
Hybrid Group Paging for Massive Machine-Type
Communications in LTE Networks

Ernest Kurniawan†, Tan Peng Hui†, Koichi Adachi‡, and Sumei Sun†
†Institute for Infocomm Research, Agency for Science Technology and Research (A*STAR)

1 Fusionopolis Way, #21-01 Connexis (South Tower), Singapore 138632
‡University of Electro-Communications

1-5-1 Chofugaoka, Chofu, Tokyo, Japan 182-8585
Email: {ekurniawan, phtan, sunsm}@i2r.a-star.edu.sg, adachi@awcc.uec.ac.jp

Abstract—In this paper we propose a Hybrid Group Paging
scheme to overcome radio access networks (RANs) overload
problem due to simultaneous access from massive number of
machine-type communications (MTC) devices. Compared to
the existing methods, the proposed scheme supports dynamic
priority assignment among different sub-groups by combining
features from both pull-based and push-based approaches. The
performance of the proposed scheme is analyzed using recursive
contending user estimation (RCE) method, and shown to agree
well with the simulation results.

I. INTRODUCTION

Machine-type communications (MTC) is a major part of
5G networks. With the number of connected devices in the
order of billions, it is crucial to understand the impact they
impose to the network and to mitigate them. Overload control
is important to deal with radio access networks (RANs)
congestion due to concurrent access for random access channel
(RACH) resources, and it has been discussed in the Third-
Generation Partnership Project (3GPP) Long-Term Evolution
(LTE) working item, namely narrow band Internet of Things
(NB-IoT) system [1]. The overload control for RACH resource
can be broadly categorized into push-based method and pull-
based method. In the push-based method such as access class
barring [2], dynamic allocation of RACH resources [3], and
MTC-specific backoff scheme [4], the policy controls how the
MTC devices access the RACH resource. On the other hand,
in the pull-based method such as paging and group paging [5],
the policy controls the evolved NodeB (eNodeB) in deciding
when the MTC devices should access the network.

While having the advantage of central control at the eN-
odeB, the pull-based method lacks the flexibility to introduce
access prioritization among MTC devices within the group. To
address this, a number of methods have been proposed, such
as dynamically allocating the resources at different preamble
retransmission attempts [6]-[7], explicitly assigning dedicated
resources to the MTC devices within the group [8], introducing
probabilistic model when the MTC device can start the random
access (RA) contention [9], and extending the contention pe-
riod [10], etc. However, none of the above schemes considers
differentiation among different MTC devices within the group.
One exception is the work in [11], where multiple MTC
sub-groups are considered, and prioritization to the different
sub-groups is proposed by introducing different RA delays.

However, the eNodeB is unable to adjust the sub-group priority
on the fly across different paging cycles, and all sub-groups
are given access to all available RA resources, making the sub
prioritization static.

In practice, there are scenarios where different group of
MTC devices may have different significance. The priority
of the groups, as well as the devices within the group may
change, depending on the situation. This work is motivated to
address this requirement by proposing a hybrid group paging
method, which takes advantage of the benefits from both pull-
based and push-based methods. In addition to being centrally
controlled, allowing the eNodeB to schedule the contention
period of the MTC devices so as to minimize its impact to the
human-to-human traffic, the proposed method is capable of
dynamically assigning different priority to different sub-group
in real time, a feature that will be useful in scenarios where
the importance of different MTC sub-groups may vary at
different times. In this paper, we adopt legacy LTE system for
explanation of the proposed hybrid group paging method and
performance evaluation. However, we would like to emphasize
that the proposed hybrid method can be also applied to NB-IoT
system as the operational principle of paging is the same [12]
except for the NB-IoT specific operation such as repetition.

The remaining part of the paper is organized as follows.
Section II describes the system model used throughout the
analysis. Section III explains the proposed hybrid group paging
method. Section IV and V present the analytical study and
the numerical evaluation of the proposed method, respectively.
Finally, Section VI concludes the paper.

II. SYSTEM MODEL

A cellular LTE network is considered, comprising a single
eNodeB and multiple MTC devices which are partitioned into
F sub-groups that are paged at the same time. The partitioning
of MTC devices can be based on the geographical location,
sensing capability, or other application-specific requirements.
The number of MTC devices in sub-group f ∈ [1, F ] is
denoted as Nf , hence there are a total of

∑F
f=1 Nf devices

within the cell. It is also assumed that the number of RA
resources (i.e. preamble sequences) available for the MTC
devices is R, and they are shared by all the MTC devices
within the cell.



