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Abstract—Existing location management (LM) methods for macrocells in LTE-Advanced have tracking area list (TAL) granularity.

Therefore, a user equipment (UE) triggers a location update (LU) whenever it leaves its current TAL, and it is searched through paging

(PG) with TAL accuracy. However, these procedures are not well-suited for small cells (SCs). The reasons are twofold. First, dense

deployments of SCs imply that paging has a low probability to be successful in the first attempt, increasing the signaling overhead in the

core network (CN). Second, smaller coverage areas lead to a higher mobility among cells, increasing the signaling overhead in the CN

due to LUs. In this work, two LM schemes with fine granularity are proposed. These schemes update UE’s location to a local anchor

(LA) in a SC or tracking area (TA) basis, respectively. By increasing the accuracy of UE’s location, a significant reduction of signaling

overhead in the CN due to PG is achieved. Moreover, LUs to the LA are performed through direct X2-interface links to avoid signaling

overhead in the CN. A versatile mobility model is developed and closed-form expressions for UEs’ mobility metrics are found to validate

the proposed schemes through variations of critical parameters such as TA/TAL configuration, UE’s mobility patterns and cell residence

times.

Index Terms—Location management, small cells, paging, location update, tracking area list
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1 INTRODUCTION

SMALL cells (SCs) play a crucial role towards satisfying
the capacity requirements imposed on mobile networks

[1], [2]. Moreover, it is expected that they scale properly in
order to effectively enhance perfomance in dense indoor/
outdoor scenarios [3]. Likewise, the success of large-scale
deployments depends on their ability to coordinate and
optimize their resources while avoiding additional process-
ing load on current networks. Some of the issues that have
been identified and addressed in SC networks are interfer-
ence avoidance, cell search, cell selection and handover
decision/execution. However, there is not sufficient
research carried out in solving the issues that make location
management methods of macrocells unsuitable for small
cells. Two characteristics of SCs have been identified to
have a negative impact in macrocell location management
methods: (i) backhaul restrictions, and (ii) small coverage
areas. The former imposes a tighter bound on signaling
overhead, since the backhaul is shared with fixed users. The
latter implies that users cross cells more often, and therefore
more signaling is required per user.

Location management involves two key procedures:
location update (LU) and paging (PG). LUs are triggered by
the user equipment (UE) to inform about its current position
to the mobility management entity (MME) in the evolved
packet core (EPC). To that purpose, the 3GPP standard

defines three levels on which to locate a UE: (i) cell level ,
(ii) tracking area (TA) level, and (iii) tracking area list (TAL)
level. A cell is the minimum unit of coverage for UEs. A TA
is a group of cells that share a TA identifier (TAI) and each
cell belongs to only one TA. A TAL is a UE specific set of
TAs where the UE can camp without triggering an LU pro-
cedure. Once a UE camps in a cell with a TAI that does not
belong to its TAL, it triggers an LU procedure, referred to in
the standards as a tracking area update (TAU) procedure.
With this procedure, the MME is informed that the UE has
left the current TAL. Then, the MME responds with the
assignment of a new TAL to the UE [4].

A paging procedure starts when an incoming call has to
be routed to a UE. Since the MME knows the UE location in
a TAL granularity, the UE is searched in the cells of the
current TAL. The basic paging policies can be classified as
parallel and serial [5]. In parallel paging, also named as
non-selective or blanking paging, the UE is simultaneously
searched in all the cells that belong to the TAL. In serial pag-
ing, also named as selective paging, the UE is searched
sequentially, for instance, according to certain estimated
probability of determining the UE in a given area [6],
according to the distance to the cell in which the UE had its
last contact with the network [7] or according to the location
granularity of the UE [8]. For example, in [8], three policies
are proposed and evaluated, two of them labeled as Cell-
TAL and TA-TAL, a two-step searching scheme, and the
other scheme labeled as Cell-TA-TAL, a three-step scheme.

There is a tradeoff between LU and PG costs. As LUs are
performed more often, the amount of paging is reduced and
vice-versa. For instance, as the size of the TAL grows, the
UE will cross less TALs, hence reducing the LUs, but more
cells have to be paged. From an operator’s point of view,
TA’s setting has a higher cost than TAL’s setting, since add-
ing or discarding cells from a TA involves equipment recon-
figuration, which forces service interruption for the cells
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involved. Hence, in order to successfully adapt to traffic
conditions, most of the existing work focus on TAL configu-
ration. In [9], while TA size remains fixed, TAL size is
dynamically changed according to the user’s speed. This
allows for high speed users to reduce their TAUs by using
bigger TALs. However, this solution requires the introduc-
tion of specific timers for each user in the MME, which
increases its complexity and implementation cost. In [10],
the TAL design approach is proved to be more effective
than the TA design approach to reduce signaling overhead,
assuming that the load of cells and handover data is avail-
able from the network, and that this information is enough
to construct traces that correctly represent users’ move-
ments. A more direct approach consists in analyzing loca-
tion patterns obtained from call data records (CDRs) in
order to identify the most frequently visited areas and corre-
late this information with the service provided to the user or
the underlying structure of the area, which could be used to
design effective paging schemes [11], [12]. Yet, since user-
profile based schemes define a subset of cells for a first paging
cycle according to historical information, a proportion of
users will inherently suffer from paging delay. One of the
main concerns in TA/TAL design is to reduce the impact that
TAUs and PG signaling overhead have over the EPC, and in
particular over the MME. According to [13], 34 percent of the
processing load in the MME is due to LM procedures, where
29 percent is due to paging and 5 percent is due to TAUs, and
it is expected that these values grow with the introduction of
SCs. An important processing load reduction in the MME
may be achieved through direct cell interaction. In [14] a PG
procedure that forwards PGmessages from cell to cell is pro-
posed. This messages are sent through the X2 interface [15],
which has been defined in 3GPP as a logical link to support
direct interaction among cells. However, routing through
one-hop steps rapidly increases the load in SCs’ backhaul for
large deployments.

