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Abstract: Sharing network infrastructure is carried out by a few network operators in the world
and is regarded as an effective means to accelerate the commercial 5G with seamless coverage and
user experience guarantees but significantly reduced investment. Voice via IMS has been defined
as the voice-bearing solution from 3rd-Generation Partnership Project (3GPP) Release 5. Release
15 pointed out that 5G still adopts the IMS-based voice service architecture. In such a background,
and in the process of global 5G network evolution from non-stand-alone (NSA) to stand-alone (SA),
how to bear 5G voice services in the sharing network infrastructure has quite a few technical options.
This paper investigates the 5G access network sharing technical solutions and presents the voice
bearer technology under different new radio (NR) evolution stages. Analysis was performed for the
different stages of voice handover. Performance results from field tests are provided to verify the
feasibility of the solution, and performance analysis such as end-to-end call setup delay was also
carried out. From the theoretical and practical analysis, the voice over long-term evolution (VoLTE)
non-back-to-home solution has a relatively short access delay in the NSA sharing stage; EPS fallback
based on either handover or redirection introduces a large time delay, so EPS fallback can only be
used as a transition solution in the early stage of SA sharing deployment; voice over new radio
(VoNR) has the lowest access time delay and the simplest implementation solution, so it is the final
voice solution for 5G SA sharing network. The comparison of different voice-bearing solutions in
different network development stages provides a reference for countries around the world.

Keywords: 5G NR; network sharing; voice solution; handover; NSA; SA; VoLTE; EPS fallback; VoNR

1. Introduction

With the continuous increase of data and devices in wireless networks, existing wire-
less networks face difficulty in increasing traffic load. Consequently, the next generation of
mobile cellular communication and networking has emerged [1].

At the same time, global operators face many challenges in 5G network development,
with insufficient coverage, difficult construction and high investment, and high operating
expenses. By now, the global population using mobile services has reached 5.3 billion,
accounting for 67% of the total global population. The number of 5G connections will
increase from 8% of the total number of connections in 2021 to 25% in 2025, and it is
expected that 5G connections will account for one-fourth of the total mobile connections
in 2025. However, some developing regions and countries around the world still do not
have mobile communication coverage. How to let more developing regions also enjoy
mobile communications and experience the convenient life brought by 5G is a problem
that the global communications industry needs to solve. In addition, operator revenue
will increase from USD 1.08 trillion in 2021 to USD 1.16 trillion in 2025, and operator
expenses are expected to reach USD 620 billion from 2022 to 2025, 85% of which will
be spent on 5G development [2]. In addition to the purchase of an expensive wireless
spectrum, 5G construction uses higher frequency bands, greater bandwidth, higher base
station construction densities, and higher power consumption and construction costs per
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station. How to reduce the cost of 5G network construction and operation is a common
and urgent problem for global operators.

5G wireless network sharing can effectively improve the utilization of spectrum
resources, rapidly form advanced mobile networks, accelerate infrastructure networks,
and promote the development of the digital economy [3]. Wireless network sharing has
a long history, and since the 3G era, some European operators proposed demands for
mobile communication network sharing. Network sharing among global operators has
been occurring, and various forms of sharing have emerged [4-6]. The 3rd-Generation
Partnership Project (3GPP) first developed the 3G network sharing standard in Release 6 [7].
TS 23.251 defines the Multi-Operator Core Network (MOCN) network-sharing architecture,
including basic functions such as system information broadcast and network selection
as well as basic requirements for UE, base station, core network, and other devices to
support network sharing [7], Ref. [8] and others define interface protocols to support
related network sharing requirements. 3GPP successively clarified the 4G and 2G network-
sharing specifications in Release 8 and Release 10. Release 15 started to support 5G MOCN
radio access network sharing and standardized radio access network sharing in terms
of network architecture, air interface, NG interface, and XN interface protocols. Ref. [9]
defines the MOCN sharing architecture under 5G stand-alone (SA) networking. With the
new demand for network sharing, 3GPP standards continue to evolve, and new radio
(NR) networks can evolve from non-stand-alone (NSA) networks to SA networks. The
system model figure and specific solutions for 5G access network sharing are described
in Section 3.

The IP multimedia subsystem (IMS) is an all-IP system designed to assist mobile oper-
ators to deliver next-generation interactive and interoperable services over an architecture
providing the flexibility of the Internet [10]. Voice is a real-time service with tight delay
requirements; thus, it requires a robust underlying radio network to ensure an optimal user
experience [11]. 3GPP has adopted GSMA IR.92 IMS profile for voice and SMS [12] and
GSMA IR.94 IMS profile for conversational video [13] to provide high-quality IMS-based
voice services over NR radio access. 3GPP Releasel5 has provided voice services for 5G
users based on IMS. IMS-based voice over new radio (VoNR), as the target voice solution
for operators, can fully utilize the advantages of high spectrum utilization, fade resistance,
high bandwidth, and high capacity of 5G wireless technology. It provides users with shorter
voice access latency and an ultra-high definition communication experience [14]. VONR is
the target voice solution for 5G networks [15].

However, in the early stage of network construction, constrained by the low penetra-
tion of 5G UE, insufficient network coverage, and the long-term coexistence of 4G and 5G,
the premature scale deployment of VoNR will bring frequent 4/5G handover. Handover
is the basis for service continuity in mobile networks, supporting the movement of UE
between different base stations or access points (AP) provided with multiple access tech-
nologies [16]. The frequent handover will increase delay and affect user experience. In the
last decade, many investigations on handover cases have also been conducted. According
to the studies, refs. [17-19] focus on handover efficiency. Ref. [20] focuses on handover tools
and architectures. However, there is no research analyzed so far for the voice handover
performance of 5G network-sharing architecture under different evolutionary stages.

Frequent handover increases time delay and introduces user security issues that affect
the user experience. The related state-of-the-art communication and data-sharing security
studies are analyzed in [21-23]. This paper focuses on the time delay caused by handover.
In different stages of 5G evolution, with different network structures and deployment
scales, how to develop 5G voice solutions that meet the network deployment route and
improve call quality is one of the important issues that urgently need to be solved.

In the 5G NSA deployment phase, long-term evolution (LTE) and NR are used in
dual-connection mode. 5G NR is added to the existing 4G network as a capacity extension.
Following the 4G EPC, the 4G network remains the primary control network. 5G NR
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supports only best-effort data transmission. Voice is guaranteed service continuity via
voice over long-term evolution (VOLTE). The performance of VoLTE was studied in [24].