Upon receiving a paging message, the MTC devices will
initiate an RA procedure in the next available RA slot to
establish connection with the eNodeB as per the LTE spec-
ification. If unsuccessful, it will back-off and reattempt the
RA procedure in the subsequent RA slot immediately after
the back-off counter expires, for up to the maximum number
of retries NPTmax. In an LTE network, the period of RA slot
is determined by a system parameter called TRA-REP, which
is specified by the physical RACH (PRACH) configuration
index [13, Table 5.7.1-2]. For example, when the PRACH
configuration index 6 is used, the RA slot is available for
every 5 milliseconds (i.e. TRA-REP = 5). Within one paging
cycle, the total number of RA slots that are dedicated for the
group paging is given by the parameter Imax, which means that
only Imax consecutive RA slots following a paging message are
available for the MTC devices to access the network.

The RA procedure is a two-stage process. On the first stage,
each device selects randomly a preamble to be transmitted on
PRACH at the RA slot. When more than one devices select
the same preamble, collision1 will occur, and it is assumed
that the eNodeB will not be able to decode the preamble.
Correspondingly, the devices involved in the collision will
have to back-off. At the eNodeB, the received signal is
correlated with all possible preamble sequences, a process that
takes a period of time (TRAR) to complete, and those that are
detected successfully will be acknowledged using RA response
(RAR) message. In LTE, a power ramping scheme is adopted
every time a device re-attempts the RA procedure, hence the
device that has failed a number of times will have a higher
chance of being detected at the eNodeB. A simplified model
to capture this behavior is to set the detection probability at
the eNodeB as [1]

pn = 1− 1

en
, (1)

where n indicates the number of tries/attempts the current
preamble transmission is at. Also, there is a capacity limit
on the number of devices that can be granted with a RAR for
each RA slot, as determined by the RAR window (WRAR) and
the RAR message size (NRAR). Thus, for every RA slot, there
are at most NUL = WRAR×NRAR devices that can successfully
complete the first stage of RA procedure, even though there
may be more of them which have selected a unique preamble
sequence.

The second stage of RA procedure is for signaling message
(i.e. Msg 3 and Msg 4) to set up the connection. Nonadaptive
hybrid automatic retransmission request (HARQ) is enabled
for both signaling messages to protect their fidelity. Once the
RAR message is received, the MTC device will send the radio
resource control (RRC) connection request message (Msg 3)
to the eNodeB, and wait for acknowledgment (ACK). If no
ACK is received, the MTC device will resend the Msg 3
after TM3 subframes. Once the eNodeB is able to successfully

1In practice, the eNodeB may still be able to detect the preamble sequence
and transmits a RAR message. Upon reception of a RAR message, the devices
reply with Msg 3, each of which contains device identity. When Msg 3
collision occur, the devices involved will then back-off accordingly.

receive the Msg 3, it will reply with HARQ ACK within
THARQ subframes, otherwise it will reply with HARQ NACK,
triggering the MTC device to resend the Msg 3. After sending
HARQ ACK packet, the eNodeB will send RRC connection
setup message (Msg 4). Similarly, the MTC device will wait
for THARQ subframes and respond with HARQ ACK if it
has successfully received Msg 4. Otherwise, the eNodeB will
retransmit Msg 4 if it does not receive the HARQ ACK within
TM4 subframes. For both Msg 3 and Msg 4, the maximum
number of retransmissions is fixed at NHARQ times.

III. HYBRID GROUP PAGING

Group paging has been shown to be capable of significantly
reducing the overhead, by overcoming the limitation of the
paging message with which only up to 16 devices can be
paged. Upon receiving the group paging message, all the
devices within the group will try to establish connection to
the eNodeB simultaneously, therefore a congestion will occur
especially when the group size is large. The motivation behind
the proposed hybrid group paging is to address this issue
by introducing prioritization to different sub-groups within
the group that is paged. This prioritization is akin to the
property of push-based method, whereby separate resources
are assigned to different MTC devices, hence we call the
proposed scheme a hybrid pull-and-push group paging method.

