
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 4, APRIL 2018 3545

Dual-Connectivity Prevenient Handover Scheme in
Control/User-Plane Split Networks

Ping-Jung Hsieh , Wei-Shih Lin, Kuang-Hsun Lin, and Hung-Yu Wei

Abstract—A control/user (C/U) plane-split network, where
macro- and microevolved Node Bs (eNBs) are responsible for C/U-
planes, respectively, is a potential 5G solution to address the prob-
lems experienced by high-speed railway communication systems
such as frequent handovers (HOs), low system capacity, and low
data rate. The C-plane transition occurs during an intermacro eNB
HO to reduce the frequency of HOs. However, the intermacro-eNB
HO in a C/U-plane-split network is prone to handover failures
(HOFs) and long service interruption time similar to the traditional
long-term evolution-advanced (LTE-A) HO without improvements
because it is similar to an LTE-A HO between macro-eNBs from
the perspective of C-plane transition. In this paper, we realize a
C/U-plane-split network using the LTE-A dual-connectivity (DC)
technique and propose a dc-based prevenient HO (PHO) scheme to
improve the robustness of the intermacro-eNB HO. The proposed
scheme specifically is an a priori method and uses the transmit di-
versity based on the dc technique to reduce the risk of HOFs and
the long service interruption time. Further, we first develop the an-
alytical expressions for HO performance for PHO and LTE-A HO,
where HOFs are aligned with the LTE-A specifications such that
they are defined as the association between the radio link monitor
and HO processes. The analytical results are verified against simu-
lation results. Through simulations, we compare PHO with LTE-A
HO and the representative schemes of the previous literature in a
variety of mobility performance metrics (such as the averages of
the successful HO rate, the HOF rate, the radio link failure rate,
the ping-pong rate, and the service interrupt time). The results
confirm that the proposed scheme achieves superior performance
in the key metrics of the successful HO rate and service interrupt
time.

Index Terms—Control/user (C/U) plane split, dual connectiv-
ity, fifth generation (5G), handover, high-speed railway, radio link
failure, radio link monitor.

I. INTRODUCTION

TODAY, high-speed rail is one of the most popular trans-
portation systems in many countries. In addition to fast
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travel, train passengers on board can enjoy mobile broadband
service using their mobile devices. For mobile communication,
a current and mature solution is 3rd Generation Partnership
Project (3GPP) Long Term Evolution-Advanced (LTE-A) [1].
To provide effective quality of service (QoS) to the User Equip-
ment (UE) on board, LTE study items regarding high-speed rail
scenarios have been proposed. In [2], [3], adopting mobile relays
(MRs) reduces the signalling load caused by the large number
of handover (HO) procedures triggered by the UEs in the same
carriage at the same time. Further, adopting a heterogeneous net-
work (HetNet), which combines macro evolved Node Bs (eNBs)
with micro/small eNBs, provides an acceptable space diversity
gain to enhance the system capacity for the UEs [4]. However,
in a HetNet, frequent HOs (between the macro and micro/small
eNBs or between the micro/small eNBs) remain a challenge be-
cause the cell density is high. Each HO requires a control plane
(C-plane) transition and a user plane (U-plane) transition from
the serving eNB to the target eNB. The C/U-planes are responsi-
ble for the control signaling and the data handling respectively.
Consequently, the C-plane signalling load and the occurrences
of U-plane transmission interruptions increase significantly be-
cause of the frequent HOs in the HetNet.

To address the problems in an HetNet, a 5G potential so-
lution, C/U-plane-split architecture, was proposed in [5], [6].
The split C/U-plane means that a macro eNB is responsible for
the C-plane (and also U-plane) with low frequency bands, and
the micro/small eNBs manage only the U-plane with high fre-
quency bands. Thus, when a UE moves among the micro/small
eNBs covered by a macro eNB, the UE maintains the same C-
plane with the macro eNB. Some C-plane procedures (e.g., radio
resource control (RRC) procedures) related to the mobility and
connectivity within the micro/small eNBs covered by the macro
eNB can be bypassed and replaced by L1/L2 signalling. That
is, U-plane transitions among micro/small eNBs do not involve
C-plane signalling. That provides the advantage of C-plane sig-
naling savings in C/U-plane-split networks [7]. Different from
the high-speed rail scenario, several researches [8], [9] focusing
on micro/small eNB deployments scenarios, for example, ultra-
dense networks (UDNs) have demonstrated the advantage of the
C/U-plane-split architecture through system level simulations.

To achieve a C/U-plane-split HO in a high-speed railway,
the authors redesigned the LTE-A HO procedure to adapt it
to the C/U-plane-split architecture [10]. Their proposed HO
scheme includes two types of HO: intra-macro eNB HO and
inter-macro eNB HO. The designs of both HOs are practical and
straightforward. However, the inter-macro eNB HO procedure
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is inefficient because it includes two sequential HOs: the macro-
macro HO (i.e., the HO between the serving and target macro
eNBs) for C-plane transition and the phantom-phantom HO (i.e.
the HO between the serving and target micro eNBs) for U-plane
transition. Both the macro-macro and phantom-phantom HO
conditions must be achieved for a successful inter-macro eNB
HO procedure, hence the inter-macro eNB HO condition can be
similar to, or more difficult than, the macro-macro HO condition.
That is, for C-plane transition, the C/U-plane-split HO has low
mobility robustness similar to the LTE-A macro-macro HO with
single connectivity. This phenomenon was further verified by the
result of the data interruption time per UE performing HOs with
single and dual connectivity in [11].

To improve the HO robustness for C-plane transition to
mobile users in the C/U-plane-split architecture, first, we re-
quire a natural and compatible setup to realize the features of
a C/U-plane-split network. A potential solution is the 3GPP
standardized dual-connectivity (DC) technique [1], [4], [12],
which enables the superior and robust mobility management
performances demonstrated in the previous studies [11], [13],
[14]. However, their inter-macro eNB HOs operate the same
as in [10], hence the problem of the inter-macro eNB HO was
not addressed. The second potential solution is that we require
an improved HO protocol design for the inter-macro eNB HO.
From previous studies, there were heated discussions regarding
improved HO protocol designs. One of the most robust methods
is a kind of dual-link HO scheme [15]–[20] where a bi-casting
concept, Carrier Aggregation (CA) technique, or coordination
multi-point (CoMP) functionality is used to provide the two
chances of an HO trigger and data transmission. Therefore, how
to design the improved inter-macro eNB HO protocol, with the
concept of a dual-link HO scheme, based on the DC setup is a
challenge.

Combining both of the above ideas, in this paper we propose
a DC-based prevenient HO scheme (PHO) to improve the ro-
bustness of the inter-macro eNB HO. Precisely, PHO is based
on the 3GPP standardized DC technique to be equipped with
the specific coordination functions different from previous dual-
link HO schemes, for example, RRC HO signalling duplication
and master-secondary role switch, between two macro eNBs to
reduce the risk of HO failures (HOFs) and long service inter-
ruption time.

Moreover, we follow the definitions of the HOFs in the 3GPP
LTE-A specification [21], which are close to the real testbed
operations and inconsistent with those in the majority of the
previous studies [13]–[20]. The difference is that the Radio
Link Monitor (RLM) process, namely the Radio Link Failure
(RLF) detection mechanism specified in 3GPP LTE-A, is not
considered. According to the specification, the effect of an RLF
on an HO procedure results in an HOF. The majority of studies
analyzing the performance of HOF are based on simulation re-
sults [11], [22]–[26] and only a small number of studies provide
theoretical analyses of HOF [27]–[29]. However, in these stud-
ies it remains difficult to analyze and recognize the association
between the RLM and HO processes in detail. For example,
both kinds of RLFs and HOFs can degrade mobility perfor-
mance; however, they have different meanings. Thus, they must

be highlighted and considered in the development of mobility
improvement.

Thus, we develop the analytical expressions, which are based
on recurrence relations, for the approximations of the successful
LTE-A HO and PHO trigger probabilities. This also allows us
to verify the simulation models of PHO and baseline scheme of
LTE-A HO. To the best of our knowledge, this is the first ana-
lytical model for HO performance considering the association
between the RLM and HO processes. In the results, we verify
the analytical results against the simulation results and compare
these with representative previous schemes to demonstrate the
improvement of PHO. The contributions of this paper can be
summarized as follows:

1) Design of a robust HO scheme leveraging the nature dual-
connectivity setup to improve the inter-macro eNB HO
performance in C/U-plane-split networks, for which we
present elaborations on the proposed protocol stack and
signaling flow.