There are two main contributions in our work. First, we
propose two location management schemes for small cells
that achieve a finer granularity of UE’s location by register-
ing its position in a SC or TA basis to a local anchor (LA).
LA-based solutions have already been proposed to reduce
excessive signaling associated to high mobility in cellular
networks. In [16], a VLR is chosen as an LA, reducing the
registration frequency to the HLR. However, in that solu-
tion the LA remains inside the core network, and hence the
communication among LAs increments the signaling load
of the core network (EPC for 3GPP). In our work, the LA is
chosen among the SCs, and in order to avoid increasing the
signaling load in the EPC, location updates among SCs are
performed through direct links using the X2 interface. For
scalability purposes, an X2 Router [17] is used, so each SC
only has to maintain a single X2 connection. On the other
hand, the LA is chosen on a per-user-basis from all the SCs
in the TAL, distributing the processing load. More impor-
tantly, by achieving a finer granularity of the UE location,
the processing load associated with paging in the MME is
considerably reduced.

Second, we use a versatile mobility model to validate our
LA-based LM schemes in relevant scenarios and provide
closed-form expressions for LM metrics. These scenarios
include variations of TA’s and TAL’s sizes and shapes, cell

residence times, UE’s mobility patterns and mobility adap-
tive TAL configuration policies.

The rest of this paper is organized as follows. In Section 2,
we review the 3GPP solution for location management. In
Section 3 we introduce our two proposed local anchor based
location management procedures and describe their associ-
ated signaling. In Section 4, we describe the mobility model
of UEs, the configuration of TALs, and derive closed-form
expressions for relevant LM metrics. Then, in Section 5 we
use these expressions to define the signaling cost functions
of the 3GPP scheme and our two proposed LM schemes.
Furthermore, the total signaling cost of the two proposed
schemes and the 3GPP solution are compared in Section 6.
Finally, Section 7 concludes the paper.

2 RELATED WORK: 3GPP-BASED SCHEME

The location management procedure in 3GPP groups cells
into tracking areas where each cell can belong to only one
TA. In the same way, a tracking area list is a group of TAs
where a UE can camp without triggering a TAU. These
TALs are defined on a per-user basis and set the granularity
to which users’ location is known. In Fig. 1 we show a
deployment of seven SCs grouped in three TAs to describe
the location management procedure of 3GPP. The corre-
spondence of SCs and TAs is as follows: TA 1 = {SC 1, SC 2},
TA 2 = {SC 3, SC 4, SC 5} and TA 3 = {SC 6, SC 7}. Each TA
has a unique tracking area identifier (TAI) which is broad-
casted by the SCs. Let us consider the UE camping in SC 1
and moving to SC 6 following the route A-B-C. Originally,
this UE has TAL x, which is composed of TA 1 and TA 2. In
transition C, after SC 6 broadcasts its TAI, the UE looks for
this TAI in its TAL, and a tracking area update is performed
since SC 6 does not belong to TAL x. This TAU procedure

Fig. 1. Tracking area update procedure and elements in the evolved
packet core.
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has a twofold purpose: First, it informs the MME of the UE
location. Second, the MME delivers a new TAL to the UE, in
this case TAL y. In order to reduce the signaling associated
with the ping pong effect [18] [19], the last visited TA after a
TAU procedure is part of the new TAL. Therefore, TA 2
belongs to both TAL x and TAL y. An important conse-
quence of the TAU procedure is that paging is done on a
TAL-basis. For example, if a user is following the same
route A-B-C, and a call arrives just after the transition in B,
the MME only knows that the user is inside TAL x, and the
UE will be searched according to that information.

In Fig. 1, the relevant elements of the EPC for LM are dis-
played. The mobility management entity is responsible for
the LM functions such as tracking, paging and setting of
TALs for UEs. It also decides if during a TAU procedure it
is necessary to change the serving gateway (SGW). The
SGW is responsible for data transfer to UEs. The packet
data network gateway (PDN GW) needs to maintain recent
information about each UE corresponding MME and SGW
in order to connect to the PDN. The home subscriber server
(HSS) is responsible for registering UEs, including informa-
tion about its current MME. Finally, the Home eNodeB GW
(HeNB GW) is the point where the SCs (defined as HeNBs
in 3GPP) connect to access the EPC.

Four variations of the TAU procedure are defined in the
standards [4], differing in the use of the elements of the
EPC. The most common and simplest type of TAU proce-
dure only involves the MME in the EPC, as shown in Fig. 2,
and is the one used as reference in this work.

The signaling associated with a single paging procedure
is described in Fig. 3. For the 3GPP-based solution used
throughout this work for reference purposes, we will con-
sider the PG scheme CT (TA-TAL) [8], that achieves a good
performance while maintaining compatibility with the
3GPP standard. In this PG scheme, when a call is addressed

to the UE, the MME will page the last TA to which the last
contacted SC belongs. If it fails, all the remaining cells of the
TAL will be paged.

3 PROPOSED LOCAL ANCHOR BASED SCHEMES

We utilize SCs as local anchors that register the position of
UEs inside a TAL using the X2 interface [20]. By means of
introducing LUs for movements of UEs inside the TAL, we
achieve a finer granularity of their location, and thus reduce
the signaling overhead associated to paging in the MME.

