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Machine-to-machine (M2M) communication is considered as one of the key enablers for providing of advanced services and
applications. SinceM2M features amassive number of user equipment (UE) pieces, one of the key issues is the radio access network
(RAN) overload problem for massive connections inM2M communications. In order to improve the number of successful accesses
(i.e., theM2MUEpieces that successfully transmit data packets) forM2Mcommunications in the current long term evolution (LTE)
systems, we propose a new hybrid protocol for random access (RA) and data transmission based on two-phase access class barring
(ACB)mechanisms. Furthermore, the joint optimization algorithmof the two-phaseACB factors and the number of resource blocks
(RBs) allocated for RA and data transmission is designed to maximize the number of successful accesses. Finally, simulation results
demonstrate that our scheme can significantly improve the number of successful accesses and achieve performance improvement
in reducing the grant time.

1. Introduction

As a key component of Internet ofThings (IoT), machine-to-
machine (M2M) communications, also known as machine-
type communications (MTC) in the third-generation part-
nership project (3GPP), is being regarded as one of the
promising technologies in future 5th-generation (5G) wire-
less communications [1]. Recent advances and developments
in standards, protocols, and architecture for MTC evolution
from 4th-generation (4G) to 5Gwireless communications are
discussed in [2]. Due to the diverse set of MTC applications
and services [3], the current view on the 5G wireless sys-
tem categorizes MTC into two: (1) massive MTC (mMTC)
supplying a massive number of low-data rate and low-cost
devices and (2) ultra-reliable low-latency MTC (uMTC)
supporting message transmission with high reliability and
low latency [4]. An estimated 25 billion pieces of M2M
user equipment (UE) will be deployed in 2020 [5]. However,
the resulting connection requests from a massive amount of

M2M UE will overwhelm the radio access network (RAN)
and degrade the performance of existing human-to-human
(H2H) communications [6]. In 3GPP Releases 12 and 13,
enhanced MTC (eMTC) is introduced to provide improve-
ments in terms of overload control, signaling overhead
reduction, device cost reduction, coverage enhancement, and
power saving for longer battery life [7–9]. In 3GPP Release
13, a narrowband system has been proposed to support M2M
communications, which can realize low-cost, low-power, and
wide-area cellular connectivity [10]. Further enhancements
of narrowband system carry on in Release 14, which is still
in progress [11]. A contention-based random access (RA)
strategy with direct data transmission is discussed in [4].This
strategy, often termed “direct RA,” exploits novel medium-
access control schemes as well as novel physical layer
algorithms to efficiently alleviate the number of connected
devices and therefore reduce uplink data traffic congestion.

In this paper, the issues related to the deployment of
mMTC using 3GPP long term evolution (LTE) network
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infrastructure is mainly considered. There have been several
studies on the RANoverload control and access success prob-
ability improvement. Access class barring (ACB) mechanism
is proposed in the 3GPP standard for congestion control.The
key of ACB mechanism is to let the eNB broadcast the ACB
factor. Each active M2M UE generates a random number
between 0 and 1. If the random number is less than the ACB
factor, we say that the active UE can conduct RA procedure.
Otherwise, the UE will be randomly barred for a backoff
time. In LTE systems, an M2M UE transmits a preamble on
the physical random access channel (PRACH) in the first
step of RA procedure to inform the evolved nodeB (eNB)
of its connection request [12]. In [13], the authors propose
a dynamic PRACH resource allocation for clustered M2M
UE. The available preambles are dynamically partitioned for
each cluster, and theUE belonging to different clusters adopts
the ACB mechanism to alleviate the overload. However, the
ACB factors are determined through amass of simulations. In
[14–16], the authors propose a traffic-aware ACB strategy to
increase the access success probability, where the ACB factor
dynamically changes with the varying number of activeM2M
UE pieces. However, the estimation scheme on the number of
active M2MUE pieces has relatively high complexity. In [17],
a joint optimal PRACH resource allocation and ACB scheme
is proposed to increase access success probability. However,
the maximum number of random access opportunities (i.e.,
the product of preambles number and the PRACH subframes
number) is fixed, and it may not be the optimal number when
the number of active M2M UE pieces exceeds the maximum
number of random access opportunities, which results in the
inefficient using of radio resource. In [13–17], the emphasis
on the amount of resources for PRACHmay not be sufficient
since the uplink available resources are limited. The more
the PRACH resources allocated to improve the performance
of RA procedure, the less the radio resources available for
uplink data transmission. In [18], a joint adaptive resource
allocation and ACB scheme is proposed to achieve RAN
overload control anddata transmission at the same time. Both
the congestion in PRACH and data channels are emphasized.
However, if there is more than one M2M UE piece select
the same preamble, and the eNB schedules the same physical
uplink shared channel (PUSCH) to this M2M UE for data
packet transmissions; this PUSCH is wasted because the eNB
cannot decode any data packet. The PUSCH usage efficiency
drops greatly due to the serious preamble collisions.

In this paper, the successful access is defined as the M2M
UE that successfully transmits its data packet. To improve
the number of successful accesses as well as the resource effi-
ciency, we propose a new hybrid RA protocol for RA and
data transmissions based on two-phase ACBmechanisms for
M2M communications, which increases the number of suc-
cessful accesses by more efficiently using the radio resources
and ACB mechanisms. The work of this paper is summa-
rized as follows.

(1) We extend the current ACB technique that is in the
current LTE standard to two-phaseACBmechanisms.
In the first phase, the number of participating M2M
UE pieces is controlled by the first ACB mechanism.

In the second phase, the participatingM2MUE in the
first phase is partitioned into two parts by the second
ACBmechanism, which, respectively, selects different
type of preamble, that is, the nonspecified preamble or
the specified preamble.

