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ABSTRACT Machine-type communications (MTC) is an emerging technology that boosts the development
of the Internet of Things by providing ubiquitous connectivity and services. Cellular networks are an
excellent choice for providing such hyper-connectivity thanks to their widely deployed infrastructure, among
other features. However, dealing with a large number of connection requests is a primary challenge in the
cellular-based MTC. Severe congestion episodes can occur when a large number of devices try to access the
network almost simultaneously. Extended access barring (EAB) is a congestion control mechanism for the
MTC that has been proposed by the 3GPP. In this paper, we carry out a thorough performance analysis of
the EAB and show the limitations of its current specification. To overcome these limitations, we propose the
two enhanced EAB schemes: the combined use of the EAB and access class barring, and the introduction of
a congestion avoidance backoff after the barring status of a UE is switched to unbarred. It is shown through
extensive simulations that our proposed solutions improve the key performance indicators. A high successful
access probability can be achieved even in heavily congested scenarios, the access delay is shortened, and,
most importantly, the number of required preamble retransmissions is reduced, which results in significant
energy savings. Furthermore, we present an accurate congestion estimation method that solely relies on
the information available at the base station. We show that this method permits a realistic and effective
implementation of the EAB.

INDEX TERMS Machine-to-machine communications, performance analysis, radio access networks,

5G mobile communication.

I. INTRODUCTION
The tremendous potential of machine-type communica-
tions (MTC) to offer ubiquitous connectivity among intel-
ligent devices makes the Internet of Things (IoT) possible.
Cellular networks are an excellent choice to provide such
hyper-connectivity thanks to the extensively deployed infras-
tructure and numerous advantages such as the reduced
deployment costs, security, management and QoS, among
other features that 3GPP cellular technologies offer [1]-[3].
Massive machine-type communications (mMTC) is one
of the main service types envisioned in 5G, along with
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ultrareliable and low-latency communications (URLLC) and
enhanced mobile broadband (eMBB) [4], [5]. Services in
mMTC are characterized by a vast number of connected
devices typically transmitting a relatively low volume of
delay-tolerant data.

When an MTC device (named UE herein) wants to access
the network, it must first obtain some configuration parame-
ters from the network, such as the predefined time/frequency
resources where the random access attempts are allowed.
Each instance of these resources, in which an access attempt
can be made, is called random access opportunity (RAO) and
the sequence of RAOs constitutes the random access chan-
nel (RACH). The base station (BS) broadcasts the configura-
tion information periodically through the Master Information
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Block (MIB) and the System Information Blocks (SIBs).
Then, the UEs perform a random access procedure in which
the RACH is used to signal the connection request [6], [7].

The random access procedure consists in a four-message
handshake contention-based procedure. First, the UEs sends
Msgl in the next RAO using a randomly chosen preamble
from a pool of available preambles. Msgl is detected by the
BS if the preamble is transmitted by only one UE in the cur-
rent RAO; if not, a collision occurs. For each detected pream-
ble, the BS sends a random access response (RAR) message,
Msg2, which includes one uplink grant, from a limited num-
ber of grants available. Msg?2 is used to assign time-frequency
resources to the UEs for the transmission of the connection
request. UEs that received an uplink grant send their con-
nection request message, Msg3, using the resources specified
by the BS. Finally, the BS responds to each Msg3 trans-
mission with a contention resolution message, Msg4. The
interested reader is referred to [6], [8]-[10] for further
details.

In mMTC, a fundamental problem is the efficient man-
agement of network resources in overload situations caused
when a large number of UEs simultaneously attempt to
access the network. The 3GPP proposes the extended access
barring (EAB) mechanism for congestion control, which
selectively restricts the access attempts of the UEs that are
configured for EAB. In 5G, UEs configured for EAB are
considered to be configured for delay-tolerant services [11].
Furthermore, in Release 13 the 3GPP specified a new radio
interface called Narrowband Internet of Things (NB-IoT)
that is optimized for MTC traffic. The only congestion con-
trol mechanism available in NB-IoT is called access barring
(AB) [9], [12] and, for the purposes of this paper, AB is
effectively equivalent to EAB; in the remainder of this paper,
EAB is used to refer to both mechanisms. Therefore, EAB is
the primary congestion control mechanism for mMTC.

Each UE configured for EAB is allocated an access
class (AC) in the range 0-9. When the network determines
that it is appropriate to apply EAB, it barres all UEs in a
given set of ACs, and broadcasts a SIB type 14 (SIB14)
containing a 10 bit barring bitmap. The barring is of simple
on/off type, where access to each AC is either allowed or
barred. This allows the network to control the load by barring
different ACs with a granularity of 10% of the device pop-
ulation [13]. EAB may be effective whenever the congestion
occurs sparingly and during short periods of time (in the order
of several seconds), which is the typical behavior of mMTC
as described in [14].

When the operator determines there is congestion in a
given BS, EAB is enabled and the network broadcasts neces-
sary information to provide EAB control for UEs. This infor-
mation basically consists of that contained in the SIB14 and
the system information change parameter contained in the
paging messages [15]. The procedure followed by UEs to
acquire the SIB14 and their behavior upon its acquisition is
specified in [9].
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The SIB14 contains a bitmap of barred ACs. The BS
broadcasts messages containing the SIB14s with a period
Tsii4 [11]. Every time the bitmap has to be changed, the BS
notifies it to the UEs through a system information change
parameter contained in the paging messages [15]. The paging
messages are sent at specific paging occasions (POs) within
a paging cycle of duration Tp. When a UE reads a paging
message with system information change set to on, it reads
the next occurrence of SIB14. Each UE can use only a subset
of all available POs. A UE calculates its POs from its local
identifier, as specified in [15]. By doing this, the POs of the
different UEs are distributed homogeneously throughout a
paging cycle. As a result, after a system information change,
the UEs will be evenly distributed between the SIB14 occur-
rences within the following paging cycle to acquire the new
EAB information. The purpose of this is to reduce the number
of UEs that will perform a simultaneous access attempt after
the barring of their class has been lifted.

