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Abstract—5G New Radio (NR) introduces a new Radio Re-
source Control (RRC) state, i.e., RRC INACTIVE, for providing
the efficient service for massive Machine Type Communications
(mMTC). To release the full potential of the new RRC state, it is of
great importance to properly model the new RRC state transition
process and reveal the effect of system parameters on the network
performance.

To address the above issue, this paper proposes a novel 5G RRC
analytical model based on discrete-time vacation queuing theory,
where the time period of the device in RRC INACTIVE state is
regarded as the vacation period of the server in the queueing
system. By leveraging this novel model, key performance metrics,
such as the random access rate and the RRC resource utilization
ratio, are explicitly characterized and obtained as functions of
system parameters, including packet arrival rate, service rate and
inactivity timer. The analysis reveals that to reduce the random
access rate, the system should increase the inactivity timer, packet
arrival rate or decrease the service rate. On the other hand, to
improve the RRC resource utilization ratio, the inactivity timer
should be cut down especially when the arrival rate is small or
the service rate is large. The analysis is verified by simulations
and sheds important light on practical 5G network design for
supporting mMTC.

Index Terms—Machine type communications, 5G RRC, discrete-
time vacation queue, performance analysis.

I. INTRODUCTION

The 5G New Radio (NR) networks are tailored to support
three types of service: Enhanced Mobile Broadband (eMBB),
Ultra-Reliable Low Latency Communications (URLLC) and
massive Machine Type Communications (mMTC) [1], among
which mMTC has captured significant attention as it serves
as the foundation for many emerging Internet of Things ser-
vices, such as environmental monitoring and e-Health [2]. In
MTC, Machine Type Devices (MTDs), such as sensors and
actuators, process and exchange information packets without
human intervention. The MTC traffic characteristics are different
from the traditional human-type communications, such as video
streaming, in that it contains a large number of MTDs while
each MTD transmits small packets sporadically.
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Fig. 1. RRC state machine in 5G.

To provide efficient support for MTC traffic, 5G NR has made
many upgrades from the system point of view, compared to 4G.
One key revision lies in the RRC layer, where a new RRC state,
i.e., RRC INACTIVE, is introduced [3].

A. Background of 5G RRC States

5G RRC state machine is shown in Fig. 1, which contains
three states: RRC IDLE, RRC CONNECTED and RRC INAC-
TIVE according to 5G standards [4]. The former two RRC states
are inherited from legacy 4G. The RRC INACTIVE state is the
newly introduced one for MTC for reducing signaling overhead,
energy consumption and access delay [S]-[8].

When the device is in RRC IDLE state, there is no RAN/CN
(Random Access Network/Core Network) connection and User
Equipment (UE) Access Stratum (AS) context in the 5G Core
Network (S5GCN) and gNB. In this state, when a data packet
arrives in the buffer, the device performs the random access
procedure for shifting into the RRC CONNECTED state. A
connection between the MTD, gNB and 5GCN is established,
via which the device transmits data packets in a contention-free
manner.

Note that the gNB would configure an inactivity timer,
denoted by T;,, for each device in RRC CONNECTED state
[4]. If the gNB detects the device which does not have any
packet to send and receive during the inactivity timer Tj,,
then the gNB releases the connection and places the device in
RRC INACTIVE state. When the device is in RRC INACTIVE
state, only the on-the-air connection with gNB is released while
the UE context is kept at the SGCN and gNB. Therefore,
compared with the state transition from RRC IDLE to RRC
CONNECTED, the state transition from RRC INACTIVE to
RRC CONNECTED incurs less signaling overhead and energy
consumption.
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Fig. 2. State transition diagram of the model.

It is clear that with such a new RRC state, i.e., RRC
INACTIVE, 5G NR can provide more efficient support for MTC
traffic, compared to 4G. Yet, the performance gain still depends
on the network configuration, such as the inactivity timer T;,
[6], [8]. To evaluate the effect of system settings on the network
performance, lots of related works have been done.