(2) The nonspecified preamble, which is selected by only
one piece of M2M UE, is regarded as successful
preamble in this paper. To improve the number of
successful preamble, we adaptively adjust the ACB
factor in the second phase according to the ratio
of nonspecified preambles number and participating
M2M UE pieces number. Besides, the number of
nonspecified preambles is determined by the number
of resource blocks (RBs) allocated to PRACH.

(3) The eNB schedules data channels only for the partici-
pating M2MUE that selects the successful preambles
and the specified preamble. To improve the number of
successful accesses, we realize optimal RBs allocation
between PRACH and PUSCH such that all the par-
ticipating M2M UE pieces that select the successful
preambles and the specified preamble can efficiently
use PUSCH.

(4) The analytic model is validated by simulation results.
We demonstrate that the proposed protocol can sig-
nificantly improve the number of successful accesses
and achieve performance improvement in reducing
grant time.

The remainder of this paper is organized as follows.
Section 2 introduces the traditional RA procedure in LTE sys-
tems. Section 3 presents the systemmodel. Section 4discusses
the details of overload control and resource allocation for the
proposed hybrid protocol. Performance evaluations are given
in Section 5, while the paper is concluded in Section 6.

2. Traditional Random Access Procedure in
LTE Systems

TheRA procedure in conventional 3GPP LTE systems is clas-
sified into contention-based and contention-free [12]. This
paper only focuses on contention-based manner. The con-
tention-based RA procedure is shown in Figure 1, which
includes the following four steps [12].

Step 1. Preamble transmission: An M2M UE randomly
selects a preamble from all available preambles with equal
probability and transmits it on PRACH.

Step 2. Random access response (RAR): After detecting the
preamble, eNB transmits the corresponding RAR through
downlink channels.The RAR conveys the identity of detected
preamble, uplink resource grant for the transmission of
connection setup request in Step 3, timing alignment (TA)
information, and the assignment of a temporary identifier.

Step 3. Connection setup request: After receiving the corre-
sponding RAR, UE adjusts uplink transmission time accord-
ing to the received TA and transmits the connection setup
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Figure 1: The contention-based RA procedure in LTE systems.

request by using the uplink resource grant indicated by the
RAR.

Step 4. Contention resolution: If the eNB succeeds in receiv-
ing the connection setup request in Step 3, it sends the
contention resolution to the corresponding UE. The RA
procedure is completed if the UE receives the contention
resolution message.

After the UE succeeds in the RA procedure, the UE
moves to the connected mode and goes through additional
higher layer signaling procedures before it can send data [18].
Since the M2MUE pieces ending up their data transmissions
will disconnect from the eNB immediately, the excessive
signaling overhead is induced in the case of transmitting
small-sized data in conventional RAprocedure [7].Therefore,
the RA procedure in conventional 3GPP LTE systems is
not suitable for mMTC applications due to the overhead
of signaling [20–22]. A contention-based RA strategy with
direct data transmission is discussed in [4, 18] to reduce the
signaling overhead. One-stage access protocol is considered
as a low signaling overhead alternative for the RA with
mMTC services [23]. These types of RA protocols are also
put forward in [24, 25]. Consequently, in this paper, the data
communication procedure is simplified by allowingM2MUE
to send data right after preamble transmission, which avoids
explicitly establishing a connection.

Furthermore, in conventional RA procedure, if more
than one UE piece selects the same preamble in Step 1,
they will receive the same RAR and send their connection
setup requests on the same PUSCH. In this case, the eNB
cannot decode either one due to the cochannel interference;
therefore, this PUSCH is wasted.

3. System Model

We define the M2M UE attempting to access the network
as active M2M UE. We consider a scenario that 𝑁 active
M2M UE pieces exist in the coverage area of an eNB. Let𝑇𝑃 represent the activation time, and each M2M UE piece is
activated at time 𝑡 ∈ [0, 𝑇𝑃] according to a beta probability
distribution function 𝑓(𝑡) [26].

𝑓 (𝑡) = 𝑡𝛼−1 (𝑇𝑃 − 𝑡)𝛽−1
𝑇𝑃𝛼+𝛽−1𝐵 (𝛼, 𝛽) , (1)

Can be used for other data’
transmission PRACH RA slot

PUSCHPUSCH

RA cycle

6 RBs

Random access preamble
Guard period

Figure 2: Periodic time-frequency resources for the proposed
protocol.

where 𝐵(𝛼, 𝛽) = ∫1
0
𝑡𝛼−1(1 − 𝑡)𝛽−1𝑑𝑡. Let 𝛼 = 3, 𝛽 = 4 [27];

then 𝑓(𝑡) is given by

𝑓 (𝑡) = 𝑡2 (𝑇𝑃 − 𝑡)3
𝑇6𝑃 ∫10 𝑡2 (1 − 𝑡)3 𝑑𝑡 = 60𝑡2 (𝑇𝑃 − 𝑡)3

𝑇6𝑃 . (2)

𝑇𝑃 is divided into 𝐼𝑃 cycles.The 𝑖th cycle begins at 𝑡𝑖−1 and
ends at 𝑡𝑖, 𝑖 = 1, 2, . . . , 𝐼𝑃. The first cycle starts from 𝑡0 = 0.
The last one ends at 𝑡𝐼P = 𝑇𝑃. According to [26], the expected
number of new active M2M UE pieces during the 𝑖th cycle is

𝜆𝑖 = 𝑁∫𝑡𝑖
𝑡𝑖−1

𝑓 (𝑡) 𝑑𝑡. (3)

To simplify the model, we assume that the new active
M2M UE pieces within the 𝑖th cycle, that is, within [𝑡𝑖−1, 𝑡𝑖],
will only take place at the beginning of this cycle and choose
this cycle for their first RA attempts. Apart from these new
active M2M UE pieces, reattempting M2M UE pieces arrive
at the system for their RA attempts again. The number of
reattempting UE pieces in the 𝑖th cycle is 𝑈𝑖−1 − 𝑉succ