The criteria for enabling or disabling EAB are not included
in the technical specifications of 3GPP, nor is the procedure
for switching the barring status of each AC while EAB is
enabled. In this paper, we use as a baseline EAB along
with the method proposed and evaluated in [16] for enabling
and disabling EAB, and for switching the barring status of
each AC. The same method was used for the performance
analysis presented in [17].

This method relies on two congestion coefficients,
CCspp and CCjqgp, that measure the level of congestion over a
moving window of 500 ms and 1000 ms, respectively; further
details can be found in Section VI.

When the value of CCjgog exceeds 0.4, EAB is enabled
and all ACs except AC 0 are barred. Then, the barring of
the other classes is lifted sequentially, one by one, each time
CCsq falls below 0.4. To guarantee that all the UEs in the
cell have time enough to acquire the updated bitmap, the
minimum time between two consecutive updates is set to
max(Tp, TsiB14).

It is important to note, however, that this method cannot
be directly implemented. The congestion coefficients must
be computed by the BS, and to do so it would require to
know the number of preambles transmitted at each RAO.
However, when collisions occur the BS cannot know the
exact number of UEs that transmitted a preamble. One of
the main contributions of this paper is the proposal of an
estimation method that allows the congestion coefficients to
be calculated by relying only on the information available at
the BS.

In this paper, we conduct a thorough performance analysis
of EAB by discrete-event simulations. We show that a limit-
ing factor of the current specification of EAB is that, when the
barring of an AC is lifted, UEs belonging to this AC initiate
their access procedure in bursts of periodicity Tsi14. Each
burst is caused by those UEs whose POs, and consequently
their readings of the paging message, occur between two
consecutive broadcasts of SIB14. These traffic bursts cause
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many preamble collisions during the first RAOs, deteriorating
the overall network performance.

We propose and evaluate two alternative enhancements of
EAB to relieve the congestion arising after the barring of an
AC is released. Firstly, we assess the effect of using ACB [9]
in conjunction with EAB. For this, when a barred AC is
released, the UEs in this class perform an ACB check before
accessing the RACH. Secondly, we propose and evaluate
a simpler scheme consisting in a collision-avoidance (CA)
backoff. In this scheme, when a barred AC is released,
the UEs in this class wait for a random backoff period
before accessing the RACH. We show that both proposals
reduce the traffic bursts and enhance the key performance
indicators (KPIs).

The main contributions of this paper are as follows. First,
a comprehensive performance analysis of EAB is carried
out by extensive and comprehensive computer simulations.
Our simulation model accurately reproduces the behavior and
characteristics, as specified by the 3GPP, of the elements
involved in the random access procedure and EAB (UEs,
BS and RACH). This analysis reveals that the current spec-
ification of EAB has significant limitations and provides a
detailed insight into their causes and consequences. In the
limited existing literature on this topic (see the next section
for details), the available performance studies ignore some
important details of the system (e.g., which is the information
available at the BS) and do not assess the performance in
terms of delay, or this assessment is limited to the mean
delay.

Our performance evaluations are based on the three main
KPIs for MTC [14]: the probability to successfully com-
plete the random access procedure, the number of neces-
sary preamble transmissions to the random access procedure,
and statistics of the access delay of the successful accesses
(in addition to the mean, several percentiles are given). These
KPIs are in conformance with the 3GPP directives to assess
the efficiency of the random access procedure with MTC.

Second, we propose two easily implementable modifica-
tions of EAB to overcome the identified limitations. The
effectiveness of the proposed solution is illustrated by means
of an exhaustive performance study. Among the limited exist-
ing research on EAB, there are very few proposals aiming
to improve its performance. To our knowledge, the two of
such proposals are [13], [18]. Our proposed improvements
differ from these in that ours consistently improve the per-
formance in all the KPIs, whereas the other proposals focus
exclusively on the success probability and ignore the impact
on the other KPIs; please, refer to the next section for further
details.

Finally, we propose an estimation method that allows the
practical implementation of EAB by relying only in the
information available at the BS. The criteria we used for
setting the barring status of each AC is the same as in the
most complete performance studies of EAB so far [13], [18].
However, in these previous studies no details are given about
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how the BS calculates the required congestion coefficients for
the implemented criteria.

The rest of the paper is organized as follows. In Section I,
we conduct a review of the literature regarding the stud-
ies that evaluate the performance of EAB and some pro-
posed algorithms for its implementation. In Section III, we
analyze the performance of EAB and investigate its limita-
tions. In Section IV, we describe and evaluate two enhanced
EAB schemes which overcome the former limitations.
In Section V, we evaluate quantitatively the improvement
obtained by both proposals in terms of KPIs. In Section VI,
we propose an evaluate a method to implement EAB realisti-
cally by estimating the CCy from the information available
at the BS. Finally, in Section VII we draw the conclusions.

Il. RELATED WORK

The performance of EAB has been analyzed in a few studies
such as [13], [17]-[20]. However, the study of EAB has
received very little attention so far in comparison with pre-
existing ACB. Besides, some literature uses the name EAB to
refer to the application of ACB in MTC scenarios [21]-[24].
Thus, the actual number of studies on EAB is even lower than
it may seem.