When evolving to 5G SA network sharing initially without VoNR feature, voice
services can be a fallback to 4G LTE network with the help of EPS fallback as a temporary
transition solution. Similar to CS fallback in the 4G era, under EPS fallback, the 5G NR
network does not provide voice services [25]. The handover/redirection is initiated by the
5G base station (gNodeB) to the 4G core network (EPC), and the UE falls back to the 4G
network, where the delay will be increased.

As 5G SA networks mature, voice services can be carried by 5G with VoNR. All
services are carried through the 5G network, but the voice needs to be controlled by IMS.
Under VoNR, the UE resides in the 5G network, and both voice and data are carried in
5G. In poor-coverage areas of 5G signal, 4/5G handover-based interoperability can be
achieved, and the LTE networks provide voice services. Similar to the single radio voice
call continuity (SRVCC) of 4G, the VoNR also supports smooth handover between VoNR
and VoLTE through the Inter-RAT handover mechanism [26].

The remainder of the paper is organized as follows. Section 2 introduces the motivation
and contribution. Section 3 investigates the technical details of the 5G access network-
sharing solution. In Section 4, the call setup flow of VOLTE under NSA sharing, EPS fallback,
and VoNR under SA sharing are investigated. Section 5 provides the experimental results
and analysis of VOLTE, EPS fallback, and VoNR. Section 6 summarizes the conclusion.

2. Motivation and Contribution

The focus of this study is the call setup delay and handover delay for VoLTE, EPS
fallback, and VoNR performance in the 5G sharing network.

Global operators face many challenges in 5G network development, with insufficient
coverage, difficult construction and high investment, and high operating expenses. Most
operators worldwide are in the 5G NSA deployment phase right now [27]. This study first
proposes a sharing architecture for 5G access networks in response to the real problem of
slow progress in 5G construction faced by global operators.

Regardless of which network configuration solutions, voice service demand is a key
aspect of 5G network construction [28]. Providing stable and high-quality voice services to
users is an important part of the 5G experience. The performance of VoLTE, EPS fallback,
and VoNR is the key issue to ensure a better voice experience in NR networks. The relevant
parameters are given in [29,30]. However, the existing voice solutions research is only up
to 4G networks, e.g., [11]. 5G network-sharing studies are only limited to the architectural
level, e.g., [31]. There is no research yet on voice solutions for the full network evolution
phase from NSA to SA for 5G sharing networks.

The contribution in this paper is in three-fold. Firstly, we present voice solutions for
different 5G sharing network evolution stages, including VoLTE in the NSA stage, EPS
fallback in SA early stage, and VoNR in SA mature stage. Secondly, the theoretical analysis
of each involved solution is presented, giving the main concepts and their potential results
for deployment in current 5G sharing networks. We compare and analyze the call setup
time delay of three voice solutions. The handover process involved is highlighted. The call
flow and relevant call setup KPIs are established and analyzed in detail for the redirection
and handover strategies. Thirdly, this study performs practical verification and analysis
by building test environments based on mainstream equipment vendors in the first actual
commercial 5G sharing networks. The best practices and optimization techniques for
VoLTE, EPS fallback, and VoNR are provided based on live network performance and
the targeted end-user experience. This is also the first study of sharing voice solutions in
different evolutionary stages of 5G in the world, analyzing and verifying from theoretical
and experimental perspectives.
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3. 5G Access Network Sharing

5G access network sharing can be divided into two schemes: multi-operator radio
access network (MORAN) and MOCN. MORAN configures an independent carrier for
each sharing operator, which broadcasts its respective network public land mobile network
(PLMN) ID on the respective carrier. Each carrier is independently configured and managed.
The gNodeB on the wireless side uses logically separate cells for users of operators. Users
of each operator access their respective independent cells by identifying their respective
PLMN. gNodeB connects users to their respective core networks based on their respective
carriers, as shown in Figure 1B. In studies of recent years, [31] focuses on the architecture
of 5G access network sharing; ref. [32] focuses on data automatic configuration in 5G
sharing networks; and ref. [33] focuses on networking and multi-service bearer based on

5G sharing networks.
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Figure 1. Access network sharing architecture.

The MOCN configures one or more carriers to achieve frequency-resource sharing.
MOCN realizes cell-level sharing with the same cell-level parameters. Multiple PLMNs
are broadcast simultaneously within one cell. The base station connects the users to their
respective core networks according to the PLMN information, as shown in Figure 1C.

In the NSA sharing scheme, EPC and the 5G core network (5GC) are built separately.
The two core networks are connected to the 5G NR stations and anchor 4G stations (eN-
odeB). Both gNodeB and anchor eNodeB need to be shared, as shown in Figure 1A. Anchor
points are configured independently using dual carriers. The user equipment (UE) should
adopt the LTE-NR dual-connection and dual-registration strategy. Control plane anchoring
and voice service bearing are dependent on 4G. The user plan bears on 4G or/and 5G. The
enabled X2 interface between eNodeB and gNodeB is used for achieving user separation
and interoperability.

NSA access network sharing can evolve to SA sharing. The SA access network-sharing
architecture is shown in Figure 1B,C. Only gNodeBs are required to connect to the 5GC
of the sharer. The core network does not need to be modified. gNodeBs are enabled
for base station sharing, and eNodeBs of each party are configured as neighbors. 5G
network construction is decoupled from 4G. There is no need for various complex anchor
collaboration schemes; thus, 4 and 5G do not affect the experience of each other.

4. Voice Services Based on 5G Sharing

5G voice continues the VoLTE feature IP-based solution. However, considering the
complexity and authentication security issues of interoperability with other network stan-
dards, 3GPP defines 5G to only interoperate with 4G and no longer interact with 2G/3G.
IMS is the foundation for 5G users to use voice communication services.

On the other hand, as mentioned above, compared to the 4G network scenario, 3GPP
Release 15 defines two deployment options for 5G NR, SA, and NSA modes. Accordingly,
the voice solution also needs to be selected based on the existing network architecture, and
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a suitable voice network construction plan needs to be developed based on the network
scenario and network construction rhythm. Therefore, the paper gives an achievable
evolutionary path, as shown in Figure 2.

EPC NSA Option3
VoLTE

Figure 2. 5G voice service evolution.