In our proposed LA-based schemes, as a UE enters the
ECM-idle mode, meaning that the user is registered to the
network but is not active, a three-step sequence is followed:
First, the UE registers its position to the MME. Then, the
MME sends a TAL to the UE. Finally, the UE registers its
position to the LA in the TAL. Let us recall that the first two
steps are part of the TAU procedure described in Section 2.
The last step, defined as a location update to the local
anchor, is introduced in this work and can be performed
separately from the first two. Any SC can be an LA, and this
element is responsible for keeping track of its registered
UEs. Additionally, the LA is defined on a per-user-basis,
which allows to distribute the signaling load generated by
UEs among the SCs in the network.

Location updates to the LA are performed through the
X2 interface without intervention of the EPC, thus avoiding
signaling overhead in the MME. As can be seen in the archi-
tecture of Fig. 4, an X2 Router is included in the E-UTRAN
[17]. This X2 Router can co-exist with the HeNB GW since it
only affects the X2 link and its main function is to maintain
an X2 link among the SCs through a single connection. This
is convenient for scalability purposes and also to allow X2
connectivity to macrocells.

Our two LA-based schemes differ in their location granu-
larity. The LA-based scheme with SC granularity sends LUs
to the LA every time a UE crosses a SC inside the TAL. On
the other hand, the LA-based scheme with TA granularity
only sends LUs to the LA when a TA inside the TAL is
crossed. Let us recall that both schemes are compliant with
the 3GPP standards, since the TAU procedure described in
Section 2 is still performed when the UE leaves its TAL. The
LU signaling to the local anchor is described in Fig. 5. First,
the destination SC receives an LU request from the UE, with
information about its current LA. Then, the SC forwards

Fig. 2. Tracking area update procedure in 3GPP.

Fig. 3. Paging procedure in 3GPP.

Fig. 4. E-UTRAN architecture for LU and paging in LA-based schemes.
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this message to the LA through the X2 Router. It can be
observed that it is fairly simple though it implies the partici-
pation of three elements: (i) destination SC, (ii) X2 Router
and, (iii) Local Anchor.

The paging procedure for the LA-based schemes is
described in Fig. 6. First, the MME pages the last registered
SC in the TAL, that is, the current LA of the UE. This proce-
dure is done according to the 3GPP standard, using the S1
interface. Then, the LA forwards the paging request to the
X2 Router with information about the destination SC or TA.
The X2 Router then forwards the paging request to the cor-
responding SC or TA. Although this procedure involves
more steps than the 3GPP-based solution described in
Fig. 3, the total paging signaling is reduced by having pre-
cise information about the location of UEs.

3.1 Local Anchor Based Scheme with Small Cell
Granularity

In our first proposed scheme, LA-SC, a UE will send loca-
tion updates to the LA through the X2 interface on a SC-
basis. Therefore, each time a user hops from one SC to
another, an LU message is sent to the LA, which will keep a
record of the last visited cell. In Fig. 4, a UE is originally
placed in SC 1 and follows the route A-B-C. Since SC 1 is
the first SC where the UE is registered, it is chosen as its LA.
The UE sends an LU message to SC 1 just after the transi-
tions in A and B, notifying that the new visited SC is,
respectively SC 3 and SC 5. Beyond C, the UE triggers a
TAU procedure, and also SC 6 is chosen as the new LA.
Therefore, signaling is sent to the EPC only in C. If the UE
receives a call just after B, the LA, i.e. the SC 1, receives the
paging message through the S1 interface, and forwards it to
the current SC (SC 5) through the X2 Router. Therefore,
with this scheme, the UE is tracked at SC level, that is, it
offers the finest granularity (1 SC).

3.2 Local Anchor Based Scheme with Tracking Area
Granularity

In our second proposed scheme, LA-TA, a UE will perform
LUs to the LA through the X2 interface in a TA-basis. In this
case, when the user hops from one TA to another inside its
TAL, an LU message indicating the new TAI is sent to the
LA. Let us consider a UE originally placed in SC 1 that fol-
lows the route A-B-C as shown in Fig. 4. The chosen LA is
the same as in the previous scheme. However, the UE only
sends an LU message to the LA in A, but not in B, and then
in C a TAU procedure is triggered. If a call is forwarded to
the UE after B and before C, the LA will only know its cur-
rent TA, and therefore all the SCs inside TA 2 will be for-
warded the paging message through the X2 Router.

Notice that, in both the proposed schemes, after leaving
the former TAL x, the UE has to change the LA to the first
visited SC in the new TAL y, SC 6.

4 MOBILITY MODEL DESCRIPTION AND METRICS

ESTIMATION

In this section, we provide an analytical approach to assess
the impact of mobility in the performance of LM schemes.
To that purpose, we first revisit a 2D mobility model for
UEs in a small cell network. Then, based in the proposed
cell layout, we define the structure of TAs and TALs, and
present two mobility-dependent TAL configuration solu-
tions. Finally, we obtain closed-form expressions for three
metrics that determine the signaling cost of LM procedures:
(i) the mean number of location update messages to a local
anchor, (ii) the mean number of tracking area update proce-
dures to the MME, and (iii) the probability of finding a UE
in a given SC.

4.1 Mobility and Traffic Model

As in [21], here we use a 2D versatile mobility model. First,
the sojourn or the residence time of a UE in a SC is defined
by a Gamma distribution [8], with Laplace transform f�

mðsÞ
given by:

f�
mðsÞ ¼

Z 1

0

fmðeÞe�stdt ¼ �mg

sþ �mg

� �g

; (1)

where the mean and variance are respectively given by

1=�m and 1=ðg�2
mÞ. It make sense to consider the Gamma

distribution as cell residence time since it has been used in
many studies about location management [35] .