Some of these studies are restricted to assessing the per-
formance of EAB; and although they usually confirm the
existing limitations, no solutions are proposed to improve
the performance of EAB [17], [19], [20]. Besides, most of
these studies tended to focus on the theoretical performance
of EAB, whereas less attention was paid to its implemen-
tation. For example, the implementation of EAB proposed
in [16], [17] is based on two congestion coefficients which
cannot be directly calculated by the BS, and in [19], [20] no
details are given regarding the procedure that is followed to
activate and deactivate EAB control, or to set ACs barring
status.

One of the earliest performance studies of EAB is that
in [13]. The results there show that, even with the longest
paging cycle, the performance of EAB can be rather poor
in highly loaded scenarios. As a solution, the authors pro-
pose a selective paging solution in which users are notified
of a system information change over several paging cycles.
A significant impact on the access delay can be expected with
this solution. However, the reported results only included the
access success probability and no statistics about access delay
are provided.

In [17], a complete analytical model for the evaluation of
EAB is presented. The model allows obtaining the access
success probability, the collision probability and the mean
access delay in an efficient and rather accurate manner. The
results show that to obtain an acceptable performance in
highly loaded scenarios, the ratio between the duration of the
paging cycle and the SIB 14 period (Tp/Tsig14) must be above
a certain threshold. However, other than selecting sufficiently
long paging cycles, no solutions are proposed to improve the
performance of EAB.
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The authors of [18] propose an improvement to EAB that
is implemented in the UE side. The proposed method aims to
enable UEs to detect the congestion arising after the barring
of an AC is lifted. In that situation, after a number of failed
access attempts, a UE may decide (with certain probability)
to defer new attempts until its next paging occasion. This
method is similar to ours in the sense that randomness is intro-
duced in the UE side to alleviate the congestion that occurs
after an AC is unbarred. However, whereas our approach aims
at avoiding collisions, this method is basically reactive and
requires a minimum level of collisions to work properly. This
would go against one of the design principles of EAB, which
focuses on reducing collisions (to save battery) rather than
reducing access delay [20].

Non-orthogonal multiple access (NOMA) is expected to
provide important spectral efficiency gains in 5G. Although
NOMA is more commonly applied to downlink transmis-
sions, it has also been shown to be effective for uplink trans-
missions [25], [26].

In [26], [27], the authors propose a new uplink multiple
access scheme for mMTC based on NOMA. This scheme
will eliminate the need of the initial random access procedure,
thus reducing significantly not only the signaling congestion
in the RACH but also the access delay.

While this approach is undoubtedly promising for cellular
mMTC, it requires to completely overturn the current spec-
ifications of the radio interface. Moreover, there are still a
number of practical challenges that must be addressed before
this technology can be used in real systems, such as channel
estimation and synchronization among UEs. All these aspects
are beyond the scope of this paper, which aims instead at
enhancing a congestion control mechanism (EAB) in the
framework of the current random access procedure specified
by the 3GPP.

In [25], [28], [29], a power-domain NOMA is applied to
slotted multichannel ALOHA to increase the throughput. The
throughput gain is achieved by subdividing each channel into
power levels. The receiver can then decode several transmis-
sion in the same channel, if their received power levels are
sufficiently separated.

It is known that the random access procedure employed
in the RACH is based on slotted multichannel ALOHA,
in which the the different channels represent the preambles
used for Msgl [30]. Accordingly, the application of the
NOMA scheme proposed in [25] to the random access pro-
cedure could be seen, in a sense, as equivalent to increasing
the number of preambles. This increase, however, is limited
since the number of power levels must be kept to a low
value due to practical reasons. Therefore, while this scheme
will ease congestion episodes, they will not be completely
eliminated and effective congestion control mechanisms will
still be required. Furthermore, a known drawback of power-
domain NOMA schemes is the increase of the transmission
power. Consequently, such schemes may not be appropriate
for those cases in which low energy consumption is a critical
requirement.
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lll. EAB PERFORMANCE ANALYSIS

For the EAB mechanism evaluation, we measure three net-
work KPIs, namely: the probability to successfully com-
plete the random access procedure, Py; the mean number of
preamble transmissions needed by the UEs to successfully
complete the random access procedure, K; and statistics of
the access delay of the successful accesses, D. These KPIs
are in conformance with the 3GPP directives to assess the
efficiency of the random access procedure with MTC [14].

The access requests of MTC UEs follow a Bera(3, 4) distri-
bution over a period of 10 s, according to traffic model 2 spec-
ified by the 3GPP in [14]. This traffic model can be seen as an
extreme scenario in which a vast number of MTC UE arrivals
(ranging from 5 000 to 30 000) occur in a highly synchronized
manner (e.g., after an alarm that activates them).

We have assumed a single cell environment in which the
model above captures the access requests in a single cell.
However, we believe that the results obtained could be gen-
eralized to a multi-cell environment, because the effect of
handoffs in the traffic model would not be relevant. Note that
the only handoffs that would affect the access rate are those
in which a UE leaves the cell during the access procedure,
interrupting the procedure, and these would be very rare,
considering that most M2M devices are static and the access
procedure is of short duration.

TABLE 1. KPIs obtained for a heavy-loaded scenario (Ny; = 30 000), and
TsiB14 = 320 ms.

no control EAB
Tp )
TsiB14 2 4 8
Success probability Py 0.31 0.38 0.81 0.99
Number of preamble 1 (7 34 345 504 350
transmissions, K
Access delay, D [ms] E[D] 70 1315 5972 9647

To obtain the KPIs, we developed a discrete-event sim-
ulator that fully reproduces the behavior of UEs, BS, and
RACH during the random access procedure. It consists in a
set of Java classes implementing the monitor, events, traffic
generators, measurement probes, and processes that repro-
duce the behavior of UEs and BS. The simulator has been
validated through the results obtained in a reference configu-
ration (Table 1). We assume a typical PRACH configuration,
prach-ConfigIndex 6 [7], where the subframe length is 1 ms
and the periodicity of RAOs is 5ms. R = 54 out of the
64 available preambles are used for contention-based random
access and the maximum number of preamble transmissions
of each UE, preambleTransMax, is set to 10. Additional sys-
tem configuration parameters can be found in [8, Table III].
These parameters are those specified by the 3GPP in [14] to
conduct the study on the RACH capacity for MTC devices,
and maintained in [16] for the evaluation of EAB.

