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Abstract—With the ever-growing communication demands and
the unceasing miniaturization of mobile devices, the Internet of
Things is expanding the amount of mobile terminals to an enor-
mous level. To deal with such numbers of communication data,
plenty of base stations (BSs) need to be deployed. However, denser
deployments of heterogeneous networks (HetNets) lead to more
frequent handovers, which could increase network burden and
degrade the users experience, especially in traffic hotspot areas.
In this article, we develop a unified framework to investigate the
handover performance of wireless networks with traffic hotspots.
Using the stochastic geometry, we derive the theoretical expres-
sions of average distances and handover metrics in HetNets,
where the correlations between users and BSs in hotspots are cap-
tured. Specifically, the distributions of macro cells are modeled
as independent Poisson point processes (PPPs), and the two tiers
of small cells outside and inside the hotspots are modeled as PPP
and Poisson cluster process (PCP) separately. A modified random
waypoint (MRWP) model is also proposed to eliminate the density
wave phenomenon in traditional models and to increase the accu-
racy of handover decision. By combining the PCP and MRWP
model, the distributions of distances from a typical terminal to
the BSs in different tiers are derived. Afterward, we derive the
expressions of average distances from a typical terminal to dif-
ferent BSs and reveal that the handover rate, handover failure
rate, and ping-pong rate are deduced as the functions of BS den-
sity, scattering variance of clustered small cell, user velocity, and
threshold of triggered time. Simulation results verify the accu-
racy of the proposed analytical model and closed-form theoretical
expressions.

Index Terms—Handover analysis, heterogeneous networks
(HetNets), Poisson cluster process (PCP), stochastic
geometry.
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I. INTRODUCTION

RIVEN by the development of Internet of Things (IoT),

deploying the miniaturized terminals and dense base
stations (BSs) in terrestrial communication networks is becom-
ing the effective solution to meet the ever-growing demands
of communication in hotspot areas [1], [2], [3], [4], [5]. In
recent years, using stochastic geometry to model the spatial
deployment of BSs in the IoT network has received signifi-
cant attention from academics [6], [7]. In order to simulate the
randomness of BSs distribution, the locations of BSs in dif-
ferent tiers are usually modeled as independent Poisson point
processes (PPPs). Performing the signal-to-interference-plus-
noise ratio (SINR) distribution analysis of multitier networks
at a typical user, the coverage probability and outage proba-
bility are investigated in [8]. Although using PPP to model the
random networks is tractable and convenient, it does not cap-
ture the coupling between BSs locations and user equipments
(UEs) in hotspots, where the users and small BSs (SBSs) tend
to be clustered. Since lots of achievements which focus on the
PPP and further studies have been exhibited, we mainly pay
our attention on the handover analysis based on the Poisson
cluster processes (PCPs) where few studies are proposed in
this area.

In this context, we consider using PCP, which has gained
much attention on communication performance analysis in
traffic hotspots to model the locations of BSs [9], [10].
Although the PCP-based model is suitable for characteriz-
ing ultradense networks, the innumerable diminutive mobile
devices in the IoT network will bring complex handover
management problems [11], [12], [13], [14]. As for the han-
dover performance under the PCP-based model, Bao and
Liang [15], [16] derived the analytical expressions for the
rates of horizontal and vertical handoffs experienced by an
active user with arbitrary movement trajectory. Specifically,
Bao and Liang [15] considered using two tiers of PPP with
different deployment intensities to model the locations of clus-
ter centers and the cluster members. In the meantime, the set
of Ad-extended is first introduced to quantify the 1-D mea-
sures of different length intensities on the 2-D plane. In [16], a
stochastic geometric analysis framework on user mobility was
proposed. The authors also provided guidelines for optimal tier
selection under various user velocities, taking both the handoff
rates and the data rate into consideration. However, the sojourn
time for users which stay in the handover boundaries is not
taken into consideration. To the authors’ knowledge, only few
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of the prior works focus on the handover analysis under PCP
and take the sojourn time into consideration.

Recent developments in the field of stochastic geometry
have led to a renewed interest with handover management
in wireless networks [17], [18], [19], [20]. In stochastic
geometry, the PPP is widely used in modeling and statistic
analysis because of its universality and uniform distribution.
Arshad et al. [21] proposed a cooperative handover man-
agement scheme to reduce unnecessary handovers in dense
cellular networks. Furthermore, a velocity-aware mathematical
model and an escalated handover scheme for the users were
proposed in [22], in which the BSs along with the moving
trajectory will be selected instead of those BSs which have
stronger transmit power to maintain longer connection dura-
tions and to reduce handover rate. To quantify the performance
of the proposed handover schemes via stochastic geometry, the
effects of mobility on the densification gain were discussed
in a two-tier downlink cellular network with ultradense small
cells and C-plane/U-plane split architecture [23]. A joint band-
width allocation and a call admission control strategy were
proposed in [24] to reduce unnecessary handovers. The authors
proposed joint optimization of cell association and power con-
trol that maximizes the long-term system-wide utility in [25]
to reduce the handover rate. A joint optimization of cell asso-
ciation and power control solution was also proposed in [26]
to improve the spectrum and energy efficiency and reduce the
handover rate. For handover analysis, the closed-form theoret-
ical expressions of handover rate, handover failure rate, and
ping-pong rate were investigated in [27], where the distribution
of BSs’ locations follow independent PPP and the expressions
were resolved as a function of BS density and triggered time
threshold. With redefined definitions, the handover rate in this
article decouples with the handover failure rate. Compared
with [27], the handover rate is more specific and accurate
since it only contains the influence of user mobility model
and sojourn time inside the equal long-term biased DL-RSS
boundary (ERB) circles. Moreover, according to the descrip-
tion in [28], the handover failure rate in this article is denoted
as the number of handover failures divided by the handover
triggered numbers.

Although PPP is tractable in modeling the deployment
of BSs, it is not suitable enough to capture the coupling
between UEs and BSs in traffic hotspots, thus motivat-
ing Saha et al. [10], [29] to model the BSs and users
in ultradense area using PCPs. The performance of cover-
age probability for a typical device-to-device (D2D) receiver
under two realistic scenarios was investigated in [30]. The
analysis quantifies the best and worst performance of clus-
tered D2D networks in terms of coverage probability and
area spectral efficiency. In order to capture the correla-
tion between clustered BSs and users in high-density area,
the downlink coverage probability was discussed in cel-
lular networks modeled by the Thomas cluster process
(TCP) and Matérn cluster process in [31]. In [32], the
performance of coverage probability and throughput was
studied in heterogeneous networks (HetNets) under two asso-
ciation policies, the simulations demonstrated that with the
increasing reusability of the same resource block for small
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cells, the coverage probability decreases whereas throughput
increases.

Based on the former research, it is well accepted that using
the random spatial point process to model the distribution
of BSs is more realistic when compared with the traditional
hexagonal model [33], [34] in ultradense networks. In the
aforementioned papers, the distribution of SBSs is usually
assumed to be the same as the macro BSs (MBSs) to reduce
the analytical and computational complexity. But in the prac-
tical circumstances, especially in the urban area, the clustered
SBSs or the users are usually nonhomogeneously distributed.
For instance, in the city planning, several specific areas are
chosen as the economic or educational centers. Those geo-
graphical centers usually have higher population density and
communication demand compared with other areas [35]. And
the movement trajectory of targets in those area tends to
limit in a specific region. This phenomenon brings the edge
effects into our study. In that case, the practical location of
SBSs among those centers is the superposition of nonuni-
form distributions. In order to capture those features, we
model the locations of SBSs clustered on the hotspots as PCP.
Moreover, in order to get the convincing handover analysis
results, the selection of the mobility model is quite impor-
tant. It is essential to choose an appropriate mobility model
to analyze how the movement of users affects the network
performance. Normally, the researchers select the random way-
point (RWP) model because of its tractability in modeling
movement patterns of mobile nodes [36]. Lin et al. [37] pro-
vided an improved traceable mobility model which shows
better performance in emerging cellular networks when com-
pared with the classical RWP mobility model and the synthetic
truncated Levy walk model. However, the aforementioned
RWP model has some inherit disadvantages, such as the nodes
tend to concentrate on the center [38] and the transition length
scales with the size of the area.