Second, we assume a 2D tessellation of regular hexagons.
This model allows us to evaluate the proposed solutions in
large-scale, dense small cell deployments, as can be
expected in urban areas of cities such as New York, Chicago
or Boston, where users tend to remain inside clusters of
small size (1-3 km2) that account for a significant amount of
their traffic volume (30-50 percent)[12]. To serve these
extended hotspots for indoor/outdoor scenarios, microcells
and metrocells are appropriate [22], [23]. These types of
small cells have high capacities and coverage radius that
can go from 100 m to 2 km.

According to the proposed tessellation, once the UE
leaves a SC, it can move in 6 different directions as shown in
Fig. 7. The transition probabilities are a function of the
parameter a and an orientation as it is shown in Table 1,

where a normalization factor DðaÞ ¼ 1þ 2aþ 2a2 þ a3 is

Fig. 5. Location update to the local anchor through the X2 interface.

Fig. 6. Paging using the local anchor through the X2 interface.
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included, [21]. By defining an orientation and choosing an
appropriate value of a it is possible to increase the probabil-
ity of going in any direction. For example, by choosing orien-
tation 1 and setting a > 1, the UE will have a higher
probability of going to North (N). On the other hand, if
a < 1, the UE will have a higher probability of going to
South (S). To increase the probability of going to the
other directions, we have to choose orientation 2 or 3. It

should be noted that pNðaÞ ¼ pSða�1Þ, pSEðaÞ ¼ pNW ða�1Þ,
and pSW ðaÞ ¼ pNEða�1Þ. Also, notice that random-walk can
be achieved by setting a ¼ 1.

As traffic model, call arrivals to the UEs follow a Poisson
process with rate �c.

4.2 Tracking Area List Configuration

We present two TAL configuration policies. The central pol-
icy TAL configuration aims to reduce the TAUs caused by
the ping-pong effect. The adaptive policy TAL configuration
is our proposal, and aims to reduce the TAU frequency by
choosing a TAL that maximizes the sojourn time for a given
UE mobility pattern.

4.2.1 The Central Policy TAL Configuration

Let us consider a large deployment of SCs covering hexago-
nal areas as shown in Fig. 8. Each TA is composed of STA

SCs and each TAL is composed of STAL TAs. In this case,
each TA is surrounded by a blue line, and is composed of
three SCs, hence STA ¼ 3. In other words, a TA adopts the
mosaic graph M0 structure, [24]. Let us define that TAL 1 is
composed of {TA 1, TA 2, TA 3, TA 4, TA 5, TA 6, TA 7 },
(STAL ¼ 7), that is, one TA surrounded by six TAs and is
represented by the TAs inside the red line in Fig. 8. Notice

that this structure looks like a mosaic graph T1 [24]. With
the objective of reducing the signaling associated to the
ping-pong effect, TALs overlap [25]. The ping-pong effect
more likely occurs when a UE moves in a random way. For
example, in our mobility model, this corresponds to a val-
ues around 1. If a UE with TAL 1, moves from TA 6 to TA 9,
a TAU procedure is performed as explained in the previous
section. The new TAL contains the last visited TA (TA 6)
and positions the new visited TA (TA 9) as close to the cen-
ter of the new TAL as possible. Therefore TAL 2 is com-
posed of {TA 6, TA 7, TA 8, TA 9, TA 10, TA 12, TA 13 } and
it is represented by the TAs inside the green line. If the UE
in TA 9 goes back to TA 6, it remains with TAL 2, since
TALs overlap and TA 6 belongs to both TAL 1 and TAL 2.
This centralized scheme, or central policy, has been proposed
and studied by several authors to reduce the frequency of
TAU (or LUs) messages when a random-walk model is con-
sidered as it is shown, for instance, in [19], [26], [27], and
[28]. When an incoming call is delivered to the UE, that is,
after a successful paging, a TAL update is also performed.
In this case, the assignment of the new TAL also follows the
central policy.

4.2.2 The Adaptive Policy TAL Configuration

We consider the same SCs deployment shown in Fig. 9,
with STA ¼ 3, STAL ¼ 7 where the UEs’ move in the
North-East (NE) direction with a higher probability than
any other directions, i.e., orientation 2 and a significantly
higher than 1, see Table 1. This scenario represents UEs’
following a restricted path, e.g., a group of vehicles mov-
ing in a highway [29]. In this case, the ping-pong effect
will occur less frequently and the central policy TAL con-
figuration may not be a suitable solution. An intuitive
approach is to perform the assignment of the starting SC
in the new TAL in such a way that the sojourn or resi-
dence time in this new TAL be maximum; equivalently to
minimize the rate of TAU [27]. As an example, Fig. 9
shows the resulting new TAL when the UE leaves from
TA 6 in direction NE and is composed of {TA 8, TA 9, TA
11, TA 12, TA 13, TA 14, TA 15}, that is, there is no over-
lapping with the previous TAL. We call this the adaptive
TAL configuration or adaptive policy and basically deals

Fig. 7. Transition probabilities for each direction.

