll the sectors. This difference is on account of various factors
time. Therefore, if cell residence time is considered expone#escribed above. These HO coefficient values represent the
tial. Hence, probability density function (pdf) of mobility timedifference in probabilities for HO coefficients from one cell

duration is given as: to another cell. Using [11] we can model the CN signalling
- on amount of HO success, failure and no HO as shown in Fig.
¢ BT 5.

fra(x) = B[T] where,



Fig. 5. Markov chain modeling of no-handover, handover failure and handover success related core-network mobility signaling

» Py = Probability that signalling is generated as a result
of HO failure

. P, = Probability that signalling is generated as a result P(j?;?) » for Z - O’j_ =0
of HO success Prob.(S: ) — a=roy * P(S00) ,fori>0,j=0
. P, = Probability that HO attempt will not be made "% (5ii) = g,/ P(So.0) fori=0,j>0
» S;,; = CN mobility signalling load generated on account E;;f;g%}mp; ] ]
of i handover failure(s) and j handover success(s) “aporr *P(So0) fori> 0’3(2>5;)

The goal is to find out the average or expected amouriom the Markov chain in Fig. 5 the values of HO coefficients
of mobility CN signalling which is generated in case of HG*  @nd~y are such that the following conditions are true.
success(s) and HO failure(s) including how no HO attempts _ _
will influence the aggregate signalling. From Fig. 5 it is clear BrPs +oaPp =1, fori=0,j=0
that user will alv_vays genergte mobility signalling starting from BIPy + i1 Pr 4 Yino Pao =1, for i > 0,5 =0
state 3,0 andwill not stay in that state.

The expected value of RRC CN mobility signalling load Bjt1Ps + a1Py + 50, Pno = 1, for i = 0,7 >0
E[S;,;] generated by a UE in the CDSA can be calculated as: Bij+1Ps + i1 Py + Yiyj Pno =1, for i > 0,7 >0

For a cellular network the values of 5 and~y are arranged
in the following order :

E[S;;] = ZZSW *Prob.(S;,; ) (24) Q2 Q2032042 204
=07=0 B120B22>20P3>Pa> ... 20

Y150 < 7250 < 350 < V450 < -0 < Y450

The Prob. (g‘;j) can _be caICl_JIated by solving the l_\/lark(_)v 0.1 < 70,2 < 70,3 < 1014 < o < Yosj
chain shown in the Fig. 5. Since the amount of signalling
generated by the user(s) movement increases with time, a Y1 S 7251 S Y31 S Va1 S e S i1

transition from CN signalling state G$ to CS,,,,, haszero
probability when i,j > m,n. Based on this Markov chain,
Prob.($,;) can be formulated as: Similarly,

Y12 <722 <732 < Y12 X <02



After mathematical procedures and solving (26). We get
V13§ Y205 S V305 < Va0 Seee S Vi

Lemmal: For exponential distribution of cell residence timeP(Sy,9 ) = 5 B Ly
and session duration. The valuescgf3 and~ are : PPy + Pf + P2+ Pr(l=Pro) + Py ((127_) Pro)
Al =Qy =Q3 =Qq4 =,...,0; =1
Bi=B=Ps=01=,...0; =1 Now the probability P(§,) is computed in equation (27).
After plugging it in equation (24). We can find the expected

Y150 = 72,0 = V3,0 = V4,0 =5 -, Vir0 = 1 CN mobility signalling.