𝑖−1 ,
where𝑈𝑖−1 and 𝑉succ

𝑖−1 denote the total number of active M2M
UE pieces and the number of active M2M UE pieces that
successfully transmit data packets in the (𝑖 − 1)th cycle,
respectively. It is assumed that theM2MUE pieces ending up
their transmissions in the (𝑖 − 1)th cycle will disconnect from
the eNB immediately, and the reattempting M2M UE pieces
in the (𝑖 − 1)th cycle will reattempt RA procedure in the 𝑖th
cycle.Therefore, by adding up the number of the reattempting
M2M UE pieces that failed in previous cycle and the new
active M2M UE pieces in current cycle, we can calculate the
total number of active M2M UE pieces in the 𝑖th cycle as

𝑈𝑖 = 𝑈𝑖−1 − 𝑉succ
𝑖−1 + 𝜆𝑖. (4)

It is known that a UE starts a RA procedure by sending
a preamble to the eNB. The PRACH is formed by periodic
time-frequency resources for preamble transmission [12]. As
shown in Figure 2, a PRACH is regarded as a RA slot. In time
domain, the duration of RA slot depends on the preamble
format. In frequency domain, a PRACH consists of 6 physical
RBs in a subframe, which occupies 864 subcarriers, assuming
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the preamble sequences are mapped to the central 839 sub-
carriers while the remaining 25 subcarriers are reserved for
guard band. To improve the resource efficiency, we extend the
traditional preamble transmission by transmitting not only
preamble but also the UE identity (UE ID) information and
a cyclic redundancy check (CRC) on PRACH [19, 28]. All the
UE ID andCRC information aremapped to the same position
in the guard band. Code division multiple access (CDMA)
is used to distinguish each UE piece, namely, the UE ID and
CRC bits are encoded by a gold sequence. Every preamble has
a unique gold sequence; thus when more than one UE piece
selects the same preamble, their UE ID will be multiplied by
the same sequence. When more than one UE piece transmits
their IDs on the same subcarriers, the eNB cannot decode
UE ID. Then the eNB thinks collision occurs and will not
schedule PUSCH to the preamble, thus saving resource.

Let 𝑆𝑖 represent the number of RBs allocated to PRACH
in the 𝑖th cycle, and 𝑆𝑖 is integer multiples of 6. Assuming𝜅 preamble sequences are mapped to one PRACH, 𝜅𝑆𝑖/6
preambles can be constructed in the 𝑖th cycle. The eNB
chooses one of the constructed preambles as a specified
preamble; then the remaining 𝜅𝑆𝑖/6 − 1 preambles are the
nonspecified preambles. Denote𝑄 as the total number of RBs
allocated for PRACH and PUSCH in a RA cycle and 𝜍 as the
number of RBs constituting one PUSCH. Then ⌊(𝑄 − 𝑆𝑖)/𝜍⌋
data channels can be constructed; ⌊ ⌋ denotes the bottom
integer function, assuming that an M2M UE uses only one
data channel for a fix-sized data packet transmission.

4. Overload Control and Resource Allocation
for the Hybrid Protocol

4.1. Proposed Hybrid Protocol for RA and Data Transmission.
The proposed hybrid protocol for RA and data transmission
consists of six steps as follows.

Step 1. Before the 𝑖th cycle begins, the eNB estimates the
number of active M2M UE pieces (i.e., 𝑈𝑖) based on the
observation obtained by the (𝑖 − 1)th cycle. The load esti-
mation algorithm will be explained in Section 4.2. Then the
eNB decides the first ACB factor (i.e., 𝑅+𝑖 ), the second ACB
factor (i.e., 𝑅∗𝑖 ), and the number of RBs for PRACH (i.e.,𝑆∗𝑖 ) from this estimation. As discussed in Section 4.3, 𝑅+𝑖 =
min{⌊𝑄/𝜍⌋/𝑈𝑖, 1}. That means if 𝑈𝑖 > ⌊𝑄/𝜍⌋, 𝑅+𝑖 = ⌊𝑄/𝜍⌋/𝑈𝑖;
otherwise, 𝑅+ = 1. After 𝑅+ is determined, 𝑅∗𝑖 is obtained
correspondingly. Note that 𝑅∗𝑖 = (𝜅𝑆∗𝑖 /6 − 1)/𝑈𝑖𝑅+𝑖 , where 𝑆∗𝑖
is also given in Section 4.3. Then the eNB broadcasts 𝑅+𝑖 , 𝑅∗𝑖 ,
and 𝑆∗𝑖 to all M2M UE pieces.

Step 2. Each active M2M UE piece randomly selects 𝑥 out of
the uniform distribution between zero and one. If 𝑥 ≤ 𝑅+𝑖 ,
the active M2M UE can participate in RA procedure. The
participatingM2MUE randomly selects 𝑦 out of the uniform
distribution between zero and one. If 𝑥 > 𝑅+𝑖 , the activeM2M
UE reattempts RA procedure in the next cycle.

Step 3. Preamble transmission: If 𝑦 ≤ 𝑅∗𝑖 , the participating
M2MUE randomly selects one preamble out of 𝜅𝑆∗𝑖 /6−1non-
specified preambles with equal probability. The probability

