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ABSTRACT

A small-cell network (SCN) constructed by splitting a macro-cell into numerous small cells using an active antenna array
system is studied. A synchronization signal appropriate for the SCN, virtually generated by an eNodeB with 3D
beamforming, is proposed for efficient handover in SCNs. The virtual cell synchronization signal (VCSS) carries a
macro-cell ID (MCID) and virtual-cell ID (VCID) in a hierarchical manner, allowing us to distinguish between an intra-
cell handover (virtual cell handover within a cell without changing the serving eNodeB) and inter-cell handover (virtual
cell handovers across cells while changing the serving eNodeB) in SCNs. Using the signal metrics obtained by the VCSS,
an efficient handover measurement technique is proposed which can significantly reduce the processing time and overhead
by distinguishing between the intra-cell/inter-cell handovers. The performance of the proposed technique is evaluated by
simulating two different deployment scenarios of LTE-based SCN with 3D beamforming. Copyright © 2017 John Wiley
& Sons, Ltd.

KEYWORDS

small cell network; virtual cell synchronization signal; 3D beamforming; handover; inter-cell handover; intra-cell handover

*Correspondence

Yong Soo Cho, School of Electrical and Electronics Engineering, Chung-Ang University, Seoul, Korea.
E-mail: yscho@cau.ac.kr

1. INTRODUCTION

Owing to the explosive increase in mobile data traffic,
different approaches have been investigated for future
broadband cellular communication systems. The
millimeter-wave frequency spectrum, massive multiple-
input multiple-output systems, and small-cell networks
(SCNs) are expected to be possible candidates that can
boost system capacity to meet new requirements [1]. An
SCN achieves network densification by reducing the cell
size and increasing the spatial reuse of the spectrum, and
its capability to improve the network capacity is much
greater than those provided by increasing the spectrum
and spectral efficiency combined [2]. Network densifica-
tion, configured by dynamically deploying a large number
of small and low-power eNodeB, has attracted attention
from research engineers in both academia and industry
because it can effectively increase network capacity by a
factor of 40 compared to traditional deployment [3,4].
One way to build an SCN is to split each macro-cell into

numerous small cells using an active antenna array system
(AAS) at the eNodeB.

Unlike a passive AAS, where each antenna element
cannot be electronically controlled, an AAS can provide
dynamic beam control in both the azimuth and elevation
domains by electronically changing the weight value of
each antenna. Full-dimensional sectorization (full-
dimensional spatial division multiple access) can be
achieved using a 3D beamforming technique at an eNodeB
equipped with an AAS [5,6]. For example, user equip-
ments (UEs) on different floors of a building, in a hot spot
or any specific region, can be separately served by
individual 3D beams with full bandwidth [6–8]. In this
paper, each small cell generated by 3D beamforming is
referred to as a virtual cell, in the sense that each small cell
is virtually generated by an eNodeB with 3D beamforming
rather than by the separate deployment of an actual low-
power eNodeB. We consider two different deployment
scenarios: terrestrial deployment and balloon-based
deployment. For terrestrial deployment, an AAS is
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installed at each eNodeB; whereas, for balloon-based de-
ployment, AASs are attached to individual balloons in
the sky at appropriate altitudes.

A network of virtual cells within the vicinity of an
eNodeB can be regarded as a synchronous network
because virtual cells are generated simultaneously by each
eNodeB with a set of 3D beams. Thus, there will be no sig-
nificant synchronization issues for frequency, time, and
phase in a virtual-cell network, unlike an actual-
deployment-based SCN [9]. However, an efficient hand-
over technique needs to be developed for any type of
SCN because frequent handovers normally occur in SCNs
owing to their small cell size. So far, most of the handover
algorithms developed for SCNs have been based on the tra-
ditional handover technique used in macrocells [10], which
is not adequate for SCNs that are virtually generated by 3D
beamforming. In addition, PCI confusion problem needs to
be resolved as the number of IDs to be supported in SCNs
can be significantly increased.

In this paper, we propose a virtual cell synchronization
signal (VCSS) that allows for an efficient handover in a
virtual-cell network constructed using eNodeBs with 3D
beamforming. The VCSS satisfies both the constant-
amplitude zero-autocorrelation (CAZAC) property and
the subset orthogonality property. In the proposed ap-
proach, synchronization signals are designed in a hierarchi-
cal manner. That is, the same macro-cell ID (MCID) is
assigned to virtual cells in the same cell, and a different
virtual-cell ID (VCID) is assigned to each virtual cell in
the cell to differentiate between virtual cells. The VCIDs
are reused in adjacent cells because their MCIDs are nor-
mally different, allowing us to generate a large set of
sequences. The MCID is carried by the PSS and SSS as
in the LTE system, while the VCID is carried by the
VCSS. Because the VCID needs to be detected in a
multi-cell environment, the VCSS is designed in such a
way that the VCID is mapped to the sequence in conjunc-
tion with its MCID. By designing the VCSS in a hierarchi-
cal manner, the number of IDs to be supported in an SCN
can be significantly increased, overcoming the PCI confu-
sion problem. In addition, the VCSS allows us to distin-
guish between an intra-cell handover and an inter-cell
handover in a virtual-cell network [11]. Based on measure-
ments of signal strengths from the received VCSS, we pro-
pose an efficient handover technique that can significantly
reduce the processing time and overhead by distinguishing
between intra-cell and inter-cell handovers.

The rest of this paper is organized as follows. Section II
summarizes handover techniques developed for SCNs (cel-
lular networks with femtocells). Section III describes a
VCSS appropriate for SCNs (virtually generated by an
eNodeB with 3D beamforming) and discusses the proper-
ties of the VCSS. An efficient handover measurement
technique using the VCSS is proposed for SCNs in Section
IV. In Section V, the performance of the proposed
technique is evaluated by simulation for LTE-based SCNs
with 3D beamforming. Finally, conclusions are drawn in
Section VI.

2. RELATED WORKS

In this section, we summarize handover techniques
developed for two-tier networks (macrocell and femtocell).
In [12], a handover algorithm based on the received signal
strengths (RSSs) reported by a nonsubscriber was pro-
posed for orthogonal frequency division multiple access
(OFDMA) two-tier macrocell–femtocell networks by pro-
viding the priority to the intra-cell handover for interfer-
ence and handover mitigation. The main idea of this
paper is that when a nonsubscriber connected to a
macrocell suffers from cross-tier interference because of a
nearby femtocell, the macrocell itself performs an intra-cell
handover if possible. The priority is given to intra-cell
handover by changing the used sub-channel to the other
available sub-channel of the serving macro-cell with less
interference.