At the beginning of 5G, the voice and data networks are separated. Voice is provided
through EPC + LTE with VoLTE. With the adoption of 5GC, voice services continue to be
provided through EPC + LTE, with EPS fallback as the voice solution. Finally, after the 5G
network is deeply optimized, the VoNR feature is gradually implemented.

Handover is involved regardless of the voice solutions. The process of handover based
on service type is shown in Figure 3.

oice priority bearing
equency points exis
N

Switch to priority
carrying frequency
point

> Business carrying [

N

Figure 3. Based on service type handover process.

In the process of handover, there will be a handover delay, which is the delay of the
radio resource control (RRC) process plus the interrupt delay. The equation is:

DHandover = TrRrC + Tinterrupt 1)

The Trrc is the RRC process delay, defined in Section 12 of TS 38.331 [8], while the
interrupt delay Tinterrupt is calculated as follows:

Tinterrupt = Tsearcn + Tru + Tprocessing +Ta+ Tmargin (2)

Tsearch is the time required to search the target cell when the target cell is not already
known when the handover command is received by the UE. If the target cell is known,
then Tyeqrcn = 0 ms. If the target cell is an unknown intra-frequency cell, and the target
cell Es/Iot > —2 dB, then Ty, = Trs ms. If the target cell is an unknown inter-frequency
cell, and the target cell Es/Iot > —2 dB, then Ty, = 3 * Trs ms. Regardless of whether
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DRX is in use by the UE, T, shall still be based on non-DRX target cell search times.
Tpy is the interruption uncertainty in acquiring the first available physical random access
channel (PRACH) occasion in the new cell. Ty can be up to the summation of static
shared beam (SSB) to PRACH-occasion association period and 10 ms. SSB to PRACH
occasion-associated period is defined in Table 8.1-1 of TS 38.213 [34]. T)ypcessing is time for
UE processing. Tpyocessing can be up to 20 ms. Ty is time for fine time tracking and acquiring
full timing information of the target cell. Ty = Trs. Tj;4gin is time for SSB post-processing.
Targin can be up to 2 ms. Trs is the SSB measurement timing configuration (SMTC)
periodicity of the target NR cell if the UE has been provided with an SMTC configuration
for the target cell in the handover command; otherwise, Trs is the SMTC configured in the
measObjectNR having the same SSB frequency and subcarrier spacing. If the UE is not
provided SMTC configuration or measurement object on this frequency, the requirement in
this clause is applied with Trs = 5 ms, assuming the SSB transmission periodicity is 5 ms.
There is no requirement if the SSB transmission periodicity is not 5 ms. In the interrupt
requirement, a cell is known if it meets the relevant cell identification requirements within
the last 5 s; otherwise, it is unknown [35].

4.1. NSA Sharing VoLTE Process

In NSA networking architecture, voice service is provided by VoLTE, bearing in LTE.
NR is not involved in voice service. Voice continuity interoperability between 5G and 4G
is not considered. At this time, UE needs to enable the VOLTE feature and support dual
connection, supporting data transmission and reception on 5G and 4G radio access at the
same time. The advantage of this solution is its minimal impact on the 4G core network.
The disadvantage is that, if switching to 2G/3G with SRVCC, the NR link will be removed,
and data service rates will deteriorate rapidly.

This paper proposes two implementation solutions of VOLTE bearer for NSA users.

The first type is VOLTE bearing in the 4G shared anchor cell of the contractor. Users
can reside in anchor points for VOLTE service. In this way, VOoLTE directly initiates on the
current resident operator. It only needs to configure the sharer VOLTE to be carried on the
4G carrier according to the business priority policy. This solution has less access delay.

The second type is that VOLTE is carried on the home 4G cell, and when VoLTE service
is established, a service-based handover to the respective home 4G network is established.
The focus of this solution is how the 5G UE can realize the VOLTE service bearing on the
home 4G network. This solution requires the shared anchor eNodeB of the contractor to
support the PLMN-based configuration of the neighbor list and frequency priority setting
based on PLMN. The VoLTE must be configured based on the service priority policy to
be carried on the specific 4G carrier first. In the shared area, the 5G UE resides on the 4G
anchor point of the contractor. When the 4G anchor point of the contractor receives the
request for VOLTE initiated by the 5G UE, i.e., setup request of quality of service (QoS)
class identifier (QCI) 1, the 4G anchor point of the contractor triggers the service-based
inter-frequency handover so that the 5G UE returns to the specified 4G for VoLTE service.
In this way, each shared operator has an LTE carrier specifically bearing the VOLTE feature.
However, the sharing VOLTE user makes an additional inter-frequency handover at the
initiation service stage, which increases the VOLTE access delay. The handover flow is
shown in Figure 4.
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Figure 4. Service-based inter-frequency handover process for voice over LTE (VoLTE).

As can be seen in Figure 4, in the handover process, the sharer EPC first initiates an
evolved radio access bearer (E-RAB) setting a request message to the contractor anchor
eNodeB. The contractor anchor eNodeB initiates an RRC connection configuration instruc-
tion to the sharer UE based on the service handover measurement. After receiving the
configuration completion feedback, the contractor anchor eNodeB sends an E-RAB setting
response to the sharer EPC to complete the E-RAB setting process. After receiving the mea-
surement report of the sharer UE, the contractor anchor eNodeB sends a handover request
to the sharer EPC. Interaction is performed between the sharer EPC and the sharer eNodeB
to complete the handover request confirmation. The sharer EPC sends a handover com-
mand to the contractor anchor eNodeB. Afterward, the SgNodeB release can be performed
between the anchor eNodeB and gNodeB of the contractor, and this step is optional in voice
service. After the contractor anchor eNodeB sends the RRC connection configuration to the
sharer UE, the UE feeds back a completion indication of the RRC connection configuration
to the sharer eNodeB. Finally, the sharer eNodeB sends a handover notification to the sharer
EPC to complete the handover process.

The symbols used to evaluate the communication costs are listed in Table 1. For each
handover protocol, all the communication costs of the handover phases are summed to
represent the communication cost for that protocol. These symbols are used to represent
the cost of communication between different entities.
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Table 1. Notation Description.