2) Consideration for HOFs aligned with the LTE-A specifi-
cation: the effect of an RLF on an HO procedure (i.e., the
association between the RLM and HO processes), which
is simplified or ignored in the majority of previous studies.

3) The first development of analytical expressions consider-
ing the association between the RLM and HO processes,
where we derive approximations of the successful HO
trigger probabilities for both the proposed scheme and
LTE-A HO.

4) Discussion of the verification of the analytical results
against the simulation results, of the comprehensive mo-
bility performance metrics including the HOF and RLF
rates, and of the comparison with the representative
schemes of the previous literature.

II. MOBILITY TECHNICAL DETAILS AND

PERFORMANCE MODELING

In this section, we review the background of the HO process,
RLM process, and their association. The latter two topics were
typically not addressed in previous studies. Moreover, three
related metrics, RLF, HOF, and ping-pong (PP) rates, considered
in mobility performance evaluation, are reviewed. Any one of
these metrics can influence the others.

A. Radio Link Monitor (RLM) Process

The process is executed on the UE side to detect an RLF,
which means a connection loss between the UE and the serving
eNB. The RLM process is based on Signal to Interference Noise
Ratio (SINR) of the physical layer (L1) measurement whose
sample rate is typically configured once every 10 ms (TL1).
Given a scenario where a UE has a serving eNB and a target
eNB, the nth L1 measurement can be expressed as

ML1,n = RSRPs,n − RSRPt,n (1)

where RSRPs,n and RSRPt,n (in the unit dBm) are the nth
Reference Signal Received Powers (RSRPs) received from the
serving and target macro eNBs respectively.
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As L1 measurements drops below a threshold Qout for the
duration of the radio problem detection period Tdetect , a timer
T310 begins. During T310, the connection can be recovered and
the timer T310 is canceled if consecutive N311 L1 measurements
(equal to T311) rise above a threshold Qin , or the RLF occurs
upon the expiry of the timer T310.

B. LTE-A Handover (HO) Process

The HO process is triggered by the serving eNB according to
measurement reports sent from the UE. A UE’s RRC layer (L3)
samples the L1 measurements for averaging and sends a mea-
surement report of a L3 measurement to the serving eNB at the
end of every L3 sampling period TL3. The nth L3 measurement
ML3,n can be expressed as

ML3,n = a

∑nNL 3
j=(n−1)NL 3+1 ML1,j

NL3
+ (1 − a)ML3,n−1 (2)

where NL3 = TL 3
TL 1

and is the number of L1 measurements during
TL3, and the weighting value a is a filter coefficient.

The HO trigger method commonly is based on the A3 event,
which is defined as

−ML3,n ≥ H (3)

where Hysteresis Margin H (in the unit dB) is the HO threshold.
If condition (3) is achieved, the Time-to-trigger (TTT) timer on
TT T T will begin. If all the L3 measurements during the period
of TT T T achieve (3), the serving eNB will make a decision to
initiate the HO procedure.

The LTE-A HO procedure consists of three phases, prepara-
tion, execution, and completion phases. First, in the preparation
phase, the serving eNB requests the target eNB for HO admis-
sion and forwards the necessary UE context to the target eNB
for preparing the HO at the target side. Assume that there are
sufficient resources at any target eNB for each mobile user’s
HO in this paper. Thus, the target eNB returns a HO request
acknowledge, which includes a dedicated random-access chan-
nel (RACH) preamble and the L3 message RRC Connection
Reconfiguration including mobility control information (same
as the HO command) to be forwarded by the serving eNB to the
UE to perform the HO. In the execution phase, the UE detaches
from the serving eNB and the data forwarding between the serv-
ing and target eNBs starts after the HO command is received by
the UE. Then, the UE starts a L1/L2 random access procedure,
where the UE performs synchronization to the target eNB and
sends the dedicated RACH preamble to the target eNB to ac-
cess it in a contention-free manner. After the UE successfully
accesses the target eNB, the UE sends the RRC Connection Re-
configuration Complete message to the target eNB to confirm
that the handover is completed and the bearers of C/U-planes
between the UE and the target eNB are established successfully.
Finally, in the completion phase, the downlink path switch at
the serving gateway and resource release on the serving eNB
are conducted.

An HOF is defined when the UE is unlikely to decode the
received HO signal and its HO process is interrupted because
of the degraded signal quality. That is, the effect of an RLF on

an HO procedure can determine an HOF, although the RLM
process is independent of the HO process. Four cases of HOF
are defined in the 3GP document [21]:

1) An HOF in the TTT period: An RLF occurs during TT T T .
2) An HOF in the preparation phase: An RLF occurs during

the preparation phase (Tpre ).
3) An HOF due to a lost HO command: The T310 timer

remains active at the end of Tpre , which means that the
following HO command at the beginning of the execution
phase Texe could be lost.

4) An HOF in the execution phase: All of the L1 measure-
ments associated with the target eNB (e.g., −ML1,n ) dur-
ing the period of Texe drop below Qout , which means that
the random access process and the RRC connection setup
could fail.

A PP effect is defined when a UE has handed over from the
serving eNB to the target eNB and then handed over back to the
serving eNB in a short period. This can result in more than two
successful HOs, which are the unnecessary HOs and result in
degraded throughput and significant signaling overhead. In the
3GPP document [21], the time from the point that a UE attaches
to the target eNB successfully to the point that the UE attaches
back to the serving eNB is referred to as Time of Stay (ToS).
If the period of ToS is less than a configured value Minimum-
Time-of-Stay (MTS), a PP effect occurs. The MTS is suggested
to be one second.

III. NETWORK ARCHITECTURE

We adopt a C/U-plane-split network architecture similar to
that adopted in [10] for a high-speed railway system, which is
illustrated in Fig. 1. For clarity, we consider that there is an MR
deployed in a train to represent a group of UEs. Furthermore,
macro and micro eNBs are deployed along the track and are
Dmacro and Dmicro away from the track respectively, where
Dmacro > Dmicro . The inter-site distances between two macro
eNBs and between two micro eNBs are R and r respectively.
Each macro eNB controls three micro eNBs, one of which is
centered with its macro eNB. A macro eNB connects to its
subordinate micro eNBs and neighbor macro eNBs by means of
X2 interface signalling.

To realize the C/U-plane-split in the architecture, the eNBs
and MR are based on the DC technique of LTE-A Rel12 [1],
which naturally supports the features of C/U-plane-split in terms
of radio protocol architecture and network interface. In the next
subsections, we introduce the C/U-plane-split and DC tech-
niques.

A. C/U-Plane-Split

To provide spectrum extension and network density enhance-
ments and even mitigate the signalling cost of mobility due
to frequent HOs, the idea of C/U-plane-split was proposed.
In a C/U-plane-split network, the signalling and data net-
works, which are referred to as C/U-planes respectively, are
split per different eNBs’ coverage sizes. The C-plane config-
ured with a wide coverage facilitates mobility management and
the guarantee of control signalling. The time for staying in a
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Fig. 1. System architecture.

wide-coverage area is long, hence a network coverage com-
posed of wide-coverage areas is prone to reduce the possibility
of frequent HOs and it is easy to consistently maintain and
manage MRs’ connections in the same coverage. The U-plane
requires high data rate and flexibility in management, hence
small coverage with a high data transmission rate fits a U-plane
node well; a C-plane node covers and manages more than one
U-plane nodes. Through this, cell-edge/hotspot throughput can
be improved.

To map the C/U-plane-split to our architecture, the macro
eNBs are responsible for both C/U-planes transmissions, which
operate on the frequency band one below 2.5 GHz to provide
large coverage and guarantee the reliability of message trans-
mission (specially control signaling). To increase the system
capacity in coverage of a macro eNB, micro eNBs are deployed
within the macro eNB and responsible for U-plane transmis-
sion, which operates on the frequency band two above 2.5 GHz.
This also means there is no interference between the macro and
micro eNBs.