The underlying idea behind this proposed hybrid paging
method is to assign multiple group IDs to each MTC device.
Correspondingly, the fraction of RA resources that can be used
by an MTC device is determined by how many group IDs that
are matched to the list of IDs within the paging message. There
are many ways on how the number of matching group IDs can
be related to the fraction of RA resources available to use by
a particular MTC device. In the following, we describe one
such possibility.

Define a fractions-vector θ of length 2(F−1) as follows

θ = [θ1, θ2, · · · , θi, · · · , θ2(F−1) ] , (2)

such that θi > θj , ∀0 < i < j. Also, for convenience,
we set θ0 = 0. It is also natural to set θ1 = 1 so that
all the RA resources can be utilized. The total number of
IDs needed in this approach is 2F − 1, which are denoted
as IDd, ∀d ∈ [1, 2F − 1]. The assignment of these IDs to
the F sub-groups follows the F -bits binary representation of
the ID number d, and the least significant bit (LSB) indices
that are equal to 1. For example, ID1 is assigned to sub-
group 1 (since the binary representation of 1 is 0001), and
ID3 is assigned to both sub-group 1 and 2 (since the binary
representation of 3 is 0011). Alternatively, we can denote a
binary representation of an integer d as dbin, and the f th LSB
of the binary representation of d as LSBf (dbin). Using this
notation, the list of IDs assigned to sub-group f ∈ [1, F ] is
given by{

IDd : LSBf (dbin) = 1, ∀d ∈ [
1, 2F − 1

]}
. (3)

It is apparent that using this assignment rule, the maximum
number of IDs assigned to the sub-group is 2(F−1), hence the
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Fig. 1. Group ID assignment illustration for F = 3 sub-groups.

length of the fractions-vector θ is set to 2(F−1).
Upon receiving a paging message, the MTC device on each

sub-group f checks its list of IDs, and calculate the number
of matching IDs contained in the paging message. Given that
there are i matching IDs, the fraction of RA resources available
to use is equal to θi; hence for this particular example, the
devices in sub-group f will only have the first Rf = θiR
RA resources to use for performing the RA attempt. To better
illustrate the concept of using multiple group IDs, consider
F = 3 sub-groups with 23 − 1 = 7 IDs, whose assignment is
shown in Fig. 1. Furthermore, we set θi = 1

i for simplicity.
We describe the following two example scenarios.

Scenario 1: When the paging message contains ID3 and
ID7, sub-group 1 and 2 will find two matching IDs, therefore
they may use only the first R1 = R2 = θ2R = R

2 RA
resources to perform the RA attempt. Meanwhile, sub-group 3
only has 1 matching ID, therefore it may use R3 = θ1R = R
(all of the available) RA resources. As such, this scenario
will give higher priority to sub-group 3, while identical lower
priority is given to both sub-group 1 and 2.

Scenario 2: Another example is when the paging message
contains ID4, ID6, and ID7. In this case, the sub-group 1,
2, and 3 have in total one, two, and three matching IDs,
respectively. Correspondingly, sub-group 3 will have the first
R3 = θ3R = R

3 RA resources to use, sub-group 2 will have
the first R2 = θ2R = R

2 RA resources to use, while the
sub-group 1 will have R1 = θ1R = R (all of the available)
RA resources to use when performing the RA attempt. In this
scenario, the order of priority is given by sub-group 1 followed
by sub-group 2, and finally sub-group 3 which has the least
priority.

As we make the convention that θ0 = 0, it is apparent that
the sub-group will remain idle when none of its ID is found
inside the paging message, hence it is possible to perform
paging to only a subset of the sub-groups. We would also
like to emphasize that the limitation of including only 16
IDs within the paging message is limiting the number of sub-
prioritization, especially for the case where there are a large
number of sub-groups. As such, the number of choices of
assigning different priority among different sub-groups may
be limited due to the paging message size limit.

IV. ANALYSIS AND DISCUSSIONS

In this section, we analyze the performance of our proposed
hybrid pull-and-push paging scheme. We are particularly inter-
ested in analyzing the average access delay, the successful ac-
cess probability, and the preamble collision probability. Using
similar approach as in [14], we employ a recursive contending
estimation (RCE) to calculate the desired performance metrics.