In this article, to overcome the difficulties that the tradi-
tional BSs deployment scheme cannot apply in the hotspots
areas, we develop a PCP-based BSs deployment scheme to
model the practical BSs distribution by considering the corre-
lation between clustered BSs and users. Compared with [15]
and [16], in our manuscript, we derive not only the handover
rate but also the handover failure rate and ping-pong rate to
further investigate the handover performance in hotspots area.
Moreover, in our PCP-based model, the handover rate also
consists of the probability that the sojourn time for each user
inside the ERB is larger than the threshold. By considering the
sojourn time of users inside the ERB circles, the prediction of
the handover rate is more accurate and reliable. In our revised
manuscript, the location of the target BS is not restricted to
any direction or any tier. The corresponding coordinate of tar-
get BS can be random point in the entire simulation region.
Moreover, the average distance between different BSs under
TCP is also presented, which is first proposed recently, to
solve the handover problems in hotspots. Note that the density
wave phenomenon (DWP) indicates that the nodes distributed
in a finite area tend to concentrate on the center under RWP
model [27], [39], which will bring the edge effects into our
analysis. In this case, users have less probability to intersect
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with those BSs near the edge areas. Therefore, we propose a
modified RWP (MRWP) model to overcome the DWP and to
increase the accuracy of handover decision in the boundary
region. Compared with the small cell coverage model in [27],
where the target SBS is assumed in the horizontal direction
of MBS, we adjust the coordinates of SBSs to ensure that
the analysis of the small cell coverage model is suitable for
any SBS in the coverage area. In that case, the analysis of
the small cell coverage model is suitable for any SBS in the
coverage area.

Incorporating the spatial coupling and the MRWP model,
we first derive the closed-form expressions of handover rate,
handover failure rate, and ping-pong rate. Then, extensive
simulations are conducted to validate the theoretical results
and to analyze how the user mobility affects the handover
performance in hotspot areas.

The main contributions of this article are as follows.

1) Novel BSs deployment scheme and MRWP model are
proposed. We develop a practical HetNets model for
traffic hotspots area, where the locations of users and
clustered SBSs are coupled in hotspots to capture the
correlation. We also propose an MRWP model to elimi-
nate the density wave phenomenon in hotspots area and
to increase the accuracy of handover decision.

2) New distances distributions and average distances are
derived. Considering the method proposed in [40] using
a sum of finite exponential series to obtain the approxi-
mate expression of the integral of the first kind modified
Bessel function, we derive the closed-form expressions
of average distances from one SBS to other BSs, han-
dover rate, handover failure rate, and ping-pong rate
under TCP scenario.

3) The accuracy of the theoretical results is verified through
simulations. The effects and the tradeoff of system
parameters, such as BS density, the scattering variance
of TCP, thresholds of triggered time, and user mobility
on the handover performances, are studied to provide
guidance for future network planning in ultradense
HetNets.

II. SYSTEM MODEL
A. BS Deployment Model

We consider a three-tier HetNet consisting of uniformly
deployed MBSs and SBSs in general area and clustered SBSs
in hotspot area, as shown in Fig. 1. The macro cells mainly
provide global coverage and support the necessary signaling
transmission [27], while the small cells are allocated with
specific frequency to provide local area coverage and basic
communication services. Specifically, the locations of uniform
MBSs and SBS are assumed to follow homogeneous PPPs
@) and g in the plane with density Ay and Ag, respectively.
Regarding the clustered SBSs, inspired by the fact that SBSs in
the hotspot areas are usually geographically clustered, to cap-
ture the spatial correlation, we model these SBSs as a TCP
®g generated from a parent point process ®,. Here, @, is
a homogeneous PPP with density A,, and the SBSs are inde-
pendently and identically scattered around the cluster centers
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TABLE I
NOTATIONS AND DESCRIPTIONS OF PARAMETERS
Parameters Descriptions

AM; AS, Agr Densities of MBSs, PPP-SBSs, and PCP-SBSs.

Py\p, Py, Py | Locations of MBSs, PPP-SBSs, and PCP-SBSs.

Ap, O Density of parent point and scattering standard variance
of offspring point for ®g/.

P, G; Transmit power and antenna gain of BSs in the -th tier.

Ci, o Path-loss intercept and exponent in the i-th tier.

B; Association bias of the i-th tier.

Ly, Rayleigh distributed initial transition length in the k-th
movement with parameter orwp-

Lk Bernoulli distributed indicator of transition length exten-
sion in the k-th movement with parameter pz.

Zy, Rayleigh distributed extended transition length in the k-
th movement with parameter oz .

Vi User velocity during the k-th movement.

Sk User pause time after the k-th movement.

R;; Distance from a random point inside ®; to the nearest
point inside ®;, ¢,7 € {M,S,S'}.

Rij Average distance from a random point inside ®; to the
nearest point inside ®;, 7,5 € {M,S,S’}.

Hy i Handover triggered rate from tier ¢ to tier j.

H;; Handover rate from tier 7 to tier j.

Hy ;5 Handover failure rate from tier 7 to tier j.

Hy ij Ping-pong rate from tier ¢ to tier j.

T Time threshold of handover failure event.

Tp Time threshold of Ping-pong event.

Fig. 1. Illustrations of the BSs deployment model. The black square repre-
sents the location of MBS. The blue dot and the blue circle around it represent
the location of SBS following PPP and its ERB, respectively. The red dot and
the red circle around it represent the location of SBS following TCP and its
ERB, respectively.

of @, following a symmetric normal distribution with vari-
ance o2. Therefore, the probability density function (PDF) of
distance R from the offspring point to the cluster center can
be expressed as

1 2
fr(r) = WGXP(_F)’ r=>0. (D

Thus, &g can be equivalently expressed as &g = Uzeq,p B,
where B; is the subset of ®¢ generated from the parent point
z € Dp.
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B. User Mobility Model

Based on the improved RWP model in [27], the user’s kth
movement can be represented by (Xy—_1, X, Vi, Sk), where
Xi—1 is the starting waypoint, Xy is the target waypoint,
Vi is the velocity, and S is the pause time of user stay-
ing at Xi. Given the starting waypoint X;_1, the transition
length Ly = || Xy — Xx—1| follows a Rayleigh distribution
with parameter orwp and the direction is uniformly distributed
in [0, 2r]. By adjusting orwp, the average transition can be
changed to model the movement patterns of users in infinite
region. According to [38], the DWP will affect the accuracy
of handover probability calculation. It can be ignored when
the simulation area is sufficiently large, in which the number
of points near the edge are small. However, as we described
in Section I, the trajectories of users in hotspots are usually
clustered in finite regions. Thus, the improved RWP model
proposed in [27], which is designed for infinite planes, will
not be suitable for our limited finite regions. In our manuscript,
the handover analysis is conducted on a hotspot area, and
the edge effect will thus bring difficulties to our handover
performance analysis. To minimize the impact of DWP, we
propose the MRWP model by inducing a Rayleigh distributed
extra distance Z to extend the trajectory of each movement
with a certain chance while keeping the direction unchanged.
Specifically, the transition length after extension in MRWP is
formulated by

Ly = Li + uiZy 2

where py is a Bernoulli random variable with parameter pz
and Z is a Rayleigh random variable with PDF given by

Z 2
f2,(2) = — eXP<——2), z>0. 3)
o; 205
Zy is the extra distance in the user’s kth movement. And g
represents the probability of extending the original movement
trajectory L; with the extra distance Z;. The PDF of Z; fol-
lows the Rayleigh distribution since the original movement
Ly follows the Rayleigh distribution. Besides, we assume that
the velocity Vi and the pause time S; are independently and
identically distributed with PDF fy(-) and fs(-), respectively.

To validate the effectiveness of the MRWP model, we sep-
arate the simulation region into five subregions in Fig. 2(a).
The occurrence probabilities of users in these regions under
the RWP model and MRWP model are presented in Fig. 2(b).
Compared with the RWP model, the MRWP model results in
higher occurrence probability in the boundary region and more
uniform waypoints in the whole region, which shows that the
handover analysis under the MRWP model is more reliable
and convincing.