The results presented in this section have been obtained
using the congestion coefficients defined in [16] and
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assuming that the BS has the necessary information for its
exact calculation. In Section VI, we show that our proposed
realistic calculation of these congestion coefficients has a
very limited impact on the results.

In Table 1, we present the KPIs obtained in a heavy-loaded
scenario of Nyy = 30000 MTC UE arrivals. We consider
two scenarios, without congestion control (i.e., with no EAB)
and with EAB, for different configuration values of 7Tp. The
results displayed in Table 1 have been obtained by aver-
aging the results of 100 independent simulation runs. The
results for EAB were obtained for Tsigi4 = 320ms and
Tp € {640, 1280, 2560} ms. Previously, we verified that,
as in [16], [17], the combinations of parameters in which
Tp < TsiB14 result in very poor performance in terms of Pj.
The results shown in Table 1 are in line with those presented
in [13], [17], [19], [20]. We can see that, with no congestion
control, performance in terms of P; and K is very poor.
With EAB, as the Tp duration increases P increases. This is
because the greater the Tp, the greater the number of updates
per Tp, which results in a lower intensity of the traffic burst
after each SIB14 update. However, the cost of increasing Tp
is that ACs are unbarred at a slower rate (one AC per Tp), thus
increasing the access delay.

Fig. 1 shows in detail how the EAB mechanism handles
congestion episodes. This figure plots the temporal distribu-
tion of preamble transmissions during a congestion episode
of Nyy = 30000 MTC UEs, for Tsigi4 = 320ms and Tp €
{640, 1280, 2560} ms. It can be seen that, when congestion
builds up, the CCjggo calculated at the BS grows, and when
it exceeds the barring threshold (0.4), EAB is enabled and
all ACs except ACO are barred, which occurs at t ~ 2s.
From this moment, the traffic declines as the UEs read the
SIB14 message following their respective POs. When the
CCsqp is under the unbarring threshold (0.4), the BS starts to
release the barred ACs one at a time, at intervals not shorter
than max{7Tp, Tsig1a} = Tp. Every time that a barred AC
is released, a number of UEs access the RACH in bursts of
periodicity Tsig14 = 320 ms. Each burst corresponds to those
UEs whose POs are between two consecutive broadcastings
of the SIB14 message; these UEs access the RACH con-
currently because they update their SIB14 simultaneously.
For each AC released, a total of Tp/Tsig14 traffic bursts are
produced. When all the traffic from a released AC ends,
the congestion vanishes and, when the CCsqg is under the
unbarring threshold (0.4), the BS releases a new barred AC.
The full episode ends when all the barred ACs (from 1 to 9)
are released.

The dynamics of EAB are most clearly observed in the case
of alarge paging cycle (Tp = 2560 ms). In Fig. 1c, we can see
that the barred ACs begin to be released starting on t & 5.
In this case, barred ACs are released at intervals slightly
greater than 2560 ms (7p). For each AC released, a group of
eight (Tp/Ts1B14) traffic bursts at intervals of 320 ms (7513 14)
is generated. The time gap between two consecutive groups
of bursts is about 1s, which is the time it takes for CCsgg
to go below the unbarring threshold. In Fig. 1c, nine groups
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FIGURE 1. Average number of preamble transmissions for Ny; = 30000,
and Tgjg4 = 320 ms. (a) Tp = 640 ms. (b) Tp = 1280 ms. (c) Tp = 2560 ms.

of bursts, corresponding to the nine barred ACs, are clearly
observed. The first barred ACs are released when new UEs
are still arriving, which gives rise to a more complex dynamic
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at the beginning of the episode (recall that the benchmark
traffic model generates a congestion episode of 10 s, and
this group lasts approximately between 5 and 8 s). Therefore,
when the first AC was released a significant proportion of
its UEs had not arrived yet. The consequence of this is that,
as seen in the figure, the bursts of the first group are of
lower intensity than those of the following groups. This also
explains why the intensity of the bursts in the first group
exhibits an increasing pattern.

For shorter paging cycles (Figs. 1a and 1b), the specifics of
the first group of bursts described above are more pronounced
and extend to subsequent groups (up to the second group
in Fig. 1b and up to the fourth in Fig. 1a). This is mainly
because a shorter duration of the paging cycle causes that
the UEs of barred ACs notice their status before. Therefore,
once EAB is activated, the traffic is reduced more quickly,
the congestion relieves faster, and the barred ACs start to be
released before.

18000

— 1T, = 2560ms
16000 |- :
" — 1T, = 1280ms
% 14000 F T, = 640ms
O
B 12000
S
=
g 10000 -
=
& 000 |
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o
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FIGURE 2. Number of barred UEs during a congestion episode with EAB,
Ny = 30000, and (Tp, Tgig14) = ({640, 1280, 2560}, 320) ms.

Fig. 2 shows the evolution in time of the number of
barred UEs in the same scenario, and provides an additional
insight into what has been explained above. When congestion
starts to build up, the number of barred UEs increases, until
it reaches a maximum when the congestion episode ends
(at t ~ 10s). It can be seen that the curve in its growing
part is not completely smooth. The peaks in this part of the
curve are due to those barred ACs that are released before
the congestion ends, that is, while new UEs are still arriving.
This happens especially for short paging cycles, as explained
before. When the congestion ends, the number of barred UEs
decreases stepwise every Tsig14 in groups of Tp/TsiB14 steps,
which correspond to the groups of traffic bursts described
above.