Y051 = Y052 = Y053 = V054 =5 -, 70,5 = 1 -

Y11 = V2,1 = V3,1 = V4,1 =, 7717] - 1 E[S'L’j } = SO’O *P’I"Ob.(S0,0 ) + Z S’UO *PT.Ob'(S’L"O ) +

=1
Proof: Preliminary: Given the session duration and the CBS = o
residence time are exponentially distributed, the residual ses- » _ So,; *Prob.(So,; ) + Z Z Sisj #Prob.(S;,;) (28

sion duration and the residual CBS residence time will also be j=1 i=1j=1

exponentially distributed [11]. Consequently, the probability \yhere |

of not generating signalling is memoryless and independent Sos0 = [0 S¢] + [0 % S,]

of the state i.e., independent of the state whether signalling

has been generated previously or not. Siyo=[i %S¢ + [0 % 5]
This |mp||eS thatP,, = ’yl.()Pno = '72,()Pno~~~ = ’Yi,()Pno

resultingin v10 = v2,0... = %,o = 1. Similarly, for other Sosj = [0+ S5 4[5+ 5]

Y.,; = 7v,; = 1. Since at any given statey, Py + 5, Ps + Siyj=[i %S¢+ [J *Ss]

7,;Pno = 1. When~,; ; = 1 for all states, then the term . .
After plugging the values from equations (25) and (27)

a; Py + (P, remainsthe same in all the states. As the - ) Jat TS )
residual session duration and the residual cell residence tille€duation (28) and mathematical simplification results in

have exactly the same distribution as the session duration Z¥gected signalling. The expected signalling asa result of HO
the cell residence time, respectively;?; and 3; P, remain failures and HO success can be computed as:
constanin all states. This condition can only be satisfied when Pr(1—P,,) n (Pf — Pho+1)(1—P,,) .

Oél:OéQ:...:Oéizlandﬁlzﬂgi...:ﬁjzl. [i’j]:( P2 P2
As 'the probabilities of the sigqalling states in Markov chgin (1- P,,)? P,(1— Py,)
for Fig. 5 are shown in equation (25). These probabilities Pipf)sfp(so,o) (T +
f

depend on state (& i.e., P(§,9). Once we compute the p_p 0P L_p oy
probability of this state, we can compute probabilities for other (Ps — Pro+ 1)(1 — no)_|_( - Ppo) )SsP(So.0) (29)

states as well. For a Markov chain we know that. P} PPy
oo Equation (29) can be used to quantify the RRC CN mobility
Z Z Prob.(S;,;) =1 signalling load for a mobile user. The expected signalling load
i=0 j=0 can be computed by substituting the values pfi® andP,,,.

Using Fig. 5 we can sum up all the signalling states such
that: V. CONTINUOUS MOBILITY SIGNALLING MODEL
During a mobility HO scenario, one of the two cases
can happen. Either the HO is successful or the HO is not
Prob.(So,0) ZPmb 50 ) +ZProb (So,5) successful. User remains in the system even in case of HO
failure. For the case of continuous mobility, user generates
mobility signalling as a result of HO success and HO failures

+ ZZPTOU(Siaj) =1 while the session duration is continuous. It is assumed that

i=1j=1 the user remains RRC connected with the CBS in the system

After simplifying the equation above, we can write th&ven in case of HO failure and gets connected back to DBS

Prob.($,0) = P(S),0) as: through RRC connection re-establishment. As the session is
continuous, the probability of no HO signalling is zero in this

1 case. The probability of failure and probability of success are

P(S0.0) =

= g complement of each other in this case. The Markov chain for
1 — ., Prob.(S;, ., Prob.(So,; . . o s .
+ iz Prob.(Si) +§3; rob-(So) this special scenario is shown in Fig. 7. Looking at the 2D
i Zzpmb - Markov chain in F|g 7. It can be |nf<'a.rred.' ' .
=1 o P; = Probability that CN mobility signalling will be
(26) generated as a result of HO failure
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Fig. 7. Markov Chain representing continuous handover success and failure
signalling scenarios

B

1Py,

" p—1-| E[T,)] - 4E[NEv]\/p,
= Em B BN RN,

failure will not take place then it will be probability of success.
The probability of HO success is given as:

Ph =1- Pf

The probability of HO success is computed as:

@ P

B3Py,

BJPhi'
B. Handover Signalling for Continuous Mobility Users

Fig. 6. Markov Chain representing continuous handover success and failure . . )
signalling scenarios In case of continuous mobility scenario large number of

HOs take place. When we consider, there are a lot of HOs
N N ) ) _ successes and failures happening consistently and users have
« P, = Probability that CN mobility signalling will be g high mobility. It requires us to compute another expression
generated as a result of HO success in case of continugys cN signalling generated as a result of continuous HOs
mobility scenario. Let the number of HO failures is denotedi and

« C5;,;= Aggregate CN mobility signalling load on ac-nymper of HO successes is denotedjbfhe expected CN
count of i HO failures and j HO successes in case %fgnalling is given as.

continuous mobility

)
(1)

b

oo oo

The goal is to find out the average or expected amount
of CN signalling which is generated in case of continuous
mobility as a result of continuous HO success and failures
respectively. This probability P(CS) can be calculated by where ,
solving Markov chain shown in Fig. 7. Since the amount of
signalling generated by the users movement (HO failures and
success) increase with time, a transition from CN signalling
state C§,,, to CS;,; haszero probability when m, n> i, j.

Based on this model, Prob (€ can be formulated as:

P(CS(M)) 1=0,7=0
Prob.(CSi,; ) = 4 “LrP(C%00) 120,57 =0
Bi P P(CSoy0) 1=0,7>0

(i + j)ai PiB3; Pl P(CSo,0), i >0, j >0 chain:
(30)
In Lemma 1 of section IV it is already shown, for exponen-
tial cell residence and session duration the values ahd 3
are:

E[CS;;1=> Y CS8;,;jxProb.(CS;,;)  (32)

i=0 j=0

CS0,0= [0 % 5] + 0% 5]
CSio=[i*Sf]+[0xS]
CSo,j=[0%S¢] + [ * 54
CSiy=li*Sy]+[j* 5]

To compute the expected signalling in case of continuous
mobility, we need to find out the probability of state £si.e.,
P(CS,0). Looking at Fig. 7 and we know that for a Markov

oo o0

> ) Prob.(CS;,;) =1

i=0 j=0

Expanding the expression using Fig. 7

bi=0=0s=01=,...,=0=1

Q] =g =Q3 =Qq =,...,=q; =1

A. Computation of Continuous mobility Probability of Success
(Ph)

The probability of failure in case of continuous mobility is
the same as computed in section Ill equation (21) earlier f8F cS
non-continuous scenario. >0

BT, ) # ( 4E[NE[v]\/p, )
BTy, ]+ E[T,]” “m+4E[NE[]\/p,

Consideringa continuous mobility scenario. The probability
of success is the complement of probability of failure. If HO

P = P(CSoy0)

Prob.(CSo)+ »_Prob.(CSio) + > Prob.(CS,;)

i=1 j=1

+ iiPT’Ob(CS“j) =1

i=1 j=1

Resolving the mathematical expression to compute the value

1

1+ >0, Prob.(CSio) + > 21 Prob.(CSy,;)

(33

+ iip’POb.(Csi,j )

i=1 j=1
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Simplifying the mathematical procedures of equation above

o
=
1

o
e
2]

The probability of state G is given as: °
0.35 H - © -CDSA p, =10 p, =5p,,10p,,15p,,20p,
1 - = - Conventional p, =5 p.
PhPf 03[ “ - - - -Conventional p2: 10,:
P(CSo,0) = (34) i e Comentons 151,
’ PPy + P]% + Pﬁ + Py + B, ol Conventional ,:’22:20,:]
. - . L 5 e}
Now in order to compute the expected mobility signalling in 5 |+
case of continuous mobility we plug values from equation (34) = | '

into equation (32) and solve :

o
s

)
o
3]

E[CS;,;] = CSo,0%Prob.(CSo ) + Y CSi0xProb.(CSiy)