A macro eNB operates as a C-plane node and is responsible
for all RRC procedures (e.g., system information, connection
and mobility controls, and measurements) of the MRs, which
connect to the macro eNB and its underlying micro eNBs. This
means a macro eNB is also responsible for the RRC procedures
between the MRs and its underlying micro eNBs. For example,
MRs must transmit the measurement reports for the signal qual-
ity of the underlying micro eNBs to the macro eNB to identify
the appropriate underlying micro eNB. Thus, the micro eNBs
operate as dedicated U-plane nodes, which have no require-
ment to support cell-specific parameters and information such as
primary/secondary synchronization signals (PSSs/SSSs), cell-
specific reference signals (CRSs) and all types of system infor-
mation blocks (SIBs). To enable the MRs to identify an under-
lying micro eNB and estimate the Channel State Information
(CSI) for its bandwidth rather than that of the macro eNB, we
adopt CSI reference signals (CSI-RSs) for the transmission of
an underlying micro eNB. That is, the transmission from the
underlying U-plane nodes can be regarded as the transmission
of the addition of antenna ports, which are managed by their
C-plane node. In terms of the mobility controls, there are two
major types of handovers in a C/U-plane-split network:

1) Intra-macro eNB HO: The mobility between the under-
lying micro eNBs under the same macro eNB is referred

to as the intra-macro eNB HO related to L1/L2 protocols
only, where a MR attaches to a micro eNB through the
LTE-A random access procedure. No RRC signaling is re-
quired in an intra-macro eNB HO procedure; hence, there
are signaling savings and shorter latency can be achieved
for the mobility in a C/U-plane-split network.

2) Inter-macro eNB HO: The mobility between macro eNBs
mainly involves the macro-macro HO related to the
C-plane transition. Further, the U-plane transition be-
tween the micro eNBs managed by different macro
eNBs must follow the C-plane transition. Hence, even
the micro-micro HO can be involved in an inter-macro
eNB HO.

B. Dual Connectivity

The DC technique in 3GPP is a nature solution for a C/U-
plane-split network to enhance the mobility robustness and im-
prove the quality of services for cell edge users. With the DC
technique, a UE is simultaneously served by two eNBs, which
manage their own radio resource including C/U-planes and are
interconnected with an X2-based backhaul. One of the eNBs
is referred to as the master eNB (MeNB) providing C/U-plane
transmissions for a UE; the other is referred to as the secondary
eNB (SeNB) providing only U-plane transmission. Unlike inter-
site carrier aggregation, the DC technique integrates an eNB as
a small cell, not a remote radio head (RRH). Thus, the X2-based
backhaul in the DC technique can be non-ideal and the eNBs
can manage their radio resource independently for DC UEs.
Naturally, using X2 interface signalling, inter-eNB signalling
and coordination can be performed. To be more scalable for
more scenarios, the MeNB and the SeNB can further form into
a master cell group (MCG) and a secondary cell group (SCG)
with multiple cells. Fig. 2 illustrates the DC radio protocol archi-
tecture of the specification. Three types of bearer, MCG bearer,
SCG bearer, and split bearer are supported for a DC UE. U-plane
traffic passes through the protocol layers of the MeNB and SeNB
over the MCG and SCG bearers respectively, whereas U-plane
traffic is split at the packet data convergence protocol (PDCP)
layer of the MeNB, which is interconnected with the radio link
control (RLC) layer of the SeNB, over the split bearer. There-
fore, these types of bearers provide a C/U-plane-split network
with the flexibility of U-plane traffic transmission. To fit the
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Fig. 2. Radio protocol architecture for the 3GPP dual connectivity.

proposed architecture where the subordinate micro eNBs con-
nect to their macro eNB, not a serving gateway (SGW), U-plane
traffic is transferred from a macro eNB (also MeNB) to its micro
eNBs (also SeNBs) using the X2 interface. In terms of C-plane,
the RRC layer is located in the MeNB and a signalling radio
bearer (SRB) from the MeNB to a UE is always configured as
the type of MCG bearer. This corresponds with the concept of
C/U-plane-split. Moreover, the MeNB acts as a mobility anchor
towards the core network for the served DC UEs. Consequently,
U-plane traffic over any type of a bearer of a UE will be inter-
rupted by C-plane transition during an MeNB handover from an
eNB to another in the current 3GPP specification.

IV. PROPOSED SCHEME

In this paper, we focus on the inter-macro eNB HO for C/U-
plane-split networks in the high-speed railway scenario. On the
basis of the protocol architecture and mobility in dual connec-
tivity, we propose a prevenient handover (PHO) scheme that
coordinates two consecutive macro eNBs to provide a robust
HO. The PHO scheme includes a two-level HO trigger mecha-
nism, micro-macro HO procedure (from the serving micro eNB
to the target macro eNB), and macro-micro HO procedure (from
the serving macro eNB to the target micro eNB). The micro-
macro HO procedure makes the target macro eNB the SeNB in
advance to support RRC HO signalling duplication in the state
of dual connectivity to both serving and target macro eNBs. This
improves the mobility robustness in an inter-macro eNB HO.
Moreover, the next macro-micro HO procedure provides the
mobility coordination of the C-plane transition of inter-macro
eNB HO by means of the X2 interface signalling exchange; con-
sequently, it effectively reduces the service interrupt time. In the
following subsections, we elaborate on the three components of
the PHO scheme.

A. Two-Level HO Trigger Mechanism

After an MR receives the L3 message Measurement Control,
it initiates the two-level HO trigger mechanism. For simplicity,
we assume that the measurement mechanism is always started
before an inter-macro eNB HO. If every L3 measurement result
meets the condition of PHO decision then the corresponding
operation is performed, otherwise L3 measurement continues.

The micro-macro and macro-micro HO procedures are trig-
gered in sequence in PHO; hence, we design a means of “two-
level” HO conditions to trigger these respective HO procedures.

Fig. 3. State diagram of the proposed two-level HO trigger mechanism.

Fig. 4. Example of a micro-macro HO procedure.

The micro-macro and macro-micro HO procedures require re-
spective HO trigger conditions. Both conditions are based on
the rules of the A3 event and TTT as in LTE-A HO; however,
we must prioritize the HO conditions to trigger the micro-macro
HO procedure first. Thus, we design the micro-macro HO condi-
tion as a subset of the macro-micro HO condition by configuring
the micro-macro and macro-micro HO conditions with the same
Hysteresis Margin H , but with TT T T 1 and TT T T 2 respectively,
where TT T T 1 < TT T T 2. Hence the micro-macro HO procedure
must be triggered before the macro-micro HO procedure.

Furthermore, we must consider the case that the macro-micro
HO condition is met while the micro-macro HO procedure is in
progress as another condition for the HO decision. As indicated
in Fig. 3, the possible combinations of the HO conditions in the
HO decision are classified into three cases.

B. Micro-Macro HO Procedure

The objective of the micro-macro HO procedure is to make
the role of the SeNB for an MR changeover from the serving
micro eNB to the target macro eNB. Thus, the MR can obtain the
radio and bearer resources of the target macro eNB in advance
by establishing dual connectivity to both the serving macro eNB
and the target macro eNB.

Fig. 4 shows an example of the micro-macro HO procedure.
In the initial state, an MR is configured for dual connectivity
to macro eNB i and micro eNB j, which play the roles of the
MeNB and SeNB respectively. At this moment, the U-plane
data is transmitted through the MCG and split bearers via the
MeNB and SeNB respectively. The MeNB configures the MR
to feedback measurement reports of the radio-bearer channel
quality. As the micro-macro HO procedure is pending and the
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Fig. 5. Message flow diagram of a micro-macro HO procedure.

micro-macro HO condition is achieved, the micro-macro HO
procedure is initiated by the MeNB. To allow the HO procedure
to conform to the LTE-A specifications, we propose the adoption
of the change of SeNB procedure, which is the existing DC
operation in [1]. Thus, in the micro-macro HO procedure, the
SeNB is changed from the serving micro eNB to the target macro
eNB and the MR context is transferred in the same manner.
Fig. 5 displays the message flow diagram of the micro-macro
HO procedure in detail.