In [13], a handover decision algorithm based on the
RSS of femtocell and location prediction of UE was pro-
posed to reduce the unnecessary handover in macrocell–
femtocell networks. In this approach, next sub-area move-
ment patterns are predicted through the movement pattern
analysis when a UE approaches the femtocell. The main
idea is to keep macrocell connection rather than
conducting macrocell-to-femtocell handover when the UE
may be a temporary femtocell visitor (who stays in the
femtocell for a relatively short time). In [14,15], handover
algorithms based on the awareness of UEˈs speed in addi-
tion to RSS were proposed for cellular network with
femtocells. The authors proposed handover algorithms
based on the mobility state because UEs with high veloci-
ties moving through femtocells usually lead to performing
unnecessary handovers. Here, the UEs in free mode (where
UEˈs mobility is lower than the predefined threshold value)
is allowed to make handover to the femtocell. In [16], a
handover decision policy based on the legacy LTE hand-
over technique was proposed to reduce the power
consumption at the UE and to lower the interferences in
two-tier networks. The proposed policy is LTE
backward-compatible because it can be easily employed
by adapting the handover hysteresis margin with respect
to a prescribed SINR target and standard LTE
measurements.

The handover algorithms discussed in [12–15], and
[16] do not take into account the power discrepancy
between macro eNodeB and femto eNodeB. However,
the conventional handover algorithm based on the RSS
with hysteresis and threshold cannot be applied to
macrocell–femtocell networks directly because there is a
large difference in the transmit power of macro eNodeB
and femto eNodeB. In [17] and [18], efficient handover
algorithms were developed for macrocell–femtocell net-
works considering the discrepancy in transmit power
between macro eNodeB and femto eNodeB. In [17], a
new RSS-based handover algorithm was proposed by
combining the RSSs from both a serving macro eNodeB
and a target femto eNodeB. Also, a method of
determining an optimal value was proposed for the
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combination factor that reflects large asymmetry in the
transmit power of the cells. In [18], a new handover algo-
rithm which makes both the RSS and wireless transmis-
sion loss between UE to macrocell and UE to femtocell
was proposed. It was shown that the handover algorithm
can improve the utilization of femtocells and reduce the
number of redundant handovers.

The handover algorithms described in the above are
based on the legacy handover technique where femtocells
are considered as standalone cells with independent cell
IDs. However, a physical-cell-identity (PCI) confusion
must be resolved in SCNs if the same PCIs are reused in
the networks. Moreover, it is inefficient to apply the tradi-
tional handover technique to a virtual-cell network because
the traditional handover technique was designed for an X2
interface network, while there is no X2 interface connec-
tion in the virtual cells in the same vicinity of the eNodeB.
Therefore, an efficient handover technique needs to be
developed for SCNs that are virtually generated by the
eNodeB with 3D beamforming.

Traditional LTE synchronization signals, the primary
synchronization signal (PSS) and secondary synchroniza-
tion signal (SSS), can support up to 504 PCIs [19]. In ad-
dition, orthogonal sequences such as the Hadamard
sequence and polyphase sequence can be used to provide
an interference-free signal transmission (zero autocorrela-
tion) [20]. However, the number of sequences that can be
generated by an orthogonal sequence is usually limited
by the sequence length. Thus, if an orthogonal sequence
is used for the SCN that requires a large set of synchroni-
zation signals, PCI confusion may occur. On the other
hand, non-orthogonal sequences such as the Gold sequence
and pseudorandom sequence can be used to generate a
large set of sequences. However, they are known to have
poor correlation and high peak-to-average power ratio
(PAPR). Because they are not designed in a hierarchical
manner, the computational complexity required for cell
searching in a virtual-cell network will be high. In Section
III, we describe a synchronization signal appropriate for
SCNs that are virtually generated by the eNodeB with 3D
beamforming.

3. VIRTUAL-CELL
SYNCHRONIZATION SIGNAL

Figure 1 shows two different deployment scenarios for
SCNs with 3D beamforming: terrestrial deployment and
balloon-based deployment. Figure 1(a) shows a terrestrial
SCN where each eNodeB is equipped with a 3D
beamformer. In Figure 1(b), the 3D beamformer is attached
to the bottom of a balloon in the sky. In Figure 1, each cell is
split into many virtual cells by means of 3D beamforming.
A cell and virtual cell are assigned with a MCID and VCID,
respectively.

In this section, we focus on the design of a VCSS
suitable for a next-generation LTE system, assuming that
the MCID is carried by the conventional PSS and SSS. It
is assumed that one additional OFDM symbol, transmit-
ted next to the SSS, is inserted in a frame to carry the
VCID. The OFDM symbol, referred to as the VCSS in
this paper, needs to carry the MCID as well as the VCID
because the VCID needs to be detected in a multi-cell en-
vironment. If the VCSS carries only the VCID informa-
tion, it will not be possible to determine which macro-
cell transmitted the VCSS. Therefore, the information
(both the MCID and VCID), assigned to the virtual cell,
should be transmitted in the VCSS. However, a large
number of different sequences (MCID×VCID) are
needed to transmit the information in the synchronization
signal. In order to transmit the information in one OFDM
symbol, the proposed VCSS is designed such that the
VCID is mapped to the sequence in association with its
MCID. The proposed VCSS can be viewed as a combi-
nation of a Chu sequence and polyphase sequence [20].
Depending on the ID mapping scheme, we propose two
different types of VCSSs. In the first type of VCSS
(Type-1), a signal is generated by mapping the MCID
to the root index of a Chu sequence and the VCID to
the index of a polyphase sequence. In the second type
of VCSS (Type-2), a signal is generated by mapping
the MCID to the index of a polyphase sequence and
the VCID to the root index of a Chu sequence. These
two sequences (Type-1 and Type-2) are proposed for

Figure 1. Deployment scenarios for SCNs with 3D beamforming.
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the VCSS because they satisfy the following require-
ments. First, they allow us to design the synchronization
signal in a hierarchical manner. Second, a minimal
change is required from the current LTE specification.
Note that the basic sequence used for the VCSS in this
paper is a prime-length Zadoff–Chu sequence used in
the PSS in the LTE system. Third, they possess correla-
tion properties required for the synchronization signal.
The properties of Type-1 and Type-2 sequences will be
explained in the following.