B. Related Work

So far, a large body of existing works focused on eval-
uating the performance of 5G RRC protocol with MTC via
simulations. For instance, authors in [5] revealed that the RRC
INACTIVE state enables a quick and lightweight transition from
inactive to active data transmission, and the state transition
process becomes highly configurable. Simulation results in [6]—
[8] indicated that to achieve a trade-off between UE power
consumption, latency and signaling overhead, the inactivity
timer should be carefully selected, e.g., a small inactivity timer
is preferable in the case of light traffic load. In [9] and [10],
authors redesigned the random access procedure such that one
small packet can be delivered in random access procedure and
the signaling overhead can be reduced.

Although the above simulation results are extensive, there is
still a lack of proper model of 5G RRC protocol with MTC and
therefore no insight can be provided for performance analysis
and optimization. To address this issue, in our recent work
[11], an RRC state transition model was proposed to analyze
the performance metrics such as resource utilization ratio and
mean time length of each connection, based on which, a utility-
based analytical framework was formulated for the optimal
connection management of mMTC in 5G networks. However,
due to iterative calculation, the analytical mode in [11] becomes
computationally expensive, when the inactivity timer is large,
limiting its implementation to practical scenarios.

In summary, while the aforementioned developments have
been substantial, they either evaluated the network performance
via simulations without analytical analysis, i.e., [S]-[10], or pro-
posed analytical models which are computationally expensive,
ie., [11]. As a result, how to properly model and analyze 5G
NR with MTC from the RRC layer point of view is still an open
issue.

C. Our Contributions

To address the above issue, in this paper, we propose a novel
analytical model based on the discrete-time vacation queuing
framework for 5G RRC protocol with MTC. Specifically, by

focusing on the state transition between RRC INACTIVE and
RRC CONNECTED, the time period when the MTD is in
RRC INACTIVE state and that in RRC CONNECTED state
is regarded as the vacation period and the busy period of the
queuing system, respectively.

To facilitate the analysis, we further divide each RRC CON-
NECTED state into two sub-periods, i.e., transmission period
and suspend period, and each RRC INACTIVE state into
random access period and silence period. The mean time lengths
of each sub-period are derived, based on which the random
access rate (i.e., the frequency that the MTD initiates the random
access procedure) and utilization ratio (i.e., the percentage of
slots that the MTD is in the transmission period when it is in
RRC CONNECTED state) are obtained as explicit functions of
system parameters. By the virtue of the vacation queuing model,
the computational complexity can be significantly reduced,
which is in sharp contrast to [11], where the computational
complexity of the model rapidly grows with the inactivity timer.

For the performance evaluation of 5G RRC RRC protocol
with MTC, our analysis reveals that the network performance
is crucially determined by the arrival rate, service rate and
inactivity timer. It is found that the utilization ratio of RRC
resource and random access rate decrease with the increase
of the inactivity timer, indicating that the inactivity timer is
a key system parameter that determines the tradeoff between
the signaling overhead and the resource utilization ratio. As the
arrival rate of each device grows, the random access rate can
be reduced while the utilization ratio can be improved.

The paper is organized as follows. In Section II, the system
model is presented. In Section III, the analytical model is
formulated and key performance metrics of the 5G networks
are obtained. The analysis is verified by the simulation results
in Section IV. Finally, concluding remarks are summarized in
Section V.

II. SYSTEM MODEL

Consider a single-cell 5G network serving n registered
MTDs. We assume each MTD is either in RRC INACTIVE
state or RRC CONNECTED state!, as shown in Fig. 2. Define
an RRC cycle, denoted by Ty, as the time interval between two
consecutive instants that the MTD enters RRC INACTIVE state.
We divide an RRC cycle into the following subperiods: silence
period, random access period, transmission period, and suspend
period, as shown in Fig. 3.