1) Interim State: After the target macro eNB becomes the
SeNB, the dual connectivity to both the serving macro eNB
and target macro eNB is established. This state we refer to as
the interim state is indicated in the right subfigure in Fig. 4.
According to the two-level HO trigger mechanism, the interim
state can persist until the macro-micro HO condition is achieved.
The MR has already connected with the target macro eNB,
hence it can prefetch the radio and bearer resources of the target
macro eNB. Further, the MR also can maintain both C/U-plane
transmissions through the MCG and SCG bearers during the
interim state.

In the event that in the interim state the channel quality has
degraded below the micro-macro HO condition and remains
above the macro-micro HO condition for a set time, the MeNB
uses an interim timer configured with the duration of Tinter . This
timer is designed to restore the dual connectivity configured in
the interim state to the connectivity state configured prior to
the micro-macro HO procedure. If the timer expires before the
achievement of the condition of the macro-micro HO procedure,
the MeNB performs the change of SeNB from the target macro
eNB to the serving micro eNB. If the condition of macro-micro
HO procedure is achieved, the timer also terminates.

2) RRC HO Signalling Duplication: Owing to the fact that
an interim state immediately precedes the next macro-micro HO
procedure, where C-plane transition occurs, it is natural to pro-
vide increased HO reliability under an interim state for the next
C-plane transition. According to the four cases of HOF men-
tioned in Section II, the occurrence of RLF causing the failed
reception of HO signalling at an MR during an HO procedure

Fig. 6. Modified DC radio protocol architecture to support the functionality
of RRC HO signalling duplication.

is the main reason for the occurrence of an HOF. According
to the concept of the duplication of PDCP protocol data units
(PDUs) for the control plane in the 5G new radio (NR) spec-
ification [30], we reduce the risk of HOFs using the transmit
diversity for HO signalling. Thus, we propose a concrete RRC
HO signalling duplication functionality, which is supported by
the PDCP layer, to provide two MR reception opportunities for
RRC HO signalling during an interim state. Specifically, the
PDCP PDUs of the RRC HO messages are duplicated and then
the originals and duplicates of those PDCP PDUs are transmit-
ted to an MR through the MCG bearer and a dedicated split
bearer respectively. Thus, RRC HO signalling duplication and
the dedicated split bearer must be supported in the DC radio
protocol architecture.

Fig. 6 displays the modified DC radio protocol architecture.
We add a duplication function between the PDCP and RLC lay-
ers of the MeNB to duplicate PDCP PDUs transporting RRC
HO messages. Further, a dedicated split bearer is established be-
tween the MeNB and SeNB over the X2 interface. In the SeNB,
there is the corresponding RLC layer to receive the duplicates.
According to the specification [1], the MeNB is responsible for
the RRC to MRs and SRBs are always configured as the type
of MCG bearer. Thus, RRC signalling only uses the radio re-
sources of the MeNB. To ensure that the SeNB is responsible
for U-plane transmissions only, the RLC PDUs transporting the
duplicates must be transferred across a special logical channel,
referred to as a transparent dedicated traffic channel (T-DTCH),
to the MAC layer. A DTCH logical channel is used to transmit
U-plane data in the LTE-A specifications. The MAC layer there-
fore can manage and transfer the RLC PDUs transporting the
duplicates as U-plane data. That is, on the dedicated split bearer,
the duplicates of RRC HO messages are transmitted transpar-
ently through the DTCH from the SeNB to a MR. Note that the
T-DTCH has a higher priority for the duplicates of RRC HO
messages over that of the other DTCHs from the SeNB to a
MR. After the RRC connection reconfiguration of micro-macro
HO completes, the MeNB and the SeNB have established a
dedicated split bearer for RRC HO signalling duplication. Con-
sequently, the MR can receive RRC HO messages and their
duplicates from both the MeNB and the SeNB respectively.
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Fig. 7. Example of a macro-micro HO procedure.

C. Macro-Micro HO Procedure

To conclude the PHO after the completion of a micro-macro
HO procedure, a macro-micro HO procedure is performed. It
includes two sequential operations, a master-secondary role
switch and change of SeNB, for respectively C-plane and
U-plane transitions. Fig. 7 shows an example of the macro-micro
HO procedure. As the macro-micro HO condition is achieved
and the micro-macro HO procedure has completed, the MeNB
makes the HO decision to trigger a macro-micro HO procedure.
The first operation of a macro-micro HO procedure is introduced
as follows:

Master-secondary role switch: The master-secondary role
switch is the procedure for C-plane transition where the MeNB
and the SeNB exchange the C-plane-related information asso-
ciated to the MR context through the X2 interface. The purpose
of this procedure is to upgrade the old SeNB to a new MeNB
and downgrade the old MeNB to a new SeNB.

The random access procedure, which is inherent in the LTE-A
HO procedure for C-plane transition, is omitted in the master-
secondary role switch. Note handovers in LTE-A networks are
‘hard’ handovers (including the PHO) because of the charac-
teristic of its flat architecture. A hard HO means that an MR’s
connection to the source cell is broken before a new connec-
tion is initiated to the target cell by the MR, thus there is a
service interrupt time due to the C-plane transition during the
handover. However, according to the results in [16], the service
interrupt time of PHO can be reduced to approximately 10 ms
by replacing the random access procedure with the X2 interface
signalling exchange.

This is because the MR has prefetched the radio access in-
formation (L1 and L2 configurations) of the target macro eNB
in the micro-macro HO procedure, in addition to the radio link
between the MR and target macro eNB, which has previously
been established. Then, the MR is configured with the role
switch between the old MeNB and SeNB, via RRC signalling,
by the old MeNB. Further, the MR remains in the interim state
and as such, the RRC HO signalling duplication is function-
ing. The RRC connection configuration message for the role
switch therefore is duplicated and forwarded to the MR to al-
low the transmit diversity to reduce the risk of HOFs before the
C-plane transition succeeds. Note that if there is a mismatch
between the target macro eNB and the final macro eNB for the
micro-macro HO and the macro-micro HO respectively, it is
possible to perform a fallback to the final macro eNB through
an LTE-A HO procedure, instead of the sequential operations
of the macro-micro HO.

Fig. 8. Message flow diagram of a macro-micro HO procedure.

Then, the new MeNB performs the change of SeNB from the
old macro eNB i to the target micro eNB j + 1. Following the
change of SeNB, the new MeNB (the serving macro eNB i + 1)
requests the old macro eNB i to release the radio and C-plane
related resources associated to the MR context. Finally, by the
means of the PHO scheme, the MR completes an inter-macro
eNB HO, during which the dual-connectivity configuration of
the MR has persisted to maintain the service continuity. The
persistence of dual connectivity is the most significant difference
between the PHO and C/U-plane-split HO scheme in [10].

We explain in detail the message flow of the macro-micro HO
procedure in Fig. 8.

V. ANALYSIS OF EFFECT OF RLF ON LTE-A HO AND PHO

To investigate the association between the RLM and HO pro-
cesses, we derive the analytical expressions based on recurrence
relations for the approximations of the successful LTE-A HO
and PHO trigger probabilities.

A successful HO trigger probability is defined as the probabil-
ity that an HO process is triggered and performed successfully.
That is, there is no occurrence of exception (e.g., RLF or HOF) to
interrupt the HO process. The probability depends on the fusion
of the probabilities of RLF, HOF, and HO occurrences, which
are based on the timer-based operations specified by 3GPP for
the RLM and HO processes. The PHO scheme is an improved
LTE-A HO scheme based on dual connectivity, to reduce the
possibility of HOFs. Hence, we develop the base model of the
LTE-A HO for the successful HO trigger probability first, and
then extend this to PHO.

