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Abstract—To reduce the signaling overhead for sporadic small
packet transmission in massive Machine Type Communications
(mMTC), Packet-Based Random Access (PBRA) scheme is intro-
duced in 5G system, where devices can transmit data packets in
the random access procedure without connection establishment.
Yet, even with PBRA, the signaling overhead may surge if
the system parameters are configured improperly. This paper
aims to address this issue by studying how to tune the Access
Class Barring (ACB) factor to maximize the throughput while
maintaining the signaling-to-throughput ratio below a certain
level. Explicit expressions of maximum throughput and the
corresponding optimal ACB factor in saturated and unsaturated
cases are derived. It reveals that with a demanding requirement
on signaling-to-throughput ratio, the throughput performance has
to be sacrificed even with optimal tuning of ACB factor. To boost
the throughput performance, the system should either loose the
signaling constraint or enlarge the packet length. The analysis is
verified by simulations and sheds important light on practical 5G
network design for supporting mMTC with PBRA.

Index Terms—Machine type communications, Packet-based
Random access, Signaling overhead, Throughput, Optimization.

I. INTRODUCTION

Massive Machine Type Communications (mMTC) is a new
kind of communication paradigm in which Machine Type
Devices (MTDs), such as sensors and actuators, process and
exchange information packets without human intervention. It
is forecasted that the number of MTDs will surpass 14 billion
in 2023 [1]. Due to its huge market potential, mMTC has
been regarded as one of three generic service categories for 5G
system and the traffic generated by MTDs will have a major
influence on the design of 5G system.
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Fig. 1. RRC State Machine in 5G.

In 4G/5G system, the Connection-Based Random Access
(CBRA) scheme has been adopted for a long time, in which
each device has to perform the random access procedure
for establishing a connection with the gNB prior to its data
transmission. The CBRA scheme was originally designed to
support traditional Human-Type Communications (HTC), such
as video streaming, where the number of devices is small but
each device transmits a significant amount of data. Therefore,
the signaling overhead for the connection establishment is
negligible.

However, mMTC traffic is radically different: it contains
a large number of MTDs while each MTD transmits small
packets sporadically. As such, establishing a connection prior
to data transmission is inefficient, because the comparatively
heavy signaling overhead results in additional latency and
drains the limited battery of MTD fast. To address the signaling
issue, the Packet-Based Random Access (PBRA) scheme is
introduced in 5G standards, where MTDs can transmit one
small data packet in the random access procedure without
connection establishment [2]. By doing so, the simulation
results in [3], [4] show that the energy consumption, latency
and signaling overhead can be significantly reduced, compared
to that in the CBRA scheme.

Although the PBRA scheme is a promising way for support-
ing mMTC in 5G networks, its performance crucially depends
on the network configuration [5], such as the transmission
probability of each device. The fundamental reason lies in
the Aloha-type access paradigm that PBRA takes root in, i.e.,
each MTD independently determine when/how to send the
request. This distributed behavior implies that in the massive
access case, severe collision issue and intolerably low chance
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of successful access may emerge, leading to frequent packet
retransmissions along with enormous signaling overhead. Thus,
it is of great importance to study how to tune the system
parameters to optimize the access efficiency and further reduce
the signaling overhead of 5G networks with PBRA scheme.

Extensive studies for Aloha-type access networks have fo-
cused on throughput performance, i.e., the long-term average
number of successfully-transmitted packets/bits per time slot.
For instance, various strategies have been developed to adjust
the transmission probability of devices for throughput maxi-
mization based on the periodical estimation of the channel load
[71-[9]. In [10], [11], analytical frameworks were developed
to characterize the behavior of each device or the Head-of-
Line (HOL) packet, with which optimal backoff parameter
settings for throughput maximization were obtained. While the
aforementioned developments have been substantial, none of
them take the signaling overhead into consideration. Questions
naturally arise: Is the throughput maximization equivalent to
signaling overhead minimization? If a certain requirement on
signaling overhead is given, then how to properly tune the
system parameters to optimize the throughput performance in
the PBRA scheme?