Symbol Description
fc Time delay between sharer UE and contractor eNodeB
s Time delay between sharer UE and sharer eNodeB
Uc Time delay between contractor eNodeB and sharer EPC
Us Time delay between sharer eNodeB and sharer EPC
TTau TAU process delay
TNoLTE Delay in setup VoLTE service

) Time delay between UE and gNodeB

€ Time delay between UE and 5GC

1 Time delay between UE and eNodeB

v Time delay between gNodeB and 5GC

0 Time delay between 5GC and EPC

u Time delay between EPC and eNodeB

For the communication cost shown in Figure 4, in addition to the regular VOLTE delay,
such as the sharer NSA UE anchor access delay and the source-side UE release context
delay, the additional handover adds four times of communication between the sharer UE
and the contractor eNodeB, one time of communication between the sharer UE and eNodeB,
four times of communication between the contractor eNodeB and the sharer EPC, and
three times of communication between the sharer eNodeB and the sharer EPC. In addition,
SgNodeB is released as a non-essential process. The whole communication cost can be
written as:

TvoLTE= taccess TtsSUCR +tsgNB Release T4(7C + pc) + 115 + 3ps 3)

taccess s the sharer NSA UE anchor access delay; tssycr is the source-side UE release
context delay; tsgNB Release 1S the SgNodeB release delay, including two times of communi-
cation between the contractor anchor eNodeB and the contractor gNodeB if it is configured
to require release.

4.2. SA Sharing EPS Fallback Process

At the early stage of SA sharing network deployment, VoNR is not mature, and EPS
fallback is needed as a temporary transition solution to fallback the voice service to the LTE
network, as shown in Figure 5. gNodeB needs to enable the base station sharing function
and configure both eNodeBs as neighbors [36].