A. Behavior Characterization in One RRC Cycle

The arrival of data packets at each MTD follows a Bernoulli
process with parameter A, and the buffer of each MTD is infinite.
With a busy buffer, the MTD in RRC INACTIVE state would
access gNB for data transmission via random access procedure

'Here we ignore the RRC IDLE state because we assume all MTDs have
registered at the gNB. The UE context information remains at the SGCN such
that the device does not move into to RRC IDLE state. This assumption can be
applied to the stationary MTC use cases, where the locations of MTDs remain
unchanged for a long time.
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and enters the random access period, as shown in Fig. 3. Upon
a successful random access procedure, the MTD transfers into
RRC CONNECTED. As shown in Fig. 2, we divide the RRC
CONNECTED state into two sub-states: Transmission period
and suspend period. In the transmission period, the MTD is
busy transmitting data packets with service rate p. When the
buffer is cleared, the MTD enters suspend period.

In the suspend period, although there is a connection between
the MTD and gNB, the MTD does not transmit packets since the
buffer is empty. If a packet arrives during the suspend period,
then the MTD would start the transmission by delivering a
scheduling request to the gNB and then enter the transmission
period. If there is no packet arrival during T}, slots in suspend
period, then the connection is released and the MTD shifts back
to the silence period which is in RRC INACTIVE state, where
T}, is referred to as the inactivity timer [4].

B. Performance Measures

It is clear that the network performance crucially depends on
the inactivity timer 7;,, the number of MTDs n and the arrival
rate A, etc. Yet, how to evaluate the effect of those parameters
on the network performance still remains unexplored due to the
lack of a proper model. For performance evaluation, this paper
focus on two key performance measures:

« Random access rate, denoted by ~, refers to the frequency
that the MTD initiates the random access procedure. This
metric is an important performance indicator for practical
MTC scenarios. A large v indicates that the MTD has to
perform the random access procedure often, which incurs
extensive signaling overhead and energy consumption.

« Utilization ratio, denoted by ¢, refers to the percentage of
slots that the MTD is in the transmission period when it
is in RRC CONNECTED state. A large ¢ is preferable for
the 5G system.

Table I summarizes notations and corresponding definitions
used in this paper. In the following, a new analytical model
will be established, based on which the above two performance
measures are derived.

III. MODELING AND PERFORMANCE ANALYSIS

In this section, we establish a novel analytical model based
on discrete-time vacation queuing and analyze the performance
of 5G NR in the massive MTC scenario.

TABLE I
NOTATIONS AND DEFINITIONS
Notations | Definitions
A Arrival rate
I Service rate
Tin Inactivity timer
n The number of MTDs
y Random access rate
10} Utilization ratio
q Access request transmission probability (ACB
factor)
Probability of successful access
M The number of preambles
Tr Length of an RRC cycle
T Access Length of one random access period
Tcon Length of RRC CONNECTED state
Trrans Length of one transmission period
Tsus Length of one suspend period
Tsi Length of one silence period
Q Queue length at the beginning of the transmis-
sion period
N The number of transmission periods or suspend
periods in an RRC cycle

A. Discrete-time Vacation Queueing Model

By definition, a vacation queue is a queueing system in which
the server is available only a portion of the time. At other times
it is busy serving other stations or just not available may be
due to maintenance activities [12]. For 5G RRC with MTC, the
behavior of MTD and gNB is in line with the behavior between
customer and service in the vacation queueing system.

Specifically, it can be seen from Fig. 3 that transmission
period and suspend period alternatively appear in the time
domain. With the expiry of the inactivity timer, the MTD in
suspend period will transfer to the RRC INACTIVE where there
is no data connection between the device and the gNB. Such a
state transition process can be properly regarded as a vacation
queueing system, as shown in Fig. 3. The time away from
the primary service center is called a vacation. It is the time
period when the MTD is in the RRC INACTIVE state, which is
constituted by two sub-periods: the silence period and random
access period. The time with the server in service is the time
period when the MTD is in the RRC CONNECTED state, which
is constituted by the transmission period and the suspend period.