In this paper, we provide a closed-form solution to above
open questions by focusing on mMTC in 5G networks. Specif-
ically, we evaluate the signaling overhead via the signaling-
to-throughput ratio, which represents the average amount of
signaling overhead for successfully delivering one information
bit. By extending the analytical framework in [11], both the
throughput and signaling-to-throughput ratio are characterized.
The key contribution of this paper is that for a given upper-
bound on the signaling-to-throughput ratio, explicit expressions
of the maximum throughput and corresponding optimal trans-
mission probability (refer to as the Access Classing Barring
(ACB) factor in the 5G standard [6]) are obtained in both
unsaturated and saturated cases. The analysis shows that to
meet a stringent upper-bound on the signaling-to-throughput
ratio, the throughput performance has to be sacrificed even
with optimal tuning of the transmission probability. Otherwise,
to maintain the optimum throughput performance, the data
packet length should be enlarged. The analysis is verified by
simulation results, which provides direct guidance on practical
network design for mMTC in 5G system.

The rest of the paper is organized as follows. Section II
presents technical backgrounds of RRC handling and PBRA
in 5G before the system model in Section III. Signaling-
constrained throughput maximization problem is addressed
in Section IV and the results are validated via extensive
simulation results in Section V. Finally, concluding remarks
are summarized in Section VL.

II. BACKGROUND OF PBRA AND RRC HANDLING IN 5G

To ease the understanding, we would like to first present
technical backgrounds of PBRA and Radio Resource Control
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Fig. 2. Signaling diagram for the state transition from RRC IDLE to RRC
CONNECTED.
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Fig. 3. Signaling diagram for the state transition from RRC INACTIVE to
RRC CONNECTED.

(RRC) handling in 5G in this section before the system model
in Section III.

Specifically, from the 5G RRC layer point of view, three
RRC states are defined: RRC CONNECTED, RRC IDLE
and RRC INACTIVE, as shown in Fig. 1. According to 5G
standard [6], the MTD is in RRC CONNECTED state when
an RRC connection has been established between itself and
gNB. In this case, it can obtain data transmission resource for
clearing its data queue. If an MTD is in RRC IDLE state,
then its connection with gNB and SGCN (5G Core Network)
is released. Accordingly, it has to perform random access
procedure to reestablish the connection with gNB and SGCN.

Fig. 2 demonstrates the signaling diagram for the state
transition from RRC IDLE to RRC CONNECTED. Start with
the four-way handshake random access procedure, we can
clearly see that in the best case, where there is no transmission
failure, 12 messages have to be exchanged between the MTD
and the gNB, and 9 of them are transmitted over the air
interface. The entailed signaling overhead, additional delay and
power consumption are negligible for traditional human-type
communications, but comparatively significant for mMTC. To
reduce the signaling overhead and additional latency, RRC
INACTIVE state is introduced in 5G RRC state machine. It
is a new RRC state compared to its counterpart in 4G system,
where only RRC CONNECTED state and RRC IDLE state are
included. The signaling diagram for the state transition from
RRC INACTIVE to RRC CONNECTED is presented in Fig. 3.
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Introducing RRC INACTIVE state brings twofold of benefits:

(1) If an MTD is in RRC INACTIVE state, then its RAN/CN
connection and UE AS context are kept at the SGCN and gNB
while the on-the-air connection with gNB is released. There-
fore, as shown in Fig. 3, although random access procedure is
needed for connection re-establishment, fewer signalings are
required, compared to the state transition from RRC IDLE state
to RRC CONNECTED state, shown in Fig. 2.

