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Abstract

Overlaid macro/femto-cellular networks can enhance network capacity and extend network
coverage. In such an overlaid network, a UE (User Equipment) in an idle mode should stay in
a macrocell for lower cost of mobility management and should be redirected to its accessible
femtocell when the UE requests an RRC (Radio Resource Control) connection setup and thus
transiting to a connected mode. Previous literature proposes a position-based femtocell
selection mechanism in macrocells to decide whether to redirect the requesting UE to an
accessible femtocell by reusing the redirection mechanism in an RRC connection setup
procedure. However, the important parameters, accuracy and precision, of positioning
systems are not discussed in the proposed femtocell selection method. This paper develops an
analysis to include the accuracy and precision to evaluate the performances of the
position-based femtocell selection method. Numerical results show that the position-based
method produces better performances at higher accuracy and yields similar performances at
different precision.

Keyword: Connection establishment, redirecting, femtocell, macrocell, overlaid cellular
networks.
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1. Introduction

Overlaid macro/femto-cellular networks can enhance network capacity and extend network
coverage. Macrocell is in the coverage of a base station equipped with high-power
transceivers. Femtocell [1] is the service area in the coverage of a low-power indoor base
station, called femto access point (Femto-AP); the transmission power of a Femto-AP is
similar to that of an access point in wireless local area networks. As shown in Fig. 1, a
Femto-AP, which is mostly installed in a home, office or public environment, connects with
mobile core networks via indoor broadband access (e.g. Digital Subscriber Line), IP
networks and a gateway (called Femto-GW). The hierarchical architecture of macrocellular
networks with femtocells not only provides UEs with broadband transmission in a
cost-effective manner, but also reduces the overall power consumption of cellular networks
[2, 3, 4].

Macrocellular

Network .
UE
Femto-AP
) ,

Broadband
Access

Mobile
Core Network

Femto-GW_|

Figure 1: Architecture of macrocellular networks with Femto-APs.

In such an overlaid network, a UE in an idle mode should stay in a macrocell for lower cost
of mobility management and should be redirected to its accessible femtocell when the UE
requests an RRC connection setup and thus transiting to a connected mode [4]. This
redirection concept will achieve 1) higher utilization of the broadband backhaul of the
femtocell and thus lowering communication cost, 2) lower overhead of mobility management
by idle-mode UEs camping on macrocells, and 3) lower power consumption by avoiding the
blindly measurement for handover preparation in a connected mode. To realize the concept, a
position-based selection policy in macrocells is proposed to decide whether to redirect the
requesting UE to an accessible femtocell by reusing the redirection mechanism in an RRC
connection setup procedure [4]. However, the important parameters, accuracy and precision,
of positioning systems are not discussed in the proposed femtocell selection method. This
paper develops an analysis to include the accuracy and precision to evaluate the
performances of the position-based femtocell selection method. Numerical results show that
the position-based method produces better performances at higher accuracy and yields

7



similar performances at different precision.

The rest of this paper is organized as follows. Section 2 describes and analyzes the
position-based redirection connection establishment scheme. Subsequently, numerical results
are described in Section 3. Finally, some concluding remarks are presented in Section 4.
2. Analysis of Position-Based Redirection Connection Establishment

In the position-based scheme [4], the precise location information of both Femto-AP and UE
could be obtained by using wireless positioning techniques. When the position information of
UEs is available to a radio network controller (RNC), the RNC could precisely determine
whether to redirect a UE into a Femto-AP or directly connects with a macrocell. However, it
is possible that the position information is inaccurate. If a UE in femtocell is mistaken in a
macrocell, the UE will be connected to a macrocell at its first attempt. If a UE merely in a
macrocell is mistaken in a femtocell, the UE is failed to connect with a Femto-AP at its first
attempt but successfully connects with the macrocell at its second attempt.

The performance metrics considered in the position-based scheme are mean connection delay
and femtocell connection probability. The mean connection delay D, is defined as the
average time which starts from the time a UE sends a connection request until the time
instant the UE completes its connection. The femtocell connection probability pf is the
probability that a UE successfully connects with a Femto-AP under the condition that the UE
is in the coverage of the Femto-AP. As shown in [4], the mean connection delay D, and the
femtocell connection probability p: are as follows:

Dy = [pr(1—1§) + 10§ +Pm (L — 25t + tr) + Pl (& + 5 + 1), (1)

pr =1-—pf, (2)

where p; is the probability that a UE is in a femtocell, p,, is the probability that a UE is in

a macrocell but is not covered by femtocells, p: denotes the probability that a UE is in a
femtocell but is mistaken out of the coverage of the femtocell due to inaccurate position
information, and pg, denotes the probability that a UE is merely in the coverage of a
macrocell but is mistaken in a femtocell. t,,t,,and t;, respectively denote the time a UE
sends a connection request and receives a reply, the time a UE sends a connection request in
a radio band but suffers a time-out, and the time to complete a three-way handshaking.