A. L1 and L3 Measurement Models

The probabilities of RLF and HO occurrences are dependent
on L1 and L3 measurements respectively. The measurements
are derived from the received RSRPs, thus we first start on
a received RSRP at a certain time. We refer to the model of
RSRP applied in [15]. An L1 measurement period is a minimum
unit of measurement time in LTE-A, so the RSRP in the nth L1



3552 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 4, APRIL 2018

measurement is shown as

RSRPi,n = 10log10

(
PdΩsh2

i,n

pl2
i,n

)

, (4)

where i ∈ {s, t} stands for the serving and target eNBs respec-
tively, Pd is the transmitted power, Ω is the multipath fading,
pl2

i,n is the path loss, and sh2
i,n is the shadowing fading. As their

network architecture is similar to the proposed one, where there
are two macro eNBs responsible for RRC signalling. Therefore,
based on their SINR model, the nth L1 measurement can be
expressed as

ML1,n = 10log10

sh2
s,npl2

t,n

pl2
s,n sh2

t,n

= −(�Pn + �Sn ), (5)

where the serving and target macro eNBs have the same trans-
mitted power and multipath fading. Hence, the remaining terms
present the differences in the path loss and shadowing fading
between the serving and target macro eNBs by �Pn and �Sn

respectively. In terms of the shadowing fading, 10log10sh
2
s,n and

10log10sh
2
t,n are independent normal random variables with a

zero mean and respective variances σ2
s,n and σ2

t,n . Thus, �Sn is
an independent normal random variable with a zero mean and
variance σ2

s,n + σ2
t,n .

We assume that L1 and L3 measurements are independent
because of separate RLM and HO processes. Thus, the filter
coefficient a of L3 measurement is configured to one such that
two L3 measurements are independent. Therefore, the nth L3
measurement can be expressed as

ML3,n =

∑nNL 3
i=(n−1)NL 3+1 −�Pi −�Si

NL3
, (6)

where NL3 is the number of L1 measurements in an L3 mea-
surement.

B. Successful LTE-A HO Trigger Probability

Fig. 9 displays three events ©1 , ©2 and ©3 , which indicate
necessary conditions of a successful LTE-A HO trigger. The
event ©1 is that a condition of TTT is achieved at ML3,n ,
which means −ML3,i ≥ H , n − NT T T L3 − 1 < i ≤ n, where
NT T T L3 = TT T T

TL 3
. We define a general probability that a con-

dition of TTT is achieved at ML3,t and the first L3 measurement
started at ML3,s as the equation (7), shown at the bottom of this
page, where TTTtype , TTT type ∈ {TT T T 1, TT T T 2}. Accord-
ing to the proposed two-level HO trigger mechanism of PHO,
there are the two lengths of TTT, TT T T 1 and TT T T 2. TTTtype

stands for a TTT period, during which all of the L3 measure-
ments remain below the threshold−H , whereas TTT type stands

for a TTT period, during which all of the L3 measurements do
not remain below−H . In the region defined by (7a), the achieve-
ment of the condition of TTT occurs at the beginning of the L3
measurement process. It indicates that the L3 measurements
remaining below −H start from the sth to the tth L3 measure-
ment. We express the probability of the nth L3 measurement
being below −H as

mn = P (−ML3,n ≥ H) = P

⎛

⎝
nNL 3∑

i=(n−1)NL 3+1

ML1,i ≤ NL3H

⎞

⎠

= P

⎛

⎝
nNL 3∑

i=(n−1)NL 3+1

�Si ≥ −NL3H −
nNL 3∑

i=(n−1)NL 3+1

�Pi

⎞

⎠

= Q

⎛

⎝
−NL3H −∑nNL 3

i=(n−1)NL 3+1 �Pi
√∑nNL 3

i=(n−1)NL 3+1 σ2
s,i + σ2

t,i

⎞

⎠ . (8)

In (7b), the L3 measurements remaining below −H start
from the (t − T T Tt y p e

TL 3
)th to the tth L3 measurement. The

(t − T T Tt y p e

TL 3
− 1)th L3 measurement must be above −H to en-

sure that the condition of TTT begins from the (t − T T Tt y p e

TL 3
)th

L3 measurement. In addition, no condition of TTT has been
achieved before the (t − T T Tt y p e

TL 3
− 1)th L3 measurement. We

determine the complement of the probability of condition of
TTT occurring before the (t − T T Tt y p e

TL 3
− 1)th L3 measurement.

That is 1 − PH OT (s, t, Ttype) in (7), and includes all possibil-
ities that a condition of TTT with the length of T T Tt y p e

TL 3
is

achieved during a period from the sth to the tth L3 measure-
ment. Therefore,

PH OT

(

s, t,
Ttype

TL3

)

=

{∑t
i=s PH

(
s, i,

Tt y p e

TL 3
,

Tt y p e

TL 3

)
, if t − s ≥ Tt y p e

TL 3

0, otherwise.
(9)

Based on the equation (7), we configure the length of TTT to
TT T T 2 for the LTE-A HO. Thus, the probability of the event
©1 is PH (1, n, TT T T 2

TL 3
, TT T T 2

TL 3
).

Next, the event ©2 is that no exceptions have occurred be-
fore ML1,nNL 3+Np r e +1, where the types of exception include
the RLF and the three cases of HOF: HOFs in TT T T , in Tpre ,
and due to a lost HO command. In short, the event means no
RLF has occurred before the beginning of HO execution phase
and no HOF due to a lost HO command has occurred. Thus, we
define a general probability that no exceptions have occurred be-

PH

(

s, t,
TTTtype

TL3
,
TTT type

TL3

)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∏t
i=smi, if t = s + T T Tt y p e

TL 3
(7a)

(
1 − PH OT

(
s, t − T T Tt y p e

TL 3
− 2,

T T T t y p e

TL 3

))

×
(

1 − m
t− T T T t y p e

T L 3
−1

)
∏t

i=t− T T T t y p e
T L 3

mi, if t > s + T T Tt y p e

TL 3
(7b)

0, otherwise. (7c)
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Fig. 9. Analysis illustration of the LTE-A HO procedure.

fore t and the first L3 measurement has started at ML3,s as the
equation (10), shown at the bottom of this page, where Ndetect =
Td e t e c t

TL 1
, N310 = T310

TL 1
, and Ltype ∈ {ls , lt}. Ltype is the type of

eNB, which a MR measures via the procedure of L1 measure-
ments, thus ls and lt stand for the serving and target macro eNBs
respectively. In the region defined by (10a), the time duration
from the sth to the tth L1 measurement is insufficient to run a
detection timer and T310 timer. Thus, all HOF types, except the
HOF due to the lost HO command, cannot be detected. Using
a complement rule, the complement of the probability that no
HOF due to the lost HO command has occurred is shown as the
equation (11) shown at the bottom of this page, where the equa-
tions (11a)–(11d) correspond to the equations (10a) and (10b)
according to their regions.

In the region defined by (11a), the time period of t − s is
sufficient to achieve the condition that L1 measurements drop
below Qout for a period of Tdetect with reference to the begin-

ning of the sth L1 measurement. This is called a condition of
radio problem detection and is expressed as

PD (s, Ltype) =
s+Nd e t e c t∏

i=s

q
(out,Lt y p e )
i , (12)

where the probability that the ith L1 measurement with respect
to the serving macro eNB ls is below Qout is defined as

q
(out,ls )
i = P (ML1,i < Qout) = Q

(
−Qout −�Pi√

σ2
s + σ2

t

)

, (13)

while the probability that the ith L1 measurement with respect
to the target macro eNB lt is below Qout is defined as

q
(out,lt )
i = P (−ML1,i < Qout) = 1 − Q

(
Qout −�Pi√

σ2
s + σ2

t

)

.

(14)

PEX (s, t, Ltype) =

⎧
⎪⎨

⎪⎩

1 − Plost(s, t, Ltype), if Ndetect ≤ t − s < Ndetect + N310 (10a)

1 − PRLF (s, t − 1, Ltype) − Plost(s, t, Ltype), if Ndetect + N310 ≤ t − s (10b)

1, if t − s < Ndetect . (10c)

Plost(s, t, Ltype) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PD (s, Ltype), if t − s = Ndetect (11a)

Plost(s, s + Ndetect , Ltype) +
∑t−Nd e t e c t

i=s PQD (i, Ltype), if Ndetect < t − s < Ndetect + N311 (11b)

Plost(s, s + Ndetect + N311 − 1, Ltype)

+
∑t−Nd e t e c t −N311

i=s (1 − Plost(s, i, Ltype))

×PQDR (i, t, Ltype)

+
∑t−Nd e t e c t

i=t−Nd e t e c t −N311+1(1 − Plost(s, i, Ltype))PQD (i, Ltype), if Ndetect + N311 ≤ t − s < Ndetect + N310 (11c)

Plost(s, s + Ndetect + N310 − 1, Ltype)

+
∑t−Nd e t e c t −N311

i=t−Nd e t e c t −N310−1 PEX (s, i, Ltype)

×PQDR (i, t, Ltype)

+
∑t−Nd e t e c t

i=t−Nd e t e c t −N311+1 PEX (s, i, Ltype)PQD (i, Ltype), if Ndetect + N310 ≤ t − s (11d)

0, otherwise. (11e)
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A condition of radio problem detection is achieved at the (s +
Ndetect)th L1 measurement, which the beginning of the HO
execution phase is next to.