First we sort the sub-group index based on the available RA
resources for each of the sub-groups (which depends on the
number of matching IDs in the paging message), and combine
the sub-groups having the same total allocated RA resources.
For this purpose, we define a set of unique fractions

φ � {θ : ∃Rf = θR, ∀f ∈ [1, F ]} . (4)

From the set φ = {φg}Gg=1, it should be clear that G ≤ F
since there may be more than one sub-groups having the
same number of allocated RA resources. Also, we follow a
convention that φi > φj , ∀i < j; and for convenience, we set
φG+1 = 0. The number of MTC devices in sub-group g is

Mg =
∑

f :Rf=φgR

Nf . (5)

From here onwards, any reference to sub-group refers to this
newly defined sub-group. Taking as example the two scenarios
described in Section III, for Scenario 1 we have two sub-
groups with φ1 = 1, φ2 = 1/2, M1 = N1, and M2 = N2+N3.
Meanwhile, for Scenario 2 we have three sub-groups with
φ1 = 1, φ2 = 1/2, φ3 = 1/3, and Mg = Ng, ∀g ∈ [1, 3].

We also denote the total number of contending MTC
devices at the ith RA slot as M (i) for i ∈ [1, Imax],
and those from sub-group g as M

(i)
g . It is apparent that

M (i) =
∑G

g=1 M
(i)
g . In order to differentiate between the

MTC devices that are performing different RA attempt retries,
we denote as M (i)[n] the number of MTC devices contending
at the ith RA slot that are performing nth RA attempt for
n ∈ [1, NPTmax]. Out of these M (i)[n] MTC devices, μ(i)

g [n]
of them come from the sub-group g. Again, it should be clear
that M (i) =

∑NPTmax

n=1 M (i)[n], M (i)[n] =
∑G

g=1 μ
(i)
g [n], and

M
(i)
g =

∑NPTmax

n=1 μ
(i)
g [n].

In terms of the allocation of RA resources to the differ-
ent sub-groups, we consider again the example described in
Scenario 2 and illustrate how the R resources are shared
among the different MTC devices from different sub-groups
in Fig. 2. From the figure, it can be seen that half of the RA
resources (which corresponds to φ1 − φ2) are used solely by
MTC devices from sub-group 1. Adjacent to that, 1/6 of the
RA resources (which corresponds to φ2 −φ3) are used by the
MTC devices from both sub-group 1 and sub-group 2. Finally,
the remaining 1/3 of the RA resources (which corresponds to
φ3 − φ4) are use by all of the sub-groups.

The analysis of RA channel makes use of the property of
slotted system [15]. Namely, given N slots and a total of M
users trying to access any of the channel with equal probability
(occupancy density of M

N ), the probability that any given slot
is occupied by k users follows Poisson distribution [16], given
by

P (k) =
1

k!

(
M

N

)k

exp

(
−M

N

)
. (6)

Applying the same technique to our hybrid group paging sce-
nario, we can see that during the ith RA slot, φg −φg+1 frac-

tion of the RA resources has occupancy density of
∑g

j=1

M
(i)
j

φjR
,



R RA resources

Available for sub-group 1

Available for sub-group 2

Available for sub-group 3

Φ1-Φ2 = 1/2Φ2-Φ3 = 

1/6
Φ3-Φ4 = 1/3

Fig. 2. RA resource allocation to different sub-group.

hence the probability that any one RA resource in that fraction
is selected by k MTC devices can be calculated as

P (i)
g (k) =

1

k!

⎛
⎝ g∑

j=1

M
(i)
j

φjR

⎞
⎠

k

exp

⎛
⎝−

g∑
j=1

M
(i)
j

φjR

⎞
⎠ . (7)

In the beginning when the eNodeB sends a paging message,
all the MTC devices with matching group ID will initiate
RA attempt in the immediate RA slot. At this first RA
slot (i = 1), all the MTC devices are in the first RA
attempt, therefore M (1)[n] = 0, ∀n �= 1. Correspondingly,
M (1) = M (1)[1] =

∑G
g=1 μ

(1)
g [1]. Out of these M (1) devices,

the number of devices that selected unique RA resources can
be calculated as

∑G
g=1 (φg − φg+1)RP

(1)
g (1), where P

(i)
g (k)

is defined in (7). Correspondingly, since all of the contending
MTC devices are on their first RA attempt, we can incorporate
the power ramping effect defined in (1) to compute the total
number of MTC devices that are acknowledged with RAR
message as p1

∑G
g=1 (φg − φg+1)RP

(1)
g (1). However, due to

a limitation of RAR grant message, only up to NUL MTC
devices can be acknowledged with RAR message.