C. Channel Model and Association Strategy

According to 3GPP standards, a handover procedure will be
processed in four layers. We consider the method in [27] where
prefect filtering is adopted in Layer-1 and Layer-4. Since the
prefect filtering is deployed and dynamic resource allocation is
assumed to average the fading and noise. Several related works
also take similar assumptions in their analyses [27], [29]. The
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Fig. 2. Partition of simulation area and the occurrence probability for MRWP
model and improved RWP model. (a) Illustration of separated simulation
areas. (b) Occurrence probability.

link experiences power-law path loss. The handover proce-
dure usually takes the instantaneous reference signal received
power (RSRP) as the indicator to initiate or terminate the
process. We assume that the BSs in the ith tier have iden-
tical transmit power P; and antenna gain G;, i € {M, S, S'}.
The RSRP can be simplified to the downlink received signal
strength (DL-RSS) as

RSSI(F) = B,-PiG,-Cir_“" (4)

where r is the distance from the typical terminal to the BS in
tier i, B; represents the association bias which aims at adjusting
the coverage range of BS to achieve load balance, C; is the path
loss at reference distance, and «; is the path-loss exponent.
Along the mobility trajectory, the user will choose the BS
which provides the strongest DL-RSS as the next serving BS.
The handover boundary for each BS is then determined by the
ERB [41].

III. HANDOVER BOUNDARY AND DISTANCE
DISTRIBUTION ANALYSIS

In this section, we first determine the approximate expres-
sions of handover boundary and handover failure boundary,
and then derive the distribution of the distance between the
BSs that the user is served by before and after handover. These
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metrics will be used to characterize the handover performance
in traffic hotspot area in Section IV.

A. Handover Boundary Analysis

Consider a typical BS X; € ®; at origin and a target BS
Xj € ®@j, the ERB Zy,x; is composed of the points at which
the DL-RSSs received from X; and X; are identical, i.e.,

B = |X € R? | RSSi(d) = RSS;(d)) 5)
where d; = || X — X;|| and d; = || X — Xj]||. Recalling (4) and the

Cartesian coordinates X; = (0,0), X; = (x;,¥), X = (x,),
the condition in (5) can be rewritten as

g,,(xz +y2)aij . [(x—x,-)2 n (y—yj)z] —0 (6

where él] = (BijGjCj/(B,'P,'GiCl-))z/o‘.i and ajj = Ol,‘/Olj [42].
For analytical tractability, we approximate f(x, y) = (2 4-y?)%ii
with f(x,y) = A(x? + y?) by minimizing E; (x, y), where

Ex(ry) = [fee ) —fy)|
N R I TR

Converting coordinates from Cartesian to polar, we can rewrite
E)(x,y) to

E(r) = ‘rzo"'f — )\rz‘ (8)

where r = /x% + y2. The optimal A can then be expressed as

x5+
A* = arg min / E; (rdr. )
A 0
The exact expression of A* is given in the following lemma.
Lemma 1: \* is determined by A* = (sz —l—yjz)“"f’l.
Proof: See Appendix A. |
Then, leveraging Lemma 1 and substituting f(x,y) with
f(x, y|A*), the ERB in (5) can be approximated by a circle
B(f( , f(’), where the center X and radius R are, respectively,
given by

3 Xj ¥j A*Sij(x!‘z +3] )
% < .(10)

: R=
I —a%&;" 1 - A*E,y-) 1 — A
The approximated closed-form circular equation of the han-

dover initial process is presented in (10). Similarly, the handover
failure boundary can be approximated by B(Xy, Rf) with

)\*Ef,ij (sz + yf)
1= A%&r.j

X = ( Xj Yj ) R =
1— )\.*gf’lj 1— )\*Sf,ij ’
(1T)

where & ; = SijQil/,?j and Qouix < 1. Once the UE moves
into the handover triggered circle, the threshold time T starts.
If the UE steps into the handover failure circle within 7,
the handover process failed. Based on the aforementioned
analysis, the ERB functions of handover and handover fail-
ure are approximated by the circular equations as shown in
Fig. 3. Combining the MRWP model and handover boundary
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Handover center

Approximated handover center
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>proenm

X

Fig. 3. Approximate solution of handover circle boundary and handover
failure circle boundary.

analysis, the handover rate and handover failure rate can be
determined by the number of UEs’ trajectory intersecting with
B(X,R) and B(Xy, Ry) in the unit time, respectively.

B. Handover Strategy

In this article, by combining the MRWP model and BSs
deployment under prefect filtering and dynamic resource allo-
cation, the users can switch between different BSs according
to DL-RSS. The handover process is divided into two subpro-
cesses, termed as handover triggered process and the sojourn
time process. The handover event, handover failure event, and
the ping-pong event are defined as follows.

1) Only if the user crosses the boundary of handover cir-
cle and stays inside handover ERB longer than 7, a
handover procedure is determined as successful.

2) As for the handover failure process, when the user
crosses the boundary of handover failure circle, in the
meantime, the sojourn time between handover ERB and
handover failure ERB is smaller than 7, The handover
procedure is determined as unsuccessful.

3) For the ping-pong process, after the handover procedure
is initiated, the typical user returns to the original BS
service area before the sojourn time is greater than 7},
inside the target cell. In that case, a ping-pong procedure
is determined as successful.

To be noted that each of the above handover events, including the
handover event, handover failure event, and the ping-pong event,
occurs on the premise of handover triggered event occurring.

C. Distance Distribution

For the analysis of the average distances and handover
performance in the proposed model, we need to get the dis-
tribution of those relevant distances from the two kinds of
SBSs to the MBS. Let R;; denote the distances from x; € &;
to the nearest BS in ®;. Since the coverage area is a circle
according to Section III-A, we approximate R;; by its average
value. Ry represents the distance from a typical SBS in ®g
to the nearest MBS in ®j;. Rsy represents the distance from

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:05:09 UTC from IEEE Xplore. Restrictions apply.



8830

a typical SBS in ®g to the nearest MBS in ®j;. As for Ry,
which represents the distance from a typical SBS in &g to
the nearest SBS in ®y.

1) Rsm: The PDF and CDF of Rgy are given by

Sreu (1) = 27w A1 exp(—nkmrz)

Froy(r) =1— exp(—nkmrz)

12)
(13)

respectively.

2) Rgs: Assuming the typical BS located at the origin, the
distribution of Rgg conditioned on the hotspot center location
is given in the following theorem.

Theorem 1: Conditioned on the distance from the hotspot
center to the origin being Wg, the conditional PDF and CDF
of Ryg are

r 2+ w? wr
Frgstws (riw) = U—ZCXP(—ZG—2>10(;) (14)
w r
Frygws(riw) = 1= 01(25. =) (15)

respectively, where fy,(w) = 27 Agw exp(—nkng), Ip is the
modified Bessel function of the first kind, and Q;(-) is the
Marcum Q-function.
Proof: See Appendix B. |
3) Rgp: As for Ry, which represents the distance from a
typical SBS in @y to the nearest MBS in ®y,. Similar to Ry,
the conditional PDF and CDF of Ry, can be expressed as

r r? 4+ w? wr
Frgugtig (W) = —5 exp(—T)lo(;) (16)

w r
Frgy i () = 1= 01( 5. 75) (17)

where fw,, (W) = 2w Ayw exp(—nAsz).

D. Mean Distance

The handover rate can be separated into the handover
triggered rate and the probability that the mobile terminal’s
sojourn time inside the target cell is larger than the threshold.
To obtain the handover triggered rate under different distances
distributions, it is essential to calculate the average values of
Rsm, Rys, and Rgryy.

1) Rsm: The average value of Rgy can be obtained by

o
- 1
Rsm = E[R = 7 rydr = . 18
sm = E[Rsm] /0 From (1) NGy (18)
2) Rgs: The average value of Rgg can be expressed as
Rys = E[Rys] = Bwg[ [y~ tfrggiws(rdr]. (19)

Substituting (14) into (19) yields

- % % 2 Aswr? 2+ w?
RS/S = / / ; exp(— 2_:;2 — 7'[)\.SW2>

X I()( )drdw

(20)

To obtain the closed-form expression of Rgg, we approximate
Ip(z) by the sum of a finite exponential series [40], i.e

4
Io@) ~ ) e
k=1

2L

IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 10, 15 MAY 2023

TABLE II
VALUES OF aj AND by IN (20) FOR DIFFERENT INTERVALS OF z

0<2<115 [11.5<2<20|20<2<37.25| =z2>37.25
a b ak b a by ak b
0.1682| 0.7536 |0.2667 | 0.4710 | 0.1121 |0.9807|2.4e~"|1.144
0.1472] 0.9736 |0.4916 | —163.4| 0.1055 [0.8672|0.0675|0.995
0.4450|—0.715|0.1110| 0.9852 | —1.8¢~*[1.0795| 0.0547 |0.567
0.2382]0.2343 |10.1304| 0.8554 | 0.0033 [1.0385|0.0787(0.946

where a; and by are Eresented in Table II. Therefore, substi-
tuting (21) into (20), Rys can be simplified to

4
- 2w Ahsar [
k=3 T |

k=1

o~ (s )w? Frw)dw  (22)

where

>, r? bywr
Fr(w) = rrexpl =5+ —5 dr. (23)
0 20 o

By invoking [43, eq. (3.462.7)], Fr(w) can be evaluated by

b2w?