In the region defined by (11b), the L1 measurement before
the duration of a successful condition of radio problem detection
(where it is defined by (12) must be above the threshold of Qout

to ensure the length of the successful condition of radio problem
detection not being longer than the length of Ndetect . Therefore,

PQD (s, Ltype) = (1 − q
(out,Lt y p e )
s )

s+Nd e t e c t∏

i=s+1

q
(out,Lt y p e )
i .

(15)

In addition to (15), the previous state of Plost(s, s+Ndetect ,
Ltype) indicated by (11a) is included in (11b).

In the region defined by (11c), the time period of t − s is
sufficient to run a Tdetect timer with a T311 timer rather than
a T310 timer. Thus, no HOF due to a lost HO command has
occurred before the (t − Ndetect − N311 + 1)th L1 measure-
ment. That is indicated by 1 − Plost(s, i, Ltype) in (11c). In
addition, the T310 timer can be canceled when consecutive
N311 L1 measurements are above the threshold of Qin in in-
complete duration of T310 timer. Thus, the connection can
be recovered. After a condition of radio problem detection is
achieved, given the next incomplete duration of T310 timer is
sufficient to run a T311 timer, the complement of the probabil-
ity that there is no connection recovered between the sth and
tth L1 measurement is expressed as the equation (16), shown
at the bottom of this page, where it is calculated by changing
the Tdetect timer and Qout threshold in (11a) and (11b) into the
T311 timer and Qin threshold. Thus, q

(j,ls )
i = P (ML1,i < Qj )

and q
(j,lt )
i = P (−ML1,i < Qj ), where j ∈ {out, in} stands for

the use of Qout or Qin threshold. Consequently, in (11c), PQDR

is a combination between PQD and the equation (16), and it is
expressed as

PQDR (s, t, Ltype) = (1 − q
(out,Lt y p e )
s )

s+Nd e t e c t∏

i=s+1

q
(out,Lt y p e )
i

×(1 − PRLR (s + Ndetect + 1, t, Ltype)).
(17)

In other case that incomplete duration of T310 timer is in-
sufficient to run a T311 timer, PQD therefore is included in
(11c). Also, the previous state of Plost(s, s + Ndetect + N311 −
1, Ltype) indicated by (11b) is included in (11c).

In (10b), all HOF types cannot occur during the time pe-
riod of t − s, which is sufficient to run a detection timer and
T310 timer. Thus, we present the probability of the event by us-
ing its complement, which includes PRLF (s, t − 1, Ltype) and
Plost(s, t, Ltype). The probability including all possibilities that
an RLF has occurred before the (v + 1)th L1 measurement and
an RLM process started at the uth L1 measurement is shown
as the equation (18) at the bottom of the next page. In (18a),
the length of v − u is equal to the length of a Tdetect timer and
T310 timer. Thus, an RLF occurs at the beginning of an HO pro-
cedure if the condition of radio problem detection is achieved
and the connection is not recovered in the following duration
of T310 timer. In (18b), a RLF occurs within the duration of
v − u, which is longer than the length of a Tdetect timer and
T310 timer. Before the duration of a successful condition of ra-
dio problem detection, the L1 measurement must be above the
threshold of Qout ; after which, no connection is recovered in
the following duration of T310 timer. Thus, PQDR is included
in (18b). Furthermore, the case that no HOF has occurred before
that L1 measurement is represented by PEX . The previous state
of PRLF (u, u + Ndetect + N310, Ltype) indicated by (18a) is
included in (18b).

In terms of Plost in (10b), according to the length of t − s
it is indicated by (11d). The equation (11d) is with the similar
concept in (11c), but the difference is an additional probability
PEX (s, i, Ltype) before PQDR . It represents the probability that
no HOF has occurred before ith L1 measurement in (11d). Thus,
in (11c), (1 − Plost(s, i, Ltype)) represents the probability that
no HOF due to the lost command has occurred before ith L1
measurement.

Based on the equation (10), the probability of the event ©2 is
PEX (1, nTL 3

TL 1
+ Npre + 1, ls), where Npre = Tp r e

TL 1
.

The event ©3 is that all of the L1 measurements associating
with the target eNB during an execution phase Texe drop below
Qout . The probability of the event ©3 is shown as

Pexe(n) =
nNL 3+Np r e +Ne x e∏

i=nNL 3+Np r e +1

q
(out,lt )
i , (19)

PRLR (s, t, Ltype) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∏s+N311−1
i=s (1 − q

(in,Lt y p e )
i ), if t − s = N311 − 1

PRLR (s, s + N311 − 1, Ltype)

+
∑t−N311

i=s q
(in,Lt y p e )
i

∏i+N311
j=i+1 (1 − q

(in,Lt y p e )
j ), if N311 < t − s + 1 ≤ 2N311

PRLR (s, s + 2N311 − 1, Ltype)

+
∑t−N311

i=s+N311
(1 − PRLR (s, i − 1, Ltype))q

(in,Lt y p e )
i

∏i+N311
j=i+1 (1 − q

(in,Lt y p e )
j ), if t − s > 2N311 − 1

0, otherwise.
(16)
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Fig. 10. Analysis illustration of the PHO procedure.

where Nexe = Te x e

TL 1
. Note that Ltype = lt stands for checking

the L1 measurements with respect to the target macro eNB
during an execution phase.

Finally, the successful LTE-A HO trigger probability at the
nth L3 measurement is shown as

PH O (n) = PH

(

1, n,
TT T T 2

TL3
,
TT T T 2

TL3

)

(1 − Pexe(n))

× PEX

(

1,
nTL3

TL1
+ Npre + 1, ls

)

. (20)

C. Successful PHO Trigger Probability

Fig. 10 shows three cases of a successful PHO trigger, which
are categorized by the duration, �t = v − u, between the uth
L3 measurement when a micro-macro HO condition is achieved
once and the vth L3 measurement when a macro-micro HO
condition is achieved later. These cases include the events ©1 –©5

that stand for the conditions of their achievement, whereas the
events ©A , ©B and ©C indicate the completions of a micro-macro
HO procedure, master-secondary role switch, and macro-micro
HO procedure, respectively.

The probability of the case 1 is shown at the bottom of the page
in (21a), where �TTT = TT T T 2 − TT T T 1. The first condition

PRLF (u, v, Ltype) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

PD (u,Ltype)

×(1 − PRLR (u + Ndetect , u + Ndetect + N310, Ltype)), if v − u = Ndetect + N310 (18a)

PRLF (u, u + Ndetect + N310, Ltype)

+
∑v−Nd e t e c t −N310

i=u PEX (u, i, Ltype)

×PQDR (i, i + Ndetect + N310 + 1, Ltype), if v − u > Ndetect + N310. (18b)

PP H O (u, v) =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PH (1, u, TT T T 1
TL 3

, TT T T 1
TL 3

)PH (u + 1, v, TT T T 2
TL 3

, TT T T 2
TL 3

)

×PEX (uNL3 + NC oS + 1, vNL3 + NM RS + 1, lt)

×(1 − PRLF (1, uNL3 + NC oS , ls)), if 2 ≤ �t < �TTT + 1 (21a)

PH (1, u, TT T T 1
TL 3

, TT T T 1
TL 3

)

×∑u+�T T T −1
j=u

∏j
i=u+1 mi(1 − mj+1)PH (j + 2, v, TT T T 2

TL 3
, TT T T 2

TL 3
)

×PEX (uNL3 + NC oS + 1, vNL3 + NM RS + 1, lt)

×(1 − PRLF (1, uNL3 + NC oS , ls)), if �t ≥ �TTT + 1 (21b)

PH (1, v, TT T T 2
TL 3

, TT T T 1
TL 3

)