To perform further analysis, it is necessary to break down
the different sub-group among those devices that are ac-
knowledged with RAR message. It can be seen that the
MTC devices who selected (φg − φg+1) fraction of RA re-
sources come from sub-group j ∈ [1, g], and out of those
p1 (φg − φg+1)RP

(1)
g (1) MTC devices that are acknowl-

edged with RAR message, the fraction of it that belong

to sub-group j is
μ
(1)
j [1]/(φjR)

∑g
k=1 μ

(1)
k [1]/(φkR)

. Therefore, given the

p1
∑G

g=1 (φg − φg+1)RP
(1)
g (1) non-collided and acknowl-

edged MTC devices, those from sub-group j is

G∑
g=j

(φg − φg+1)RP (1)
g (1)

μ
(1)
j [1]/(φjR)∑g

k=1 μ
(1)
k [1]/(φkR)

p1. (8)

The above calculation assumes that the MTC devices with
unique preamble is less than NUL. For the case where it is
larger than NUL, the RAR response message is proportionately
distributed among the NUL MTC devices, and the number of
acknowledged MTC devices from sub-group j is

∑G
g=j (φg − φg+1)RP

(1)
g (1)

μ
(1)
j [1]/(φjR)

∑g
k=1 μ

(1)
k [1]/(φkR)

p1
∑G

g=1 (φg − φg+1)RP
(1)
g (1)p1

NUL. (9)

Those devices that did not receive RAR message will initiate
a back-off procedure and retry the preamble transmission.

The analysis for the number of contending MTC devices
in the subsequent RA slots can be performed in a similar
way. Namely, during the ith RA slot, the expected num-
ber of MTC devices that select a unique RA resource is∑G

g=1 (φg − φg+1)RP
(i)
g (1). However, the MTC devices that

are contending during this ith RA slot need not necessarily
be at the same RA attempt. Out of those MTC devices in the
(φg − φg+1) fraction of the RA resources, the portions that is
from sub-group j that are performing their nth RA attempt is

given by
μ
(i)
j [n]/(φjR)

∑g
k=1 μ

(i)
k /(φkR)

. Then, the expected number of nodes

that are successfully acknowledged with RAR message is

NPTmax∑
n=1

G∑
g=1

g∑
j=1

(φg − φg+1)RP (i)
g (1)

μ
(i)
j [n]/(φjR)∑g

k=1 μ
(i)
k /(φkR)

pn.

(10)
Again, there are two possible cases for the above quantity,
namely whether or not it is greater than NUL. Using similar
approach, we can calculate μ

(i)
j,S [n], the number of MTC

devices from sub-group j ∈ [1, G] that are performing their
n ∈ [1, NPTmax]-th RA attempt and successfully acknowledged
with RAR message, given by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑G
g=j (φg − φg+1)RP

(i)
g (1)

μ
(i)
j [n]/(φjR)

∑g
k=1 μ

(i)
k /(φkR)

pn,

if (10) ≤ NUL

∑G
g=j(φg−φg+1)RP (i)

g (1)
μ
(i)
j

[n]/(φjR)

∑g
k=1

μ
(i)
k

/(φkR)
pn

∑NPTmax
m=1

∑
G
g=1

∑g
l=1(φg−φg+1)RP

(i)
g (1)

μ
(i)
l

[m]/(φlR)

∑g
k=1

μ
(i)
k

/(φkR)
pm.

NUL,

otherwise.
(11)

It can be checked that substituting i = 1 corresponding to the
first RA slot and n = 1 to the above expression, we get back
equation (8) and (9) for the two cases, respectively (note that
μ
(1)
k = μ

(1)
k [1] as only the first RA attempt is possible in the

first RA slot). Also, since during the first RA slot we have
M (1)[n] = 0, ∀n �= 1, the μ

(1)
j,S [n] is equal to zero for n �= 1.