Frw) = o Zbrw + \/:<crb2w + a3>ezk7
<[rret( )]

where erf(x) = (2//7) fg exp(—yz)dy is the error function.
Since erf(x) < 1, x > 0, we obtain an upper bound of Fj(w)
as follows:

(24)

[7]%w2
F () = /2 (abkw +o )esz +obw. (25

§ubstituting F ,E"b) (w) into (22), we obtain an upper bound of
Rgs as follows:

4
— (ub 2mhsar [ —(mag+-L5 Jw?
Ry =)= /0 o?bnte(75757)

o
k=1

2
7 +7k) 2
+ /2 w(obkw +o ) <7T DAY

4 2
= Z «/ansoak|:
2} (26)
where gs = TAgo 2.

2

pot (2gs +1—107)
b 4b7

3) Ry Similarly, the average value of Rgj is upper

bounded by

2

+ 77+
(2gs + 1) (2gs + 1 —b})
4
V2 gyo ay| —————<
1; (2qu +1-1b7)
2
N b N 407
Qo+ D 2y + 1 - 1?)

(ub)
RS’M

2} @7)

where gy = nAMaz.
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Fig. 4.
trajectory.

Mlustration of the region in which the BS intersects with users’

IV. HANDOVER PERFORMANCE ANALYSIS

In this section, we give the definitions of handover rate, han-
dover failure rate, and ping-pong rate. By formulating different
handover procedures into several subprocesses, the theoreti-
cal expressions of these handover metrics under different BS
densities and scattering variances of TCP are obtained.

A. Handover Rate

According to the MRWP model, the trajectory of UE is
divided into finite segments by setting the start waypoints and
target waypoints. The handover triggered rate is defined as the
number of crosspoints of each UE’s trajectory intersecting with
the ERB circle in the unit time. According to Section II-B, the
length of each movement is determined by L, = Ly + urZg.
During each movement, the handover event is triggered when
the trajectory of the user intersects with the ERB circle, i.e.,
the distance from the nearest target BS to the trajectory of this
movement is smaller than R, £ € {SM, $'M, §'S}. Since each
trajectory and the radius of ERBs are finite, the BSs have to
stay in the specific area to ensure that their ERBs can inter-
sect with the user’s trajectory. We approximate this specific
area as a rectangle with length L; and width R¢. As shown
in Fig. 4, the length is user’s trajectory and the width is the
distance from the center of the nearest ERB circle B(X, R) to
the user’s trajectory. Thus, the specific area for each target BS
can be expressed as 2L;{R@. On the entire coverage, the proba-
bility that each target BS can be reached by user’s trajectory is
(2L;€I_€g /|S1). Moreover, the corresponding radius of target BS
may be smaller than the average distance Ry, for those BSs
located inside the area of 2L§(I_€g with smaller average radius,
the handover triggered event will not be initiated successfully.
In order to solve this problem, we consider using the handover
circle boundary intensity to describe the probability that the
transition length L intersects with the handover circle bound-
ary during each movement [44]. Arshad et al. [44] considered
the general expression of the handover rate from the kth tier
to the jth tier as a function of w(ty;), which represents the
expected length of cell boundaries in a unit square. Since it
is difficult to conduct the analysis on the cell boundaries, we
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extend the cell boundaries by an infinitesimal width Ad. Note
that the probability of having the user on the Ad-extended
cell boundary is equivalent to the expected area of the bound-
ary in a unit square, which is expressed as the area intensity
u(tk(jAd)). Since the handover boundary is simplified as circle
in Section III-A and the average number of target BSs in dif-
ferent tiers can be expressed as E[Ngs ¢]. The area intensity
of different handover circles can be expressed as

Ad E[NBs,z] . 71(1_3[ + Ad)2 — 71(1_3[ — Ad)2
M(IK( )) _ ( - )

where £ € {SM, §’M, §'S}. The average number of target BSs
E[NBs.¢] = A¢S, A¢ € {Am, Am, As}. Letting Ad — 0, we can
get the expression of handover circle length intensity wu(ty) as

(Ad)
o)
wr) = i 244

E[NBS []27‘[]_3@
= 29
S| (29)

(28)

where the average distance of R, is obtained in (18), (26),
and (27).

In Fig. 4, we can see that a handover is initiated if the
handover boundary intersects with L inside the 2L; R, area.
However, the handover events may not occur successfully
because of the actual distance R, may smaller than Ry.
Thus, we calculate the handover rings boundaries in each
S = 2L, Ry rather than the average specific area Sy = 2L, Ry
as shown in Fig. 4.

For instance, the radius R, of handover circle B(f( , R) is
quite small and the user’s movement trajectory L; does not
touch the boundary of B(f(, i?). However, because the cen-
ter of B(f(, I~€) locates inside Sy = 2L;€R[, this handover is
determined as success even L;{ does not touch the bound-
ary of B(f(, f(’). Thus, the handover rate will be inaccurate
since the handovers may be higher than the expected results.
In order to solve this problem, we came up the idea of
using handover circle length intensity to determine if the
handover event is successfully triggered when the center of
target BS locates inside 2L;<Rg. For each movement of users,
the handover occurs in Sg. The length of handover bound-
aries inside S can down to zero when the center of target
BS locates on L, or equal to mR, when L; is the tan-
gent line of handover boundary circle of target BS. And the
threshold M is constructed to determine if the sum of han-
dover boundaries during this movement is greater enough to
trigger the handover event. Which means the threshold M
for area intensity 77/, is constrained by 0 < M < 7R,.
P(tpy¢ > M) is present to analyze how the user mobility
model influences the handover performance. It represents the
probability of the area of handover boundary is greater than
the predefined threshold M and it helps to get accurate han-
dover triggered rate. Take the maximum value of threshold
M as Ry, the probability that handover boundaries area 77/ »
during each movement is greater than the threshold M can be
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expressed as

Pty = M) =P(u(te) - 2LR¢ > mRy)

=#(ti= 507 )
"—4le[

Note that L is a mixed distribution function with E[L;] =

(1/[2 /orwp]) + ur+/(T/2)oz. In order to get the expres-
sion of CDF of L;c, we assume that the MRWP model

follows a Rayleigh distribution with average value of E[L;] =

(1/12\/omrwr]) = (1/[2\/orwP]) + pi~/(7r/2)07z. Thus, we
can derive the expression of IE”(L;C > [1/(4A¢Rp)]) as

(30)

1
IP’(L;C > _ ) = exp ——GMRV_VPJTZ
40eRy (4)»(R[)
= (31)
= exp
1 20V 27 5 \2
(URWP + M&?\Lﬂfz +27T'ukaZ> ’ (4)”45&3)
where
1
OMRWP =
(c,RWP + 2 F + uim 207)

Thus, the expression of the handover triggered rate for one
target BS can be expressed as
(single) 1
4)\gke

i |S|/ / 21rfr, (Dfr, (rdldr - (Lk
(32)

where S is the entire area and £ € {SM, $'M, S'S}. Leveraging
the independence between L; and R, and substituting (10)
into (32) yield

(single) 2 V)L*‘i: ’ / 1
H = — E|L, |E[R¢] - P( L = 33
1,0 |S|1_)\*E [ k] [ /é] kZ RZ ( )

which can be further simplified by using E[L;] =
(1/[2,/omrwr]). For convenience, we take the same assump-
tion of E[Sx] = 0 in [27] and [37]. We obtain the handover
triggered rate as follows:

E N H(single)
.0

E[L;]
Evg + E[Sk]
AFEAL RV
=2 Z* ¢ exp] — NUMI}WIE (34)
1 —A*& (4)\5R5)

It is notable that the handover procedure may not be even-
tually executed when it is successfully triggered. According
to [27], the average sojourn time is formulated by

5 = TRIE %)
2V(1 — A*E)

Then, the probability that the UE stays in the ERB circle
longer than the threshold 7 is given by

202 (1_y%£)\2
exl{:w —sM
— 2TV (1-1*
PS> T) = Ql(zam» mg A*;) L t—gs (36
2TV (1-1*€) o
o] 20/hy’  moJAFE )’ t=5M
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respectively. Finally, as has been discussed in Section III-B,
the handover rate is determined by

Hy = H; (PS¢ = T). 37

B. Handover Failure Rate

The handover procedure is determined to be failed when
the received SINR is smaller than Qg or the sojourn time
is smaller than 7. The handover failure rate, which is identi-
cal to the handover failure numbers divided by the handover
triggered numbers in a unit time, can be expressed as

Hy.(eP(Sy.e < T)

(38)
H;y

Hyp =
where Hy ;¢ is the handover failure triggered rate, and Sy ¢ is
the sojourn time for the typical UE between handover bound-
ary and handover failure boundary. Similar to (34), Hy ;¢ can
be expressed as

\/ ErheReV __ TTOMRWP
Hy o = ,\*sf exp (sz)z . 39
And P(Sy ¢ < T) can be expressed as
P(Sp.e < T)
O VAT (1-27E)?
1 —exp(—T , £ =SM
_ 2TV(1-2"§r) _
= Ql(zof o /T > ) (40)
_ 1 2TV (1-2*) o
! Ql(zom’ A ) t=5M

C. Ping-Pong Rate

The ping-pong rate, which can be defined as the probabil-
ity that after the handover procedure is initiated, the typical
user returns back to the original BS’s serving region in the
time period Tp. According to [27], the ping-pong rate Hp ¢ is
formulated by

Hpo = H¢[P(Se < Tp) — P(Se < T)]. 41)

According to (36), Hp ¢ can be expressed as

Gy V2T (1-27¢)°
TA*E
Gy VT2 (1-38)°
TARES
[ ( 2TV(1—A*§))
20 /hks’  moJAFE
2T, V(1=2*
_Q1< WV (-2%)
o

Hg, | exp (—

—exp| — , £=SM

H, Is's

(42)

1 _
20/hs’ o N\ Ef , £=5§

€
0}
0, (1 2V(-2)
| N\ o/ rodiE
1 2,V(-2'E) o
20/An’ wo JaRE  E=5M

V. NUMERICAL RESULTS AND DISCUSSION

Hts/

In this section, we verify the analytical results of the han-
dover performance which have been derived in the above
sections. In this article, we focus on the cross-tier handovers
between the two tiers of SBSs. The cross-tier handovers
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—— Therotical
- - - - Simulation

Average distance

Fig. 5. Average distance from the PCP distributed SBSs to the PPP distributed
SBSs as a function of SBS density Ag.

between MBSs and SBSs following PPP distribution, and
those handovers occur in the same MBSs and SBSs ties
have been investigated in the previous papers [12], [13], [15],
[16], [17]. The cross-tier handovers between MBSs and SBSs
following PCP distribution share the same analytical method
in our manuscript. As for the same tier, those handovers occur
in the MBSs and SBSs following PPP with different densities
share the same analytical method with [27]. The simulation
area is set as a Skm x S5km square where three-tiers dense
BSs are deployed. According to [28], the path loss of macro
cells and small cells at distance r are 128.1+37.6log((r) dB
and 140.7 4 36.7log;((r) dB, respectively. The parameters of
different cells are set as Py = 46 dBm, Pg = Py = 30 dBm,
Gy = 14 dBi, Gy = Gy = 5 dBi, Byy = 0 dB, and
Bs = By = 4 dB. And Qg is set as —8 dB according to [42].
For dense deployments, we assume As = 10Ay = 104,

Fig. 5 shows the average distance Rgs as a function of Ag
under different o. As shown in Fig. 5, the average value of
Ry increases with Ag at first, and then tends to a stable value
which is affected by o. It indicates that in the PCP HetNets,
the average Rgyg is mainly effected by o and Ag has only
limited influence when o is much larger than Ag. This phe-
nomenon is different from the results derived in PPP-based
models. According to Section II-B, the nodes in the MRWP
model tend to distribute in edge areas when the node density
is small. Thus, the average Rgg will increase with Ag at the
beginning.

Fig. 6 shows the handover rate as a function of Ag and o
under different thresholds 7. From Fig. 6(a), we can see that
the handover rate follows the same trend with the average
value of Rgg. The handover rate consists of the handover trig-
ger rate and the probability that the handover UE’s sojourn
time inside the small cell is larger than the threshold 7.
Because the handover triggered rate is approximately pro-
portional to Rgs and Rggs is mainly affected by o, the
corresponding radius of each ERB will remain as a stable
value with the increase of Ag when o is a constant. When
the UE moves into the ERB circle, the average transmission
time is more likely to be smaller than a larger 7, which is
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Fig. 6. Handover rate as a function of BS density and scattering standard

variance at different sojourn time thresholds 7 when Py = 30dBm and
V = 60km/h. (a) Impact of PPP distributed SBS density Ag when o = 150.
(b) gmpgct of PCP distributed SBS standard variance o when Ag = 2 x
1072 /m~.

obvious because the relative radius of the ERB is the function
of Rg'g and the average transmission time shares the same trend
with Rgg. The increasing threshold 7" will lead to a lower
handover rate as shown in Fig. 6(a). In Fig. 6(b), the han-
dover rate monotonically increases with o. According to (10)
and the results in Fig. 5, we conclude that the radius of ERB
monotonically increases with average distance Rgg. Since the
average distance Ry is proportional to o, the radius of ERB
will also rise with the increasing o. In that case, the rising
radius of ERB will result in higher coverage in each cluster.
Since the sojourn time for the user rises in a larger coverage,
P(Sgs > T) grows with the increase of o, thus leading to a
higher handover rate.

The velocity of users will also influence the handover
performance. As shown in Fig. 7(a), the handover rate rises
with the increasing V, which is obvious since the handover
triggered rate is proportional to V according to (34). When
average distance Ry is unchanged, P(S, > T) will decrease
with the increasing V. However, the trend of the decrease is
nonlinear. As we can see in Fig. 7(a), with the increasing V,
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Fig. 7. Handover rate as a function of velocity V and transmit power Pg at
different sojourn time thresholds 7" when Ag = 2 x 1073/m? and ¢ = 150.
(a) Impact of velocity V when Py = 30dBm. (b) Impact of transmit power
Py when V = 60km/h.

the handover rate shows a trend from rising to declining grad-
ually, which can be explained by the fact that P(S; > T) has
reached the nonlinear part. Fig. 7(b) presents how the trans-
mit power of typical BS influences the handover performance.
When the transmit power P, of target BS is assigned with
a stable value, the handover rate rises with the increasing
transmit power Pg of typical BS. As shown in Section III-A,
the radius of ERB circle is determined by the ratio of Pg
and Py. With the increasing Pg, the radius of ERB circle
will rise. From the simulations analysis, the higher Pg brings
larger radius of ERB circle, which means the specific area in
Section IV-A gets larger. With unchanged simulation region,
the ratio of specific area and the whole coverage will rise since
the handover trigger rate of one target BS in the entire area
increases. Eventually, the handover rate rises with the increas-
ing Pg. It is a remarkable fact that the simulation result is
lower than the theoretical analysis, which is mainly because
the theoretical results are calculated by one movement for each
user. While in simulation those users may have multiple trace
movements inside one ERB circle, which could increase the
sojourn time for the user. The other reason is that the average

IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 10, 15 MAY 2023

distance is set as the upper boundary when doing the calcula-
tion, therefore the upper boundary of theoretical curves will be
higher than the simulation curves. Similar simulation results
can be found in [20] and [27].