By modeling the 5G RRC with MTC as a vacation queueing



system, the extensive analytical results in the queueing theory
can be applied, which simplifies the network performance anal-
ysis. In the following, we will first derive the mean time length
of the busy period of the queueing system, i.e., the time period
when the MTD is in the RRC CONNECTED state, and then
derive the mean time length of the vacation period. Performance
measures, i.e., random access rate v and utilization ratio ¢, will
be obtained in subsection III-C.

B. Preliminary Analysis

1) Mean Length of RRC CONNECTED State: As shown in
Fig. 2, we divide the period of the MTD in RRC CONNECTED
state into two sub-periods: Transmission period and suspend
period. Let Ticy,, denote the time length of RRC CONNECTED
state. Accordingly, we have

TCon = N(TT'r‘ans + TSus)7 (l)

where Tr7.qns denotes the time length of one transmission
period and Ts,s denotes the time length of one suspend period,
and N denotes the number of transmission periods and suspend
periods in the RRC CONNECTED state.

Derivation of 717,.,s: Note that there are two cases of
entering the transmission period: one is the transition from
random access period to the transmission period, the other is
the transition from the suspend period to the transmission period
which are shown in Fig. 2. Let us denote the mean queue length
in the buffer at the beginning of the transmission period as Q).
We can consider the following two cases according to the way
that the MTD enters the transmission period:

o Transition from the random access period to the transmis-
sion period: () is equal to the number of packets arriving
during the random access period plus the one packet in the
buffer. Note that the MTD shifts to RRC INACTIVE state
because it has no packet arrival in T}, slots when it is in
the suspend period of the last RRC cycle. Accordingly, the
probability of this event is given by

Tin
2
o Transition from the suspend period to the transmission

period: In this case, @ = 1. The probability of this event
is given by

P{No packet arrives in suspend period} = (1 — \)

P{Packets arrive in suspend period} = 1 — (1 — \) i,
3)
To sum up, the Probability Generating Function (PGF) and
mean value of () are as follows:

Qz)=1—-1 =Nz 4 2(1 = N Thceess[N2)], (@)
EQ=Q(2) loc1 = 1+ M1 = N E[Taceess),  (5)

where Tccess(2) is the PGF of the length of random access
period, A(z) = Az + 1 — X is the PGF of the number of packet
arrival in one time slot, and T4ccess[A(z)] denotes the PGF
of the number of packets arrival in the random access period.
E[Tgccess] will be derived in the following subsection III-B3.

Let B denote the length of transmission period with @) = 1.
The vacation queueing theory has revealed that [12]

1
EB] = —— 6
Bl = ©)
and the mean length of transmission period®
E
ElTran] = EIQIELB] =+ ™

Derivation of Ts,,: Recall that if there is no packet arrival
during T3, slots, then the connection is released and the MTD
leaves the suspend period. Since the packet arrivals in each time
slot with probability A, the Probability Mass Function (PMF) of
Ts.s can be obtained as

) A1 =N i< Ty,
P{Tsys =i} = 8
{ S Z} {(IA)TWLI Z:En ( )
Thus, the mean length of one suspend period is
T.
= _ 1—(1— )T
ETsus) = ;ZP{TSuS =i} = ( : ) )

Derivation of N: Note that when no packet arrives during the
suspend period, i.e., no packet arrives in consecutive 73, slots,
the MTD leaves the RRC CONNECTED state. The probability
of this event is obtained by (2), with which N can be obtained
by

1
(1—X)Tin”

Finally, by combining (1), (7), (9), (10), we can have the
mean length of RRC CONNECTED state, i.e., the busy period
of the vacation queueing system, as

1 (1 M) £l
E[TCon] - (1 _ )\)Tm)\ (M _ )\)(1 _ )\)Tm.

When no packet arrives in the consecutive T, slots in sus-
pend period, the MTD transfers from the RRC CONNECTED
state to the RRC INACTIVE state. Equivalently, the server of
the queueing system is on vacation. Each RRC INACTIVE state
is constituted by two sub-periods: the random access period and
the silence period. The mean length of each sub-period is given
below.