(2) The MTD can transmit one small packet in the third
step of random access procedure, while remains in the RRC
INACTIVE state, which avoids signaling overhead and ad-
ditional latency due to state transition and is beneficial for
mMTC. Such kind of random access scheme is referred to
as the Packet-Based Random Access scheme (PBRA), because
each single packet in the device’s queues has to contend for
channel access. In the following, we will take a closer look
at the signaling overhead of 5G networks with PBRA and
study how to configure the system parameters for optimizing
the network throughput performance.

III. SYSTEM MODEL

This paper considers a single cell 5G system in which one
gNB serves n MTDs. 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 would
access gNB for data transmission via random access procedure.
In the random access procedure, each MTD randomly selects
one out of M > 1 orthogonal preambles and transmits via
the physical random access channel 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. The time is slotted
and assume the four-way handshake is completed in one time
slot.

In this paper, we only consider the PBRA scheme. Ac-
cordingly, all MTDs are assumed to be in RRC INACTIVE
state. In each access attempt, the MTD transmits one data
packet! in the third step of the random access procedure, and
do not shift into the RRC CONNECTED state. Moreover,
since preambles are orthogonal to each other, MTDs do not
affect each other’s chance of successful access if they choose
different preambles. For simplicity, we only consider the single-
preamble case M = 1 in this paper. Note that the extension
to the multi-preamble case can be implemented based on the
multi-group model in [12].

A. Preliminary Analysis

To characterize behavior of each packet, we use the an-
alytical model in [11], where a Markov chain X = {X;}
is established as shown in Fig. 4. There are two states of
HOL packet: successful transmission (State T) and waiting to
transmit (State 0).

ISince each access request transmission corresponds to one data packet
transmission, the terminologies “access request” and “data packet” are used
interchangeably.

4qpPr:

1-gp.

" (0‘0

I-gp:

Fig. 4. State transition diagram of each individual access request.

Note that according to 5G standard [6], to control the
intensive contention in massive access scenario, the Access
Class Barring (ACB) scheme can be used, that is, each MTD
transmits access request in each time slot with probability
g € (0,1]. Let p; denote the probability that the MTD can
successfully transmit the packet in time slot ¢ = 1,2,.... A
fresh packet is initially in State T, and remains in State T if
it passes the ACB check and is successfully transmitted with
probability gp;. If it passes the ACB check but encounters a
collision, then it goes to State 0. In State 0, if it passes the ACB
check and is successfully transmitted with probability gp;, then
it shifts to State T.

The steady-state probability distribution of the Markov chain
in Fig. 4 can be derived as 7 = pq, and 79 = 1 — pq, where
p = lim;_, o p; is the steady-state probability of successful
transmission of packets. Note that 7 is the service rate of
each node’s queue. The offered load p of each node’s queue
can then be written as

A A . ( 1)

P=%r = g
B. Performance Metrics

This paper focuses on the throughput performance and
signaling overhead of PBRA for mMTC in 5G networks. The
throughput is defined as the long-term average number of
successfully transmitted information bits per time slot and can
be written as X,ut = ;\0utL, where j\out is the long-term
average number of successfully transmitted packets per time
slot, and L is the number of information bits per packet.

Let T'S denote the time-average amount of signaling over-
head per time slot. To characterize the signaling overhead
in PBRA, we let s (in a unit of bits) denote the average
size of control messages exchanged between MTD and gNB?.
Depending on whether the transmission is successful or not,
we can consider the following two cases:

o If the MTD fails in the four-way handshake random access
process, then the signaling overhead is 4s. The long-term
signaling overhead due to failed transmissions can then
be written as 4sF', where F' denotes the average number
of failed packet transmissions per slot.

o If the MTD succeeds in the random access process, then
the signaling overhead is 3s, because the third step is for
data transmission. The long-term signaling overhead for
successful transmissions can then be written as 355\0ut.

We can finally conclude that
TS = 4sF + 3sAout- )

2It is clear that the sizes of control messages may be different from each
other in the random access procedure. Nevertheless, the analysis can easily be
extended to incorporate such practical consideration.
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TABLE I
MAXIMUM THROUGHPUT AND THE OPTIMAL ACB FACTOR.