UE resides on the NR network.
Voice service establishment detected. (1)) [P > 5 GC
EPSFBto LTE D
R

~~~~~ EPC

Figure 5. EPS Fallback.

EPS fallback can be implemented based on either handover or redirection. The process
is shown in Figure 6.
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4.2.1. EPS Fallback Based on Handover

As can be seen in Figure 6A, the UE sends a SIP INVITE message to the 5GC requesting
the voice session setup after the 5G entry registration process. After the gNodeB receives
the PDU SESSION RESOURCE MODIFY REQUEST message, it directs the gNodeB to
establish a voice-dedicated bearer for 5QI1. Afterward, the gNodeB sends the inter-system
B1 event measurement and receives the measurement report. gNodeB replies to the 5GC
rejecting the setup of PDU Session 5QI1 and directs ims-voice-eps-fallback-or-fallback-
triggered. gNodeB determines based on the handover parameter configuration and UE
capability. The EPC establishes a handover request to the eNodeB and, after receiving the
response, sends a successful handover request response message from the eNodeB to the
5GC. 5GC establishes a handover command to the gNodeB. gNodeB sends a handover
command to the UE. Finally, the handover-based EPS fallback is completed. The terminal
access unit (TAU) process and the process of setup VoLTE will be specifically analyzed in
the subsequent sections on the call setup delay.

The communication cost of handover-based EPS fallback is shown in Equation (4).

Tepse—to = Trau + TvorTE+156 + € + 4+77+2(0 + p) 4)

As can be seen in Figure 6A, there are fifteen times of communication between UE
and gNodeB, seven times of communication between gNodeB and 5GC; two times of
communication between 5GC and EPC, and between EPC and eNodeB, the communication
between the remaining entities is only one time.

4.2.2. EPS Fallback Based on Redirection

As can be seen in Figure 6B, after the 5G registration process, the pre-process is the
same as the handover-based EPS fallback. After the gNodeB responds to the 5GC that the
UE context setup is done, it will send a blind A2 event measurement control to the UE.
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Then, the UE responds that the RRC connection reconfiguration is completed. For the blind
A2 event, gNodeB sends RRC release with target frequency and other information to UE,
which performs random access to the target LTE cell based on the target frequency and
other information. UE receives the random access response from the target LTE cell. At this
point, the redirection-based EPS fallback process is completed.

Equation (5) is the calculation method of voice access delay under redirection.

TEpsFB-—redirection = Tredirection judgment+135+277+3')/ ®)

Tredirection judgment 1S the redirection judgment delay. There are thirteen communications
between UE and gNodeB, two communications between UE and eNodeB, andthree times
of communications between gNodeB and 5GC. The meanings of the remaining parameters
in Equation (5) are the same as those investigated in Table 1.

Subsequently, EPS Fallback voice service is taken over by VoLTE; 5G only conducts
data service and only conducts interoperability with 4G to ensure voice service continuity.
It should be noted that EPS fallback allows 5G UE to reside in 5G NR but does not provide
voice service. Due to the delay in the fallback process, the call setup time increases.

4.3. SA Sharing VoNR Process

VoNR refers to voice services carried end-to-end by NR, 5GC, and IMS [37,38]. When
the VoNR feature is mature, only the gNodeB is shared. NR accesses 5GC to provide the
voice service through VoNR. VoNR services are bearing in the 5G network, which can
realize the unification of data and voice services in the same network. Compared with EPS
fallback, the advantages of VONR are apparent: firstly, there is no need to fall back, so the
call setup delay is shorter; secondly, it supports 5G voice and data services concurrently, as
shown in Figure 7.

Yoice | \p EPC
Data

IRAT-HO

Yoice | \B 5GC IMS
Data g

Figure 7. Voice over NR (VoNR) architecture under stand-alone (SA) networking.

The VoNR handover process involves interoperation between 5G and 4G. 5GC and
EPC complete the handover and contextual information interoperation through the N26
interface during the handover process to ensure the continuity of the session. The flow of
VoNR is shown in Figure 8.

UE gNB IMS

SIP: Invite
100 Trying
183 Session Progress
QCI1 Setup Reconfiguration|
QCII Setup Reconfiguration Complete

SIP: 180 Ringing

A A

Figure 8. VONR call setup process.

In the past network era, networks in high-frequency bands have had a coverage
discontinuity problem [25], especially in mobile scenarios, where most users have a short
residency time in the band, and 5G is no exception. Due to the discontinuous network
coverage caused by the high-frequency band of 5G, by the edge of 5G, VoNR will switch
to the respective 4G via N26 when it is unable to provide voice services, similar to the
SRVCC scheme in the 4G era [39]. The residency time in this region can be modeled by
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a hyper-exponentially distributed random variable. As shown in Equation (6), 7, is the
average rate, and ay, is the mobility variability parameter.

1
Fsg(s) = + « 6
5G(s) Ay + 1oty + s aw—i-liqw—i—s (6)

The VoNR solution also supports smooth handover between VoNR and VoLTE through
the Inter-RAT handover mechanism [38]. Its handover flow is shown in Figure 9.

[ve | [ ew | [ sac | [ e | [ EC |
RRC MEAS RPRT HO REQUIRED

Relocation request

Handover request
Handover request AQ

Relocation response

RRC Conn Reconfig ¢ HO CMD

Radom Access
RRC CONN RECFG CMP

HO NOTIFY
UE CONTEXT Relocation Complete Notification

P RELEASE CMD
UE CONTEXT
RELEASE CMP

Relocation Cpmplete ACK

Figure 9. Handover process from VoNR to VoLTE.

The whole handover process can be divided into six steps: firstly, the UE needs to
send the measurement report to the gNodeB; secondly, the gNodeB executes the handover
judgment and then initiates the handover request to the 5GC; thirdly, the target eNodeB
prepares for the handover and then sends the handover indication; fourthly, the UE initiates
random access at the target eNodeB; fifthly, the UE switches to the target cell; finally, the
source gNodeB is notified of the handover completion, and the UE context is released.

Equation (7) is the calculation method of handover delay from VoNR to VoLTE.

TVONR7V0LTE7HO = TRadomAccesss +26 + 77+4'Y+49+3ﬂ (7)

TRadom Accesss 1 the time delay of the UE to initiate random access in eNodeB. The rest
of the parameters are investigated in the same way as in Table 1.

As can be seen in Figure 9, there are two times of communication between UE and gN-
odeB; one time of communication between UE and eNodeB; four times of communication
between gNodeB and 5GC; four times of communication between 5GC and EPC; and three
times of communication between EPC and eNodeB.

Based on theoretical analysis, the access delay of VoLTE’s non-back-to-home solution
is shorter than the back-to-home solution in the NSA sharing phase, about 2.0 s, which is
more recommended. The setup delay of EPS fallback based on handover or redirection is
about 3.0~4.0 s in SA-SA calls, which increases compared with VOLTE setup delay. Because
of the large time delay introduced, EPS fallback can only be used as a transition solution
in the early SA sharing deployment. The theoretical VoNR setup delay is about 1.5~2.0 s,
which is the lowest and the ideal solution.