2) Mean Length of the Silence Period: Let Ts; denote the
time length of the silence period. Note that the silence period
comes to the end when a packet arrives in the buffer. Thus,
with Bernoulli arrival, we can have the mean time length of the
silence period as

E[N] = (10)

Y

1
=1 12)
With data packets in the buffer, the device performs the random
access procedure and therefore enters the random access period,
as shown in Fig. 3.

3) Mean Length of the Random Access Period: The mean
length of the random access period, denoted by E[TAccess|, 1S

E[Tsq]

’Iterative algorithms are required in [11] for calculation, with which the
computational complexity would be larger than that of the analysis in this paper.
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Fig. 4. Random access rate «y and utilization ratio ¢ versus the inactivity timer 75, (in unit of slots). n = 100. (a) Random access rate y versus Tj,. (b)

Utilization ratio ¢ versus T;,.

defined as the time interval from the moment that MTD starts
the random access procedure until the random access procedure
is successful. Note that to efficiently handle the massive number
of access requests and avoid the collision?, the gNB can tune the
access request transmission probability of each MTD, denoted
by g € (0,1], which is also referred to as the Access Classing
Barring (ACB) factor in the 5G standards [4].

The optimal setting of the transmission probability of each
MTD for minimizing E[TAccess] has been given in [13] as

m ]f 5\ > 5\0,
VA
q= iy (7)) (13)

otherwise,
()

where A = n, Ao ~ 0.48 and W_, (-) is one real-valued branch
of the Lambert W function [14]. The corresponding minimum
E[Tpccess) 1s given by

ne— 2 if A > 2o
VA
E[Taccess] = "<_2W’1 <_ 2 ) . (14)
otherwise,

()

where p denotes the probability of successful access.
To sum up, by combining (11), (12), (14), the mean time
length of an RRC cycle is given by
E[TR] = E[TAccess} + E[TC’on} + E[TSzl]
1+ A1 = NI E[Taccess)
IR LY

5)

where E[T Access| 18 given in (14).

3In the random access procedure, each MTD randomly selects one out of
M > 1 orthogonal preambles and transmits it to the gNB. If more than one
MTDs transmit the same preamble simultaneously, then a collision occurs and all
of them fail. The access request is successful as long as there is no collision. For
simplicity, we only consider the single-preamble case M = 1 and the extension
to the multi-preamble case can be implemented based on the multi-group model
in [13].

C. Performance Metrics

So far, based on the vacation queueing model, we have
obtained the mean time lengths of each sub-period in Fig. 3.
Let us now derive the performance measures, i.e., random access
rate v and utilization ratio ¢.

Note that with each random access procedure, the device
enters the RRC CONNECTED state once. Accordingly, the
random access rate 7, i.e., the frequency that the MTD initiates
the random access procedure, can be written as

1AL -N
’y = =

E[TR] E[Q)
The utilization ratio ¢ refers to the percentage of slots that
the MTD is in the transmission period when it is in RRC
CONNECTED state, which can be obtained as

(16)

ElQ
¢ _ E[TT'r‘anS] _ % (17)
E[TTrmz,s] + E[TSus] % + % '

Therefore, by combining (16) and (17), the relationship
between ¢ and -y is obtained as follows:

B A2(1— \)Tom
R Ve e R Vi o

IV. RESULTS AND DISCUSSIONS

(18)

A. Simulation

In this section, simulation results are presented to verify the
preceding analysis. The simulation setting is the same as the
system model in Fig. 2. Specifically, each RRC cycle starts
from the silence period. The packet arrival rate at each MTD
follows the Bernoulli process with parameter A, and the buffer
of each MTD is infinite. With a busy buffer, MTD will perform
the random access procedure. The simulation of the random
access procedure follows the settings in [13]. With the successful
random access procedure, the MTD’s data buffer will be cleared
and the service time for each packet follows the geometric
distribution with parameter p. The device then transfers to
suspend period. Only when the inactivity timer expires can MTD
switch back to the silence period from the suspend period.