The number of MTC devices in sub-group j that are
performing their nth RA attempt but unsuccessful to obtain
RAR message can therefore be calculated using

μ
(i)
j,F [n] = μ

(i)
j [n]− μ

(i)
j,S [n]. (12)

Considering that the MTC device cannot switch sub-group
when reattempting RA procedure, we can calculate μ

(i)
g [n]

from the earlier failed retry μ
(k)
g,F [n−1] and those unsuccessful

in completing the connection setup message as follows

μ(i)
g [n] =

Kmax∑
k=Kmin

αk,i μ
(k)
g,F [n− 1] +

jmax∑
j=jmin

βj,i Pe,msg μ
(j)
g, [n− 1]

≈
Kmax∑

k=Kmin

αk,i μ
(k)
g,F [n− 1]. (13)

The above calculation uses the same approach as the single
group case given in [14, eqn. (6)]. The quantity Pe,msg is the
probability that the connection setup (by msg 3 and msg 4)



during the second stage is not able to be completed success-
fully, which is negligible for a typical value of NHARQ = 5
and failed packet transmission probability of 0.1.

To calculate the Kmin, Kmax, and αk,i, we use simi-
lar analysis provided in [14]. The kth RA slot begins at
t = (k − 1)TRA-REP. A device that perform RA attempt
at the kth RA slot will only start initiating the back-off
procedure at t = (k − 1)TRA−REP + TRAR + WRAR + 1.
Furthermore, considering the maximum back-off period of
WBO, the latest time that the back-off process is completed
is t = (k− 1)TRA−REP + TRAR +WRAR +WBO. In addition,
we know that a device will perform the RA attempt on the
ith RA slot when its back-off process is complete at any time
between t = (i − 2)TRA-REP + 1 and t = (i − 1)TRA-REP.
The value of Kmin is obtained when the right boundary of the
back-off interval touches the left boundary of the transmission
interval of the ith RA slot, resulting in

Kmin =

⌈
(i − 1) +

1− (TRAR +WRAR +WBO)

TRA-REP

⌉
. (14)

Similarly, the value of Kmax can be obtained when the left
boundary of back-off interval touches the right boundary of
the transmission interval of the ith RA slot, resulting in

Kmax =

⌊
i− TRAR +WRAR + 1

TRA-REP

⌋
. (15)

The value of αk,i can be calculated based on the amount
of overlap between the back-off window and the transmission
interval of the ith RA slot, as follows [14, eqn. (10)]

αk,i =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(k−i+1)TRA-REP+TRAR+WRAR+WBO

WBO

, if Kmin ≤ k ≤ i− TRAR+WRAR+WBO
TRA-REP

TRA-REP
WBO

, if i− TRAR+WRAR+WBO
TRA-REP

< k < (i − 1)− TRAR+WRAR
TRA-REP

(i−k)TRA-REP−(TRAR+WRAR)
WBO

, if (i− 1)− TRAR+WRAR
TRA-REP

≤ k ≤ Kmax

0 , otherwise
(16)

Using (14), (15), and (16), μ(i)
g [n] in (13) can be recursively

calculated for any i ∈ [1, Imax] and n ∈ [1, NPTmax].

With the obtained μ
(i)
g [n] for i ∈ [1, Imax] and n ∈

[1, NPTmax], we can calculate the performance metrics of
interest. For the preamble collision probability, we use the
node-perspective rather than the RA resource-perspective since
it does not consider the number of nodes that collide within a
particular RA resource [17]. For the MTC devices from sub-
group j, the collision probability PC(j) can be calculated as

∑Imax

i=1

(
μ
(i)
j −∑G

g=j

μ
(i)
j /(φjR)

∑g
k=1 μ

(i)
k /(φkR)

(φg − φg+1)RP
(i)
g (1)

)
∑Imax

i=1 μ
(i)
j

.

(17)
In the above, the numerator calculates the number of MTC
devices that are collided in the ith RA slot, and sum them
over all Imax slots. Meanwhile, the denominator gives the total

TABLE I
SYSTEM PARAMETERS

Parameter value 
PRACH configuration index 3 
Period of RA slot (TRA-REP) 10 msec 
RAR window size (WRAR) 5 subframes 
Number of RAR in each response message (NRAR) 3 
Maximum acknowledgement msg (NUL = WRAR x NRAR) 15 
Back-off indicator (BI) 20 subframes 
Back-off window size (BI + 1) 21 msec 
Preamble sequence size/RA resource (R) 54 
Maximum RA retry limit (NPTmax) 20 
Processing latency at eNB (TRAR) 2 msec 
 

number of contending MTC devices over all Imax slots.
The successful access probability for the MTC devices

from sub-group j can be calculated by diving those that
are successfully acknowledged at any RA slot and any RA
attempt, with the initial number of the MTC devices from the
same sub-group in the beginning of the paging process as