A Type-1 VCSS is defined by the multiplication of a
prime-length Chu sequence X cb kð Þ and a polyphase
sequence PLvi kð Þ in the frequency domain, as follows:

X cb;vi kð Þ ¼ X cb kð ÞPLvi kð Þ

X cb kð Þ ¼ e
j
πrcbk k þ 1ð Þ

N ; PLvi kð Þ ¼ e
�j
2πLvik

N
(1)

where cb ∈C, vi ∈V, and rcb∈ R denote the MCID of
the b-th eNodeB, VCID of the i-th virtual cell, and Chu
ˈs root index mapped with MCID cb, respectively. C ¼
0 1 ⋯ NC � 1f g ,  V ¼ 0 1 ⋯ NV � 1f g ,

and  R ¼ 1 2 ⋯ NRf g denote the set of MCIDs,
set of VCIDs, and set of all possible Chuˈs root indices,
respectively. NC, NV, NR, and N denote the number of
MCIDs, number of VCIDs in each cell, number of all
possible Chuˈs root indices, and sequence length, respec-
tively. NR is given by N� 1, and k denotes the subcarrier
number in the frequency domain. The parameter L in (1)
is inserted to avoid the incorrect detection of cell ID when
a symbol timing error exists. The value of L must be in-
creased in proportion to the symbol timing error because
of the time delay between the eNodeB and UE. Scaling
the phase part, � 2πvik/N, by parameter L results in a re-
duction in the number of VCIDs. The maximum number
of VCIDs is reduced to bN/Lc, where b � c denotes the

floor operation. The amplitude of the VCSS in the time
domain, and its autocorrelation function in the frequency
domain, are given by

xcb ;vi nð Þ ¼ xcb 0ð ÞX cb* r�1
cb n� Lvið Þ

� �

xcb 0ð Þ ¼ 1ffiffiffiffi
N

p αrcb
N

� �1� jN

1� j
e
�j
2πrcbαγ

2

N
(2)

Rcb ;vi lð Þ ¼ ∑
N�1

k¼0
X cb;vi kð ÞX cb;vi* k þ lð Þ

¼ ∑
N�1

k¼0
e
j
π rcb l l þ 1ð Þ � 2Lvilð Þ

N e
j
2πrcbkl

N

¼ Ne
j
π rcb l l þ 1ð Þ � 2Lvilð Þ

N δ mod l;Nð Þð Þ

(3)

where r�1cb and δ(�) denote the multiplicative inverse of rcb
and Kronecker delta function, respectively. αrcb=Nð Þ de-
notes the Legendre symbol, which has a value of �1, 0,
or 1, with α= (N+ 1)/2 and γ= (N� 1)/2. As seen in (2)
and (3), the time-domain version of Type-1 VCSS,
xcb;vi nð Þ, has a constant amplitude and zero autocorrelation
except at the lag l where mod(l,N) = 0, satisfying the
CAZAC property. The CAZAC property of Type-1 VCSS
can be proved using the inverse discrete Fourier transform
(IDFT) property of Zadoff–Chu sequence [21,22]. This
property holds for the VCSS generated by combining ei-
ther an even- or odd-length Chu sequence with a poly-
phase sequence in the same manner as in (1) if the Chu
ˈs root index and its length are co-prime. Intra-cell corre-
lation (defined as the correlation between two virtual cells
v0 and vi in the same cell) and inter-cell correlation (de-
fined as the correlation between a virtual cell in one cell
and a virtual cell in another cell) are given in an ideal
condition (where channel and noise effects are ignored)
when the Chu sequence is of prime length, as follows:

Rc0 ;c0
1 v0; við Þ ¼ ∑

N�1

k¼0
X c0 ;vi kð ÞX c0 ;v0* kð Þ

¼ ∑
N�1

k¼0
e
j
2πkL v0 � við Þ

N ¼ Nδ v0 � við Þ
(4)

where

Σcb;c0 ¼ ∑
N�1

k¼0
e
j
πrcbc0k k þ 1ð Þ

N

¼ ffiffiffiffi
N

p
α rcbc0j j
N

� �
1� jN

1� j
e
�j
2πrcbc0αγ

2

N ; rcb > rc0

α rcbc0j j
N

� �
1þ jN

1þ j
e
�j
2πrcbc0αγ

2

N ; rcb < rc0

:

8>>>>>><
>>>>>>:

(6)

Rc0;cb
1 v0; við Þ ¼ ∑

N�1

k¼0
X cb;vi kð ÞX c0;v0* kð Þ ¼ ∑

N�1

k¼0
e
j
πrcbc0k k þ 1ð Þ

N e
j
2πkL v0 � við Þ

N

¼ e
�j

πrcbc0r
�1
cbc0L v0 � við Þ r�1

cbc0L v0 � við Þ þ 1
� �
N ∑

N�1

k¼0
e
j
πrcbc0k k þ 1ð Þ

N

¼ Σcb ;c0e
�j

πrcbc0r
�1
cbc0L v0 � við Þ r�1

cbc0L v0 � við Þ þ 1
� �
N

(5)
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Here, the subscript 1 indicates the Type-1 VCSS. In
addition, r�1cbc0 denotes the multiplicative inverse of rcbc0 ,
where rcbc0 ¼ rcb � rc0. (5) can be derived using the Gauss
sum expression [23]. Note that the amplitude of the inter-

cell correlation is
ffiffiffiffi
N

p
, and the intra-cell correlation has a

peak only when v0 = vi for v0, vi ∈V. As seen in (4) and
(5), the VCSSs with the same Chuˈs root indices are per-
fectly orthogonal whereas the VCSSs with different Chuˈs
root indices are not orthogonal. This property is referred
to as a subset-orthogonality property in this paper because
the orthogonality property holds true only for a subset of
VCSSs that have the same Chuˈs root index.