The simulation of the system is on a time-slot basis and is
based on MATLAB. Each simulation is carried for 10® time



slots. We count the time length of each RRC cycle, each
transmission period and each suspend period. The utilization
ratio ¢ is obtained by calculating the ratio of the total slots of
transmission period to the total slots of the case in which the
MTD is in RRC CONNECTED state. The random access rate
~ is the reciprocal of the mean length of the RRC cycle.

B. Discussions

Fig. 4a demonstrates how the random access rate 7 varies
with the inactivity timer 73, with A = 0.1 or 0.01 and ;4 =1
or 0.2. Recall that the MTD leaves the RRC CONNECTED
state if it is in the suspend period and does not have packets to
send in Tj, slots. Therefore, it is intuitively clear that with a
large inactivity timer 75, a heavy traffic input rate A or a small
service rate i, the MTD would remain in RRC CONNECTED
state long and less likely to initiate the random access procedure.
Accordingly, we can see from Fig. 4a, the random access rate
decreases with the increase of 7;,, A and the decrease of .
Particularly, with a larger arrival rate, i.e., A = 0.1, the random
access rate y sharply declines as the inactivity timer 7, grows,
implying that in this case, once the MTD initiates a connection
with the gNB, the connection would remain for a long time.

Fig. 4b demonstrates how the utilization ratio ¢ varies with
the inactivity timer T}, with the arrival rate A = 0.1 or 0.01
and service rate ;¢ = 1 or 0.2. Intuitively, given p, the utilization
ratio ¢ should grow with arrival rate A and decrease with T5,.
Accordingly, we can see from Fig. 4b that with A = 0.01 and
= 1, the utilization ratio ¢ is the lowest among the three cases,
especially when the inactivity timer T, is large. If u deceases to
be 0.2, then the utilization ratio ¢ with A = 0.01 increases and
may even larger than that with A = 0.1, which reveals that to
boost the utilization ratio, a smaller y is preferable, particularly
when the traffic is light.

By comparing Fig. 4a and Fig. 4b, we can see that a larger
inactivity timer 7;, can reduce the frequency that the device
initiates the random access procedure, leading to less signaling
overhead. While it also reduces the utilization ratio of channel
resources. Such a tradeoff between the random access rate -y and
the utilization ratio ¢ in terms of T;, has been given in (18).
A closer look at this tradeoff is further presented in Fig. 5. We
can see from Fig. 5 that as T},, decreases from 40 to 1, both the
random access rate y and the utilization ratio ¢ are enlarged. To
reduce « while improving ¢, the system should either increase
the traffic input rate A or cut down the service rate y. Finally, we
can see from Figs. 4-5 that the analysis results match well with
the simulation results, which verifies the analytical framework
proposed in this paper.

V. CONCLUSION

Based on the discrete-time vacation queuing theory, this paper
proposes a novel analytical framework for 5G RRC protocol in
the massive MTC scenario. Key performance metrics, such as
the random access rate and the utilization ratio, are obtained
as explicit functions of packet arrival rate, service rate and
inactivity timer, with which the effect of system parameter
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Fig. 5. The utilization ratio ¢ and random access rate v versus T;,,. n = 100.

settings on the 5G network performance from the RRC layer
point of view is evaluated.

The analysis sheds important light on the performance opti-
mization of the 5G networks. It reveals that the inactivity timer
crucially determines the tradeoff between the random access rate
and the utilization ratio. Optimizing one metric always leads
to the degradation of the other unless the packet arrival rate
and service rate are jointly tuned. Based on this novel RRC
model, we can analyze and optimize the relationship between
various network performances. How to properly tune them for
optimizing 5G network performance in the context of massive
machine-type communications is an important issue that will be
addressed in our future work.
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