Region {n, A} {B,L} q* Amax
4sexp(=Wo(=MA))—s )\ N
SU| o [P 5 L Tl | 13
S92 w > f no solution no solution
S3 (4621)5 SB 7% Le L
S4 |mazet | F<p<BiE Ll B 2 v
S5 0<pB< % no solution no solution

It is clear that for mMTC services, a higher throughput with

a lower signaling-to-throughput ratio Lgs are desired, where

LS represents the average amount of soignaling overhead per
sucoéuéssfully-transmitted information bit. An excessively large

TS ysually indicates significant energy consumption for
paéﬁét deliveries that is too costly for battery-limited MTDs.
Therefore, in this paper, we let 3 denote the upper-bound of
the signaling-to-throughput ratio, and study how to optimize
the throughput performance while satisfying the signaling-to-
throughput ratio constraint by properly tuning the ACB factor

q, i.e.,

>\max = max Aout
0<g<1 (3)

TS
st. 52— < 5.

out

In the following section, we will derive the expressions of

~

Aout, 'S and address the above optimization problem.

IV. PERFORMANCE OPTIMIZATION

For each HOL packet, it can be successfully transmitted if
and only if all the other n — 1 nodes are idle with an empty
queue with probability 1 — p, or busy with a non-empty queue
but not requesting transmission with probability p(mo+77)(1—
q). Depending on p = 1 or not, we consider the saturated case
and unsaturated case, separately, in the following.

1) Saturated Case: When the aggregate input rate ;\(: n\)
is large, the network is likely to be in saturated case, where
each nodes’ queue is always busy and p = 1. The steady-
state probability of successful transmission of HOL pack-

ets p in the saturated condition can be obtained as pa =
n—1 With a large n

(1—-9q) ~ exp (—ngq), based on which the average
number of failed packet transmissions per slot can be further
written as

F=nqg(1—pa). %)

In saturated case, the long-term average number of success-
fully transmitted packets per time slot is determined by the
aggregate service rate, i.e.,

Aout = = nexp (—ng) q. S
By combining (2), (4)—(5), the optimization problem in (3)
can be rewritten as
Amax :0111?%(1 Ln exp (_nq) q (6)
s.t. % < A.

Solving (6) yields the maximum throughput in saturated case
as

L€71 if (4521)3 < /37
Moo = § g2 In BLtejf 32 g Ueple )
no solution if0< B <3,

which is achieved when the ACB factor is set to

if (46;1)5 < 547 l
SIn B if § < p < el ®)
no solution if 0 < B < 32,

3=

*
Qsa =

Note that in the ideal case, where all packets can be success-
fully transmitted in one-shot, the signaling-to-throughput ratio
is B—LS Accordingly, there is no solution for (6) if the upper-
bound of this ratio 3 < 3.

2) Unsaturated Case: As the number of devices or the traf-
fic input rate decreases, the network may become unsaturated

and we have p < 1. The probability of successful transmission
— ithal 3
of packets is given by p = (1 — p+ p(1 —¢q))" 1 Mg

exp (—% , which has two non-zero roots:

pr =exp(Wo(—A)), and  ps =exp(W_1(=A)). (9
By following the approximate trajectory analysis in [11], we
can find that only py, is the steady-state point. Based on (1)
and (9), the average number of failed packet transmissions per
slot can be further written as

F =npg(1 = p1) = A (exp(~Wo(~4)) — 1)

Since the network is stable in the unsaturated case, it is
straightforward to have [11]

Aout = A.