that a nonspecified preamble is selected by the participating
M2M UE is 𝑅∗𝑖 /(𝜅𝑆∗𝑖 /6 − 1). The participating M2M UE
transmits the preamble, UE ID information, and CRC on
PRACH. If 𝑦 > 𝑅∗𝑖 , the participating M2M UE selects the
specified preamble and only transmits the specified preamble
on PRACH. The expected number of the participating M2M
UE pieces which select the specified preamble is 𝑈𝑖𝑅+𝑖 (1 −𝑅∗𝑖 ) = 𝑈𝑖𝑅+𝑖 − (𝜅𝑆∗𝑖 /6 − 1).
Step 4. After detecting a preamble, the eNB begins to decode
the UE ID. After successfully decoding the ID, the eNB
sends the corresponding RAR through downlink channels.
The RAR conveys the identity of detected preambles, uplink
resource grant for data packet transmission, and TA infor-
mation. If the eNB cannot decode the UE ID, this preamble
is regarded as a collided preamble or the specified preamble.
If this preamble is not the specified one, the eNB will stop
sending RAR; that is, the eNB will not schedule PUSCH to
the collided preamble, thus saving resource, while if it is the
specified preamble, the eNB determines how many unsched-
uled PUSCH are available and considers theses data channels
for M2M UE which had selected the specified preamble. Let
the number of unscheduled PUSCH be 𝑈𝑖𝑅+i − (𝜅𝑆∗𝑖 /6 − 1);
that is, the eNB schedules the equal expected number of data
channels to the expected number of participating M2M UE
pieces which select the specified preamble. The eNB assigns𝑈𝑖𝑅+𝑖 − (𝜅𝑆∗𝑖 /6− 1) RARs to the specified preamble and sends
them in the downlink. The preamble information contained
in these RARs is the specified preamble, while the PUSCH
information contained in each RAR is different.

Step 5. After receiving the corresponding RAR, theM2MUE
adjusts uplink transmission time according to the received
TA and transmits a data packet to the eNB on the PUSCH
indicated by the RAR.

Step 6. If the eNB correctly detects the data packet transmit-
ted in Step 5, it sends an acknowledgement (ACK) message
to the corresponding M2M UE. If an M2M UE receives this
message, the M2M UE is regarded as a successful access. If
an M2M UE cannot receive this message, it reattempts RA
procedure in the next cycle.The proposed hybrid protocol for
RA and data transmission procedure is illustrated in Figure 3.

4.2. Load Estimation Algorithm. In this section, a load esti-
mation algorithm is designed to estimate the number of active
M2M UE pieces in each cycle. As shown in Figure 4, each
preamble can be categorized into the following cases.

(i) Idle preamble, which is not selected by any M2MUE;
(ii) specified preamble;
(iii) successful preamble, that is, nonspecified preamble

which is selected by only one M2M UE;
(iv) collided preamble, that is, nonspecified preamble

which is selected by more than one M2M UE piece.

As the proposed hybrid protocol shows, the eNB sched-
ules data channels only for the participating M2M UE
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Figure 3: The proposed hybrid protocol for RA and data transmission.

pieces that select the successful preambles and the specified
preamble. Let 𝑉succ,1

𝑖−1 and 𝑉succ,2
𝑖−1 represent the number of

successful accesses from selecting the successful preambles
and the specified preamble in the (𝑖 − 1)th cycle, respectively.
Then, the total number of successful accesses in the (𝑖 − 1)th
cycle is given by 𝑉succ

𝑖−1 = 𝑉succ,1
𝑖−1 + 𝑉succ,2

𝑖−1 .
Let 𝑉coll
𝑖−1 represent the number of collided preambles in

the (𝑖 − 1)th cycle. The estimated expected number of active
M2M UE pieces in the 𝑖th cycle is given by

𝑈𝑖 = E [𝜆𝑖 + 𝑈𝑖−1 − 𝑉succ
𝑖−1 | 𝑉coll

𝑖−1 ]
= 𝜆𝑖 + E [𝑈𝑖−1 (1 − 𝑅+𝑖−1) | 𝑉coll

𝑖−1 ]
+ E [𝑈𝑖−1𝑅+𝑖−1𝑅∗𝑖−1 − 𝑉succ,1

𝑖−1 | 𝑉coll
𝑖−1 ]

+ E [𝑈𝑖−1𝑅+𝑖−1 (1 − 𝑅∗𝑖−1) − 𝑉succ,2
𝑖−1 | 𝑉coll

𝑖−1 ] .
(5)

The expected number of active M2MUE pieces failing to
participate in RA in the (𝑖 − 1)th cycle is irrelative with the
collided preambles, which is given by

E [𝑈𝑖−1 (1 − 𝑅+𝑖−1) | 𝑉coll
𝑖−1 ] = 𝑈𝑖−1 (1 − 𝑅+𝑖−1) . (6)

Since the eNB schedules enough data channels for the
participating M2M UE pieces which select the specified

Preamble

Nonidle
preamble

Idle
preamble

Nonspecified
preamble

Specified
preamble

preamble
Successful
preamble

Collided

Figure 4: The categorization of preamble.

preamble, then all the expected number of participatingM2M
UE pieces selecting the specified preamble can successfully
transmit data packets. We can get

E [𝑈𝑖−1𝑅+𝑖−1 (1 − 𝑅∗𝑖−1) − 𝑉succ,2
𝑖−1 | 𝑉coll

𝑖−1 ]
= E [𝑈𝑖−1𝑅+𝑖−1 (1 − 𝑅∗𝑖−1)] − E [𝑉succ,2

𝑖−1 ] = 0, (7)
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where

E [𝑈𝑖−1𝑅+𝑖−1 (1 − 𝑅∗𝑖−1)] = 𝑈𝑖−1𝑅+𝑖−1 (1 − 𝑅∗𝑖−1) . (8)

We denote 𝑀𝑗∈𝐵𝑖−1 as the number of participating M2M
UE pieces selecting an nonspecified preamble, named 𝑗,
from 𝐵𝑖−1 nonspecified preambles in the (𝑖 − 1)th cycle. The
expected number of participating M2M UE pieces selecting
the collided preambles in the (𝑖 − 1)th cycle is given by

E [𝑈𝑖−1𝑅+𝑖−1𝑅∗𝑖−1 − 𝑉succ,1
𝑖−1 | 𝑉coll

𝑖−1 ]
= E [𝑀𝑗∈𝐵𝑖−1 | 𝑀𝑗∈𝐵𝑖−1 ≥ 2]𝑉coll

𝑖−1 .
(9)

Under the condition that preamble 𝑗 is in collision, the
expected number of M2M UE pieces that select preambles 𝑗
is
E [𝑀𝑗∈𝐵𝑖−1 | 𝑀𝑗∈𝐵𝑖−1 ≥ 2]
= 𝑈𝑖−1𝑅