Fig. 8 illustrates the handover failure rate as a function of
As, V, Py, and o under different thresholds 7. As shown in
Fig. 8(a), Hy ¢ grows with the rising of Ag and threshold 7.
Each of the curves increases at the early stage remarkably and
then slowly down the growth. This result can be explained by
the fact that the handover failure triggered rate Hy , shares the
same trend with Rgg, thus the handover failure rate under this
condition is mainly determined by P(Sr ¢s < T). Since the
Marcum Q-function decreases remarkably at the early stage
and then converges to minimum, P(S¢ g5 < T) will follow the
opposite trend with the Marcum Q-function according to (40).
We can also see that the handover failure rate slowly reaches
a stable value, which is determined by the ratio of Hy; g5
and H;gs. Note that Hy decreases with the decrease of 7.
This is because the distance between handover circle and han-
dover failure circle Sy ¢ rises with the decreasing Qqy. With
smaller 7, the users do not have enough time to reach the
handover failure circle, thus the handover failure event cannot
be initiated successfully. According to Fig. 8(b), Hy decreases
with the increase of . The reason is that greater o leads to
larger radius of the ERB circle, thus increasing the length of
trajectory between the ERBs of handover circle and handover
failure circle that a UE needs to pass through when the range
expansion biases are different. Eventually, the probability that
a UE touches the handover failure boundary in a unit time will
decrease, which leads to a lower handover failure rate.

Fig. 8(c) shows the trend that the handover failure rate under
different threshold T rises with the increasing V. This trend can
be explained by the fact that the handover failure triggered rate
Hp ; ¢ tises with the increasing V. In the meantime, the sojourn
time Sy ¢ for the typical UE between handover boundary and
handover failure boundary will decrease because the average
distance is unchanged and the velocity is rising, which bring
to the fact P(Sy < T) will also rise with the increasing V.

From the simulation results in Fig. 8(d), we can see that the
handover failure rate Hy ¢ decreases with the increasing Pg.
Moreover, the influence of Py on Hy g is different from Hy.
During the handover failure rate analysis, the handover failure
triggered rate shares the same trend with handover triggered
rate. They will both rise with the increasing Pg. However,
P(Sr,¢ < T) decreases with the increasing Pg, because the
average distance between two ERB circles gets larger with
the increasing Py, thus Sy, will rise since the velocity of
the user remains unchanged. If 7 remains a stable value,
P(Sr¢ < T) will decrease with the increasing Ps. To be
noticed, the decrease of the handover failure rate is nonlin-
ear, because P(Sy¢ < T) is a Marcum Q-function and the
decrease of which is nonlinear as we described in Fig. 7.

As illustrated in Fig. 9(a), the ping-pong rate rises and
remains a much small value with the increase of Ag. According
to Fig. 9(b), with the increase of o, the ping-pong rate first
rises at the early stage and then slowly decreases. It is worth
noting that the ping-pong rate decreases after reaching the
maximum value, which can be explained by the fact that with
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Fig. 9. Ping-pong rate as a function of BS density, scattering standard variance, and threshold 7}, at different sojourn time thresholds. (a) Impact of A5 when
o =150 and T, = 1.55. (b) Impact of o when Ag = 2 x 107>/m? and T), = 1.5s. (c) Impact of T, when g =2 x 107>/m? and o = 150.

the increase of o, the average distance rises, so does the cor-
responding radius of ERB circle. The rising o will increase
the average distance. In that case the ping-pong rate will
decrease because when the UE moves back, it may change the
moving direction before it touches the original serving BS’s

boundary. The longer average distance means that the UE is
more likely to move into other cells. However, the rising o will
also increase the corresponding radius of the ERB circle. For
the ping-pong rate, the bigger radius indicates the larger cell
area, which will increase the probability that the UE touches
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the original boundary when it comes back. As illustrated in
Fig. 9(c), the ping-pong rate rises with the increase of T, and
saturates to a stable value. It is obvious that larger T, will
increase the time consumed by the handover decision.

VI. CONCLUSION

In order to derive the handover performance in HetNets
under PCP scenarios, we have proposed an MRWP model
to improve simulation accuracy by eliminating the DWP.
Then, we finished the analysis of the BSs locations distri-
bution under PPP and PCP. Based on the analytical model,
we have derived the theoretical expressions of different han-
dover metrics, including handover rate, handover failure rate,
and ping-pong rate under PCP distribution scenarios, which
is the first time in the recent literature. The accuracy of the
proposed model and methods is validated through Monte Carlo
simulations. As illustrated in Section V, those expressions
are determined by deployment intensity, scattering variance of
TCP, the threshold of triggered time, and velocity. The results
reveal that applying the MRWP model in traffic hotspots can
lead to better coverage performance in edge area than the
traditional RWP model. Moreover, compared with the BS
density, the scattering variance of small cells has more signif-
icant impact on the average distance and handover rate. The
threshold 7' should set as a small value, since smaller T can
significantly decreases the handover failure rate while slightly
rises the handover rate and ping-pong rate. To get a bal-
anced handover performance, o should be carefully selected to
tradeoff the handover rate, handover failure rate, and the ping-
pong rate. Those findings in user-centric area and high-density
deployments networks can provide guidance for researchers
to study the handover performance in ultradense areas. For
instance, the vast amounts of users’ handover analysis in
5G/6G networks where multi-BSs are deployed in one small
traffic hotspots. In future work, we intend to investigate the
multiobjectives optimization problems between those criti-
cal parameters to get better performance in different actual
applications.

APPENDIX A
PROOF OF LEMMA 1

Let ¢ = \/x7 +y7 and F(1) = [ E(r)dr. Recalling (8),
F (X)) can be formulated by

FQ\) = / q)rmff _ xrz‘ dr. 43)
0

Taking the derivative of F(1) with respect to A yields F'(A) =
—(q%/3) + (1/3)AB/2@=D1 3 < 2@ Then, F'(\) = 0

yields A = qz(""l). When A > r2@=D_ there is no minimum
value of F(A).

APPENDIX B
PROOF OF THEOREM 1

Assume the typical BS located at the origin and the hotspot
center at |[Xo|| = (x0, yo) € ®,. Since the offspring SBSs By,
generated from ||xg| following symmetric normal distribution
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with variance o2, the coordinate of X € By, can be determined
by the PDF as follows:

Trggws (6 ¥ | X0l

1 (x —x0)* + (¢ = y0)
- _ 44
2ol P 202 “4)
The CDF of Ryg £ \/x2 4+ y?2 is then formulated by
Frygiws (rllIXoll)
= / Trys (%, YllIXol)dxdy
B(O,r)
@ r p2w
= f rfRS,S(rCOSQ, rsin0|||xo|)dOdr
o Jo
/" r r +x(2) +y%
= exp{ —
0 2mo? 202
2 :
0 0
x / exp{ rixo cos J;y 0sinf) }dedr (45)
0 o

where (a) follows by converting Cartesian into polar coordi-
nates, i.e., (x, y) — (rcos#@, rsin@). Then taking the derivative
of Fry(rllXoll) with respect to r yields

rz—i-x%—i-y%

r
fRS/S|Ws(r|||XO||) = 27_[0_2 expl| — 20_2
2 :
0 0
" / exp{ r(xo cos —;yo sin ) }d@. 46)
0 o

Let wo =,/ x(% + y%), we further have

SRy g1ws (rlwo)

_ e_ﬂ;;% /ZH exp{ r(xp cos 6 jyo sin 0) }d@
0 o

m 9
/ exp<w)de (47)
0 o

where (a) follows from the periodicity of the trigonometric
function and the symmetry of the cosine function. Finally,
leveraging the definition of the modified Bessel function of
the first kind completes the proof.

REFERENCES

[1] R. Arshad, H. ElSawy, S. Sorour, T. Y. Al-Naffouri, and M. Alouini,
“Handover management in dense cellular networks: A stochastic geom-
etry approach,” in Proc. IEEE ICC, Jun. 2015, pp. 3429-3434.

[2] X. Yang, X. Wang, Y. Wu, L. P. Qian, W. Lu, and H. Zhou, “Small-cell
assisted secure traffic offloading for Narrowband Internet of Thing (NB-
10T) systems,” IEEE Internet Things J., vol. 5, no. 3, pp. 1516-1526,
Jun. 2018.

[3] A. Damnjanovic et al., “A survey on 3GPP heterogeneous networks,”
IEEE Wireless Commun., vol. 18, no. 3, pp. 10-21, Jun. 2011.