(10)

(11)

By combining (2), (10)—(11), we can rewrite the optimization
problem in (3) as

Junsa 3
Ao :rrelax L\
q

o ) (12)
St 480Xp(*V10(*>\))*S < 8.
Solving (12) yields the maximum throughput in unsaturated
case as

% L) i dsexp(=Wo(=2)=s
M= o Wo(-2)—s — SONNGE
no solution if % > B,
which is achieved when the ACB factor is set to
N if n\ -1
) ps| 1 nA<e ",
q;insaGSL:[QZv QM]: [an n ] (14)
0 else,
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Fig. 6. (a) A graphic illustration of Regions S3,.54 and S5 in saturated case
in terms of L. (b) A graphic illustration of Regions S1 and S2 in unsaturated
case in terms of L.

where Sy, is referred to as the absolute-stable region, within
which the network is unsaturated and operates at the desired
steady-state point pr. Otherwise, the network operates at the
undesired steady-state point p4 and becomes saturated, where
pa < pg [11]. It is very interesting to see from (12) that both
the network throughput and signaling-to-throughput ratio are
independent of the ACB factor g, which implies that in this
case, ¢ can be a random value chosen from the absolute-stable
region Sp.

3) Summary: So far, we have obtained the optimal ACB fac-
tor for maximizing the network throughput with the signaling-
to-throughput ratio constraint in saturated and unsaturated
cases, respectively. To summarize, we present the results in
Table I, where we define region Si in terms of {n, A, 3, L} for
i €{1,2,3,4,5}. Regions S1 and S2 belong to the unsaturated
case while Regions S3, 54 and S5 belong to the saturated case.

o In regions S1 and S3, the constraint on the signaling-
to-throughput ratio can be guaranteed and the maximum
throughput (i.e., L in unsaturated case and Le~! in
saturated case) is achieved as well. Accordingly, regions
S1 and S3 are referred to as the desired regions.

o Inregion S4, the constraint on the signaling-to-throughput
ratio can be guaranteed while the maximum throughput is

sacrificed because 54LLst In Bijs < Le™'. Accordingly,
region S4 is referred to as the undesired region.

e In regions S2 and S5, there is no solution for the
optimization problem (3), implying that in this case the

(©

and throughput Xout versus the ACB factor gq. A = 0.01. n = 100. s = 100. L = 100 bits or L = 200 bits.
t ~
versus g, L = 100 bits. {n, A, B, L} € S4. (¢) Aout Versus q.

constraint on the signaling-to-throughput ratio cannot be
satisfied regardless of what value of q. Therefore, they are
referred to as the no solution region.

To take a further look at how the regions Si vary with
the system parameters, Fig. 6a and Fig. 6b give a graphic
illustration of Regions 53,54 and S5 in saturated case and
that of Regions S1 and S2 in unsaturated case in terms of the
packet length L and the signaling-to-throughput ratio threshold
5. We can clearly see from Fig. 6a that if the packet length L
grows, then the desired region S3 rapidly expands while the
undesired region S4 and the no solution region S5 shrinks.
Similar observations can also be obtained in Fig. 6b, which
indicates that with PBRA scheme, the network can always be
benefited from a larger packet length. However, in practical
5G system, due to limited uplink time-frequency resources,
the packet length that the third step of the random access
procedure can carry is limited as well. On the other hand, to
enlarge the desired region S3 or S1, Fig. 6 also shows that
the network can also enlarge the upper-bound of the signaling-
to-throughput ratio g if the MTC service is insensitive to the
signaling overhead, delay or power consumption.

V. SIMULATION AND DISCUSSION

In this section, simulation results are presented to verify the
preceding theoretical analysis. The simulation setting is the
same as the system model described in Section II, and we
omit the details here. Each simulation lasts for 107 time slots.