5. Performance Analysis
5.1. Testing Environment

The data were processed from field measurements with a large sample size (i.e.,
50 VoLTE/EPS-fallback/VoNR calls for each scenario). The performance testing was
conducted in the same-area LTE/NR commercial networks. The test area has residential
buildings, industrial parks, small commercial streets, and schools, which is a typical general
urban test scenario. The network architecture is shown in Figure 1. Network uplink and
downlink configuration: 30% loading.
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In the NSA sharing VoLTE feature test, two carriers were configured at operator
A as anchor point carriers for operator A and operator B, respectively, broadcasting their
respective PLMNSs, which were used independently by operator A and operator B. The
shared area was configured by the contractor, and the shared NR base station was closed.

We next verified whether users of different operators could fall back to their respective
4G networks when EPS fallback was adopted as a handover/redirection strategy. In this
case, the 5G cells were configured as sharing carriers, and the 4G cells of operators A and B
were set up with each other in a neighboring relationship. The 4G cell was configured to
cover the same area as the 5G SA cell.

In the VoNR test, the NR cell supported the VoNR feature, and the LTE cell sup-
ported the VOLTE feature. NR cells and LTE cells were working properly and configured
with neighbors.

The carrier configuration is shown in Table 2.

Table 2. Carrier Configuration.

Carrier Band Band PLMN Central Frequency Point Type
21 GHz Anchor 20M Bl 46,011 2120 MHz Operator-A-Dedicated Anchor
10M B1 46,001 2160 MHz Operator-B-Dedicated Anchor
Operator A 1.8 GHz 15M B3 46,011 1867.5 MHz Operator A 4G
Operator B 1.8 GHz 20M B3 46,001 1850 MHz Operator B 4G
Operator A 3.5 GHz 100 M N78 46,011; 46,001 3450 MHz 5G Sharing Carrier

During the test, for the SIM cards of both sides, data services were contracted by the
default bearer QCI9 and kept the priority of SIM cards in each test area consistent. QCI1
was used by both the contractor and the sharer of the voice-dedicated load.

The results were derived from the UE side through post-processing scripts of the
collected logs.

5.2. NSA Sharing VoLTE Performance Analysis

We conducted access tests for different types of UEs under the two solutions in
Section 4.1 separately. The test results are as follows.

e  VOLTE Bearing in The Respective Home 4G Cell

In the sharer 5G UE—sharer 5G UE call scenario, sharer 5G UE resided on the sharer
anchor frequency point 575, PCI 103, and initiated VoLTE request. After establishing bearer
with QCI of 1, triggers switched to the VoLTE-dedicated frequency point 1506. VOLTE was
successfully established, as shown in Figure 10.

16:02:24.938 ¥ IMS_SIP_INVITE 183
-1 16:02:24.938 ¥ IMS_SIP_PRACK

16:02:25.259 16:02:24.938 ¥ L->Measurement Report

16:02:25.140 16:02:25.140 ¢ L->RRCConnectionReconfiguration
Event: | LTE HO Request PC Time Event Q & § ¥ L | Details

16:02:23.928 Outgoing Call Attempt Voice Type:\
16:02:24.130 Active Dedica EPS Re

Active Dedicated EPS Su

Signaling: | L->RRCConnectionReconfiguration

Details: [Js8indHandover: True

EARFCN: 575->1506
PCl: 103->105

16:02 Event A4 ReportCells:

16:02:25.140 MRDC Handover Request  Type: Diff LT
16:02:25.140 LTE HO Request Inter LTE 57
16:02:25.140 MRDC Handover Success HO Delay: 34

QLR e
RA-PreambleIndex: 62|

160227909 Ouigoing Cat Estatished

Tise  EARFON PCI MOD3  RSR(cBm) RSRQ(dB) SINR(GB) RSSXcBm) ECH TAC Ostlca(m) Col
pcen 1506 s 2 82.00 225 38 a6z e o

Figure 10. Sharer VoLTE setup.
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In the contractor 5G UE—contractor 5G UE call scenario, like the sharer 5G UE-sharer
5G UE call scenario, the contractor UE switched from anchor frequency 100 to VoLTE-
dedicated frequency 1825.

e  VOLTE Bearing in The Contractor 4G Shared Anchor Cell

In the sharer 5G UE-sharer 5G UE call scenario, the sharer 5G UE resided on anchor
frequency 575 to initiate VOLTE and established the QCI1 bearer. VOLTE setup to release
was completed at anchor frequency 575, as shown in Figure 11.

Param Value Param Value Param Value Param  DL(Mbps) UL(Mbps) || PC Time Message QLFTE®
| e o APP 11:54:47.128 & L->Paging

Network Type  LTE SS-RSRP Duplex Mode FoD [RRSTHE P  | 145448427 & L>Paging

Band SS-SINR cell ID 1009889 || PDCP 11:54:48.536 ¢ L->Measurement Report

PoINtA ARFCN CSI-RSRP Band 1 RLC 11:5451.154 ¢ IMS_SIP_INVITE-Request

11:54:51.263 & IMS_SIP_INVITE-=Trying 100

SSB ARFCN CSLSINR EARFCN DL 575 MAC
- Ao car - 109 =7 11:64551372 & L->RRCConnectionReconfiguration
558 650N SRACH Txpower AT 5 e The 11:64551372 @ L->RRCConnectionReconfigurationCor
11:6451372 & L->ActivateDedicatedEPSBearerConte
Bandwidth(MHz) PUCCH TxPower RSRP(dBm) @62 roce  0.000 0.000 116451972 ¢ Lo ActivatsDedicalsdEPSBeareiConte
Bandwidth(RE) PUSCH TxPower SINR(d8) EEEE rc o0 0000 116451372 § LUL Information Transfer
SC Spacing PHR RSSI(dBm) ESE i 0000 0.009 11:64:62.141  L->DL Information Transfer
Serv SSB Index Most Modul DL/s MCS Ava DL 2 PHY 0.000 0.010 11:6452.141 & L->ModifyEPSBearerContextRequest
558 Beam Num Most Modul ULfs MCS Avg UL 2 11:6452.141  L->MogifyEPSBearerContextAccept
558 Periodicity PRB Num DL/Slot PDSCH BLER(%) 11:6452.141  L>UL Information Transfer
Slot Config(DLYUL) PRB Num UL/Slot PUSCH BLER(%) 0 11:54:52.141 & IMS_SIP_INVITE 183
Rank Indicator DL MCS Avg DL PDSCH RB Count/s 96 11:6452.141 & INS SIP PRACK
Rank Indicator UL MCS Avg UL PUSCH RB Count/s 16 pcTime  |Event Q & § T L (©) Details
Grant Count DL/s PDSCH BLER(%) Grant Count DL/s 0
Grant Count UL/s PUSCH BLER(%) Grant Count UL/s 0 < > || 11:54:51372 Active Dedicated EPS Re
115451372 Active Dedicated EPS Su
Type NARFCH PCL MOD3/6 SSB-Idx. Srv.Beam SSRSRP(dBm) SSRSRQ(dE) SSSINR(EB) NIDL/2 Dt(m)  Cell \.'oicabas oiiocing cal Seun Delay-2101(
11:54:56.631 Outgoing Call Established
11:56:10.039 Outgoing Call End Delay:6(ms)
11:57:24.046 Outgoing Call Altempt Voice Type:)

1155724165 Active Dedicated EPS Re

11:57:24.165 Active Dedicated EPS Su

Type EARFCN PCI  MOD3 RSRP(dBm) RSRQ(dB) SINR(dB) RSSI(dBm) ECI TAC istance(m) Cell N3| 11:67:27.990 Outgoing Call Setup Delay: 3967(

pcell 575 103 1 7463 463 1625 5512 25852937 4124 11:57:30.290 Qutgaing Call Established i
o o 2 s ars ar 11:58:37.201 Qutgoing Call End Delay: 6(ms)

12:00:19.478 EventB1 Handover Ty

Figure 11. Sharer 5G VoLTE setup.

In the contractor—contractor 5G UE call scenario, from service setup to release, it was
also always done at the anchor 100 frequency point.

It can be seen that the actual process is consistent with Section 4.1. This shows that
both solutions are technically achievable. VOLTE bearing in the contractor 4G shared anchor
cell solution has the advantage of eliminating the time delay caused by handover.

Since there is one more handover process in the VOLTE setup process in the return to
the home frequency point scheme, we conducted experiments on this. We compared the
average call setup delay of the sharer NSA UE returning the specified frequency point and
not returning the specified frequency point, and the results are shown in Figure 12.

) - = T 4.2
I None-back-to- home
L [ 1Back-to-home i
3000 —&— Average MOS 28102843 2852 2850 Ja418
@
% 2500 - i
© 2230 2226 2010 2245 2240 {4.16
3 216225 21592 = 2176, -
O
g 2000 |- | Q
E 1414 %
T 1500 - 4 s
[ <C
& —4.12
1000 - i
4
500 |- =4
0 ‘ ‘ ‘ ‘ . 4.08
C5G-C5G S5G-S5G C5G-C4G S5G-S4G C4G-S4G C4G-C4G

Scenario

Figure 12. NSA sharing VOLTE test results.