The Type-2 VCSS is defined by the multiplication of a
Chu sequenceX vi kð Þ and polyphase sequencePcbL kð Þ in the
frequency domain, as follows:

X cb;vi kð Þ ¼ X vi kð ÞPcbL kð Þ: (7)

For a Type-2 VCSS, the intra-cell correlation and inter-
cell correlation are given as follows:

Here, the subscript 2 indicates the Type-2 VCSS. In
addition, rviv0 ¼ rvi � rv0 . The Type-2 VCSS will have a
non-zero intra-cell correlation when an incorrect VCID is
selected, and a non-zero inter-cell correlation except in
the case where two VCSSs from two different cells have
the same Chuˈs root indices.

Next, we compare the properties of two different types of
VCSSs. First, the parameter L for a Type-2 VCSS is usually
set to be larger than that of a Type-1 VCSS because the time
delay (distance) between two different cells is usually larger
than the delay (distance) between two virtual cells in the
same cells. In other words, the cardinality of the set of a
Type-1 VCSS is larger than that of a Type-2 VCSS.

Second, an interference metric (IM) is defined to mea-
sure the interference from the virtual cells in all the neigh-
boring cells. This IM can be derived by subtracting the
effect of the serving virtual cell from the total correlation
value. The upper bound of the IM can be derived as follows:

IM c0;v0
1

�� �� ¼ ∑
NB�1

b¼0;cb≠c0
∑

NI�1

i¼0
Rc0 ;cb
1 v0; við Þ

�����
����� ≤ ffiffiffiffi

N
p

NB � 1ð ÞNI

IMc0;v0
2

�� �� ¼ ∑
NI�1

i¼0;vi≠v0
Rc0;c0
2 v0; við Þ þ ∑

NB�1

b¼0;cb≠c0
∑

NI�1

i¼0;vi≠v0
Rc0;cb
2 v0; við Þ

�����
�����

≤
ffiffiffiffi
N

p
NB NI � 1ð Þ

(9)

where NB(≤NC) and NI(≤NV) denote the number of neigh-
boring cells and number of neighboring virtual cells affect-
ing the UE in the serving virtual cell, respectively. In the
case of a single-cell environment (NB = 1 and NI> 1),

max IMc0;v0
1

�� �� ¼ 0 for a Type-1 VCSS, and max IMc0 ;v0
2

�� �� ¼ffiffiffiffi
N

p
NI � 1ð Þ for a Type-2 VCSS. In the case of a multi-cell

environment, the IM of a Type-1 VCSS is smaller than
that of a Type-2 VCSS because NI is usually greater than
NB. Note that the coverage of a virtual cell is much
smaller than that of the eNodeB. The neighboring cells af-
fecting the serving virtual cell are usually located farther
away from the neighboring virtual cells. For example,
the maximum IMs of Type-1 and Type-2 VCSSs, normal-

ized by
ffiffiffiffi
N

p
, are found to be 36 and 51, respectively, when

NB = 3 and NI= 18. Therefore, the Type-1 VCSS is
usually less affected by interference from the neighboring
virtual cells.

Third, the computational complexities required for
complete cell detection (both MCID and VCID) are com-
pared for different synchronization signals. Table I com-

pares the number of complex multiplications required for
the proposed VCSSs and LTE signal. In the LTE case
(PSS+ SSS), it is assumed that the cell IDs carried by the
PSS and SSS are assigned to virtual cells to identify small
cells. It is also assumed that there are 504 small cells to
avoid PCI confusion in this example. The result in
Table I corresponds to the case of non-coherent detection
for cell searching, ignoring the computational complexity
for channel estimation and compensation [24]. In the pro-
posed approach, the MCID is carried by the PSS and
SSS, and the VCID is carried by the VCSS in a hierarchical
manner.

In order to compare this with the LTE case, the
parameters are set to N=NV = 71, L= 1, and NC= 7. With
these parameters, it is possible to generate 497 (bNV/
Lc×NC) different VCSSs, which is close to the number
of small cells (504) in the LTE case. Although we can
generate a larger number of VCSSs without PCI confusion,
we use the parameters to make a comparison with the LTE
case in this example. Using the inherent characteristic of
the polyphase part in the VCSS, an inverse fast Fourier
transform (IFFT) operation is applied to the detection of
the VCID to reduce the computational complexity in the
process of calculating the correlation. The logarithm term
in the table corresponds to the complexity of the IFFT
operation. In addition, ⌈ � ⌉ denotes the ceiling operation.

Rc0;c0
2 v0; við Þ ¼

N ; v0 ¼ vi

Σvi;v0 ; v0≠vi

(

Rc0;cb
2 v0; við Þ ¼

0 ; v0 ¼ vi

Σvi ;v0e
�j

πrviv0r
�1
viv0L c0 � cbð Þ r�1

viv0L c0 � cbð Þ þ 1
� �
N ; v0≠vi

8>><
>>: :

(8)

Efficient handover measurement technique for small-cell networks R. Pec, C. H. Park and Y. S. Cho

3412 Wirel. Commun. Mob. Comput. 2016; 16:3408–3422 © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/wcm



As seen by the results listed in this table, the Type-1 VCSS
has the smallest number of complex multiplications.

4. EFFICIENT HANDOVER
MEASUREMENT TECHNIQUE USING
VCSS

The received signal at the UE in an OFDM system can be
expressed as

Y kð Þ ¼ ∑
NB�1

b¼0
∑

NI�1

i¼0

ffiffiffiffiffiffiffiffiffiffi
Gcb;vi

p
Hcb ;vi kð ÞX cb ;vi kð Þ þ Z kð Þ

¼ ∑
NI�1

i¼0

ffiffiffiffiffiffiffiffiffiffi
Gc0 ;vi

p
Hc0;vi kð ÞX c0;vi kð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Desired cell

þ ∑
NB�1

b¼0;cb≠c0
∑

NI�1

i¼0

ffiffiffiffiffiffiffiffiffiffi
Gcb ;vi

p
Hcb;vi kð ÞX cb;vi kð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Interfering cells

þZ kð Þ

(10)

where X cb;vi kð Þ denotes the VCSS transmitted from the i-th
virtual cell with VCID vi in the b-th cell with MCID cb, at
the k-th subcarrier. Here, c0 denotes the MCID of the serv-
ing cell. In addition, Gcb;vi denotes the gain of a 3D
beamformer in the direction of the i-th virtual cell from
the b-th eNodeB, and Hcb ;vi kð Þ denotes the channel fre-
quency response between eNodeB and UE when a beam
is formed. In addition, Z(k) denotes an additive white
Gaussian noise (AWGN) in the frequency domain.