[4] Z. Ni, J. A. Zhang, X. Huang, K. Yang, and J. Yuan, “Uplink sensing
in perceptive mobile networks with asynchronous transceivers,” IEEE
Trans. Signal Process., vol. 69, pp. 1287-1300, Feb. 2021.

[5] X. Gao, D. Niyato, K. Yang, and J. An, “Cooperative scheme for
backscatter-aided passive relay communications in wireless-powered
D2D networks,” IEEE Internet Things J., vol. 9, no. 1, pp. 152-164,
Jan. 2022.

[6] N. K. Panigrahy and S. C. Ghosh, “Analyzing the effect of soft handover
on handover performance evaluation metrics under load condition,”
IEEE Trans. Veh. Technol., vol. 67, no. 4, pp. 3612-3624, Apr. 2018.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:05:09 UTC from IEEE Xplore. Restrictions apply.



ZHOU et al.: HETEROGENEOUS ULTRADENSE NETWORKS WITH TRAFFIC HOTSPOTS

[7]

L. Ge, G. Chen, Y. Zhang, J. Tang, J. Wang, and J. A. Chambers,
“Performance analysis for multihop cognitive radio networks with
energy harvesting by using stochastic geometry,” IEEE Internet Things

(31]

8837

C. Saha, M. Afshang, and H. S. Dhillon, “Enriched K-tier HetNet model
to enable the analysis of user-centric small cell deployments,” [EEE
Trans. Wireless Commun., vol. 16, no. 3, pp. 1593-1608, Mar. 2017.

J., vol. 7, no. 2, pp. 1154-1163, Feb. 2020. [32] M. Afshang and H. S. Dhillon, “Poisson cluster process based analysis

[8] J. G. Andrews, A. K. Gupta, and H. S. Dhillon, “A primer on cellular of HetNets with correlated user and base station locations,” IEEE Trans.
network analysis using stochastic geometry,” 2016, arXiv:1604.03183. Wireless Commun., vol. 17, no. 4, pp. 2417-2431, Apr. 2018.

[9] M. Afshang, C. Saha, and H. S. Dhillon, “Equi-coverage contours [33] H. ElSawy, A. Sultan-Salem, M.-S. Alouini, and M. Z. Win, “Modeling
in cellular networks,” IEEE Wireless Commun. Lett., vol. 7, no. 5, and analysis of cellular networks using stochastic geometry: A tutorial,”
pp. 700-703, Oct. 2018. IEEE Commun. Surveys Tuts., vol. 19, no. 1, pp. 167-203, 1st Quart.,

[10] C. Saha, H. S. Dhillon, N. Miyoshi, and J. G. Andrews, “Unified analysis 2017.
of HetNets using Poisson cluster processes under max-power associa-  [34] R.Zhang, M. Wang, X. Shen, and L. Xie, “Probabilistic analysis on QoS
tion,” IEEE Trans. Wireless Commun., vol. 18, no. 8, pp. 3797-3812, provisioning for Internet of Things in LTE-A heterogeneous networks
Aug. 2019. with partial spectrum usage,” IEEE Internet Things J., vol. 3, no. 3,

[11] D. Lopez-Perez, I. Guvenc, and X. Chu, “Mobility management chal- pp- 354-365, Jun. 2016.
lenges in 3GPP heterogeneous networks,” IEEE Commun. Mag., vol. 50,  [35] Y. Aydin, G. K. Kurt, E. Ozdemir, and H. Yanikomeroglu, “Group han-
no. 12, pp. 70-78, Dec. 2012. dover for drone-mounted base stations,” IEEE Internet Things J., vol. 8,

[12] Y. Bi, G. Han, C. Lin, M. Guizani, and X. Wang, “Mobility management no. 18, pp. 13876-13887, Sep. 2021, doi: 10.1109/JI0T.2021.3068297.
for intro/inter domain handover in software-defined networks,” IEEE J. [36] D. B. Johnson and D. A. Maltz, “Dynamic source routing in ad hoc
Sel. Areas Commun., vol. 37, no. 8, pp. 1739-1754, Aug. 2019. wireless networks,” in Mobile Computing. Boston, MA, USA: Springer,

[13] A. Stamou, N. Dimitriou, K. Kontovasilis, and S. Papavassiliou, 1996; ) .

“Autonomic handover management for heterogencous networks in a  [37] X. Lin, R. K. Ganti, P. J. Fleming, and J. G. Andrews, “Towards under-
future Internet context: A survey,” IEEE Commun. Surveys Tuts., vol. 21, standing the fundamentals of mobility in cellular networks,” IEEE Trans.
no. 4, pp. 3274-3297, 4th Quart., 2019. Wireless Commun., vol. 12, no. 4, pp. 1686-1698, Apr. 2013.

[14] H. Yuan, N. Yang, K. Yang, C. Han, and J. An, “Hybrid beamforming for [38] C: Bettstetter, H. Hartgnstein, .a‘nd X. Pérez-Costa, “StochasFic properties
Terahertz multi-carrier systems over frequency selective fading,” IEEE of the random waypoint mobility model,” ACM/Kluwer Wireless Netw.,
Trans. Wireless Commun., vol. 68, no. 10, pp. 6186-6199, Oct. 2020. vol. 10, no. “5’ pp. 555-567, Sep. 2004. i

[15] W. Bao and B. Liang, “Handoff rate analysis in heterogeneous wireless [39] J. K?fdsn’ VlSl;l’ahZ’dthl’l of spatial distribution of random waypoint
networks with Poisson and Poisson cluster patterns,” in Proc. 16th ACM mobility models,” J. Comput., vol. 12, no. 4, pp.“309.—316, Jan. 2017.
Int. Symp. Mobile Ad Hoc Netw. Comput., Jun. 2015, pp. 77-86. (401 R. Sala'hat,t ,E‘ Stalatk}llat, A‘d]fg‘lt;ng’ an(li ;F Assaf, A;lTple a?d ‘:,fﬁme?t

[16] W. Bao and B. Liang, “Stochastic geometric analysis of user mobility in approximal 101}, 1o the modihied bessel tunctions and 1ts applications to
heterogeneous wireless networks,” IEEE J. Sel. Areas Commun., vol. 33, E;)Clgglfaglsr:‘g’ in Proc. IEEE GCC Conf. Exhibition (GCC), Nov. 2013,
no. 1 . 2212-222 . 2015. : ek .

[17] N([). S(:l,i,ppK, Yang, ZS ’ gz;’ gnj D. Niyato, “Coverage analysis of [41] D. Lépez-Pérez, X. Chu, and I. GL}YSI’IC, “On the expgndeq region of pic-
integrated sub-6GHz-mmWave cellular networks with hotspots,” IEEE ocells in heterogeneous networks,” IEEE J. Sel. Topics Signal Process.,
Trans. Wireless Commun., vol. 67, no. 11, pp. 8151-8164, Nov. 2019. XOl' 6, no. 3, pp. 281294, Jun. 2012. .

. . “ R [42] “Study on small cell enhancements for E-UTRA and E-UTRAN;

[18] M. Shi, X. Gao, K. Yang, D. Niyato, and Z. Han, “Meta distribution N . . R

. i higher layer aspects,” 3GPP, Sophia Antipolis, France, Rep. TR 36.842
of the SINR for mmWave cellular networks with clusters,” IEEE Trans. V.12.0.0. Dec. 2013
Wireless Commun., vol. 69, no. 10, pp. 6956-6970, Oct. 2021. o ) ) . .
N [43] 1. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and

[19] R. Arshad, H. Elsawy, L. Lampe, and M. J. Hossain, “Handover rate Products. New York. NY. USA: Academic. 2014
characterization in 3D ultra-dense heterogeneous networks,” IEEE Trans. ro u? 5 L ’ | ’ Lo«

[44] R. Arshad, H. Elsawy, L. Lampe, and M. J. Hossain, “Handover rate
Veh. Technol., vol. 68, no. 10, pp. 10340-10345, Oct. 2019. h ization in 3D ultra-d het tworks.” IEEE Trans

20] Y. Teng, A. Liu, and V. K. N. Lau, “Stochastic geometry based han- characterization in J1) ultra-cense heterogencous networks, rans.