Fig. 5 demonstrates how the signaling-to-throughput ratio
L?\i - and the throughput Xout vary with the ACB factor ¢ with
the upper-bound of the signaling-to-throughput ratio = 6,
the number of nodes n = 100, input rate A = 0.01 and the
network is in saturated case. Recall that it has been shown
in the above section, if the network is in the desired region
53, then by optimally tuning the ACB factor ¢ = ¢* = %
the signaling-to-throughput ratio constraint can be guaranteed
and the maximum throughput Le~! can be achieved as well.
Therefore, we can see from Fig. 5a that with the packet length
L = 200 bits, the network belongs to the desired region S3, i.e.,

{n,\,B8,L} € S3. When ¢ = % the signaling-to-throughput
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Fig. 7. Throughput Xowt and signaling-to-throughput versus the ACB
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constraint can be satisfied with q=75 . As shown in Fig. 5Sc,
the throughput is maximized at )\max = Le~ ! = 73.6 bit/slot.
On the other hand, if L = 100 bits, then the network falls into

the undesrred region 54, i.e., {n,\, 8, L} € Sy, and TS > f

with ¢ = =, as shown in Fig. 5b. In this case, only by Choosmg
the ACB factor qg= 1+ ~1In 8 Z:q can signaling overhead con-
straint be satisfied. Yet as shown in Fig. Sc, the throughput is
maximized at Amax = 7 In 2555 = 32 < Le~! ~ 36.8
bit/slot, implying the throughput performance is sacrificed.

Fig. 7 demonstrates how the throughput Aout and signaling-
to-throughput ratio in - vary with ¢ € Sp = [qi, qu] with
B =4, n =100, A = 0.002 and the network is in unsaturated
case. Table I has shown that both Apys and —L5— are insen-
sitive to the variation of ¢ if ¢ € Sp = [q1, qu]- The maximum
throughput :\max = nAL = 40 bit/slot is achieved as long as
the threshold EXP(_VE"(_M)_S < B. Those observations are
clearly confirmed by the simulation results in Fig. 7.

Finally, Fig. 8 shows how the throughput Aout and the
signaling-to-throughput ratlo LS_ vary with the network size
n € [200, 1000] with the ACB factor q optimally tuned accord-
ing to Table I, i.e., ¢ = ¢, or fixed at ¢ = 0.005. We can see
that when the number of nodes n is small, e.g., n = 200, both
)\out and —L5— increase with n while remain same for q=q*
or ¢ = 0.005, ‘because they are insensitive to the variation of ¢
if ¢ € S., = [q1, qu]. In sharp contrast, when n is large, if ¢ is
fixed, then the throughput rapidly drops and the signaling-to-
throughput ratio grows, indicating an intolerably deteriorated
network performance. However, if ¢ is adaptively configured
according to n, we can see that the maximum throughput can
always be achieved and the signaling-to-throughput ratio —-=
remains low, which corroborates that adaptive tuning of the
ACB factor ¢ is indispensable especially for massive access
scenarios.

016 0.019  q,=0.0254

is below the upper—bound 0, indicating that the

VI. CONCLUSION

This paper presents the throughput and signaling overhead
analysis of mMTC in 5G networks with PBRA. Based on
the analytical framework in [11], closed-form expressions
of the throughput and signaling-to-throughput ratio in both
unsaturated and saturated cases are obtained. By further taking
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Fig. 8. Throughput Xowut and signaling-to-throughput Lgs versus the
number of MTDs n. A = 0.001. s = 100. L = 200 bits. 5 ='6. ¢ = 0.005
or ¢ =q*.
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the signaling-to-throughput ratio constraint into consideration,
the maximum throughput is characterized by optimizing the
ACB factor. The analysis sheds important light on practical
5G network design with PBRA for efficient support of mMTC.
It reveals that to achieve the optimum throughput performance
while keeping the signaling-to-throughput ratio below a certain
level, a larger data packet length is preferred and the ACB
factor has to be adaptively tuned according to the network size.

Note that in this paper, we do not consider the CBRA
scheme. In practice, the PBRA scheme and CBRA scheme
coexist in 5G system. How to dynamically select a random
access mechanism according to the traffic characteristics of
mMTC is an interesting topic that deserves much attention in
future study.
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