TABLE 1
Transition Probabilities,DðaÞ ¼ 1þ 2aþ 2a2 þ a3

Orientation 1 Orientation 2 Orientation 3

pNðaÞ a3=DðaÞ a2/DðaÞ a/DðaÞ
pNEðaÞ a2=DðaÞ a3=DðaÞ a2=DðaÞ
pSEðaÞ a=DðaÞ a2=DðaÞ a3=DðaÞ
pSðaÞ 1=DðaÞ a=DðaÞ a2=DðaÞ
pSW ðaÞ a=DðaÞ 1=DðaÞ a=DðaÞ
pNW ðaÞ a2=DðaÞ a=DðaÞ 1=DðaÞ

Fig. 8. Central tracking area lists configuration with STA ¼ 3, STAL ¼ 7.
Suitable for random-walk model, a ¼ 1.
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with the estimation of the SC and TA that the UE should
begin in the new TAL. Obviously, the assignment of the
starting SC must be in agreement with the 2D geographi-
cal cell layout. With this regard, a significant advantage
of this approach is that it uses already defined TAs,
which is convenient since the cost of configuring new
TAs is higher than that of configuring TALs. As in
Section 4.2.1, when an incoming call is delivered to the
UE, that is, after a successful paging, a TAL update
based on central policy is also performed.

4.3 Location Management Metrics Estimation

We utilize the proposed mobility model and the TAL con-
figuration policies to obtain closed-form expressions for the
mobility metrics that define signaling in location manage-
ment. These are obtained as follows.

4.3.1 Mean Number of Tracking Area Updates to the

MME

The SC’s residence or sojourn time of a UE follows a
Gamma distribution and when exiting a given SC, the UE
visits one of the six neighboring SCs according to the

routing probabilities of Table 1. A tracking area update mes-
sage is sent by the UE every time it leaves the TAL. Fig. 10a
shows a SC network with STA ¼ 3 and STAL ¼ 7. The 21 SCs
inside the TAL and the 21 SCs that are external, surround-
ing and adjacent to the TAL, are enumerated. Following
Appendix A, which can be found on the Computer Society
Digital Library at http://doi.ieeecomputersociety.org/
10.1109/TMC.2015.2431717, the TAU messages can be seen
as a point process characterized by a Markovian arrival pro-
cess (MAP). Then, matrix D0 contains the transition proba-
bilities between SCs that belong to the TAL where the UE is
actually roaming. Matrix D1 contains the exiting transition
probabilities from the TAL towards the adjacent SCs plus
the entering transitions from the adjacent SCs towards SCs
of the new TAL. In other words, the adjacent SCs to the cur-
rent TAL are ephemeral states in the MAP, which means
that immediately after the UE is absorbed in one of the
21 adjacent states, an instantaneous transition towards one
of the SCs of the new TAL follows. Therefore, the transitions
of D0 do not involve TAL updates, while the transitions of
D1 do.

So, the dynamics of the UE is modeled with a semi-
Markov process characterized by a discrete-time Markov
chain (DTMC) with stochastic matrix P ¼ D0 þD1, see
Appendix A, available in the online supplemental mate-
rial. Fig. 10b shows the same deployment as Fig. 10a, in
which the adjacent states have been re-enumerated
according to the position that the UE will occupy initially
in the new TAL. This strategy corresponds to the central
policy. In other words, after exiting the current TAL, the
UE sets its new position in one of the three SCs of the
central TA, in SC 0, SC 1 or SC 2. It is important to recall
that D1 takes into account the SC at which the UE starts
romaing in the new TAL.

Following the example of Fig. 10, notice that when the
mobility model is not random-walk (a 6¼ 1), the adaptive pol-
icy could be a better solution than the central policy. In this
case, the starting TA could be one of the other six TAs
around the central TA. Then, the surrounding SCs with
number 0 in Fig. 10b, could be replaced by 3, 6, 9, 12, 15 or
18 and the surrounding states numbered with 1 and 2, could
be replaced by, respectively, 4, 7, 10, 13, 16 or 19 and 5, 8, 11,
14, 17 or 20.

Fig. 9. Adaptive tracking area lists configuration with STA ¼ 3, STAL ¼ 7.
Suitable for a > 1.

Fig. 10. Diagram to calculate NTAL for STA=3 and STAL=7.
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According to the results (27) obtained in the Appendix A,
available in the online supplemental material, the mean num-
ber of TAUmessages triggered by theUE,NTAU is given by

NTAU ¼ Pisc

X1
z¼0

bðzÞMðzÞ

¼ Piscf
�
m;rð�cÞ�

�
I� f�

mð�cÞP
��1

D1e;

(2)

where Pisc is a vector containing the probabilities of find-
ing a UE in each SC of a TAL just immediately after the
reception of the last incoming call, bðzÞ is the probability
that a UE performs z SC transitions between two call

arrivals, and MðzÞ is the mean number of TAUs in z SC
transitions, see Appendix A.3, available in the online sup-
plemental material.

4.3.2 Mean Number of Location Updates to the Local

Anchor

In the LA-SC Based scheme, a Location Update is sent to the
local anchor every SC crossing that does not involve a TAU
procedure. Clearly, the mean number of LUs to the LA

LULA�SC is, from (2)

LULA�SC ¼ 1

u
�NTAU; (3)

where the parameter u ¼ �c=�m is the call-to-mobility ratio.
In the LA-TA based scheme, a location update is sent to

the LA every TA crossing that does not involve a TAU pro-
cedure. The process can be described using the same
D-MAP tools used to derive NTAU . Then, the mean number

of TA crossings NTA, can be obtained through the results
obtained in the Appendix A, available in the online supple-
mental material, but considering a DTMC P formed just by
a TA and its neighboring SCs. In Fig. 11 we show a TA with
STA ¼ 3 and its surrounding SCs. In this case D0 is formed
by the transitions that occur inside the TA and D1 is formed
by the transitions that go outside the TA. By properly
replacing these new D0 and D1 in (27), the mean number of

TA crossings, NTA is obtained. It should be considered that
in this case Imdf ¼ I, in other words, Pfsc ¼ Pisc since the
location of the UE does not change inside the TA when, nei-
ther, an LU in the LA is performed or a call is received.