[ 8, A. LI, . ’ geometry Veh. Technol., vol. 68, no. 10, pp. 10340-10345, Oct. 2019.
dover probability analysis in dense cellular networks,” in Proc. Int. Conf.

Wireless Commun. Signal Process. (WCSP), Oct. 2018, pp. 1-7.

[21] R. Arshad, H. ElSawy, S. Sorour, T. Y. Al-Naffouri, and M.-S. Alouini, He Zhou received the B.E. and M.S. degrees from
“Cooperative handover management in dense cellular networks,” in Proc. Harbin Institute of Technology, Harbin, China, in
IEEE Globecom, Dec. 2016, pp. 1-6. 2016 and 2018, respectively. He is currently pursu-

[22] R. Arshad, H. ElSawy, S. Sorour, T. Y. Al-Naffouri, and M.-S. Alouini, ing the Ph.D. degree with the School of Information
“Velocity-aware handover management in two-tier cellular networks,” and Electronics, Beijing Institute of Technology,
IEEE Trans. Wireless Commun., vol. 16, no. 3, pp. 1851-1867, Beijing, China.

Mar. 2017. His research interests mainly include mobility

[23] H. Ibrahim, H. ElSawy, U. T. Nguyen, and M.-S. Alouini, “Mobility- management, satellite communication, matching the-
aware modeling and analysis of dense cellular networks with C-plane/U- ory, and space-air-ground integrated networks.
plane split architecture,” IEEE Trans. Commun., vol. 64, no. 11,
pp. 4879-4894, Nov. 2016.

[24] B. .Fang and W. .Zhou, “Hando.ver. reduction via joint bandwidth allo- Haibo Zhou (Senior Member, IEEE) received the
cation and CAC in randomly distributed HCNSs,” IEEE Commun. Lett., Ph.D. degree in information and communication
vol. 19, no. 7, pp. 1209-1212, Jul. 2015. engineering from Shanghai Jiao Tong University,

[25] L. P. Qian, Y. Wu, H. Zhou, and X. Shen, “Dynamic cell association Shanghai, China, in 2014.
for non-orthogonal multiple-access V2S networks,” IEEE J. Sel. Areas From 2014 to 2017, he was a Postdoctoral Fellow
Commun., vol. 35, no. 10, pp. 2342-2356, Oct. 2017. with the Broadband Communications Research

[26] L. P. Qian, Y. Wu, H. Zhou, and X. Shen, “Non-orthogonal multiple Group, Department of Electrical and Computer
access vehicular small cell networks: Architecture and solution,” IEEE Engineering, University of Waterloo, Waterloo, ON,
Netw., vol. 31, no. 4, pp. 15-21, Jul. 2017. Canada. He is currently a Full Professor with

[27] X. Xu, Z. Sun, X. Dai, T. Svensson, and X. Tao, “Modeling and ana- the School of Electronic Science and Engineering,
lyzing the cross-tier handover in heterogeneous networks,” IEEE Trans. Nanjing University, Nanjing, China. His research
Wireless Commun., vol. 16, no. 12, pp. 7859-7869, Dec. 2017. interests include resource management and protocol design in B5G/6G

[28] “E-UTRA; further advancements for E-UTRA physical layer aspects,”  networks, vehicular ad hoc networks, and space-air-ground integrated
3GPP, Sophia Antipolis, France, Rep. TR 36.814 V.11.1.0, Jan. 2013. networks.

[29] C. Saha, M. Afshang, and H. S. Dhillon, “3GPP-inspired HetNet Prof. Zhou was a recipient of the 2019 IEEE ComSoc Asia—Pacific
model using Poisson cluster process: Sum-product functionals and down-  Outstanding Young Researcher Award. He served as the Track/Symposium
link coverage,” IEEE Trans. Commun., vol. 66, no. 5, pp. 2219-2234,  Co-Chair for IEEE/CIC ICCC 2019, IEEE VTC-Fall 2020, IEEE VTC-Fall
May 2018. 2021, and IEEE GLOBECOM 2022. He is currently an Associate Editor of the

[30] M. Afshang, H. S. Dhillon, and P. H. J. Chong, “Modeling and IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, IEEE INTERNET

performance analysis of clustered device-to-device networks,” [EEE
Trans. Wireless Commun., vol. 15, no. 7, pp. 49574972, Jul. 2016.

OF THINGS JOURNAL, IEEE Network Magazine, and IEEE WIRELESS
COMMUNICATIONS LETTERS.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:05:09 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/JIOT.2021.3068297

8838

Jianguo Li received the B.E. and Ph.D. degrees
from Beijing Institute of Technology, Beijing, China,
in 2015 and 2022, respectively.

He is currently an Assistant Professor with the
School of Cyberspace Science and Technology,
Beijing Institute of Technology. His research
interests include millimeter-wave communication,
high-precision radar, and high data rate modulation
and demodulation.

Kai Yang (Member, IEEE) received the B.E. degree
in communications engineering from the National
University of Defense Technology, Changsha, China,
in 2005, and the Ph.D. degree in communications
engineering from Beijing Institute of Technology,
Beijing, China, in 2010.

From January 2010 to July 2010, he was with
the Department of Electronic and Information
Engineering, Hong Kong Polytechnic University,
Hong Kong. From 2010 to 2013, he was with
Alcatel-Lucent Shanghai Bell, Shanghai, China. In
2013, he joined the Laboratoire de Recherche en Informatique, University
Paris Sud 11, Orsay, France. He is currently with the School of Information
and Electronics, Beijing Institute of Technology. His current research interests
include convex optimization, massive MIMO, mmWave systems, resource
allocation, and interference mitigation.

IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 10, 15 MAY 2023

Jianping An (Senior Member, IEEE) received the
Ph.D. degree from Beijing Institute of Technology,
Beijing, China, in 1996.

He joined the School of Information and
Electronics, Beijing Institute of Technology in 1996,
where he is currently a Full Professor and the
Dean of the School of Cyberspace Science and
Technology. His research interests are in the field
of digital signal processing, cognitive radio, wire-
less networks, and high-dynamic broadband wireless
transmission technology.

Xuemin (Sherman) Shen (Fellow, IEEE) received
the Ph.D. degree in electrical engineering from
Rutgers University, New Brunswick, NJ, USA, in
1990.

He is a University Professor with the Department
of Electrical and Computer Engineering, University
of Waterloo, Waterloo, ON, Canada. His research
focuses on network resource management, wireless
network security, Internet of Things, 5G and beyond,
and vehicular ad hoc and sensor networks.

Dr. Shen received the Canadian Award for
Telecommunications Research from the Canadian Society of Information
Theory in 2021, the R. A. Fessenden Award in 2019 from IEEE, Canada,
the Award of Merit from the Federation of Chinese Canadian Professionals
(Ontario) in 2019, the James Evans Avant Garde Award in 2018 from
the IEEE Vehicular Technology Society, the Joseph LoCicero Award in
2015 and the Education Award in 2017 from the IEEE Communications
Society, and the Technical Recognition Award from Wireless Communications
Technical Committee in 2019 and AHSN Technical Committee in 2013.
He has also received the Excellent Graduate Supervision Award in 2006
from the University of Waterloo and the Premiers Research Excellence
Award in 2003 from the Province of Ontario, Canada. He served as the
Technical Program Committee Chair/Co-Chair for IEEE Globecom 16, IEEE
Infocom14, TIEEE VTCI10 Fall, and IEEE Globecom07, and the Chair
for the IEEE Communications Society Technical Committee on Wireless
Communications. He is the President of the IEEE Communications Society.
He was the Vice President for Technical and Educational Activities, the Vice
President for Publications, a Member-at-Large on the Board of Governors, the
Chair of the Distinguished Lecturer Selection Committee, and a member of
IEEE Fellow Selection Committee of the ComSoc. He served as the Editor-
in-Chief for the IEEE INTERNET OF THINGS JOURNAL, IEEE NETWORK,
and IET Communications. He is a registered Professional Engineer of Ontario,
Canada, an Engineering Institute of Canada Fellow, a Canadian Academy of
Engineering Fellow, a Royal Society of Canada Fellow, a Chinese Academy
of Engineering Foreign Member, and a Distinguished Lecturer of the IEEE
Vehicular Technology Society and Communications Society.

Authorized licensed use limited to: University of Waterloo. Downloaded on May 25,2023 at 17:05:09 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