The complete cell detection is performed using the
MCID and VCID estimated from synchronization signals.
Here, we will focus on the detection of the VCID assuming
that the initial synchronization and estimation of MCID c0
have been successfully performed using the received PSS
and SSS. The VCID in the serving cell with the MCID of
c0 is estimated as follows:

v̂i ¼
argmax
vi∈ V

∑
L�1

m¼0
Rc0
1 vi;mð Þ�� ��2; Type 1

argmax
vi∈ V

∑
L�1

m¼0
Rc0
2 vi;mð Þ�� ��2;Type 2

8>>><
>>>: (11)

where

Rc0
1 vi;mð Þ ¼ 1

N
∑
N�1

k¼0
Y kð ÞX c0* kð Þej

2πk mþ Lvið Þ
N

Rc0
2 vi;mð Þ ¼ 1

N
∑
N�1

k¼0
Y kð ÞX vi* kð Þej

2πk mþ Lc0ð Þ
N :

(12)

Note that the notation R has a slightly different meaning
from R in this paper. R is the correlation between two
VCSSs, whereas R is the correlation between the received
signal and the VCSS. In addition, the VCID in (11) is esti-
mated by finding the value that maximizes the squared cor-
relation summing over interval L because its detection
probability can be improved by combining the effect of
the multipath channel.

The detection probability of VCID for a Type-1 VCSS
in a Rayleigh fading channel is given by [25]

Pv0 ¼ ∫
∞

ς f c0 rjH0ð Þ ∫
r

0f c0 zjH1ð Þdz
	 
NV�1

dr (13)

where f c0 rjH0ð Þ and f c0 rjH1ð Þ denote probability density

functions of the decision random variable, Rc0
1 v0ð Þ�� ��2, un-

der hypotheses H0 and H1, respectively. Here, the index
m is omitted from the decision random variable because
perfect timing is assumed. H0 and H1, are the hypotheses
corresponding to a correct decision and incorrect decision
made on a virtual cell, respectively. The parameter ς
denotes a threshold value. Here, it is assumed that NV� 1
decision random variables with hypothesis H1 are indepen-
dent and identically distributed. Then, f c0 rjH0ð Þ and
f c0 rjH1ð Þ , which are two degree-of-freedom chi-square
random variables, can be expressed as [26]

f c0 rjH0ð Þ ¼ 1

σ20
e
� r
σ2
0 ; f c0 rjH1ð Þ ¼ 1

σ21
e
� r
σ2
1 (14)

σ20 ¼ Gc0 ;v0 þ σ2c þ σ2; σ21 ¼ σ2c0 þ σ2c þ σ2 (15)

where

σ2c ¼
1
N

∑
NB�1

b¼0;cb≠c0
∑

NI�1

i¼0
Gcb ;vi

σ2c0 ¼
1

NI � 1
∑

NI�2

i¼0;vi≠v0
Gc0;vi :

(16)

Here, σ2 denotes the noise variance in the time domain.
Substituting (14) into (13), one can obtain the detection
probability of the VCID as follows:

Table I. Comparison of number of complex multiplications required for complete cell identification.

Number of complex multiplications Examples

LTE (PSS + SSS) 62(504/3 + 4) 10,664
(PSS + SSS) + Type-2 VCSS 62(NC/3 + 4) +N + ⌈Llog2N/2⌉ +NNV 5508
(PSS + SSS) + Type-1 VCSS 62(NC/3 + 4) +N + ⌈Nlog2N/2⌉ 724
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Pv0 ¼
1

σ20
∫
∞

ς e
�
r
σ20 1

σ21
∫
r

0e
�
z
σ21dz

0
@

1
A

NV�1

dr

¼ ∑
NV�1

i¼0

NV � 1

i

 !
�1ð Þiσ21
σ21 þ iσ20

e
�
σ21 þ iσ20
� �

ς
σ20σ

2
1 :

(17)

As seen in (17), the virtual-cell detection performance
depends on the side-lobe levels of the beam pattern, which
are transmitted from virtual cells in the serving cell and
neighboring (interfering) cells, and the number of virtual
cells, NV. The detection probability of a complete cell ID
P0 is given by multiplying the detection probability of
the MCID and the detection probability of the VCID in
(17). That is, P0 ¼ Pc0Pv0 where Pc0 ¼ PPSSPSSS . Here,
Pc0 , PPSS, and PSSS denote the detection probabilities of
the MCID, PSS, and SSS, respectively. The detection
probability has only been described for virtual cells
because the detection probabilities of PSS and SSS in the
LTE system are well studied in the literature.

In SCNs, handover events occur more frequently
because of the small cell size. If the LTE-based handover
technique is applied to SCNs, it will increase the handover
overhead which includes the signaling overhead and
latency. In SCNs, the overhead required for intra-cell hand-
over can be significantly reduced because no X2 interface
connection is needed for virtual cells in the vicinity of the
same eNodeB. However, it is not possible to distinguish
an intra-cell handover from an inter-cell handover using
the received synchronization signals in the LTE system.
The UE in the LTE system cannot determine whether the
target virtual cell is within the coverage of the serving
eNodeB or that of another eNodeB. However, with the syn-
chronization signals of the hierarchical structure in the pro-
posed approach, the UE can determine whether the UE is
inside or outside of a serving virtual cell and whether the
UE is inside or outside of a serving cell. Based on the mea-
surement report obtained by the VCSS, the eNodeB can
distinguish an intra-cell handover from an inter-cell hand-
over. In the case of an intra-cell handover, several steps re-
quired by traditional LTE systems can be skipped in SCNs,
resulting in a significant reduction in the processing time.
The signal metrics that can be used for the intra-cell/inter-
cell handover decision are defined using (12), as follows:

Scb ;viV ¼ ∑
L�1

m¼0
Rcb
j vi;mð Þ

��� ���2
ScbM ¼ ∑

NI�1

i¼0
∑
L�1

m¼0
Rcb
j vi;mð Þ

��� ���2; j ¼ 1; 2f g
(18)

where ScbM∈SM and Scb;viV ∈ScbV denote signal metrics for cell b
and virtual cell i in cell b, respectively. SM ¼
Sc0M ; S

c1
M ;⋯; S

cNB�1

M


 �
and ScbV ¼ Scb ;v0M ; Scb;v1M ;⋯



; S

cb;vNI�1

M g
denote a set of signal metrics for NB neighboring cells and
a set of signal metrics for NI neighboring virtual cells in cell
b, respectively. Figures 2 and 3 show the proposed

handover technique and decision-making process using
the signal metrics in (18), respectively. In Figure 2,  B ¼
c0; c1;⋯; cNB�1f g and  I ¼ v0; v1;⋯; vNI�1f g denote a
set of MCIDs of neighboring cells and a set of VCIDs of
neighboring virtual cells, respectively. The terms MME,
S-GW, and RACH stand for the mobile management entity,
serving gateway, and random access channel, respectively.
The flowchart in Figure 2 is a simplified version of the
handover technique. For example, the flow of the userˈs
packet data and the data flow between a serving cell and tar-
get cell are not shown in the figure. As seen in Figure 2,
there is no signaling between the serving cell and target cell
or between the MME and S-GW in the intra-cell handover
case. The dashed lines in the intra-cell handover indicate
optional steps for acquiring synchronization parameters,
such as timing offset, frequency offset, and timing ad-
vanced information. In SCNs with 3D beamforming, virtual
cells are simultaneously generated by each eNodeB with a
set of 3D beams. Thus, a network of virtual cells within
the vicinity of an eNodeB can be regarded as a synchronous
network. Time and frequency synchronization may not be
required in a virtual-cell network. The synchronization pa-
rameters obtained from the serving virtual cell can be ap-
plied to the target cell in the intra-cell handover case.
However, in SCNs with distributed radio units, the UE in
the intra-cell handover may need to perform both synchro-
nization and random access because of their different chan-
nel environments. As seen in this figure, many signaling
steps can be skipped in the case of an intra-cell handover,
which implies that a significant reduction in the signaling
overhead can be obtained.

Figure 3 shows the decision conditions for an intra-cell/
inter-cell handover. If Sc0M þ ςM < ScTM and Sc0;v0V þ ςV <

ScT ;vTV , a decision is made for an inter-cell handover. If
Sc0M þ ςM > ScTM and Sc0 ;v0V þ ςV < ScT ;vTV , a decision is made
for an intra-cell handover. Here, ςM and ςV denote hystere-
sis margins for macro- and virtual-cell handovers, respec-
tively, which are inserted to prevent a ping-pong effect.
In addition, c0 ∈B, cT ∈B, v0 ∈ I, and vT ∈ I denote
the serving MCID, target MCID, serving VCID, and target
VCID, respectively.

Next, the statistical properties of the metrics in (18) are
derived for a Rayleigh fading channel. The mean and
variance of the signal metricScb;viV can be derived as follows:

E Scb;viV½ � ¼ σ2cb;vi

Var Scb ;viV½ � ¼ E Scb ;viVð Þ2
h i

� E2 Scb ;viV½ � ¼ σ4cb;vi
(19)

where

σ2cb;vi ¼
Gcb;vi þ 1

N
∑

NB�1

j¼0;j≠b
∑

NI�1

i¼0
Gcj;vi þ σ2 ; Type 1

Gcb ;vi þ 1
N

∑
NI�1

l¼0;l≠i
Gcb;vl þ ∑

NB�1

j¼0;j≠b
∑

NI�1

l¼0;l≠i
Gcj;vl

 !
þ σ2 ; Type 2

8>>>><
>>>>:

:

(20)

Note that the effect of the beamforming gain in the
serving virtual cell of the serving cell is included in (20).
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The effect of the sidelobes transmitted from virtual cells in
the neighboring cells is included in the Type-1 VCSS. The
effect of the sidelobes transmitted from virtual cells in the
serving cell and from virtual cells in the neighboring cells
(except the case where two VCSSs from two different cells
have the same MCID) is included in the Type-2 VCSS.
When σ2cb;v0≠σ

2
cb ;v1≠⋯≠σ2cb;vNI�1

, the PDF of the signal

metric ScbM can be expressed as follows [27]:

f ScbM sð Þ ¼ ∑
NI�1

i¼0

e
� s

σ2cb ;vi

σ2cb ;vi∏
NI�1
j¼0;j≠i 1�

σ2cb ;vj
σ2cb ;vi

 !: (21)

Then, the mean and variance ofScbM can be derived as fol-
lows:

E ScbM½ � ¼ ∫
∞

0
sf ScbM sð Þds ¼ ∑

NI�1

i¼0

σ2cb;vi

∏NI�1
j¼0;j≠i 1�

σ2cb ;vj
σ2cb ;vi

 ! ; (22)

Var ScbM½ � ¼ E ScbMð Þ2
h i

� E2 ScbM½ �; :

E ScbMð Þ2
h i

¼ ∫
∞

0
s2f ScbM sð Þds ¼ ∑

NI�1

i¼0

2σ4cb ;vi

∏NI�1
j¼0;j≠i 1�

σ2cb ;vj
σ2cb ;vi

 ! (23)

Figure 2. Proposed handover technique for SCNs.
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When σ2cb ;v0 ¼ σ2cb;v1 ¼ ⋯ ¼ σ2cb ;vNI�1
, the mean and

variance of the signal metrics of 2NI degree-of-freedom
chi-square random variables are given by

E ScbM½ � ¼ NIσ2cb ;vi
Var ScbM½ � ¼ NIσ4cb;vi :

(24)

The mean and variance of the signal metric in (19)–(24)
can be used to predict the behavior of signal metric in a
SCN and to provide the region where an intra-cell/inter-cell
handover decision needs to be made.

5. SIMULATION

In this section, the performance of the proposed handover
measurement technique with the VCSS is evaluated in
SCNs constructed using eNodeBs with 3D beamforming.
The two different deployment cases in Figure 1 are consid-
ered. Only the performances of two adjacent cells (NB= 2)
are evaluated to simplify the simulation. The inter-site dis-
tance between two cells is set to 100m for the terrestrial
SCN in Figure 1(a) and 3 km for the balloon-based SCN in
Figure 1(b). In the balloon-based SCN scenario, each bal-
loon is assumed to fly at an altitude of 1 km. The frame
structure and related parameters for signal transmission
are based on LTE specifications [28,29]. The sequence
lengths of the VCSSs are all set to 71, which is smaller
than the number of subcarriers supported by the minimum
bandwidth in the LTE system. Thus, the bandwidth allo-
cated to the VCSS is compatible with the bandwidth in

LTE systems. The only difference from the LTE specifica-
tions is the additional VCSS transmitted next to the SSS
every 5ms.