©-¢
Sty 200006000000 o
et o o
‘-+“‘t:t:t—t:h*—*=‘t—4.=kg—«g-d.=ke-ti_2

1:1 DD 50 100 150
oo [S. SR o] Mean velocity (Km/hr)
+> CSo,;¥Prob.(CSo,; ) + Y CSi,;xProb.(CSi,;)
Jj=1 =1 j=1 Fig. 8. Probability of no handover signalling vs mean velocity for CDSA and

. - . . . different cell densities of conventional network withd([= 5 mins
After solving the CN mobility signalling for continuous mo- &k

bility users in case of HO successes and failures turns out t~
be: 0.9

0_0.90-09(
o8 ooeeoooeoee ________________
Pf (Pf+1) 1 007t 90'0 —————————————
E[CS;;]= (5 + + )S#P(CSoy0) s e T
(€841 P? P? PPy Z 06 o
P Py +1 1 5 /
+ (7}; + ( h 3 ) + )SSP(CSO,()) (35) TO05f 2 o
Pf Pf PhPf 304 -0 Prob. of Failure ¢=0.2
£ =-=-Prob. of Failure c=0.4
The CN signalling for high mobility users depends upon P =, —Prob. of Failure c=0.6
and P,,. After substituting in (35) the values of PP, and 80, == Prob. of Failure c=0.8
P(CS,0) from equations (21), (31) and (34) respectively, T b
mobility signalling for continuous mobility users can be eval- 011

uated. . . ) 20 40 60 80 100 120 140
After comparing the two ana!ytlcal equations (_29_) anq (35) Mean velocity (Km/hr)
respectively (normal and continuous mobility) it is evident
that in case of continuous mobility scenario the probabi|i1+§;ig. 9. Probability of HO_faiIure vs mean velocity for different values of
of no HO is zero (R, = 0). If we substitute the value of coverage factor. B =5 mins and E[p= 10

P.., = 0 in normal mobility expected signalling equation, the

two equations apparently becor_ne equal. Even though the tw@_ 10 . Also worthy to note, for reasonable coverage factor
equations look equal for, =0, it is not true mathematically \5yes, at very low speeds, probability of success increases
as the values of F, P, andP; aredifferent including the values yith gradual increase in speed. However with increase in
of S, ; andCS, ;. We perform the analysis of the normal andygpility at higher speeds, probability of failure increase while
continuous mobility scenario in subsection C of Section V'-probability of success starts to decrease as evident in Fig.
10 The probability of no HO signalling is the same for all
V1. NUMERICAL RESULTS coverage factor values and does not depend on the value of ¢
A. Probability of handover signalling and coverage factor Put changes with velocity and cell density. In order to observe
P,, for different cell densities, the value df,, is shown
Fig. 8. Probability of no HO signalling has highest value
CDSA and it decreases with increase in cell density for
ventional architecture. Probability of failure is lowest for
SA versus conventional architecture while probability of
ccess starts low for CDSA but with increase in mean velocity
is higher than conventional architecture as shown in Fig. 11
and Fig. 12 respectively for a value of ¢ = 0.5.

This subsection evaluates the probability of signalling i
case of HO success, failure and no HO versus velocity f%
different values of coverage factor. The evaluation is basggrn
on exponential distribution for session duration, cell residen
time and mobility time duration. The evaluation is base
on normalized densities w.r.t the CBS density. The value Q
¢ influences overall mobility signalling. As in Fig. 9 , for
low value of c, probability of failure signalling is high and
decreases with increase in coverage factor. For low values o )
of ¢, the HO boundary shrinks resulting in smaller valugd- Signalling in CDSA versus Conventional networks
of T, as a result probability of failure signalling increases In this subsection we evaluate how much expected CN mo-
whereas for high value of c, the HO boundary region isility signalling is generated in case of CDSA versus conven-
suitable for HO success, therefore the probability of H@onal networks as proposed in analytical model of section IV.
success signalling increases with coverage factor as showa consider exponential distribution for session duration, cell
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120