Inaccurate position information affects p7 and pg,. In most positioning techniques, two

metrics, accuracy and precision [5] are introduced to quantify the correct degree of position
information. The former, accuracy, is the mean Euclidean distance between the true position
and the estimated position. The smaller mean distance error is, the higher accuracy is. The
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latter, precision, is the cumulative probability function of the distance error, which
demonstrates the distribution of the distance error. For easy representation, probability
density function and probability mass function are used herein instead of cumulative
probability function. Different positioning systems have different accuracy and precision,

which reveals different pz and pr,. In the following, we will introduce how to obtain the

p; and py, of the system with a given set of accuracy and precision, which then will be

further explained by an example.

—

Figure 7: Relation between a femtocell and the position of a UE.
Fig. 7 shows the relation between a femtocell and the position of a UE, assuming that the

accuracy of the positioning technique herein is r,. In the figure, O, is the position of

Femto-AP and r; is the radius of the coverage of the Femto-AP. In the coverage of the
Femto-AP, a UE can establish a connection with the Femto-AP. 0, is the true position of a
UE and r, is the difference between the true position and the estimated position of the UE.
Usually the estimated position may be distributed away from the true position in any
direction; that is, the UE may be mistaken on the circle which is centered at 0,. From Fig. 7,

we obtain that points A and B are the intersection of circles O and O,. Point P is the

intersection of the line segment AR and the extension of the line segment 0,0,. Since

AAO:B and AAO.B both are isosceles triangles, P is the midpoint of the line segment AB,

right triangles AAO.P and ABOP are congruent (i.e., Rt AAO,P = Rt ABO;P), and right
triangles AAO.P and ABO,P are congruent (i.e., Rt AAO,P = Rt ABO,P ). In Fig. 7, the

arc AB of the circle 0,, which lies outside of the big circle 0, can be used to calculate the



probability pZ; that is, the probability p7 is equal to the ratio of the arc AB to the
circumference 2mr,. In order to compute the arc AB, we would like to derive the angle

AO,P. Suppose the angle AO,P=6 , the angle AO,P=¢ and 0,0, = x, we can use the
position information of the femtocell and the UE to derive the 8 as follows.

2 2
(Tf cosf@ — x) =r?— (Tf sinﬁ)

PR S
=0=cos 1 ———

erx (2)

Then, we can use the 8 and the position information to further derive the ¢ as follows.

T,cos@ = 1rc056 —x
_11}2 —x%—72
=@ =cos ———

(3)

Let f(x) denote the probability density function of x. Let f(r) denote the probability
density function of the distance error r. Then, we can write down the probability p7 as

2r.x

follows.

b= o], J, FOF) odrdx

= é _fx _[r fFf(r) %drdx as UE in femtocell (0<x<ry). 4)
Similarly, the probability pg, can be written as follows.

ph =l S, FC0F0) (1= ) rd
_ i I, [ fef@) (1 B f) drdx  as UE merely in macrocell (x>77).  (5)

Equations (4) and (5) describe how to calculate p; and pg, in concept, but the equations

may be not solved due to the double integral of triangular functions. However, in most
situations, it is reasonable to assume that f(x) is uniform distribution. Furthermore, from the
engineering of viewpoint, the probability density function f(r) could be reduced to discrete
probability mass function p(r) recording a set of the probabilities of different distance errors
which can be achieved by collecting a large number of measurements of distance errors.

According the above simplification, the probabilities p7 and pg, are written as follows:
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™ Pm

In the following, given r, and r,, we would like to derive the probabilities p; and pz,,

assuming that a UE is uniformly distributed in the coverage of a macrocell. Although a UE
within and near the boundary of a macrocell is possibly mistaken out of the macrocell, we
neglect this situation, which is reasonable because the radius of the macrocell is usually far
greater than the distance error (i.e. ry > r.) and the probability of the situation is very small.

We also assume that the distance error r, is less than ry, which is usually reasonable

because the employed wireless positioning techniques [5] could satisfy the requirement of
small distance error. According to the value of x, we consider four cases in Table 1.