PS(j) =
1

μ
(1)
j

Imax∑
i=1

NPTmax∑
n=1

μ
(i)
j,S [n]. (18)

In order to calculate the cumulative distribution function
(CDF) of the access delay, we divide the total number of MTC
devices that are successfully acknowledged by a certain RA
slot d regardless of the RA attempt, with the total number
of MTC devices from the same group that are successfully
acknowledged as follows

Gj(d) =

∑d
i=1

∑NPTmax

n=1 μ
(i)
j,S [n]∑Imax

i=1

∑NPTmax

n=1 μ
(i)
j,S [n]

. (19)

Note that the above CDF for the access delay is calculated in
terms of multiples of TRA-REP.

V. NUMERICAL RESULTS

We will now evaluate the performance of our proposed
hybrid group paging and compare it against the conventional
group paging. The parameters used throughout the simulation
is listed in Table I. The MTC devices are grouped into three
sub-groups (F = 3), and the number of MTC devices within
each sub-group Nf = N , ∀f is varied from 60 to 300 with
increment of 30. The fractions-vector θ = [1, 1/2, 1/3, 1/4]
is used, and the paging message is following the example of
Scenario 2 given earlier, whereby the first, second, and the
third group has 1, 2, and 3 matching IDs, respectively. For the
conventional group paging, all sub-groups can access all the
avilable RA resources (θ(conventional) = [1, 1, 1, 1]).

Fig. 3 shows the collision probability for different sub-
group sizes. The solid curves are obtained through Matlab
simulation, while the markers represent the theoretical colli-
sion probability calculated using (17). It can be seen that the
theoretical calculation agrees well with the results obtained
via simulation. It is also apparent that the first sub-group
achieves the lowest collision probability, while the second sub-
group achieves a slightly lower collision probability than the
third sub-group. For the conventional group paging case, the
achieved collision probability is higher than that from the first
sub-group using our proposed hybrid group paging. However,
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Fig. 3. Collision probability for different sub-group sizes.
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Fig. 4. Successful access probability for different sub-group sizes.

it is better than the second sub-group up to a sub-group size
of 210, after which it is comparable to the second sub-group.

Similar trend is also observed in the successful access
probability, which is shown in Fig. 4. Again, the solid line is
obtained via Matlab simulation while the markers are obtained
using theoretical calculation following equation (18). In this
case, the first sub-group is able to achieve very high successful
access probability (close to one). Meanwhile, both sub-group 2
and 3 achieve lower successful access probability. As far as the
conventional group paging is concerned, the successful access
probability is somewhere between the first and the second sub-
group (and it is very close to the performance of the second
sub-group for sub-group size equal to 210 or larger).

Lastly, the average access delay is shown in Fig. 5, where
the solid lines are obtained using Matlab simulation and the
markers are the theoretical calculation using the formula

Gj = Gj(1) +

Imax∑
d=2

d (Gj(d)−Gj(d− 1)) . (20)

In the above equation, Gj(d) is the CDF of access delay for
the MTC devices in sub-group j given by equation (19). As
expected, the first sub-group is performing the best by achiev-
ing the smallest average access delay, while the second and
the third sub-groups achieve higher access delay. Similarly,
the conventional group paging method performs worse than
the first sub-group, but it is better than the other sub-groups.

VI. CONCLUSIONS

We have proposed a hybrid pull-and-push group paging
method for massive machine-type communications. On top
of the benefit of central control, the proposed hybrid scheme
enables dynamic access prioritization among different sub-
groups, which is beneficial for applications where the im-
portance of different MTC devices is varying. The analysis
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Fig. 5. Average access delay for different sub-group sizes.

for the collision probability, successful access probability, and
the access delay are also presented and shown to agree with
the simulation results. Compared to the single group case,
the proposed scheme provides better performance to the high
priority sub-group at the expense of the low priority sub-group.