Note that a when the value of Tp is increased, the down-
ward steps in Fig. 2 become smaller, which means less intense
traffic bursts. However, an increase of Tp also provokes a
significant increase in the time required to release all the UEs,
which means greater access delay. The intensity of the traffic
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bursts is inversely proportional to the number of steps in a
group, which is Tp/Tsig14. This because the total number
of UEs belonging to a barred AC are divided into Tp/TsiB14
traffic burst when its AC is released. This can be confirmed
in Fig. 1: for Tp/Tsms14a = 2 (Fig. la), the bursts reach
approximately 1500 preambles per RAO; for Tp/Tsip14 = 4
(Fig. 1b), they reach approximately 750 preambles per RAO;
and for Tp/Tsip14 = 8 (Fig. 1c), they reach approximately
375 preambles per RAO. These values correspond to the
number of UEs per AC (Nys/10 = 3000 UEs) divided by
the number of bursts per group (Tp/TsiB14)-

From this analysis, we conclude that the main limitation
in EAB performance is due to the fact that, when a barred
AC is released, groups of UEs initiate their access procedure
in a synchronized mode. The UEs that are synchronized are
those that access the paging information in the same PO. This
synchronization causes traffic bursts that degrade the network
performance. For small values of Tp (640 or 1280 ms), these
traffic bursts are far above the RACH capacity, which results
in a low successful access probability and a high number of
preamble transmissions. By increasing Tp, the traffic from
each released AC is distributed between a greater number of
bursts, thus reducing their intensity. As can be seen in Table 1,
this improves the successful access probability, but it hardly
changes the number of required transmissions to successfully
complete the access procedure and increases the access delay.

IV. EAB PERFORMANCE IMPROVEMENT

In this section, we evaluate two alternatives to improve the
EAB scheme which overcomes the limitations mentioned
above, thus improving the network performance. Firstly,
we study the combination of EAB and access class bar-
ring (ACB), and show that ACB can reduce the intensity
of the traffic bursts that occur every time a barred AC is
released. Secondly, we propose and evaluate a more simple
and effective way to obtain the same result, by means of
including a congestion avoidance (CA) backoff in the UE
access procedure.

A. EAB WITH ACB

ACB [9], [11] is a congestion control scheme designed to
redistribute the access requests of UEs through time to allevi-
ate congestion episodes. When ACB is implemented, the BS
broadcasts periodically a message containing a barring rate
Pacg € {0.05,0.1,...,0.3,04,...,0.7,0.75,0.8, ...,
0.95}, and a mean barring time Tzccp € {4, 8, 16, ...,5125s}.
Before starting the random access procedure, the UE per-
forms a test to find out if it can initiate the access procedure
immediately or it has to wait. For this, it generates a random
number uniformly distributed between 0 and 1, g = U0, 1):
if g < Pacs, the UE transmits its preamble; otherwise,
the UE waits for a random time calculated as

Tvarring = [0.7 + 0.6 U[0, 1)] Tacs, (D
and then it repeats the test.
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In the normal operation of ACB, all the new arriving
UEs must perform the ACB test with the last values of
{PacB, TacB} broadcast by the BS. However, here we want
to test the simultaneous operation of ACB and EAB to deter-
mine the effect of ACB on the performance of EAB. For this
reason, we have tested a scheme in which ACB operates only
when EAB is enabled. This means that UEs will pass the
ACB test only if they have been previously barred; if not, they
initiate the access procedure immediately.

SIB14

data
[AC barred]

SIB14
[AC barred]

SIB14
[AC !barred AND
Z/{[O 1) > PACB]
ACB timeout
[U]0,1) > Pacs]

data
[AC !barred]

D
backoff

ACB timeout
[U[0,1) < Pacg]

access
initiated

FIGURE 3. State diagram for a UE with EAB + ACB congestion control.

The behavior of the UE with EAB+ACB congestion con-
trol is illustrated in the state diagram in Fig. 3. While the UE
is in idle state, it periodically wakes up at its PO and, if the
system information change in the paging message is set, it
updates its AC barring status by reading the next message
containing the SIB14. When, in idle state, a request of sending
data is received, the UE initiates the access or goes to barred
state, depending on its AC barring status. While in barred
state, it keeps updating its AC barring status, and when it is
not barred, it initiates the access or goes to ACB backoff state,
depending on the result of the ACB test. In ACB backoff state,
every time that the ACB backoff ends, the UE repeats the
ACB test and, depending on the result, it initiates the access
or remains in ACB backoff state.

To determine the values of {Pacg, Tacs} to be tested,
we have considered that the objective is to distribute the
transmissions of a traffic burst over the interval between the
start of the current burst and the start of the next one. Ideally,
this would be achieved if all the UEs waited a time uniformly
distributed between 0 and Tsig14 (U[0, Tsig14)). This is not
feasible with ACB because: firstly, Pocp cannot be 0, and
therefore a proportion of the incoming UEs will not wait
any backoff; and secondly, the ACB backoff time given by
(1) is not uniformly distributed. To approximate the ideal
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behavior, we have chosen combinations of {Pacs, Tacg} that
lead to a mean total ACB waiting time of Tsigi4/2 (the
mean of U[0, Tsi14)). The total ACB waiting time is the
sum of N ACB backoff times, where N is the number of
times a UE will be barred until its access is finally allowed.
These backoff times are independent and follow the same
distribution, which is given by (1). The distribution of the
number of ACB backoffs prior to the access attempt is P(N =
n) = (1 — PacB)"Pacs, for n > 0, and consequently E[N] =
(1 —PacB)/Pacs- Now, the expected total ACB waiting time
can be obtained as E[N]Tacg. Therefore, for a given Pacg,
in order to obtain a mean total ACB waiting time equal to
TsiB14/2, the required value of Tacp is given by