+
𝑖−1∑
𝑘=2

𝑘 ⋅ Pr {𝑀𝑗∈𝐵𝑖−1 = 𝑘 | 𝑀𝑗∈𝐵𝑖−1 ≥ 2}

= ∑𝑈𝑖−1𝑅+𝑖−1
𝑘=1

𝑘Pr {𝑀𝑗∈𝐵𝑖−1 = 𝑘} − Pr {𝑀𝑗∈𝐵𝑖−1 = 1}
Pr {𝑀𝑗∈𝐵𝑖−1 ≥ 2}

= 𝑈𝑖−1𝑅+𝑖−1𝑝𝑖−1 − 𝑈𝑖−1𝑅+𝑖−1𝑝𝑖−1 (1 − 𝑝𝑖−1)𝑈𝑖−1𝑅+𝑖−1−1
1 − (1 − 𝑝𝑖−1)𝑈𝑖−1𝑅+𝑖−1 − 𝑈𝑖−1𝑅+𝑖−1𝑝𝑖−1 (1 − 𝑝𝑖−1)𝑈𝑖−1𝑅+𝑖−1−1 ,

(10)

where Pr{𝑀𝑗∈𝐵𝑖−1 = 𝑘} is the probability that the number
of participating M2M UE pieces selecting a nonspecified
preamble, named 𝑗, from 𝐵𝑖−1 nonspecified preambles in the(𝑖 − 1)th cycle is 𝑘. Pr{𝑀𝑗∈𝐵𝑖−1 = 𝑘} is given by

Pr {𝑀𝑗∈𝐵𝑖−1 = 𝑘}
= binom (𝑈𝑖−1𝑅+𝑖−1, 𝑘) 𝑝𝑘𝑖−1 (1 − 𝑝𝑖−1)𝑈𝑖−1𝑅+𝑖−1−𝑘 ,

(11)

where binom(𝑥, 𝑦) = 𝑥!/((𝑦!)×(𝑥−𝑦)!).𝑝𝑖−1 is the probability
that a nonspecified preamble is selected by M2M UE, and𝑝𝑖−1 = 𝑅∗𝑖−1/(𝜅𝑆∗𝑖−1/6−1). Since 𝑅∗𝑖−1 = (𝜅𝑆∗𝑖−1/6−1)/𝑈𝑖−1𝑅+𝑖−1,
then 𝑝𝑖−1 = 1/𝑈𝑖−1𝑅+𝑖−1. Therefore, (10) is

E [𝑀𝑗∈𝐵𝑖−1 | 𝑀𝑗∈𝐵𝑖−1 ≥ 2]

= 1 − (1 − 1/ (𝑈𝑖−1𝑅+𝑖−1))𝑈𝑖−1𝑅+𝑖−1−1
1 − (1 − 1/ (𝑈𝑖−1𝑅+𝑖−1))𝑈𝑖−1𝑅+𝑖−1−1 (2 − 1/ (𝑈𝑖−1𝑅+𝑖−1))

. (12)

From (5)–(7), (9), and (12), we can calculate

𝑈𝑖 = 𝜆𝑖 + 𝑈𝑖−1 (1 − 𝑅+𝑖−1)
+ 1 − (1 − 1/ (𝑈𝑖−1𝑅+𝑖−1))𝑈𝑖−1𝑅+𝑖−1−1

1 − (1 − 1/ (𝑈𝑖−1𝑅+𝑖−1))𝑈𝑖−1𝑅+𝑖−1−1 (2 − 1/ (𝑈𝑖−1𝑅+𝑖−1))
⋅ 𝑉coll
𝑖−1 .

(13)

After the (𝑖 − 1)th cycle, the eNB obtains the knowledge
of 𝑅+𝑖−1 and 𝑉coll

𝑖−1 and then updates 𝑈𝑖−1 to 𝑈𝑖, based on (13).

4.3. Joint Optimization of the ACB Factors and the Number of
RBs for RAandDataTransmission. Aspreviouslymentioned,⌊(𝑄 − 𝑆𝑖)/𝜍⌋ data channels can be constructed; then the
maximum number of participating M2M UE pieces that
can be supported by the data channels is ⌊𝑄/𝜍⌋ if 𝑆𝑖 = 0.
The number of participating M2M UE pieces is controlled
to be no more than ⌊𝑄/𝜍⌋; then the first ACB factor is
determined by 𝑅+𝑖 = min{⌊𝑄/𝜍⌋/𝑈𝑖, 1}. Suppose the second
ACB factor is 𝑅𝑖. The expected number of participating
M2M UE pieces that select the successful preambles and the
specified preamble is

𝐶𝑖 = E [𝑉one
𝑖 ] + 𝑈𝑖𝑅+𝑖 (1 − 𝑅𝑖) , (14)

where E[𝑉one
𝑖 ] is the expected number of participating M2M

UE pieces that select the successful preambles.

Theorem 1. E[𝑉one
𝑖 ] is given by

E [𝑉one
𝑖 ] = 𝑈𝑖𝑅+𝑖 𝑅𝑖 (1 − 𝑅𝑖𝜅𝑆𝑖/6 − 1)

𝑈𝑖𝑅
+
𝑖 −1 . (15)

The second ACB factor to maximize E[𝑉one
𝑖 ] is given by

𝑅𝑖 = min(1, 𝜅𝑆𝑖/6 − 1
𝑈𝑖𝑅+𝑖 ) . (16)

Proof. See Appendix.