REFERENCES

[1] “RAN improvement for machine-type communications,” Third-Gen. Part.
Proj., Sophia-Antipolis, France, 3GPP TR 37.868, Aug. 2011

[2] S. Y. Lien, T. H. Liau, C. Y. Kao, and K. C. Chen, “Cooperative Access
Class Barring for Machine-to-Machine Communications,” IEEE Trans.
on Wireless Commun., vol. 11, no. 1, pp. 27-32, Jan. 2012.

[3] “MTC Simulation Results with Specific Solutions,” Third-Generation
Partnership Project, Madrid, Spain, 3GPP TSG R2-104662, Aug. 2010.

[4] W. Yang, A. Fapojuwo, and E. Egbogah, “Performance Analysis and
Parameter Optimization of Random Access Backoff Algorithm in LTE,”
IEEE Veh. Tech. Conf. Fall 2012, pp. 1-5, Quebec, Canada, Sept. 2012.

[5] “Pull Based RAN Overload Control,” Third-Generation Partnership
Project, Madrid, Spain, 3GPP R2-104870, Aug. 2010

[6] R. G. Cheng, F. M. Al-Taee, J. Chen, and C. H. Wei, “A Dynamic Re-
source Allocation Scheme for Group Paging in LTE-Advanced Networks,”
IEEE Internet of Things Journal, vol. 2, no. 5, pp. 427-434, May 2015.

[7] C. H. Wei, R. G. Cheng, and F. M. Al-Taee, “Dynamic Radio Resource
Allocation for Group Paging Supporting Smart Meter Communications,”
2012 IEEE Int. Conf. on Smart Grid Commun. (SmartGridComm), pp.
659-663, Tainan, Taiwan, Nov. 2012.

[8] O. Arouk, A. Ksentini, Y. Hadjadj-Aoul, and T. Taleb, “On Improving
the Group Paging Method for Machine-Type-Communications,” IEEE Int.
Conf. on Commun. 2014, pp. 484-489, Sydney, Australia, June 2014.

[9] O. Arouk, A. Ksentini, and T. Taleb, “Group Paging Optimization for
Machine-Type-Communications,” IEEE Int. Conf. on Commun. 2015, pp.
6500-6505, London, UK, June 2015.

[10] R. Harwahyu, R. G. Cheng, and R. F. Sari, “Consecutive Group Paging
for LTE Networks Supporting Machine-type Communications Services,”
2013 IEEE 24th Annual Int. Symp. on Personal, Indoor, and Mobile Radio
Commun. (PIMRC), pp. 1619-1623, London, UK, Sept. 2013.

[11] C. T. Chang and S. R. Yang, “Modeling LTE group paging mechanism
for Machine-Type Communications,” 2015 Int. Wireless Commun. and
Mobile Comp. Conf., pp. 1295-1300, Dubrovnik, Croatia, Aug. 2015.

[12] “Evolved Universal Terrestrial Radio Access (E-UTRA); Radio Re-
source Control (RRC); Protocol specification (Release 14),” Third-Gen.
Part. Proj., Sophia-Antipolis, France, 3GPP TS 36.331, Dec. 2016.

[13] “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical chan-
nels and modulation (Release 13),” Third-Generation Partnership Project,
Sophia-Antipolis Cedex, France, 3GPP TS 36.211, Dec. 2015.

[14] C. H. Wei, R. G. Cheng, and S. L. Tsao, “Performance Analysis of
Group Paging for Machine-Type Communications in LTE Networks,”
IEEE Trans. on Veh. Tech., vol. 62, no. 7, pp. 3371-3382, Sept. 2013.

[15] C. H. Wei, R. G. Cheng, and S. L. Tsao, “Modeling and Estimation of
One-Shot Random Access for Finite-User Multichannel Slotted ALOHA
Systems,” IEEE Commun. Lett., vol. 16, no. 8, pp. 1196-1199, Aug. 2012.

[16] P. Zhou, H. Hu, H. Wang, and H. H. Chen, “An Efficient Random Access
Scheme for OFDMA Systems with Implicit Message Transmission,” IEEE
Trans. on Wireless Commun., vol. 7, no. 7, pp. 2790-2797, July 2008.

[17] R. G. Cheng, C. H. Wei, S. L. Tsao, and F. C. Ren, “RACH Collision
Probability for Machine-Type Communications,” IEEE Veh. Tech. Conf.
Spring 2012, pp. 1-5, Yokohama, japan, May 2012.