×PEX (uNL3 + NC oS + 1, vNL3 + NM RS + 1, lt)

×(1 − PRLF (1, uNL3 + NC oS , ls)), if u − TT T T 1
TL 3

= v − TT T T 2
TL 3

(21c)

0, otherwise. (21d)
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indicated by ©1 is that a micro-macro HO condition is achieved
at the uth L3 measurement for the first time, which is expressed
as PH (1, u, TT T T 1

TL 3
, TT T T 1

TL 3
). The second condition indicated by

©2 is that no RLF has occurred before the completion of change
of SeNB from the serving micro eNB to the target macro eNB,
where the RLM process depends on L1 measurements with
respect to the MeNB (the serving macro eNB). That is, the con-
nectivity to the MeNB responsible for the C-plane signalling
will not be interrupted by a RLF before the event ©2 . Thus,
this condition is expressed as 1 − PRLF (1, uNL3 + NC oS , ls),
where NC oS is the number of L1 measurements in the period
of change of SeNB. When change of SeNB is complete, the
event ©A occurs and the functionality of RRC HO signalling
duplication begins. The third condition indicated by ©3 is that a
macro-micro HO condition is achieved at the vth L3 measure-
ment and the first L3 measurement of this condition achievement
began after the achievement of the previous micro-macro HO
condition, and expressed as PH (u + 1, v, TT T T 2

TL 3
, TT T T 2

TL 3
). Then,

in a macro-micro procedure, a master-secondary role switch and
change of SeNB from the serving macro eNB to the target micro
eNB occur sequentially. The ends of these events are indicated
by ©B and ©C respectively. The final condition indicated by ©4 is
that no exception has occurred during an interim state (between
the event ©A and the beginning of change of SeNB). It is ex-
pressed as PEX (uNL3 + NC oS + 1, vNL3 + NM RS + 1, lt),
where NM RS is the number of L1 measurements in the period
of the master-secondary role switch. The phase of a master-
secondary role switch can be compared to a preparation phase
in LTE-A HO, because both master-secondary role switch and
preparation phases consist of a similar sequence of operations,
including MR context exchanges for the C-plane transition and
sending a RRC Connection Reconfiguration message (equal to
a HO command). Thus, an exception (including the type of an
HOF due to a lost HO command) can be applied to the phase
of a master-secondary role switch like a preparation phase. The
functionality of RRC HO signalling duplication works during
the interim state; however, the only way to fail PHO is that
an exception regarding the target macro eNB (SeNB) occurs.
This is because the target macro eNB (SeNB) will be the new
MeNB by a master-secondary role switch and the connectivity
to that macro eNB must be maintained until the beginning of
the master-secondary role switch. Furthermore, there is no HOF
in an execution phase in a PHO procedure, because C-plane
transition in PHO is achieved by the means of an X2 interface
signalling exchange, rather than a random access process and
RRC connection setup.

The probability of the case 2 is shown in (21b). It is sim-
ilar to the form in (21a), but the L3 measurement ML3,j+1

must be above the threshold −H before the first L3 mea-
surement of this condition achievement ©3. This ensures the
condition ©1 (−ML3,i ≥ H , where u − TT T T 1

TL 3
≤ i ≤ u) has

not been extended as the condition ©3 (−ML3,i ≥ H , where
u − TT T T 1

TL 3
≤ i ≤ u + TT T T 2−TT T T 1

TL 3
).

The probability of the case 3 is shown in (21c) without the
probabilities of the conditions ©1 and ©3 . In this case, the first
L3 measurement of the condition achievement ©1 is the same
as that of the condition ©3 . This means the micro-macro HO

TABLE I
DEPLOYMENT PARAMETERS

Parameters Value

Number of macro eNBs 2
micro eNBs 4

Train Speed 360 km/h

Distance between macro eNBs (R) 4.8 km
micro eNBs (r) 1.6 km

Distance between a macro eNB and the track (Dm acr o ) 50 m
a micro eNB and the track (Dm icr o ) 2 m

Frequency band of macro eNB 0.9 GHz
micro eNB 2 GHz

Transmitted power of macro eNB 37 dBm
micro eNB 30 dBm

Antenna height of macro eNB (hm acr o ) 30 m
micro eNB (hm icr o ) 5 m

MR (hm r ) 2.5 m
Shadow Fading Std. σ, if 10 (m) < d < dB P 4

if dB P < d < 10000 (m) 6

condition has been achieved during the period of TT T T 2. In
short, a condition for the period of TT T T 2 is achieved at the vth
L3 measurement and no condition for the period TT T T 1 has been
achieved before the (v − TT T T 2

TL 3
− 1)th L3 measurement. This

new condition is indicated by ©5 and its probability is expressed
as PH (1, v, TT T T 2

TL 3
, TT T T 1

TL 3
).

VI. SIMULATION RESULTS

We developed a time-driven simulator to investigate the per-
formance of PHO affected by the RLM process in the architec-
ture displayed in Fig. 1. The velocity of the train is assumed to
be 360 km/hr. To focus on the performance of the type of inter-
macro eNB HO, the starting point of the train is aligned with
the macro eNB i and the micro eNB j − 1 at the abscissa zero.
We refer to the propagation scenario of the rural moving net-
work in the Wireless World Initiative New Radio (WINNER) II
document [31] for the deployment parameters and the path-loss
model. The deployment parameters are presented in Table I.

For consistency with the proposed analytical models, based
on the channel model adopted in [15] for the high-speed rail sce-
nario, a single-path fading channel and independent log-normal
distribution of shadow fading are considered in our simulation.

In addition to the verification of the analytical results of the
LTE-A HO and PHO against those obtained with simulations,
we compared the PHO with the LTE-A HO and two repre-
sentative previous schemes on multiple mobility performance
metrics. The two previous schemes are the HO schemes in [10]
and [15]; we used CU-split HO and Dual-link HO to represent
them respectively. All of the HO schemes operate with the RLM
process in simulations. In terms of the settings for all of the HO
schemes and the RLM process, we adopted the standard config-
urations available in [21]; the parameters are listed in Table II.

To confirm the verification of the analytical model, we
compared the analytical results of average successful LTE-A
HO and PHO trigger probabilities (as defined in Section V-B
and Section V-C respectively) with the results obtained from
our simulator. We considered different lengths of TT T T and
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TABLE II
SIMULATION PARAMETERS

Parameters Value

L1 Sampling Period (TL 1) 10 ms
L3 Sampling Period (TL 3) 40 ms
Minimum Time of Stay (MTS) 1 s
HO Preparation Period (Tpr e ) 50 ms
HO Execution Period (Texe ) 40 ms
Period of Change of SeNB (TC oS ) 90 ms
Period of Master-secondary Role Switch (TM RS ) 10 ms
Detection Period (Tdetec t ) 40 ms
Qou t −8 dB
Qin −6 dB
T310 200 ms
T311 20 ms
Hysteresis Margin (H ) 3, 5 dB

Fig. 11. Comparison of average successful LTE-A HO and PHO trigger prob-
ability between the analytical and simulation results.

different thresholds of H in both settings of LTE-A HO and
PHO. Note that we could consider the timer on TT T T 2 in the
PHO as a TTT timer, because in the proposed analytical models
we configure the length of TT T T in the LTE-A HO to the same
length of TT T T 2. Thus, the length of TT T T 1 in PHO was equal to
TT T T −�TTT . The results of average successful LTE-A HO
and PHO trigger probabilities are displayed in Fig. 11, where
the data for the analytical models are identified via “Ana”. The
proposed analytical models for those probabilities were sim-
ilar to our simulation results. This means the analytical and
simulation models corresponded. Therefore, the following per-
formance evaluation of the different HO schemes is presented
using simulations.

Fig. 12 displays the results of the average successful HO rate.
The average successful HO rate is different from the average
successful HO trigger probability. The average successful HO
rate excludes the PP effects, the RLFs, and the HOFs, whereas
the average successful HO trigger probability excludes the RLFs
and the HOFs only. As the HO threshold of H increased, the
average successful HO rate decreased more sharply in all of the
HO schemes. We can see that Dual-Link HO and PHO have
the similar average successful HO rates; however, look closely

Fig. 12. Performance comparison of average successful HO rate among LTE-
A HO, Dual-link HO, CU-split HO, and PHO schemes.