Pace  TsiBi4
1 —Pacg 2

For most of the values of Paocg, the value obtained from (2)
is much smaller than the minimum value of Tocp specified
in [9], which is 4 s. For Pocg = 0.95, which is the maximum
value of Pacg below 1 (note that Pocg = 1 means that ACB
is disabled), and Tsig14 = 320 ms, the required mean barring
time given by (2) is Tace = 3040ms. For Paocg = 0.5,
Tace = 160 ms, and for Pacg = 0.1, Tacg = 17.78 ms.

@)

TacB =

TABLE 2. KPIs obtained for EAB+ACB for a heavy-loaded scenario
(NM =30 000), TACB =4s, and TS|B|4 =320 ms.

e 2 4 8
Ps 0.99 0.99 0.99
Pacg = 0.1 E[K] 168 163  1.80
E[D](ms) 27631 29900 32549
Ps 0.84 0.99 0.99
Pacg =0.5 E[K] 303 278 228
E[D] (ms) 7386 8544 12410
Ps 0.41 0.84 0.99
Pacg = 0.95 E[K] 334 485 336
E[D] (ms) 2095 6308 9844
Table 2 shows the KPIs obtained with Taocg = 4s

(the minimum value in the specifications) and Pacp €
{0.1, 0.5, 0.95}, in a heavy-loaded scenario of Ny; = 30000
MTC UE arrivals with EAB+ACB, Tsigi4 = 320ms, and
Tp € {640, 1280, 2560} ms. These values are the average of
100 independent simulation runs. As can be seen, for medium
or low values of Pacp, acceptable values of Py and K are
obtained but at the cost of excessively increasing the delay
(note that Tacp = 4 s is much higher than the values given
by (2)). On the other hand, for high values of P5cp, the results
obtained do not differ significantly from those obtained for
EAB only (Table 1), as expected, because with values of Paocp
close to 1, the ACB effect is negligible. From these results,
we conclude that the desired effect of EAB+ACB cannot be
obtained with standard values of TAcg.

63751



IEEE Access

J-R. Vidal et al.: Performance Study and Enhancement of Access Barring for Massive MTC

In order to evaluate the potential capacity of EAB4+ACB of
reducing traffic bursts, and its effects in the KPIs, hereafter we
test EAB+ACB with Pacp € {0.5, 0.1}, and the correspond-
ing values of Tacp given by (2), that is, Taocg = 160 ms and
Tacs = 17.78 ms, respectively)

Fig. 4 shows the temporal distribution of preamble trans-
missions during a congestion episode of Ny, = 30000 MTC
UEs, for Tsigi4 = 320ms and Tp € {640, 1280, 2560} ms,
with EAB+ACB using the parameters Pacg = 0.5 and
Tace = 160ms. As expected, the intensity of the traffic
bursts is reduced by half, because only half of the UEs pass
the ACB test at the first attempt. The other half of UEs are
delayed by the ACB backoff. Depending on the duration of
the paging cycle, this reduction may be not enough to achieve
a high successful access probability. In fact, for the values of
Tp tested, the intensity of the traffic bursts is still above the
RACH capacity.

In Fig. 5, the results for Pocg = 0.1 and Tacg = 17.78 ms
in the same scenario are shown. Now, the intensity of the traf-
fic bursts is further reduced. As the numerical results shown
in Section V confirm, this behavior results in a significant
performance improvement, in terms of both successful access
probability and number of preamble transmissions.

B. EAB WITH CA BACKOFF

As seen in the previous section, with the EAB+ACB scheme,
the objective of reducing the intensity of traffic bursts that
deteriorate network performance can be achieved. However,
this requires values in the parameters of ACB not con-
templated in the specification. In this section, we describe
a simpler and more efficient way to eliminate the traffic
bursts without the intervention of ACB. Our solution is
implemented in the UE-side and consists in performing a
collision-avoidance (CA) backoff before the access attempt.
The behavior of the UE with EAB and CA backoff congestion
control is illustrated in the state diagram in Fig. 6. The CA
backoff is performed only by those UEs leaving the barred
state. When a UE in barred state updates its SIB14 and finds
out that its ACs has been unbarred, it waits for a random time
uniformly distributed between 0 and Tsig14 before starting
the access procedure.

Thanks to the CA backoff, UEs that update their
SIB14 simultaneously do not access the RACH concurrently,
but they distribute their access attempts throughout a Tsip14
period. These UEs are those which had their POs in the
previous Tsigi4 period. In the same way, UEs with their
POs in the current Tsp14 period will distribute their access
attempts along the next Tsig14 period. By doing so, the bursts
of arrivals described above are eliminated, which allows
resolving the congestion in a shorter time.

Fig. 7 illustrates the temporal distribution of the pream-
ble transmissions during a congestion episode of Ny =
30000 MTC UEs, for Tsigi4 = 320ms and Tp € {640,
1280, 2560} ms, with EAB4+CA. As seen, now all the traffic
coming from the release of a barred AC is evenly distributed
throughout a paging cycle. For short paging cycles (as in
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the case of Tp = 640ms), this may be not enough to
reach a high probability of successful access, but for larger
paging cycles (Tp € {1280, 2560} ms), it is observed that the
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resulting traffic does not substantially exceed the capacity of
the channel, which results in an improvement of both access
probability and number of preamble transmissions, as we
show in the following section.
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FIGURE 6. State diagram for a UE with EAB+CA congestion control.