—3€-- CDSA p, =10, p, = 5p,.10p,,15p,.20p,
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—A— Conventional p,, = 15 p,
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12

i - . ) Fig. 12. Probability of HO success vs mean velocity for different values of
Fig. 10. Probability of HO success vs mean velocity for different values gfg||

Normalized expected signalling load vs mean velocity for c = 0.1
Fig. 11. Probability of HO failure vs mean velocity for different values ofgngd E[N = 5 mins

cell density. EA] = 5 mins and ¢ = 0.5

. . o o corventional networks results in excessive mobility signalling
residenceand mobility duration time. The evaluation is base

on normalized densities w.r.t CBS density. In addition the RR(G cpsA a continuous and reliable coverage layer is provided
signalling load (in terms of expected value) is normalizegl, cgs, where the large footprint ensures robust connectivity

with S ( more specifically p for HO failures and $ for

and mobility. Whereas the data plane is supported by flexible,

HO success). Fig. 13 shows the normalized expected mobilibyantive, high capacity and energy efficient DBSs, that provide
signalling load vs. mean velocity for coverage factor ¢ = O data transmission along with the necessary signalling as shown
while Fig. 14 provides this information for coverage factoj, Fig. 2 in Section I. Whereas in conventional network,

value of 0.6. With low values of coverage factor there is a highbtwork remains on all the time and signalling and data
probability of HO failure and increase CN mobility signalling.onnectivity operations are controlled by the eNodeB alone.
load, even at Elow'speeds. Fig. 13 indicates CDSA generagggyry single HO generates CN signalling which adds load on
{31,54,72,87}*S times less signalling load compared tQpe network elements and increases delay. In case of CDSA
conventional network with different cell densities. For a high,, any HO between DBS to DBS is transparent to the CN

coverage factor expected mobility signalling load reducegnq goes not generate any CN signalling. This saves a lot of
With increase in medium and high mobility speeds, prObab””é/apacity and resources of the CN. The only time when CN

of failure increase, so expected mobility signalling is suppos%bi“ty signalling is generated in CDSA is when a HO takes
to increase with increase in mobility. Fig. 14 shows th&HIace between CBS to CBS.

CDSA results in{5,9,12,14}*S times less signalling load
vs conventional networks even at high velocity and coverage

factor respectively. CDSA is a clear winner for generatinfg- Continuous Mobility versus Non-Continuous Mobility
less mobility signalling load. These plots suggests that CDSAIn this subsection we compare the expected non-continuous
performs equally better at greater mobility and high spe&N mobility signalling versus continuous CN mobility sig-

scenarios. This proves our initial hypothesis that in case wélling as derived analytically in sections IV and V. Fig. 15
ultra dense networks CDSA deployment is beneficial wheremslicates non-continuous and continuous mobility signalling



13

20

IN
<]

*¥ 1
- - —e—Slgnallmg for Sf=Ss,c=0.1
18 | [~~~ COSA 0, = 10,1, = 50,100, 350, 205, * x> 35| |~ - Sianalling for Si=1.25'Ss,c=0.1 e
Conventional p, =5 p, * . —{3--Signalling for Sf=1.5*Ss,c=0.1
16l —©— Conventional p, =10 p, ¥ -
— — -Conventional p, =15 p, *r* - - 30
— 3 - Conventional p, =20 p, * -7 >

[N
IS

N
a

101

Expected Mobility Signalling
B N
[ o

Expected Mobility Signalling Load

1 10
33N
[¢ USIOSS L8 el
JRVERS Sl
3 D asiamainal
5@
40 60 80 100 120 140 20 40 60 80 100 120 140
Mean velocity (Km/hr) Mean velocity (Km/hr)