Therefore, the mean number of LUs to the LA, LULA�TA is
given by

LULA�TA ¼ NTA �NTAU: (4)

4.3.3 Paging Probabilities

Here we derive the paging probabilities according to the LU
procedure for TALs. From results in Appendix A.3, avail-
able in the online supplemental material, it is clear that the
probability to find the UE visiting SC j in the actual TAL is
given by Pfsc. Its component j, i.e. Pfsc;j is the probability to
find the UE visiting SC j of the TAL of size Nsc ¼ STA � STAL.
Therefore the probability of finding a UE in a given TA,
pF�TA is given by

pF�TA ¼
X
j2V

Pfsc;j; (5)

where V is the set of SCs that belong to the referred TA.

5 DEFINITION OF SIGNALING COSTS

In this section, we define the signaling cost function for
the existing 3GPP-based scheme and the two proposed
LA-based schemes. The total signaling cost is composed of
the location update and the paging costs.

5.1 Tracking Area Update and Location Update
Costs

The total cost of performing tracking area updates, CLU�TAU

is given by

CLU�TAU ¼ CLU�MME �NTAU; (6)

where CLU�MME is the cost of performing a single TAU pro-
cedure according to the description of Fig. 2.

The LA-based schemes perform an LU to the LA when-
ever a SC or a TA is crossed. The cost of a single LU to the
LA is defined as CLU�LA, following the LU procedure
described in Fig. 5. Therefore, the total cost of LUs for the
LA-SC and LA-TA based schemes are, respectively, from (3)
and (4)

CLU�SC ¼ CLU�LA � LULA�SC; (7)

CLU�TA ¼ CLU�LA � LULA�TA: (8)

5.2 Paging Cost

The cost of a single paging procedure in 3GPP as shown
in Fig. 3 is Cpag�3GPP . In this work, we consider a two
step paging scheme for the 3GPP-based solution [8]. In a
first attempt, the SCs that belong to the last registered
TA are paged, and in the case of no success, the rest
of the SCs of the TAL are paged. Therefore, the total
paging cost for the 3GPP-based scheme, CPG�3GPP�based is
given by

CPG�3GPP�based ¼ Cpag�3GPP � pF�TA �Nsc�c

þ Cpag�3GPP � ð1� pF�TAÞ � STA � STAL;

(9)

where Nsc�c is the number of SCs in the center of the TAL.
In the particular case that the center of the TAL is composed
of only one TA, Nsc�c ¼ STA.

The paging procedures used by the LA-based schemes
follow the sequence shown in Fig. 6. The MME pages the

Fig. 11. Diagram to calculate NTA for STA ¼ 3.
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local anchor through the S1 interface, which identifies the
last SC or TA registered and forwards the paging message
using the X2 interface to the corresponding SC or TA
through the X2 Router. Using Cpag�3GPP as a reference, the
paging costs for the SC update solution and the TA update
solution are, respectively

CPG�LA�SC ¼ 3 � Cpag�3GPP ; (10)

CPG�LA�TA ¼ ð2þ STAÞ � Cpag�3GPP : (11)

5.3 Total Cost

The total cost for the 3GPP-based scheme and the two pro-
posed LA-based solutions are composed of the total location
update cost and paging, and are given by

Cost3GPP�based ¼ CLU�TAU þ CPG�3GPP�based; (12)

CostLA�SC ¼ CLU�TAU þ CLU�SC þ CPG�LA�SC; (13)

CostLA�TA ¼ CLU�TAU þ CLU�TA þ CPG�LA�TA: (14)

6 PERFORMANCE EVALUATION

In this section, we compare our two proposed schemes with
the 3GPP-based solution. We evaluate the proposed location
management schemes to assess the impact that different
parameters have in their performance. In Table 2 four differ-
ent sets of cost values are defined. We have set the TAU cost
to be 10 times the cost of paging procedures as has been con-
sistently used in previous location management works [9],
[36], [37]. Unless otherwise stated, the cost set used through
this work is 2.

6.1 Random-Walk Mobility

In Fig. 12, the location update, paging and total costs for a
system with STA ¼ 12, STAL ¼ 7, and g ¼ 1 are shown for
the 3GPP-based, and the two proposed LA-based solutions
as a function of mobility through u. In this case, a=1 is used,

and therefore we have a random-walk mobility model. As
expected, the total location update cost shown in Fig. 12a
grows with mobility and is lower for the 3GPP-based solu-
tion since it only considers TAU procedures, while the
LA-based solutions include the updates to the local anchor.
On the other hand, in Fig. 12a the paging is higher for the
3GPP solution since the location of the UE is known in a
TAL granularity, which in this case has a size of 84 SCs. As
expected, for higher mobility values the probability of find-
ing the UE in the center of the TAL decreases, and hence the
paging cost grows. This variation does not occur with
the paging in the LA-based schemes since in these cases the
location of the user is known in a fixed basis (SC or TA).
According to Fig. 12c, for low mobility values the LA-SC
scheme has the lowest total cost, because by having the low-
est paging cost, at this point the influence of location
updates is not too high. However, as mobility grows, the
total cost for this scheme rapidly surpasses the other two
solutions. In this scenario, the LA-TA scheme has the lowest
total cost for u between 0.02 and 0.2. For u < 0.02, the 3GPP-
based solution performs better. Therefore, for high mobility
values, the signaling overhead reduction in paging achieved
by the LA-based solutions is not enough to compensate for
the location updates to the LA. In fact, when u=0.01, the
LA-TA scheme total cost is over 50 percent higher than the
one obtained by the 3GPP based solution. However, UEs’
location precision is seven times higher than the 3GPP-
based solution for the LA-TA scheme and 84 times higher
for the LA-SC scheme.