V. NUMERICAL RESULTS

In this section, we present the quantitative results of the
performance evaluation of the two improvement schemes
described above, and compare them with each other and with
the performance of the baseline EAB.

Fig. 8 depicts the successful access probability, P;, for the
baseline EAB, EAB+ACB with Pocg = 0.5, EAB+ACB
with Pacg = 0.1, and EAB+CA. The value of Py has
been obtained for several traffic intensities, ranging from
Ny = 6000 UEs (light congestion) to Ny = 30000
(heavy congestion). The shaded areas around the curves rep-
resent the confidence intervals for a confidence level of 99 %.
All the results have been obtained by averaging the results
of 100 independent simulation runs.

As can be seen, for a short paging cycle (Tp = 640 ms,
Fig. 8a) and moderate or heavy congestion (Ny; > 20000
UEs), none of the tested schemes obtains a sufficiently
high successful access probability (above 0.9). Nevertheless,
EAB+ACB and EAB+CA represent an important improve-
ment with respect to EAB. They obtain a very high P for
moderate congestion up to Nyy = 20000 UEs, and, for a
heavy congestion of Ny, = 30000 UEs, Py goes from ~ 0.4
in plain EAB to ~ 0.7 in the enhanced schemes. However,
this probability is still low because, for a severe congestion,
the paging cycle duration is not enough to accommodate
all the traffic generated when an AC is released, even if it
has been distributed evenly throughout the paging cycle (see
Fig. 7a).

For a medium paging cycle (Tp = 1280 ms, Fig. 8b), plain
EAB can successfully cope with a moderate congestion up to
Ny =~ 25000 UEs, while EAB+ACB and EAB+CA obtain
an excellent Pg even with heavy congestion. With respect to
the effect of the value of Pacp used in EAB+ACB, with
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FIGURE 7. Average number of preamble transmissions with EAB+CA,
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Pac = 0.5 a slight performance deterioration is appreciated
as the load increases, whereas with Pacg = 0.1 the behavior
is indistinguishable from that of EAB4-CA.
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For a long paging cycle (Tp = 2560ms, Fig. 8c), all
the tested schemes obtain a high successful access proba-
bility even for heavily congested scenarios. In this case, the
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FIGURE 9. Average number of preamble transmissions.
(a) Tp = 640ms. (b) Tp = 1280 ms. (c) Tp = 2560 ms.

performance comparison will be made in terms of other KPIs
(number of preamble transmissions and delay).

Fig. 9 shows the mean number of preamble transmissions
(E[K]) needed to successfully complete the random access
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procedure, corresponding to the previous experiment. Note
that, for the calculation of K (and also for the delay), only
the successful accesses are counted. For this reason, the
comparison of two cases in terms of E[K] only makes sense
if in both cases the number of successful accesses is similar.
As seen in Fig. 8, the values of Pg differ greatly in some
cases. Thus, in Fig. 9 we have shown only those results in
which the successful access probability is sufficiently high,
that is, those cases in which the majority of accesses have
been accounted for the calculation of E[K]. For this, we have
chosen a threshold of P; > 0.9. For those cases in which
Py < 0.9, the comparison in terms of K would not be fair
and moreover the performance would be too low for being
of practical interest. In all cases, EAB+ACB and EAB+CA
reduce to approximately half the mean number of preamble
transmissions, which results in power savings. Moreover,
here it is confirmed that EAB+ACB performs better with
Pacg = 0.1 than with Paocg = 0.5, and in the first case
the result is very close (although slightly worse) to that of
EAB+CA. The reduction in the number of preamble trans-
missions is especially relevant in delay-tolerant scenarios
where UEs are mainly power-constrained [31].

Fig. 10 shows the mean access delay corresponding to
the same experiment. As before, and for the same reasons,
only those results corresponding to a Py > 0.9 have been
included. As can be seen in this figure, the confidence inter-
vals obtained for the delay is wider than those obtained for the
other KPIs, with the same number of simulation runs and the
same confidence level, which means that the delay caused by
EAB has a high variability, especially for a long paging cycle.
These results show that EAB+ACB with Pacg = 0.1 and
EAB+CA reduce the mean access delay by approximately
one second in most cases. However, this reduction is not par-
ticularly significant, given the magnitude of the total delay.
What is important here is that, with the improved schemes
it is possible to obtain better KPIs than with plain EAB, but
using a shorter paging cycle, which does result in a significant
reduction in the delay. Thus, for example, with CA backoff
and Tp = 1280ms we obtain the same successful access
probability (Py > 0.99) as with EAB and Tp = 2560 ms,
but in the first case we obtain E[K] ~ 2 transmissions and
E[D] ~ 6.5 s, while with plain EAB we obtain E[K] ~ 3.5
transmissions and E[D] ~ 10 s.

In Table 3, we present the numerical values of KPI statis-
tics for the four tested schemes in a heavy-loaded traf-
fic scenario (Ny; = 30000), for Tsigi4a = 320ms, and
Tp € {640, 1280, 2560} ms. These values are the average
of 100 independent simulation runs. The delay statistics,
(mean value and 50th, 75th, 90th, 95th, and 99th percentiles)
are included only in those cases in which P; > 0.9. The
values of the percentiles of the delay confirm what the mean
values in Fig. 10 suggested.

VI. CALCULATION OF THE CONGESTION COEFFICIENTS
The results presented thus far have been obtained using the
congestion coefficients defined in [16]. According to this
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definition, the congestion coefficient for a moving time-
window of W ms (CCy) is
I]RARW

CCy =1 — —, 3
w Py 3)
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TABLE 3. KPIs obtained for a heavy-loaded scenario (Ny; = 30 000), and
TsiB14 = 320 ms.