Fig. 14. Normalized expected signalling load vs mean velocity for c = 0.6ig. 16. Expected mobility signalling comparison of handover failure and
and E[N = 5 mins at high speeds success for ¢ = 0.1. ] = 10 indicating how handover failure results in
more mobility signalling
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HO failure. It must be kept in mind, HO failure can take

place at either of the preparation, execution and completion
phase(s). In case when a HO failure takes place. Then UE
has to go through connection re-establishment procedure
once again in order to get connected with a DBS. Numerical
computation of HO signalling considering each message
and processing at different nodes is computed in [35], [36],

g
I

=
w

I
N

N
N

Expected Mobility Signalling (Log Scale)

IRV Mk [44] and [45]. In order to approximate, how much additional
oy I% AAAAA signalling is generated in case of HO failure. Consider, if
08 IR B CAMANLL i HO failure takes place during HO completion phase, then
%%, 50 100 150 RRC re-establishment will take place to keep the user in

Mean velocity (Km/hr) the system after HO failure. This procedure results in more

_ o o signalling messages compared to HO success alone as shown
Fig. 15. Expected Mobility Signalling vs mean velocity in case of normal . . . . . . .
and continuous mobility for ¢ = 0.1 and ¢ = 0.5 in Fig. 4. HO failure signalling is normalized with;Sand

HO success signalling is normalized with.SThe total HO
signalling (failure and success signalling) normalized by S is
for ¢ = 0.1 and ¢ = 0.5 respectively. In both scenariogjiven as follows:
continuous mobility signalling is much higher compared to
non-continuous mobility at low speeds. For non-continuous
mobility, as velocity increases probability of no HO signalling S =255+, (36)
approaches zero.
From the numerical comparison of expected normal ahdoking at Fig. 4, we can writ&; in terms of .S
continuous mobility signalling in the Fig. 15 it is evident that
continuous mobility signalling provides the upper bound for
expected signalling generated as a result of HQ. IB zero at
all the times for continuous scenario. For normal scenario, at
low speeds R, is not equal to zero. However, with increasgyjith reference to Fig. 4, therefore total signalling is:
in velocity B,, startsapproaching zero. This is evident from

Sp =S, +0.25 % 5,

Sy =125%S8s

expected signalling generated at high velocities is the same S=125%5,+S;

both in case of normal and continuous mobility scenarios.

This confirms in order to compute upper limit for mobility S =2.25x%5; (37)
signalling in any case, continuous mobility scenario can bhe

This indicates that HO failure signalling load has differ-
ent quantitative evaluation than HO success signalling load.
o i ) i Differences in HO failure signalling load depend upon the
D. Quantification of Handover Failure Signaling scenario(s) considered. Fig. 16 provides information about
A typical HO procedure consists of three phases preparatigmcrease in expected signalling load for different\@lues for

execution and completion phases [9]. In this study for thecoverage factor ¢ = 0.1. It shows that for the given scenario
current system model, the user gets connected back to tomsidered, HO failure signalling load results in almost 1.6
system through RRC connection re-establishment in casetiofies more normalized expected signalling load.

used.



VIl. CONCLUSION [14]

In this work, we developed an analytical model to quantify
the expected mobility signalling load generated in cellular ngts5]
works as a result of HO success and HO failures. Closed form
expressions were developed for probability of HO failure, HO
success and no HO signalling. We also identified the analyti¢ad]
evaluation of overall CN mobility signalling load for various
HO scenarios. The analytical framework presented was ug
to assess the advantage of CDSA over conventional network
architecture using exponential cell residence time, exponenjiall
session duration time and exponential mobility time duration
respectively. Analytical evaluation is presented for continuous
and non-continuous mobility scenarios. We introduced néw!
mobility parameter(s) which affect mobility signalling. With
proper settings it can help in reducing mobility signalling
load in ultra-dense networks. Results indicate that coveradg®
factor,velocity directly affect the mobility signalling load.
From the results , it is clear that CDSA is a clear winngei]
when it comes to ultra dense HetNet deployment.
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