The standard rectangular array (SRA) is used for 3D
beamforming at the eNodeB. The square of a normalized
beam pattern, or simply the normalized beamforming gain
of the SRA, is given by [30,31]

Gcb;vi ¼ sinc Mx ψx � ψcb;vi
x

� �� �
sinc ψx � ψcb;vi

xð Þ �
sinc My ψy � ψcb;vi

y

� �� �
sinc ψy � ψcb;vi

y

� �
0
@

1
A

2

(25)

where

ψx ¼
π
2
ux;ψy ¼

π
2
uy;ψcb;vi

x ¼ π
2
ucb ;vix ; ψcb ;vi

y ¼ π
2
ucb ;viy ;

ux ¼ sin θ cosϕ; uy ¼ sin θ sinϕ;

ucb;vix ¼ sin θcb;vitilt cosϕcb;vi
tilt ;ψcb;vi

y ¼ sinθcb ;vitilt sinϕcb;vi
tilt :

(26)

In the balloon-based SCN scenario, it is assumed that
the array is located in the xy plane and that the direction
of the array (boresight) is opposite to the z direction, as
can be seen in Figure 1(b). However, in the terrestrial
SCN scenario, it is difficult to obtain a similar virtual cell
coverage for virtual cells in the same cell using a single
SRA because the height of the eNodeB is usually low com-
pared with the cell coverage. Here, it is assumed that the
height of the eNodeB is 30m, and each eNodeB is
equipped with three SRAs to form beams in the direction

Figure 3. Proposed decision-making process for SCNs.
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of different elevation angles, as can be seen in Figure 4(a).
In this case, the arguments of (25) are slightly modified, as
follows:

ψx � ψcb;vi
x ¼ π

2
sin θ þ θcb;vitilt � θ0
� �

cosϕ � sinθ0cosϕ
cb;vi
tilt

� �
;

ψx � ψcb;vi
x ¼ π

2
sin θ þ θcb;vitilt � θ0
� �

sinϕ � sinθ0sinϕ
cb;vi
tilt

� �
;

(27)

where θcb;vitilt and ϕcb;vi
tilt denote the elevation tilting angle and

azimuth tilting angle for virtual cell i in cell b, respectively.
In addition, θ = tan� 1(d/h), where d denotes the distance
between the eNodeB and UE, and h denotes the height of
the eNodeB. Here, θ0, the elevation angle of a reference
beam, is set to 65°. Figure 4 shows the 3D beam patterns
when the SRA in (25) is used with the arguments in (26)
and (27). In the terrestrial SCN scenario, three separate
SRAs are used at each eNode. The first 5 × 5 SRA forms
a single beam for the first tier. The second 7 × 7 SRA forms

three beams for the second tier and the third 10 × 10 SRA
forms five beams for the third tier. Figure 4(a) shows 18
virtual cells constructed by two eNodeBs with nine 3D
beams each. In the balloon-based SCN scenario, a single
12 × 12 SRA is used at each balloon. Figure 4(b) shows
43 virtual cells constructed by one eNodeB with 43 3D
beams. Here, the virtual cells constructed by only one bal-
loon are shown.

Before applying the handover measurement technique
to the SCN constructed by eNodeBs with 3D
beamforming, the properties of the VCSS are verified un-
der ideal conditions (where the channel and noise effects
are ignored). Figure 5(a) and (b) shows the normalized
squared magnitudes of the correlation values of Type-1
VCSSs and Type-2 VCSSs, respectively, when the se-
quence length N is 71 (prime number) and parameter L is
1. Here, a VCSS with MCID= 30 and VCID= 36 is se-
lected as the sequence for the serving virtual cell. The
number of all possible VCSSs is NCNV= (N� 1)bN/
Lc= 4970 VCSSs for Type 1, and NCNV = bN/Lc(N� 1)

Figure 4. 3D beam patterns for two different cases of SCNs (top view).

Figure 5. Correlation properties of VCSS.
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= 4970 VCSSs for Type 2. The correlation values are nor-
malized by the sequence length. As seen in Figure 5(a), the
peak at MCID= 30 and VCID= 36 is 1. The intra-cell
correlation values are equal to zero for all of the VCIDs
except VCID= 36 when the sequence with MCID= 30 is

used, as given by (4). In addition, the inter-cell correlation

values are Rc0 ;cb
1 v0; við Þ�� ��2=N2 ¼ 1=N ¼ 0:014ð Þ; ∀cb≠c0;

v0; vi∈ V , when the sequence with MCID= 10 is used,
as given by (5) and (6). Therefore, the VCSSs in the same
cell are orthogonal, and the VCSSs from the other cells are

Figure 6. Detection probabilities of VCID in SCNs.

Figure 7. Variation of signal metrics for two different SCN scenarios with 3D beamforming.
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non-orthogonal when a Type-1 VCSS is used. As seen in
Figure 5(b), the peak also exists at MCID= 30 and
VCID= 36. However, the intra-cell correlation values are

Rc0;c0
2 v0; við Þ�� ��2=N 2 ¼ 0:014ð Þ at other VCIDs, which im-

plies that the VCSSs in the same cell are non-orthogonal.
The inter-cell correlation values are also
1/N(=0.014), ∀ cb≠ c0, vi≠ v0 except in the case of a cell
with the same Chuˈs root index (VCID= 36), as given by
(8). Note that the cases with MCID= 10 and 30 are over-
lapped at all VCIDs except for the case with VCID= 36.
In this case, the subset VCSSs using the same Chuˈs root
indices are orthogonal sequences.