EAB+ACB  EAB+ACB

Tp EAB  (Pacg =0.5) (Pacs =0.1) EAB+CA

g Ps 038 0.71 0.71 0.69
(=3
3
=

Py 081 0.99 0.99 0.99

) E[K] - 3.00 229 1.99
£

g Z E[D] - 6627 6554 6682

= = Do - 18918 18778 19169

£  Dos - 17072 16892 17354

2 Dgo - 15591 15447 15816

5 Dy - 11873 11773 12013

S Dso - 5726 5635 5691

Py 0.99 0.99 0.99 0.99

) E[K] 350 232 1.93 1.90
E

2 Z EID] oo 9822 8305 8053

= Doy 27956 28027 24267 23459

£ Dgs 25781 25854 21948 21530

2 Dgy 23895 23958 20084 19731

5 D 17732 17897 15123 14785

S Dso 7663 8047 6898 6590

where nRARy is the number of RARs sent during W ms and
nPTyy is the number of preamble transmissions during W ms.
To calculate CCys defined in this way, the BS would need
to know the number of preamble transmissions during the
time window. However, this number is unknown at the BS
because those preambles transmitted by more than one UE are
not decoded. Therefore, to evaluate the performance of EAB
in a realistic environment, the value of nPTyw in (3) should
be estimated from the number of preambles used (by at least
one UEs) at each RAO. In order to demonstrate that the results
shown in the previous sections are valid also in a realistic
implementation of EAB, in this section, we propose and
evaluate a way to calculate the CCy s from the information
available in the BS, namely, from the number of preambles
used and the number of RARSs sent at every RAO.

Let Y;j(i) € {0, 1} be the random variable that denotes
the transmission of preamble j at RAO(i) given that the total
number of transmissions at RAO() is n; (7). Then, Y;(i)) = 0
when preamble j has not been transmitted by any UE at
RAO(i), and Y;(i) = 1 otherwise. Therefore, the probability
distribution of Y;(i) is

1 ne (i)
P(Yj(i)) =0) = <1 — ﬁ) , )
1 ne (i)
PG =1) = 1- (1 - E) , )
where R is the number of available preambles. Thus,
1 ny (i)
ElY,(HD]l =1 - (1 — E) . (6)

The number of used preambles at RAO(7), n,,(i), is
R
(i) =Y ¥;(i), (7
j=0
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and its expected value is
1 e (i)
E[n,()]=R|1— (1 — I_i) . 8)

Since n,(7) is known at the BS, and assuming that E[n,(7)]
changes slowly, it can be estimated from a short-term time
average of n, (). Let n,,({) be an estimate of E[n,,(i)] at RAO(7)
obtained by an exponential smoothing of n,(),

(i) = a i, (i — 1) + (1 — o) ny, (i), C))

witha < 1. Then, from (8), the estimated value of the number
of transmitted preambles used to calculate the congestion
coefficients can be obtained as

7y (i)
log (1 — %)

(i) = — = (10)
log (1 — E)
0.9
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FIGURE 11. CCyy for W = 1000 ms exact and estimated during a
congestion episode with Ny; = 30000 and (Tp, Ts|g14) = (2560, 320) ms.

We have repeated the previous simulations but this time
estimating the CCy as described above. Fig. 11 shows
an example of the evolution of CCjgpo during a conges-
tion episode with Ny = 30000 MTC UEs arrivals and
(Tp, Tsi1a) = (2560, 320) ms. In the figure, the CCjgno
obtained from the estimated number of transmissions is com-
pared with the obtained from the exact value of transmissions.
As can be seen, the values of CCjoo obtained by estimation
are very close to those obtained using the real number of
preambles transmitted. The error is only significant for brief
intervals that occur with periodicity Tsip14, each time an AC
is unbarred.

Fig. 12 shows a comparison of the KPIs obtained with exact
congestion coefficients with those obtained with estimated
ones in a heavily congested scenario (Ny; = 30000), for the
different EAB schemes and paging cycle durations tested in
the previous sections. As seen, using the estimated CCy s, the
effect of the proposed EAB improvements on performance
is approximately the same as the one we obtained using
the exact congestion coefficients. In fact, all the conclusions
stated in the previous section on the performance of the
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different EAB schemes tested remain valid in a scenario of
realistic implementation in which the congestion coefficients
are calculated by means of an estimator.
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VII. CONCLUSION

We have shown that the current extended access bar-
ring (EAB) suffers from a limiting factor which is that, every
time a barred access class is released, UEs belonging to that
class access the channel in bursts. We have evaluated two
enhanced EAB schemes to remove this burstiness: a first
one based on the joint use of EAB and access class barring,
and a second one based on the execution of a congestion
avoidance backoff after the barring status of a UE is switched
to unbarred. We showed that these schemes improve the
key performance indicators and that the scheme based on a
congestion avoidance backoff, besides being simpler, is the
most effective.

The congestion avoidance backoff scheme offer two
important benefits: firstly, it provides very high successful
access probability, even in heavily congested scenarios, with
shorter paging cycles than those required by plain EAB, what
results in a very important reduction of the access delay;
and secondly, it reduces drastically the number of preamble
transmissions required to access the channel. In particular,
the important reduction in the number of preamble trans-
missions makes this solution a well-suited option for power-
constrained MTC devices.

Finally, we presented an accurate estimation method to
calculate the congestion coefficients using only the infor-
mation available at the base station, as would be required
in a realistic setting. We showed that the application of our
method permits a realistic and effective implementation of all
the studied EAB schemes, and in particular of the congestion
avoidance backoff scheme.
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