In Figure 12, C5G/C4G means contractor 5G/4G, and S5G/S4G means shared 5G/4G.
It can be seen that various combinations of VoLTE call setup delay are within 2.9 s. The
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delay of the back-to-home solution 5G-5G call as sharer is around 2228 ms, and the delay of
the non-back-to-home solution is around 2161 ms regardless of operator A or B. The overall
VOLTE setup delay of back to home is about 68 ms longer than not returning. Figure 13
shows that the single-end handover brings 35 ms, and both NSA UEs need 70 ms for
handover, which is the same as the actual delay difference.

19:24:42.384  19:24:41.207 NR Cell Add Request Add PCl 235 SSE_ARFCN: 6299562 Band:78

19:24:42.425 19:24:41.207 NR Cell Add Success

192443501 19:24.42.318 Ouigoing Call Setup Delay: 2128(ms)

19:24:43823 192442621 EventAd ReportCells: 1825, 262 Handover Type: Inter Fr
1| 19:24:43901 192442723 MRDC Handover Request  Type: Diff_LTE_Same_NR EARFCN: 100--=182!

19:24:43901 19:24:42723 LTE HO Request Inter LTE 100, 179 -~ 1825, 262

19:24:43.935 19:24:42 723 MRDC Handover Success  HO Delay: 35(ms)

3 19:24:42.723 LTE HO Success HO Delay: 36ms
19:24:43952 19:24:42.824 NR Cell PRACH Request
1924143970 192442824 NR Cell PRACH Success Include Msg: Msg1, Msg2, Msg3

Figure 13. Sharer 5G access inter-frequency handover.

The VoLTE call setup delay for 5G NSA UE to 4G LTE UE is around 2.2 s. The VoLTE
call setup delay for 4G LTE UE to 4G LTE UE is around 2.8 s. 5G to 4G delay is better than
4G to 4G, as the wireless side does not bring too much delay due to the different wireless
node networking.

The VoLTE call setup delay of the contractor 5G NSA UE to the contractor 4G LTE UE
back-to-home solution is better than that of the non-back-to-home solution, with an average
difference of 35 ms. This is because the 5G NSA UE of the contractor in the back-to-home
network scenario needs to experience one additional handover.

Similarly, for the VOLTE call setup delay of 5G NSA UE on the sharer to 4G LTE UE on
the sharer, the average value of the two solutions differs by 64 ms, which is because 4/5G
UE in the back-to-home network solution needs to experience two additional handovers
(both UEs need to handover to the dedicated frequency). When the contractor 4G LTE UE
calls the sharer 4G LTE UE, the difference in delay between the two solutions is 33 ms,
which is due to one additional handover of the sharer 4G LTE UE. The 4G LTE UE to the
4G LTE UE, both from the contractor, has almost no difference in delay, as no handover is
required for either solution.

The setup delay of sharer networks is, overall, about 4 ms shorter than the contractor,
which is mainly suspected to be caused by the geographical proximity of the core network
and thus can be ignored. The mean opinion score (MOS) of VoLTE service under each UE
is normal, and the average value of NSA UE MOS is about 4.10; the average 4G MOS is
about 4.17.

The following conclusion can be drawn: in the 5G NSA sharing stage, VOoLTE is not
much improved compared with 4G, all around 2.2~2.8 s. The contractor and the sharer
have the same delay, and sharing brings no additional difference in experience. The back-
to-home solution is slightly worse than the non-back-to-home solution in terms of delay,
which is brought about by the additional handover, with the handover delay of a single-end
UE being around 35 ms. In summary, in the 5G NSA sharing VoLTE service scenario, the
non-back-to-home solution can reduce the call setup delay. Therefore, from the time delay
perspective, it is recommended to use the non-back-to-home voice solution.

5.3. SA Sharing EPS Fallback Performance Analysis

We conducted EPS fallback call setup tests based on handover and redirection in
Section 4.2 separately. The test results are as follows.

e EPS fallback based on handover

UE]1 initiates a voice service request to UE2, which can be seen in the IRAT NR—LTE HO
request message ARFCN: 629952(5G) to 1850(4G), PCIL:122(5G) to 125(4G), after which
IRAT NR—LTE HO success and outgoing call are received. For the operator A user,
based on the handover back to the LTE network of operator A, voice service is established
successfully, and the call is normal. The UE supports the normal fallback of voice services
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based on different PLMNS to their respective 4G networks through PSHO. The signaling

flow is shown in Figure 14.
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Figure 14. EPS fallback test process based on the handover.

e EPS fallback based on redirection

10:58:08.404
10:57:57.210
IRAT NR->LTE HO Request

NR->MobiityF romNRCommand

| ARFON: 629952->1850

PCE: 122->125

UEL initiates a voice service request to UE2, which can be seen in the IRAT NR— L
redirection request message EUREA frequency: 1850 (carrier A 4G), after which IRAT
NR— L redirection success and outgoing call are received. In the established message,
it can be seen that the user of operator A can fall back to the LTE network of operator A
based on redirection under the 5G network of operator B. The voice service is established

successfully, and the call is normal. The signaling flow is shown in Figure 15.
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Figure 15. EPS fallback test process based on redirection.

Signaling] ->archeiease

girecton Success | Details: || FUTRA Frequency: 1850 |

Voice services are established on the SA sharing 5G network, and UE can fall back to

the 4G network by handover/redirection. Both options are achievable.

Due to the different handover and redirection processes, experiments were conducted

to compare the call setup delay, and the results are shown in Table 3.
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Table 3. EPS fallback call setup delay.

Average Call

Solution Setup Delay Handover Delay Redirection Delay ~ Success Rate
Handover 3082 ms 52 ms - 100%
Redirection 3911 ms - 885 ms 100%

The setup delay based on handover is 3082 ms and on redirection is 3911 ms. Handover-
based EPS fallback call setup delay is shorter than redirection: about 830 ms. The difference
in call setup delay between the two is mainly reflected in the delay difference between the
handover and redirection process. The delay of the handover process is 52 ms, and the
delay of the redirection process is 885 ms, as shown in Figure 16.

13:24:48.612 34 10:54:45.201
132 860 ¥ NI
13:24:18.860 1324:18860 & L->R

edenlad] IKRAY NR->L Redrect Success I
1324:18.860 * L->RRCConnectionReconfigul

MManc [ 10:54:31.187

IRAT NR->L HO Success 1324:18860 & L->RRCConnectonReconfigur; L TA Ace*®
13:24:1 ¥ L->RRCConnectionReconfigur; [[Pear: 85(ms)

L>RRCConnectionReconfigurationComplete || 152416860 # L->RRCConnectionReconfigu
324:18860 & L->MiB

Deay: 52(ms) | 132418860 & L->GIBTypet

1324:18860 ¥ L->Measurement Report
1324:18860 ¥ L->SIBs(Sib2)
1324:18.860 & L->SIBType1
13:24:18.860
13:24:18.860 € _L->
13:24:18.860

Figure 16. Delay of EPS fallback based on handover/redirection.

As can be seen in the Figure 6 comparison, there is an RRC release process for redi-
rection. The handover process is that the RRC is always in the connected state, and the
redirection is that when the RRC is in the connected state, it needs to be released first
and then reconnected on another frequency through the redirected frequency and initiates
random access again. This is also the main reason why the delay of the redirection process
is longer than that of the handover.

In contrast, the handover-based EPS fallback scheme can save the process of returning