Table 1. The probabilities of the four cases.
Cases Probability

Caselix =1 — 1 p1 = - (ﬂﬁ(ff—?’e)z)

Case2: rp—1m, < x =7, | pp =

Casedix = 1p+1, Dy =

Case3irr <x =1 +1, Py = L(n (n(rf + Te)z — nrfz))

Since a UE is uniformly distributed in a macrocell, the probabilities that the four cases occur
are denoted by p;,i =1, 2,3,4, and are in turn listed in Table 1. n denotes the number of
femtocells in a macrocell. In the first two cases, a UE is truly in a femtocell, in the latter two
cases, the UE is in a macrocell. If the first case occurs, it is impossible that a UE is mistaken
out of the coverage of the femtocell due to r, < r; —x. Therefore, the probability p;; IS

equal to zero. If the second case occurs, the probability that a UE is in the femtocell but is

mistaken in the macrocell is equal to [~

.‘X'T'f’l"

dx In summary, the probability p; is

equal to the sum of the probabilities that the first two cases occur. The probability pf; IS as
follows.
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Tf 1 @
P2 Jx:'r“f—'re T dx

pP1t+ P2
If the third case occurs, the probability that a UE is in the macrocell and is identified in the

e

by =

(8)

macrocell is equal to f;i:;g%%dx. If the fourth case occurs, it is impossible that a UE is

mistaken in the coverage of the femtocell due to x = +1; in such a case, the probability

pE, is equal to zero. In summary, the probability p,, is equal to the probability that a UE is

in the macrocell but is out of the coverage of the femtocell, which is equal to the sum of the

probabilities that the latter two cases occur. The probability pg, is as follows.

P3 (1 - j;i:frg %%dx)
Ps tPa

Pm =

(9

3. Numerical results and discussions
Numerical evaluations are conducted to study the performances of the two femtocell
selection policies. The system environment considered herein is a homogeneous cellular
system which consists of m macrocells in a hexagonal manner, each of which covers n
femtocells which does not overlap with each other. The system parameters used in numerical
results are listed in the first two columns in Table 2.
Table 2. Performances at different accuracy and precision.

- Femtocell connection| Mean connection
Accuracy (m.) | Precision probability delay (ms.)
(1,2,3,4,5) (0.2,0.2,0.2,0.2,0.2) 0.937 260.4
(2,4,6,8,10) (0.2,0.2,0.2,0.2,0.2) 0.876 260.9
(3,6,9,12,15) | (0.2,0.2,0.2,0.2,0.2) 0.818 261.4
(2,4,6,8,10) (0.2,0.2,0.2,0.2,0.2) 0.876 260.9
(2,4,6,8,10) (0.1,0.2,0.4,0.2,0.1) 0.876 260.9
(2,4,6,8,10) (0.05,0.1,0.7,0.1,0.05) | 0.876 260.9

The coverage radii of macrocells and femtocells are 1000 and 30 meters respectively. The
number of macrocells, m, is seven in our environment; the number of femtocells accessible to
UEs in a macrocell, n, is equal to seven. The time, t,, a UE sends a connection request and
receives a reply is set to 50 milliseconds. The time, t,, a UE sends a connection request but
suffers a time-out mainly due to frequency tuning time and a time-out period. The frequency
tuning time is estimated to 30 milliseconds [6]. The value of the time-out is 1000
milliseconds, which is the default value in [7]. The time t;, to complete a three-way
handshaking is set to 80 milliseconds. We consider six combinations of the accuracy and
precision of positioning systems, which are shown in Table 2. In the first combination in
Table 2, (1, 2, 3, 4, 5) and (0.2, 0.2, 0.2, 0.2, 0.2) mean the error distances 1m, 2m, 3m, 4m,
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5m with equal probability 0.2. The explanation of the remaining combinations is similar to
the first combination. In addition, the first three combinations have different accuracy but
have the same precision; the last three combinations have different precision but have the
same accuracy.

From Table 2, we can observe the mean connection delay and the femtocell connection
probability at the different combinations. The system with the accuracy (1, 2, 3, 4, 5)
produces higher femtocell connection probability than that with other accuracy. This is
because higher accuracy of positioning leads to that a UE can more accurately connect with a
Femto-AP. Besides, the systems with different precisions under the same accuracy produce
the same femtocell connection probability. Therefore, the femtocell connection probability is
independent of the precision. Furthermore, since the position-based policies at different
combination of the accuracy and precision produces significantly low mean connection delay,
all of the combinations yields similar mean connection delay.

4. Conclusions
In this paper, the important parameters, accuracy and precision, of positioning systems are
discussed in the position based femtocell selection scheme. We develop an analysis to
include the accuracy and precision to evaluate the performances, in terms of femtocell
connection probability and mean connection delay, of the position-based femtocell selection
scheme. Numerical results show that the position-based scheme produces better
performances at higher accuracy and yields similar performances at different precision.
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