If 𝑅𝑖 = 1, all the participating M2M UE pieces randomly
select an nonspecified preamble out of 𝜅𝑆𝑖/6− 1 nonspecified
preambles. Since the participating M2M UE pieces are par-
titioned into two parts for selecting nonspecified preambles
and specified preamble, we let 𝑅𝑖 = (𝜅𝑆𝑖/6 − 1)/𝑈𝑖𝑅+𝑖 , that is,𝑅𝑖 < 1. Let max(E[𝑉one

𝑖 ]) denote the value of E[𝑉one
𝑖 ] when𝑅𝑖 = (𝜅𝑆𝑖/6 − 1)/𝑈𝑖𝑅+𝑖 , and then

max (E [𝑉one
𝑖 ]) = (𝜅𝑆𝑖6 − 1)(1 − 1̂

𝑈𝑖𝑅+𝑖 )
𝑈𝑖𝑅
+
𝑖 −1 . (17)

Also,𝑈𝑖𝑅+𝑖 (1−𝑅𝑖) = 𝑈𝑖𝑅+𝑖 −(𝜅𝑆𝑖/6−1)when𝑅𝑖 = (𝜅𝑆𝑖/6−1)/𝑈𝑖𝑅+𝑖 . Then, we have

𝐶𝑖 = max (E [𝑉one
𝑖 ]) + 𝑈𝑖𝑅+𝑖 − (𝜅𝑆𝑖6 − 1)

= (𝜅𝑆𝑖6 − 1)(1 − 1̂
𝑈𝑖𝑅+𝑖 )

𝑈𝑖𝑅
+
𝑖 −1 + 𝑈𝑖𝑅+𝑖

− (𝜅𝑆𝑖6 − 1) .
(18)

(1) If 𝑈𝑖 ≤ ⌊𝑄/𝜍⌋, that is, the estimated number of active
M2M UE pieces is not higher than the maximum number of
participating M2M UE pieces that can be supported by the
data channels, in this underload case, the first ACB scheme
is not initiated and the first ACB factor is 𝑅+𝑖 = 1. Let 𝑆∗𝑖
represent the optimal number of RBs allocated to PRACH,
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and it is achieved when the gap between 𝐶𝑖 and the number
of available PUSCH is minimum.

𝑆∗𝑖 = arg min
1≤𝑆𝑖<𝑄

{⌊𝐶𝑖⌋ − ⌊(𝑄 − 𝑆𝑖)𝜍 ⌋} , (19)

where 𝐶𝑖 is given by

𝐶𝑖 = (𝜅𝑆𝑖6 − 1)(1 − 1̂
𝑈𝑖)
𝑈𝑖−1 + 𝑈𝑖 − (𝜅𝑆𝑖6 − 1) . (20)

After 𝑆∗𝑖 is determined, the optimal second ACB factor
is obtained by 𝑅∗𝑖 = (𝜅𝑆∗𝑖 /6 − 1)/𝑈𝑖. In this case, 𝜅𝑆∗𝑖 /6 −1 participating M2M UE pieces select the preambles from𝜅𝑆∗𝑖 /6 − 1 nonspecified preambles and 𝑈𝑖 − (𝜅𝑆∗𝑖 /6 − 1)
participating M2M UE pieces select the specified preamble.
The number of successful accesses is expressed as

𝑉succ
𝑖 = min{⌊(𝑄 − 𝑆𝑖)𝜍 ⌋ , ⌊𝐶𝑖⌋}

when 𝑆𝑖=𝑆∗𝑖

. (21)

(2) If 𝑈𝑖 > ⌊𝑄/𝜍⌋, that is, the estimated number of active
M2M UE pieces is higher than the maximum number of
participating M2M UE pieces that can be supported by the
data channels, in this overload case, the first ACB scheme
is initiated and the first ACB factor is 𝑅+𝑖 = ⌊𝑄/𝜍⌋/𝑈𝑖, and⌊𝑄/𝜍⌋ activeM2MUE pieces are allowed to participate in RA
procedure. 𝑆∗𝑖 RBs should be allocated to the PRACH such
that

𝑆∗𝑖 = arg min
1≤𝑆𝑖<𝑄

{⌊𝐶𝑖⌋ − ⌊(𝑄 − 𝑆𝑖)𝜍 ⌋} , (22)

where 𝐶𝑖 is given by

𝐶𝑖 = (𝜅𝑆𝑖6 − 1)( 1⌊𝑄/𝜍⌋)
⌊𝑄/𝜍⌋−1 + ⌊𝑄𝜍 ⌋

− (𝜅𝑆𝑖6 − 1) .
(23)

After 𝑆∗𝑖 is determined, the optimal second ACB factor is𝑅∗𝑖 = (𝜅𝑆∗𝑖 /6 − 1)/⌊𝑄/𝜍⌋. In this case, 𝜅𝑆∗𝑖 /6 − 1 participat-
ing M2M UE pieces select the preambles from 𝜅𝑆∗𝑖 /6 − 1
nonspecified preambles and ⌊𝑄/𝜍⌋−(𝜅𝑆∗𝑖 /6−1) participating
M2MUE pieces select the specified preamble.The number of
successful accesses is expressed as

𝑉succ
𝑖 = min{⌊(𝑄 − 𝑆𝑖)𝜍 ⌋ , ⌊𝐶𝑖⌋}

when 𝑆𝑖=𝑆∗𝑖

. (24)

The joint optimization of theACB factors and the number
of RBs for PRACH for hybrid RA and data transmission is
given in Algorithm 1. Therefore, based on the mentioned
principle for allocating RBs to PRACH and PUSCH, we
assign 𝑆∗𝑖 and 𝑄 − 𝑆∗𝑖 RBs from 𝑄 available RBs to PRACH
and PUSCH, respectively.