to the idle state and then access, which can greatly shorten call setup delay and can improve
voice service experience in the early stage of 5G SA network construction.

The average call setup delay for the handover-based EPS fallback is longer than the
NSA delay investigated in Section 4.2: about 850 ms. The 4G network fallback is more
complicated than the handover process when setup voice service by VoLTE, thus increasing
the voice setup call duration. At the same time, data traffic will also be transmitted over
LTE, which will significantly reduce the data rate and affect the user experience.

This shows that EPS fallback can only play a transitional role in terms of voice conti-
nuity assurance in the early stages of 5G SA deployment based on 5GC. However, the high
setup delay and reducing data rate will affect the user experience to a certain extent.

5.4. SA Sharing VoNR Performance Analysis
5.4.1. Comparison of VoNR and EPS Fallback

The comparison test based on Section 4.2.1 handover-based EPS fallback and Sec-
tion 4.3 VoNR was carried out with the following results in Figure 17.
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Figure 17. VoNR and EPS Fallback test results.

The call setup delay of EPS Fallback-EPS Fallback call is about 1102 ms longer than
that of the VONR-VoNR call. The control plane delays are also generally longer compared
to the VONR-VONR call. As can be seen from the setup flow in Figure 8, the VoNR voice
setup process has no handover or redirection process compared to EPS fallback. After SIP
invite, it enters the process of QCI1 bearer information distribution, and upon completion,
it initiates SIP 180 ringing. Compared to EPS fallback, it eliminates TAU and other related
delays. Therefore, the VONR setup delay will be much shorter than that of EPS fallback.

At the same time, the MOS of VoNR is better than EPS fallback. Therefore, from the
perspective of time delay or user experience, VONR is the more recommended voice solution.

5.4.2. Handover from VoNR to VoLTE

Experiments were performed on Inter-RAT-based VoNR to VOLTE handover according
to Section 4.3 5G network coverage discontinuity scenario. The test results are shown
in Table 4.

Table 4. Average Delay for VONR to VoLTE Handover.

Call Success Rate

Call Setup Delay (Average) Control Plane Time Delay MOS (Average)

100%

1032 ms 19.36 ms 4.27

The average setup delay is 1032 ms, which is much shorter than the EPS fallback setup
delay. VoNR to VoLTE can achieve smooth handover. For the 5G-to-4G handover delay, the
control plane delays are better than EPS fallback.

According to Figures 6 and 8 and Equations (4), (5) and (7), it can be seen that during
the handover process from VoNR to VoLTE, there is less interoperation between the UE
and the gNodeB. In Equation (7), the coefficient of ¢ is 2, indicating that the UE has only
two communications with the gNodeB in the whole process. In the process of EPS fallback,
whether it is based on handover or redirection, it can be seen from Equations (4) and (5)
that the coefficient of 6 is over 10, indicating that the UE communicates with the gNodeB
over 10 times in the whole process. Therefore, theoretically, the handover delay from VoNR
to VOLTE should be shorter than the handover or redirection delay of EPS fallback. The test
results in this chapter also fully confirm the results of the theoretical analysis in Section 4.

Based on the field network verifications, the following conclusions can be drawn:
In the 5G NSA sharing VoLTE service scenario, the non-back-to-home voice solution is
consistent with the theoretical analysis and has a smaller call setup delay of about 2.2 s. The
handover-based EPS fallback has a shorter call setup delay of about 0.8 s compared with
the redirection, but since the fallback is more complex than the handover process in VoLTE,
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the call setup delay is 0.9 s higher than the VOoLTE solution. VoNR has the best network
setup delay of about 2.0 s according to field experiments. Therefore, voice service needs to
evolve to VoNR as soon as possible to bring a better network experience to users.

6. Conclusions

In this paper, all the results presented are based on commercially available NSA /SA
shared networks. Firstly, we investigated the basic architecture of 5G sharing. Subsequently,
an achievable theoretical solution of the voice service under different evolutionary stages
was conducted: VoLTE at the NSA sharing stage, EPS fallback at the early stage of SA
sharing, and VoNR at the SA sharing maturity stage. After theoretical analysis, the NSA
sharing VOLTE setup delay is about 2.0~3.0 s, the EPS fallback setup delay based on handover
or redirection is about 3.0~4.0 s, and SA sharing VoNR setup delay is about 1.5~2.0 s.

Realistic testing environments of this study were built based on widespread equipment
suppliers in the first live commercial 5G sharing networks. We thus conducted field tests
on each solution. The performance of VoLTE in both back-to-home and non-back-to-home
construction solution was verified in the NSA sharing VoLTE stage. Both are technically
achievable. It is found that the VoLTE at NSA is not much improved compared with
4G, all around 2.2~2.8 s, which is consistent with the theoretical analysis value. There is
almost no difference in delay between the contractor and the sharer, and sharing brings
no additional difference in experience. The back-to-home solution is slightly worse than
the non-back-to-home solution in terms of delay, which is brought about by the additional
handover, with the handover delay of a single-end UE being around 35 ms.

In EPS fallback test, it was first verified that EPS fallback can be achieved based on
either handover or redirection. Therefore, in the initial stage of SA network construction,
EPS fallback is a practical voice solution. The average setup delay is about 3.1 s for
handover-based EPS fallback and about 3.9 s for the redirection-based version. This is
consistent with the theoretical analysis. The average setup delay based on redirection is
relatively high. Thus, from the perspective of delay, it is more highly recommended to
deploy handover-based EPS fallback.

In the SA sharing VoNR test, the average VONR setup delay was obtained at about
1.9 s. Compared with EPS fallback, it was reduced by about 1.1 s, the VoNR control plane
delay was shorter, and the MOS value was higher, which verifies the superiority of VoNR.
Meanwhile, at the 4/5G border, it was verified that VONR can switch to VoLTE to ensure
the continuity of voice service and saved 33 ms compared to EPS fallback.

In summary, the paper provides a variety of solutions to improve voice services in
different evolutionary stages of 5G sharing networks. From the theoretical and practical
analysis, it can be verified that EPS fallback can only be deployed as a transition solution.
VoNR as the ultimate voice solution can bring the lowest access delay, further simplify the
implementation process, and improve the best voice quality. Operators worldwide can
deploy as needed based on the current network.

Due to factors such as network load and lack of users, the research is not compre-
hensive enough. This is where the follow-up improvement of this paper is needed. The
subsequent work of the paper includes research on how to further improve VoNR quality
and call performance, a detailed evaluation of call jitter, packet loss error rate, etc.
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