Figure 6 shows the detection probabilities of VCID
when NV =NI= 9,NB = 2, ς = 0, and N= 71. The UE is as-
sumed to receive nine signals from virtual cells in each cell
and (11) is used to detect the VCID of the serving virtual
cell in the simulation. In Figure 6(a), the simulation results
are compared with the analytical results using (17) when
the side-lobe levels of all the virtual cells are equal. Here,
Case 1 corresponds to the case of a zero side-lobe level
from interfering virtual cells, that is, σ2c0 ¼ σ2c ¼ 0. Case
2 corresponds to the case of non-zero side-lobe levels, that
is, σ2c0 ¼ 0:0203 and σ2c ¼ 0:016. As seen in this figure, the
simulation results obtained by the Type- and Type-2
VCSSs agree well with the analytical results using (17).
Case 1 performs better than Case 2 because Case 2 has
larger side-lobe levels. Case 2 also shows that a Type-1

VCSS (simulation) performs slightly better than a Type-2
VCSS (simulation) because of the smaller correlation value
in the Type-1 VCSS. Figure 6(b) shows the simulation and
analytical results for the two different scenarios of SCNs in
Figure 4 when a Type-1 VCSS is used. Here, it is assumed
that the UE is located at the center of the serving cell, that
is, at the center of the virtual cell in the first tier of the ter-
restrial SCN (TSCN) and at ux = uy= 0 in the balloon-based
SCN (BSCN). Because the side-lobe levels of all the vir-
tual cells are different in these scenarios, the averaged
values determined by (16) are used for the analytic case:
σ2c0 ¼ 0:0024 and σ2c ¼ 0:0016 for TSCN, and σ2c0 ¼
0:0082 and σ2c ¼ 0:0008 for BSCN. As seen in Figure 6
(b), the TSCN has a better detection probability than the
BSCN because the BSCN has a higher σ2c0 .

Figure 7 shows the variation of the averaged signal
metrics given in (18) for the two different SCN scenarios
with 3D beam patterns in Figure 4. Here, the channel is
assumed to experience Rayleigh fading, the SNR is set
to 5 dB, and a Type-1 VCSS is used. In this figure,
“Sim” and “Ana” stand for the simulation and analysis,
respectively. In addition, the first and second parameters
in parentheses represent the MCID and VCID values, re-
spectively. Figure 7(a) and (b) shows the signal metrics
for the terrestrial SCN scenario, where the UE is as-
sumed to move between two cells in the direction of
the arrow in Figure 4(a). Cell 1 is assigned an MCID

Table II. Processing time required for handover.

Step Description

Conventional
handover

(ms)

Proposed handover

Inter-cell handover (ms) Intra-cell handover (ms)

1 Measurement control (SVC to UE) 10 10 10
2 Measurement report (UE to SVC) 10 10 10
3 Handover decision (at SVC) 5 5 5
4 Handover request (SVC to TVC) 15 15 —

5 Admission control (at TVC) 20 20 —

6 Handover request ACK (TVC to SVC) 10 10 —

7 Handover command (SVC to UE) 20 20 20
8 RRC connection reconfiguration (SVC to UE) 10 10 —

9 Forward packets to target (at SVC) 5 5 —

10 Status transfer (SVC to TVC) 10 10 —

11 Buffering packets (at TVC) 5 5 —

12 Synchronization (UE to TVC) 10 10 —

13 Non-contention RACH procedure (UE to TVC) 20 20 —

14 Uplink allocation and timing advanced (TVC to UE) 10 10 10
15 Handover confirm (UE to TVC) 15 15 15
16 Path switch request (TVC to MME) 5 5 —

17 User plane update request (MME to S-GW) 5 5 —

18 Switch downlink path (at S-GW) 5 5 —

19 User plane update response (S-GW to MME) 5 5 —

20 Path switch request ACK (MME to TVC) 5 5 —

21 Context release (TVC to SVC) 10 10 —

22 Release resource (at SVC) 10 10 —

Total Measurement control (SVC to UE) 220 220 70
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of 0, and cell 2 is assigned an MCID of 2. The UE
passes through six virtual cells where three virtual cells
for each cell are assigned VCID= {0, 2, 6}. Figure 7(a)
shows the analytical results and simulation results for
signal metrics E S0M

� �
and E S1M

� �
. As seen in this figure,

the analytical results obtained using (22) are similar to
the simulation results. We can also easily detect the
cell boundary by finding the crossing point of
E S0M
� �

and E S1M
� �

. Using the signal metrics, the serving
cell can make a decision about an inter-cell handover to
the target cell with an MCID of 2. Figure 7(b) shows
the analytical results and simulation results for signal
metrics E Scb;viV½ � . As seen in this figure, the analytical
results obtained using (19) are similar to the simulation
results. We can also detect the virtual cell boundary by
finding the crossing point of E Scb ;viV½ �. Two intra-cell hand-
overs occur before the UE reaches the cell boundary.
Therefore, the eNodeB can make an intra-cell/inter-cell
handover decision based on the signal metrics in (18)
and decision rule in Figure 3. Figure 7(c) and (d) shows
the balloon-based SCN scenario. Similar results are ob-
tained for this scenario.

Table II compares the processing times required for
the conventional handover technique and proposed hand-
over technique. In this table, TVC and SVC stand for the
target virtual cell and serving virtual cell, respectively. As
seen in this table, the processing time for the inter-cell
handover in the proposed technique is the same as that
for the conventional technique. However, the intra-cell
handover significantly reduces the processing time be-
cause it can skip many steps required for an inter-cell
handover. Figure 8 shows the cumulative processing time
required for handovers in the terrestrial SCN scenario in
Figure 4(a) as the number of handover events increases.
For example, the total processing time required for hand-
overs is 500ms (four intra-cell handovers and one inter-
cell handover) with the proposed technique, and
1100ms (five inter-cell handovers) with the conventional
technique.

6. CONCLUSION

In this paper, two different types of VCSSs were proposed
for LTE-based SCNs that are virtually generated by 3D
beamforming. The Type-1 VCSS was shown to be better
suited for typical SCN deployment scenarios because it
can produce a large set of cell IDs, is less affected by inter-
ference from neighboring virtual cells, and requires a small
number of computations for cell detection. The proposed
handover measurement technique was evaluated by com-
puter simulation for terrestrial SCN and balloon-based
SCN, which were both formed by SRAs. The signal met-
rics were shown to effectively detect cell boundaries or
virtual cell boundaries by finding their crossing point,
which allowed us to distinguish between an intra-cell
handover and inter-cell handover in the SCNs. It was also
shown that the total processing time for handover in the
SCNs could be significantly reduced by the proposed
handover measurement technique. Although this paper
has focused on a SCN with 3D beamforming, the proposed
technique could be applied to other types of SCNs because
it does not depend on AAS or 3D beamforming algorithm.
The processing time and signaling overhead for handover
could be significantly reduced, especially when the SCN
does not have an X2 interface connection or a group of
small cells share a common baseband unit.
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