5. Performance Evaluation

In this section, the performance of the proposed scheme is
evaluated in terms of the number of successful accesses in
each cycle and the grant time (GT) in comparison with the
algorithm in [18, 19]. GT is denoted as the required number
of cycles inwhich allM2MUEpieces successfully obtain their
uplink resources granted for data transmission. Consider that
the system bandwidth is 20MHz, which is divided into 100
RBs as specified in the standard [12]. Except where noted, we
set 𝜅 = 24 and 𝜍 = 1. That is, 24 preamble sequences are
assigned to the M2M UE pieces in every 6 RBs. The number
of RBs constituting one PUSCH is 1. Also, we assume that
50 RBs are reserved for RA and data transmission in each
cycle; that is, 𝑄 = 50. There are at least 1 RA slot per 2 LTE
frames and at most 10 RA slots per LTE frame; that is, the
duration of each RA cycle can be valued from 1ms to 20ms
[29].

Figure 5 shows the comparison of the number of active
M2M UE pieces and the expected number of successful
accesses under beta distribution activation model. We set𝑇𝑃 = 100 and 𝑁 = 1000, 2000; that is, 1000, 2000 active
M2M UE pieces exist in the coverage area of an eNB for
data transmission. We can see that the expected number of
successful accesses is close to the number of active M2M
UE pieces; that is, most of the active M2M UE pieces
can successfully transmit data packets, which validates the
good performance of the proposed scheme in improving the
number of successful accesses.

For a better presentation, we assume that the number of
activeM2MUEpieces varies from 20 to 100 in each cycle.The
followings present the performance of the proposed scheme
with a wide range of number of active M2M UE pieces.

In Figure 6, we can see that the actual number of
reattempting M2M UE pieces is very well tracked by the
estimated number. Since the total number of active M2M
UE pieces include the reattempting M2M UE pieces and the
new active M2M UE pieces, then the actual total number of
active M2M UE pieces is very well tracked by the estimated
total number of activeM2MUE pieces.We can see that when𝜅 = 24, 𝜍 = 1, the number of reattempting M2M UE pieces
for 𝑄 = 50 is higher than that for 𝑄 = 80 since more RBs are
reserved for RA and data transmission when 𝑄 = 80. We can
see that when 𝑄 = 80, 𝜅 = 24, the number of reattempting
M2M UE pieces for 𝜍 = 3 is higher than that for 𝜍 = 1 since
more RBs are needed for transmitting a data packet when𝜍 = 3. We can see that when 𝑄 = 80, 𝜍 = 1, the number
of reattempting M2MUE pieces for 𝜅 = 48 is close to that for𝜅 = 24. This proves that the value of 𝜍 has more effect than
the value of 𝜅 in the proposed scheme.

Figure 7 shows the comparison of the expected number
of successful accesses among [18, 19] and the proposed
scheme. Using the proposed scheme, the expected number
of successful accesses in each cycle is increased compared to
[18, 19]. Furthermore, we observe that the expected number
of successful accesses by analysis matches that by simulation.
According to [18], the optimal number of participating M2M
UE pieces is 40, which is given by 𝜅𝑄/(𝑘𝜍 + 6), while in the
proposed scheme the optimal number of participating M2M
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Input:
The total number of RBs in a RA cycle (i.e., 𝑄), the estimated number of active M2M UEs in the 𝑖th cycle (i.e., 𝑈𝑖), the number
of preambles assigned in every 6 RBs in the 𝑖th cycle (i.e., 𝜅), the number of RBs constituting one PUSCH in the 𝑖th cycle (i.e., 𝜍).

Output:
The first ACB factor (i.e., 𝑅+𝑖 ), the second ACB factor (i.e., 𝑅∗𝑖 ), the number of RBs for PRACH (i.e., 𝑆∗𝑖 ).

(1) if 𝑈𝑖 > ⌊𝑄/𝜍⌋ then
(2) Determine the first ACB factor 𝑅+𝑖 = ⌊𝑄/𝜍⌋/𝑈𝑖.
(3) Determine the number of RBs for PRACH 𝑆∗𝑖 based on (22) and (23).
(4) Determine the second ACB factor 𝑅∗𝑖 = (𝜅𝑆∗𝑖 /6 − 1)/⌊𝑄/𝜍⌋.
(5) else
(6) Determine the first ACB factor 𝑅+𝑖 = 1.
(7) Determine the number of RBs for PRACH 𝑆∗𝑖 based on (19) and (20).
(8) Determine the second ACB factor 𝑅∗𝑖 = (𝜅𝑆∗𝑖 /6 − 1)/𝑈𝑖.
(9) end if
(10) return 𝑅+𝑖 , 𝑅∗𝑖 , 𝑆∗𝑖 ;

Algorithm 1: Joint optimization of the ACB factors and the number of RBs for PRACH.
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Figure 5: The number of active M2M UE pieces and the expected
number of successful accesses for 𝑇𝑃 = 100 and 𝑁 = 1000, 2000
under beta distribution activation model.

UE pieces approximates 50.The expected number of success-
ful accesses in [19] is higher than that in [18]; this gain comes
from the predetection of preamble collisions; therefore, the
eNB will not schedule PUSCH to the collided preambles.
While it is still less than the number of successful accesses
in the proposed scheme, this is because the probability of
preamble collisions becomes larger as the number of active
M2M UE pieces becomes larger.

Figure 8 shows the GT for different number of M2M
UE pieces. As expected, the GT in the proposed scheme is
significantly less than that in [18, 19]. That is because the
number of participating M2M UE pieces that successfully
obtain their uplink resources granted for data transmission
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Figure 6: The comparison of the expected number of reattempting
UE pieces with different 𝑄, 𝜅, and 𝜍.

in the proposed scheme is greater than that in reference
schemes.