In Fig. 13 the total cost for the three solutions is shown as
a function of u and STA, for a system with STAL ¼ 7, g ¼ 1
and a=1. For the LA-SC scheme in Fig. 13a, the total cost
grows with mobility and decreases as STA grows. This
reduction in the total cost is associated with a reduction in

TAU procedures, since STA does not affect LULA�SC .
Although this scheme reaches the finest granularity inde-
pendently of the value of STA and STAL, the impact of the
LUs to the LA is too significant in the total cost. For the LA-
TA scheme, Fig. 13b, some improvement can be achieved
through STA adjustments. Clearly, the total cost monotoni-
cally increases with mobility. However, by fixing u, increas-
ing STA will first decrease the total cost because the LUs to
the LA and TAU procedures are reduced, and then will
increase the total cost because the paging (proportional to
STA) will overcome the LU reduction. Therefore, an optimal
value for STA can be found for each u, and this value is
higher as mobility increases. A similar behavior occurs in
the 3GPP solution shown in Fig. 13c. In this case, the

TABLE 2
Sets of Costs for Analysis

Set Cpag�3gpp CLU�MME CLU�LA

1 1 10 2
2 1 10 3
3 1 10 4
4 1 10 5

Fig. 12. Costs for system with a=1, g=1, STA=12, and STAL=7.
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reduction in TAU procedures achieved by increasing STA is
rapidly countered by the increase in paging, which is pro-
portional toNsc ¼ STA � STAL.

In Fig. 14 the total cost for the three solutions is shown as
a function of u and STAL, for a system with STA ¼ 7, g ¼ 1
and a ¼ 1. As expected, the total cost for the LA-SC solution
grows with mobility and STAL as can be seen in Fig. 14a.
The same behavior is seen for the LA-TA solution, Fig. 14b,
where the cost reduction achieved by increasing STAL is an

effect of the reduction of TAU procedures, since LULA�TA is
not affected. On the other hand, increasing STAL has the
same effect than increasing STA on the 3GPP solution. The
cost function grows with mobility and first decreases as
STAL grows because of a TAU procedures reduction, but
then grows again due to the increase in paging. The most
interesting characteristic of Fig. 14c is the influence of the
shape of the TAL in the cost. This is more evident for low
mobility, when changing STAL from 3 to 7 reduces the total
cost, but increasing STAL from 7 to 12 causes a new slight
reduction. However, this differences diminish as mobility
increases.

6.2 Mobility Pattern Variations

Until now, the main characteristics of the three solutions
have been described for variations of u, STA and STAL when
a random-walk model is used. However, in this subsection
we evaluate the impact of changes in the mobility pattern
for our two proposed LM solutions and the 3GPP-based
solution.

First, let us evaluate the mean number of TAU proce-
dures NTAU , when a central and adaptive TAL configura-

tions are used. In Fig. 15, NTAU is evaluated for the two
TAL configuration methods as a grows from 1 to 50, ori-
entation is 2, STAL ¼ 7, g ¼ 1, u ¼ 0:1, and four different
values of STA. Clearly, the adaptive TAL configuration

reduces NTAU for every case when a > 1, since the adap-
tive solution is the same as the central solution when the
random-walk model (a ¼ 1) is used. This reduction is
higher as STA is lower, and for the lowest size, STA ¼ 1, a
reduction of 30 percent is achieved. When STA ¼ 19, the
achieved reduction is of 21 percent. It should be noted
that TAL configuration is common for the three presented
LM solutions.

In order to compare the impact of mobility patterns, let
us define the cost reduction of the LA-based solutions in
relation to the 3GPP solution LLA�SC and LLA�TA as

LLA�SC ¼minðCostLA�SCÞ �minðCost3GPP�basedÞ
minðCost3GPP�basedÞ ; (15)

LLA�TA ¼minðCostLA�TAÞ �minðCost3GPP�basedÞ
minðCost3GPP�basedÞ ; (16)

where the min function searches for the combination of STA

and STAL for a fixed u that minimizes the cost for each
scheme.

In Fig. 16, the total cost reduction of the two LA-based
schemes in relation to the 3GPP-based scheme for a system
with STA ¼ 7, g ¼ 1, orientation = 2 and a ¼ 10 when u goes
from 0.01 to 10 is shown. As it was seen in previous scenar-
ios, the LA-SC scheme works better for high values of u,
while the LA-TA is better for low values of u. An important
fact of the LA-TA scheme is that it achieves a maximum
total cost reduction when u ¼ 0:8. For lower values of u the
cost reduction is shorter, and in fact when u=0.018, the total
cost of the LA-TA scheme is slightly higher than the 3GPP-
based solution. However, this solution works for a high
range of u values while at the same time maintains the loca-
tion granularity fixed, since STA ¼ 7. On the other hand, the
cost of the LA-SC scheme is higher than the cost of the
3GPP-based solution for any u < 0.08.

Fig. 13. Total cost for system with STAL ¼ 7, a ¼ 1.