Fig. 13. Performance comparison of average HO failure (HOF) rate among
LTE-A HO, Dual-link HO, CU-split HO, and PHO schemes.

in the key region. PHO still outperformed Dual-link HO and
achieved the higher average successful handover rate, approach-
ing 100%. Further, when H = 5 dB, LTE-A HO and CU-split
HO exhibited similar average successful HO rates. Over the set
of all configurations, PHO realized a higher peak success rate
than Dual-link HO. This is due to the higher average HOF rate
in Dual-link HO. The reason is that the transmit diversity for
HO signalling provided by PHO is better than the time diver-
sity offered by the two chances of an HO trigger provided by
Dual-link HO. When H = 3 dB and TT T T = 80 ms, CU-split
HO outperformed the other HO methods, as it has the lowest
PP rate. However, as TT T T increased, PHO and Dual-link HO
outperformed CU-split HO and LTE-A HO.

Fig. 13 shows the results of the average HOF rate. Only PHO
had no HO failure. This is because no RLF occurred during
the interim state, where there is support of RRC HO signalling
duplication. Thus, the advantage of DC is evident. Furthermore,
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Fig. 14. Performance comparison of average radio link failure (RLF) rate
among LTE-A HO, Dual-link HO, CU-split HO, and PHO schemes.

Fig. 15. Performance comparison of average ping-pong (PP) rate among LTE-
A HO, Dual-link HO, CU-split HO, and PHO schemes.

LTE-A and CU-split HOs exhibit the highest HO failure rates as
they both lack support for robust mobility, i.e. there is no second
chance of an HO trigger or HO signalling.

Fig. 14 shows the results of the average RLF rate. Dual-link
HO exhibited no RLFs because there is always a second chance
of an HO trigger. That is, an HOF can only occur after the
first HO operation begins. PHO exhibited the highest RLF HO
failure as it cannot prevent RLFs before the completion of a
micro-macro HO procedure.

Fig. 15 shows the results of the average PP rate. The average
PP rate of CU-split HO was the least because it must satisfy two
HO conditions for an inter-macro eNB HO procedure, which
includes both the macro-macro HO and the micro-micro HO.
The average PP rate in all of the HO schemes can be reduced by
either increasing H or TT T T in common.

Fig. 16 shows the results of the average service interrupt
time. The service interrupt time refers to the time for the
C-plane transition and does not include the cases of RLF or
HOF. The average service interrupt time of PHO was the least
as its C-plane transitions between macro eNBs use the X2 in-
terface, not the radio.

Fig. 16. Performance comparison of average service interrupt time among
LTE-A HO, Dual-link HO, CU-split HO, and PHO schemes.

TABLE III
COMPARISON OF HO SIGNALLING

No. of No. of No. of No. of Total
LTE-Uu X2 S1 total duration

signalling signalling signalling signalling (ms)

Micro-macro HO 6 6 2 14 90
Macro-micro HO 12 10 2 24 100
PHO 18 16 4 36 190
LTE-A HO 6 4 2 12 90

VII. DISCUSSION

According to the results of the above performance evaluation,
under certain configurations, PHO achieved not only an average
successful handover rate approaching 100% but also approxi-
mately 10 ms of average service interrupt time less than that of
Dual-link HO. Thus, we summarize the following causes and
effects:

1) Improving mobility robustness using diversity gain (e.g.,
transmit and time diversities) can achieve a reduced HOF
rate. The cost of this improvement is the requirement of
additional signalling overhead. For example, we offer the
HO signalling comparison between PHO and LTE-A HO
in Table III, where the count of the PHO signalling corre-
sponds with the signalling indicated in the message flow
diagrams in Figs. 5 and 8. In the PHO, approximately triple
the total amount of HO signalling is required as both the
micro-macro and macro-micro HO procedures must be
performed. By exploiting the C-plane transition through
an X2 interface, the total duration of the macro-micro HO
consists of the periods TM RS and TC oS , which are mod-
eled as 10 ms and 90 ms respectively. Thus, approximately
twice the total HO duration of PHO is required compared
to that of LTE-A HO.

2) An a priori method (e.g., a method of two-level HO trig-
gering, two-level HO triggering, or HO prefetching) can
achieve shorter average service interrupt time by com-
pleting context exchange or future operation in advance
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Fig. 17. Urban layout with the mobility model of Simulation of Urban MO-
bility (SUMO).

of their requirement. This improvement costs additional
eNB resources (e.g., CPU loading and memory usage) as
the resources are required for the C-plane transition. If
a mismatch between the final eNB and the target eNB
occurs, the HO triggering of the a priori method is inef-
fective.

3) A HO condition must be sufficiently stringent (e.g., re-
ducing the length of TTT timer or decreasing the HO
threshold) to ensure that the PP rate is satisfactorily re-
duced. If an HO condition is overly stringent, it increases
the HOF rate.

Furthermore, RLFs, which occur on the MR side, are in-
evitable when an HO process has not yet been started. They
are difficult to address using mobility improvement. Possible
methods are related to L1 optimization frameworks (e.g., power
control and interference cancellation) associated with detection-
based or prediction-based algorithms.

In addition, to observe the performance of PHO under a differ-
ent environment with realistic mobility, we used Simulation of
Urban MObility (SUMO) [32] to simulate the two-dimensional
network layout in an urban setting (including intersections and
traffic lights), which is shown in Fig. 17. We repeated multiple
independent experiments for the simulation results. In each ex-
periment, MRs were randomly distributed on roads and routed
with a speed range by SUMO. This simulation settings also
follow the simulation guidelines recommended by 3GPP [33],
[34]. The MR speed ranged between 0 km/h and 54 km/h and
the simulation time was 100 seconds. Fig. 18 displays the per-
formance of the average smooth HO rate, which is defined as the
ratio that an MR can finish its route without any failure or PP ef-
fect during the simulation time. PHO significantly outperformed
the others with Dual-Link HO as the second best. This is be-
cause Dual-Link HO lacks any prediction method for a dynamic
route whereas PHO uses the micro-macro HO procedure to pre-
dict and preconnect a target macro eNB. Moreover, to maintain
the certain mobility robustness for PHO, the macro-micro HO
can fall back to the LTE-A HO in the event of a prediction
error. Therefore, the prediction method facilitates mainly accu-
rate prefetching. LTE-A HO and CU-split HO finished in the

Fig. 18. Performance comparison of average smooth HO rate among LTE-A
HO, Dual-link HO, CU-split HO, and PHO schemes for the urban scenario.

third and fourth places because they lack any mobility improve-
ment and, for CU-split HO, the inefficient combination of the
C/U-plane-split architecture and inter-macro eNB HO caused
its procedure to be triggered in an untimely manner.

VIII. CONCLUSION

In a C/U-plane-split network for a high-speed railway com-
munication system, the inter-macro eNB HO is similar to the
LTE-A HO. The results of the averages of both successful HO
rate and service interrupt time indicated that they were unre-
liable and inefficient. Considering the causes of HOFs, which
are related to both the RLM and HO processes according to the
LTE-A specification, we proposed a DC-based prevenient HO
scheme to improve robustness. We integrated the operations of
the LTE-A DC technique into the proposed scheme. Further,
we presented the designs in detail for the feasibility and com-
putability with the current 4G LTE-A system. There are two
key concepts. First, HOFs are caused by the poor reception of
RRC HO signalling; hence, the RRC HO signalling duplication
of the proposed scheme is effective during the HO procedure.
Moreover, after the micro-macro HO procedure of the proposed
scheme, the target macro eNB becomes the SeNB to a MR in
advance. As the bearers between the MR and the target macro
eNB are previously prepared, the master-secondary role switch
for the C-plane transition completes quickly. In summary, more
preparations for both radio access and C-plane transition reduce
the time of their execution. Furthermore, we developed the an-
alytical expressions for the successful HO trigger probabilities,
where the effect of an RLF on an HO procedure was considered,
for the proposed scheme and the LTE-A HO. The analytical
results were verified against simulation results. Through per-
formance evaluations of PHO, LTE-A, CU-split, and Dual-link
HOs, we summarized the causes, effects, and costs of the HOs,
which should be helpful to future HO research.
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