Figure 9 shows the GT for the total number of RBs
reserved for RA and data transmission varying from 25 to
60. The number of active M2M UE pieces is 60. As expected,
the GT in the proposed scheme is decreased with the incre-
ment of the total number of RBs reserved for RA and data
transmission; this is because, with the increment of the total
number of RBs, the number of participating M2MUE pieces
that successfully obtain their uplink resources granted for
data transmission increases.
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Figure 7: The comparison of the expected number of successful
accesses among [18, 19] and the proposed scheme.
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6. Conclusion

The paper deals with the RAN congestion problem in the
cellular network for M2M communications and proposes a
hybrid protocol for RA and data transmission based on two-
phase ACB mechanisms. A relatively simple load estimation
algorithm is designed to estimate the M2M traffic load. In
the first phase, the number of participating M2M UE pieces
is controlled by the first ACB mechanism according to the
estimated traffic load. In the second phase, the participating
M2M UE pieces are partitioned into two parts by the second
ACB mechanism, which, respectively, select two types of
preambles. Uplink resources for RA and data transmission
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Figure 9: The GT versus the number of RBs reserved for RA and
data transmission when the number of active M2MUE pieces is 60.

are granted for the two parts of participatingM2MUE pieces
to maximize the number of successful accesses. Simulation
results show the performance superiority of the proposed
scheme in terms of the number of successful accesses and the
grant time.

Appendix

The first ACB factor is 𝑅+𝑖 , and 𝑈𝑖𝑅+𝑖 active M2M UE pieces
are allowed to participate in RAprocedure. Pr[𝑞 | 𝑈𝑖𝑅+𝑖 ] is the
probability that, among 𝑈𝑖𝑅+𝑖 participating M2M UE pieces,
there are 𝑞M2MUE pieces who pass the second ACB check.
Pr[𝑞 | 𝑈𝑖𝑅+𝑖 ] is given by

Pr [𝑞 | 𝑈𝑖𝑅+𝑖 ] = (𝑈𝑖𝑅+𝑖𝑞 )𝑅𝑖𝑞 (1 − 𝑅𝑖)𝑈𝑖𝑅+𝑖 −𝑞 , (A.1)

where 𝑅𝑖 is the second ACB factor. Denote 𝑀𝑗∈𝐵𝑖 as the
number of participatingM2MUEpieces who pass the second
ACB check and select a nonspecified preamble, named 𝑗,
from 𝐵𝑖 nonspecified preambles in the 𝑖th cycle, where 𝐵𝑖 =𝜅𝑆𝑖/6 − 1. Pr[𝑀𝑗∈𝐵𝑖 = 1 | 𝑞] is the probability that only one
piece of M2M UE among the 𝑞 M2M UE pieces selects non-
specified preamble 𝑗, 𝑗 ∈ 𝐵𝑖. Pr[𝑀𝑗∈𝐵𝑖 = 1 | 𝑞] is given by

Pr [𝑀𝑗∈𝐵𝑖 = 1 | 𝑞] = (𝑞
1)

1𝐵𝑖 (1 − 1𝐵𝑖)
𝑞−1 . (A.2)

Denote𝑉𝑀𝑗∈𝐵𝑖=1 as the number of successful preambles in
the 𝑖th cycle, that is, the number of nonspecified preambles
that are selected by only one piece of participating M2M
UE. As each preamble is independent of the others, given
the event that 𝑞 participating M2M UE pieces who pass the
second ACB check require access to the eNB, the expected
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number of successful preambles in the 𝑖th cycle is given
by

E [𝑉𝑀𝑗∈𝐵𝑖=1 | 𝑞] = 𝐵𝑖∑
𝑙=1

Pr [𝑀𝑗∈𝐵𝑖 = 1 | 𝑞]

= 𝐵𝑖∑
𝑙=1

(𝑞
1)

1𝐵𝑖 (1 − 1𝐵𝑖)
𝑞−1

= (𝑞
1)(1 − 1𝐵𝑖)

𝑞−1 .

(A.3)

Therefore, given that the eNB knows 𝑈𝑖𝑅+𝑖 , the expected
number of successful preambles is given by

E [𝑉𝑀𝑗∈𝐵𝑖=1 | 𝑈𝑖𝑅+𝑖 ]
= 𝑈𝑖𝑅

+
𝑖∑
𝑞=1

Pr [𝑞 | 𝑈𝑖𝑅+𝑖 ]E [𝑉𝑀𝑗∈𝐵𝑖=1 | 𝑞]

= 𝑈𝑖𝑅
+
𝑖∑
𝑞=1

(𝑈𝑖𝑅+𝑖𝑞 )𝑅𝑖𝑞 (1 − 𝑅𝑖)𝑈𝑖𝑅+𝑖 −𝑞

⋅ (𝑞
1)(1 − 1𝐵𝑖)

𝑞−1 = 𝑈𝑖𝑅+𝑖 𝑅𝑖 (1 − 𝑅𝑖𝐵𝑖)
𝑈𝑖𝑅
+
𝑖 −1 .

(A.4)

By taking the derivative of (A.4) with respect to 𝑅𝑖, we
obtain

𝑑𝑑𝑅𝑖 E [𝑉𝑀𝑗∈𝐵𝑖=1 | 𝑈𝑖𝑅+𝑖 ]

= 𝑈𝑖𝑅+𝑖 (1 − 𝑅𝑖𝐵𝑖)
𝑈𝑖𝑅
+
𝑖 −2 (1 − 𝑈𝑖𝑅+𝑖 𝑅𝑖𝐵𝑖 ) .

(A.5)

When 𝑈𝑖𝑅+𝑖 ≤ 𝐵𝑖, (𝑑/𝑑𝑅𝑖)E[𝑉𝑀𝑗∈𝐵𝑖=1 | 𝑈𝑖𝑅+𝑖 ] ≥ 0, the
maximum number of successful preambles is achieved when𝑅𝑖 = 1. When 𝑈𝑖𝑅+𝑖 > 𝐵𝑖, let (𝑑/𝑑𝑅𝑖)E[𝑉𝑀𝑗∈𝐵𝑖=1 | 𝑈𝑖𝑅+𝑖 ] = 0,
and then 𝑅𝑖 = 𝐵𝑖/𝑈𝑖𝑅+𝑖 . Therefore, we have 𝑅𝑖 = min(1, 𝐵𝑖/𝑈𝑖𝑅+𝑖 ), where 𝐵𝑖 = 𝜅𝑆𝑖/6 − 1.
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