Fig. 14. Total cost for system with STA=7, a=1.
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In Fig. 17 the total cost reduction of the two LA-based
schemes in relation to the 3GPP-based scheme for a system
with STA ¼ 7, g ¼ 1, orientation = 2 and a ¼ 10 for different
cost sets as u goes from 0.01 to 10 are shown. Clearly,
increasing the cost of location updates to the local anchor
reduces the range of u values where the LA-based solutions
have a lower total cost. In Fig. 17a, when CLU�LA grows
from 2 to 5, the minimum u for which the LA-SC is valid is
augmented from 1/26 to 1/6. However, as it was previously
stated, the LA-SC scheme is only suited for high values of u.
For the LA-TA solution shown in Fig. 17b, the minimum
possible u when CLU�LA grows from 2 to 5, is augmented
from 1/120 to 1/22. Therefore, it is necessary to maintain
CLU�LA is as low as possible.

In Fig. 18 the variance of the residence time in a SC is
modified through the parameter g, for a system with
STA ¼ 7, orientation = 2 and a ¼ 10. The cost reduction of
the LA-SC and the LA-TA schemes for several values of u
are shown in Figs. 18a and 18b respectively. In Fig. 18a it
can be seen that the performance of the LA-SC solution is
affected for high values of u when the variance is dimin-
ished, but on the other hand, for very low values of g

(high variance), the LA-SC scheme reduces the total cost
for high mobility values (low u). On the other hand, the
LA-TA solution in Fig. 18b is not affected when g grows
from 1 to 100 (lower variance) for low u (high mobility).
However, when the variance is increased (g < 1), perfor-
mance is affected for low values of u, reducing the range
of useful mobility values.

6.3 Mobility Traces Considerations

In [11], the call data records from three different cities in USA
are analyzed to obtain the mobility patterns of users. Two
important conclusions for voice users are obtained: First, a
large portion of users (96 percent) visit a low number of cells
(low mobility) in a fixed period (< 40 cells/day). Also, this
users receive very few calls (�c;s � 0:52 calls/ day). Second,
while only 4 percent of users visit more than 40 cells per
month, they receive a high volume of calls (�c;f � 7:68 calls/
day). Therefore, there are two types of voice users: (i) a high
percentage of low mobility/low traffic users, and (ii) a low
percentage of highmobility/high traffic users.

With the data provided in [11], it is not possible to define
the rate of cell crossings per day. However, we can infer that
for users of the first type, �m;s < 40 (cells/day). With this in
mind, and using �c;s as provided above, we define the range
of u values of interest for lowmobility users as us ¼ �c;s=�m;s.
Hence, us > 0:013. In Fig. 19, we evaluate the total cost reduc-
tion of the two proposed location management schemes
against the 3GPP-based solution, for a system with STA ¼ 12,
STAL ¼ 7, g ¼ 1 and a ¼ 1, i.e, random-walk. It can be seen
that for the lowest value of interest, u ¼ 0:013, the 3GPP-based
solution is the best. Only when u reaches 0.03, the LA-TA
scheme is better, and this continues for the whole range of us
(�m;s < 17 cells/day). On the other side, the LA-SC scheme
only outperforms the 3GPP-based solution when u reaches
0.06 (�m;s < 9 cells/day). Therefore, the proposed solutions
perform better for users with the lowestmobility.

Fig. 15. Central and adaptive TAL configuration comparison.
Fig. 16. Cost reduction for a system with STA ¼ 7, g ¼ 1, a ¼ 10,
orientation = 2.

Fig. 17. Total cost reduction for system with STA ¼ 7, g ¼ 1, orientation = 2, and a ¼ 10.
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According to the traces defined in [12], the majority of the
movements of high traffic users, are done in long distances,
with trajectories that cover on average 40 km. This type of
movements are represented in our mobility model when
a > 1. Using the data from [11], we can infer that for high
mobility users, �m;f > 40 (cells/day). Hence, the range of u
values for this type of users is uf ¼ �c;f=�m;f < 0:19. In
Fig. 16, the cost reduction of the two proposed schemes for
a system with STA ¼ 7, g ¼ 1, a ¼ 10 and orientation = 2 is
shown. For the case of �m;f ¼ 120(cells/day), (u ¼ 0:064),
the total cost reduction of the LA-TA scheme is of 35 per-
cent, and this reduction reaches 45 percent when u ¼ 0:19.
The LA-SC scheme is effective for a smaller range of u, since
it only achieves a total cost reduction when �m;f < 100
(cells/day). Therefore, the proposed solutions are effective
for the most relevant range of high mobility users.

7 CONCLUSION

In this work, we proposed two new location management
methods for small cells to reduce signaling overhead in the
MME while achieving an accurate location of UEs. The pro-
posed methods use a local anchor in the SC network to keep
a record of UEs’ locations in a SC or TA basis. Given that
the local anchor changes with each UE, we managed to dis-
tribute the processing load associated with location updates.
Also, by registering UEs’ locations more often, the proposed
schemes reduce the paging signaling cost in the MME.
Communication among SCs is done through the X2

interface, and an X2 router is introduced for scalability pur-
poses. In order to include the mobility patterns of users, we
proposed an adaptive Tracking Area List setting method
that reduces the frequency of location updates. For analyti-
cal purposes, we developed a 2Dmobility model which con-
siders several TA and TAL sizes, UEs’ movement patterns
and SCs’ residence time characteristics. Through this model,
we derived analytical expressions for the signaling cost of
our two proposed schemes and an existing 3GPP-based
scheme. We compared the three solutions for different sce-
narios and the results showed that our proposed schemes
are able to reduce the signaling overhead in relation to the
existing 3GPP standard solution. By means of analysis of
the obtained results, we were able to establish the impact
that several parameters have over the proposed solutions.
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