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Abstract

Supporting a huge number of Machine-to-Machine (M2M) devices with different priorities in
LTE networks is addressed in this paper. We propose a Learning Automaton (LA) based scheme for
dynamically allocating Random Access (RA) resources to different classes of M2M devices according
to their priorities and their demands in each cycle. We then use another LA based scheme to adjust
the barring factor for each class to control the possible overload. We show that by appropriate updating
procedure for these LAs, the system performance asymptotically converges to the optimal performance
in which the evolved Node B (eNB) knows the number of access-attempting devices from each class a
priori. Simulation results are provided to show the performance of the proposed scheme in RA resource

allocation to defined classes and adjusting the barring factor for each of them.

Index Terms

Machine-to-machine communications; Access barring; Learning automaton; Random access;

. INTRODUCTION

Machine-to-Machine (M2M) or Machine Type Communication (MTC) refers to an emerging
communication technology in which the key elements for constituting new communication
paradigms such as smart city and Internet of Things (IoT) are addressed [1]. It involves a large
number of autonomous devices that exchange information or data with each other or with the
MTC server through a wireless area network without human intervention [2]. Smart grids, city
automation, and infrastructure management are the typical examples of M2M applications which
are widely adopted in our daily life [3]. The demand for M2M communications is continuously
growing and it is expected that there will be 50 billion devices by 2020 [4].

Currently, cellular networks and in particular, the Third Generation Partnership Project (3GPP)
Long Term Evolution (LTE) network are considered as a suitable infrastructure for deployment
of MTC Devices (MTCDs) due to the advantages of providing the possibility of a ubiquitous and
transparent communications for MTCDs [5]. However, cellular networks are mainly designed
for human type communication which generally characterized by bursts of data during a limited
number of active periods. Hence, the required signaling traffic for resource management is
negligible. M2M communications, instead, involves a huge amount of MTCDs that need to

transmit typically a small amount of data, most of the time [6]. That is the generated signaling
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traffic by a massive amount of MTCDs is significant and may cause a risk to the traditional
operation of the cellular networks [7]. Therefore, deployment of the MTC in LTE infrastructure
raises new challenges.

Specifically, when a massive number of MTCDs try to access the network within a short
interval, the Radio Access Network (RAN) becomes congested which leads to decrease in the
access success probability and heavy access delay for MTCDs. Therefore, handling the massive
access requests of MTCDs is one of the main challenges for MTC in LTE [8]. So far, several
methods have been proposed to alleviate congestion in the RAN. Among them, the Access Class
Barring (ACB) scheme has attracted more attention due to its simplicity in deployment [9]. In the
ACB scheme, the access of MTCDs are barred according to a barring factor which is broadcasted
by the evolved node B (eNB).

On the other hand, since MTCDs belong to various applications with different priorities, the
network should consider the priorities of devices in access granting for connecting to the network
[10]. In this paper, we address the prioritized massive access of MTCDs in LTE networks and
how to allocate Random Access CHannel (RACH) resources to them. The Random Access (RA)
procedure is the first step for connecting to the cellular network which is done through RACH
resources.

We propose a prioritized random access scheme using Learning Automaton (LA) in which
the MTCDs are classified into different classes according to the priorities of the corresponding
applications. Two LA modules are deployed. The first LA dynamically determines the amount
of RACH resources which must be allocated to each class according to its priority. The second
LA is used for determining the transmission probability for access-attempting MTCDs of each
class to prevent from a huge amount of simultaneous RA attempts. It is shown that by proper
adjustment of learning parameters, the asymptotic behavior of the proposed scheme tends to the
optimal scheme in which the eNB has priori information about the number of access-attempting
devices from each class.

The rest of this paper is organized as follows. The related works are presented in section Il. In
section llI, the preliminaries and system model are explained. The proposed scheme is presented
in section IV. Performance analysis and simulation results are provided in section V and VI, and

the paper is concluded in section VII.
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TABLE |

SUMMARY OF RACH OVERLOAD CONTROL TECHNIQUES

Techniques References Idea
Split preambles [11, 12]
Separation of RACH resources Split PRACH occasions [9]

Split preambles between M2M and H2H users.

o Pre-allocates RACH resources to different MTC classes.
Prioritized random access [13]

Slotted Access Slotted access schemes [9, 14]Dedicated slots for each MTCD.

Selectively control the access attempts of UEs which

configured for EAB.
Extended ACB [9]

Access Class Barring Dynamic ACB [15]
Cooperative ACB [16]

The ACB factor is adjusted by a heuristic algorithm in eagh
time slot, dynamically.

Controls the RAN overload by dispersing MTCDs among
neighboring cells that overlapped with each other.

Backoff tunning [17] PRACH overload is controlled by proper adjusting backoff|times
Backoff timer method [12, 18] of MTCDs.
pull based scheme [9, 19] Allows MTCDs to access the PRACH when paged by the eNB.

MTC-specific backoff

Other solutions ) Uses Q-learning based RACH scheme slot assignment to
Q-learning [20] MTCD
S.

Self optimizing overload con{ A self-optimizing mechanism for configuring the RACH re

trol (SOOC) [21] sources based on load condition.

Il. RELATED WORKS

In 3GPP LTE release 11, i.e., the LTE-A system, several approaches are proposed to coun-
teract the RACH overload such as separate RACH resource allocation for M2M and non-M2M
communications, slotted Access, ACB scheme, the MTC-specific backoff scheme, and pull based
scheme [9]. In table I, a summary of the different RACH overload control techniques is presented.
Particulary, in the ACB scheme, the eNB broadcasts the ACB or barring factor. Each device
which has an access request selects a uniform distributed random number between 0 and 1,
and compares it with the ACB factor. If this number is less than the ACB factor, the device
can participate in contention by selecting a preamble, otherwise, it barred for a barring time. In
this scheme, eNB controls the number of access-attempting MTCDs or the congestion level by
adjusting the ACB factor. In addition to ACB, 3GPP also proposed the extended access barring
(EAB) scheme. In EAB, eNB considers 16 access classes and in the case of RAN overload,

only one or more of these classes which belong to the high priority applications are allowed to
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participate in the RA procedure and others become barred [9], [22].

The ACB factor should be adjusted according to the number and priorities of different MTCDs.
In [15], a heuristic algorithm for adaptive adjustment of ACB factor using the number of
successful and collided transmissions in the previous time slots is proposed. Also, the authors
derive an analytical model for determining the total expected access delay for MTCDs. The
proposed scheme in [23] uses available information in the eNB for accurate estimation of
the number of M2M devices using Kalman filtering and adjusts the ACB factor based on this
estimation. In order to reduce the RAN overload caused by MTCDs, the authors in [24] proposed
a scheme which jointly utilizes from timing advance information and ACB. In this scheme by
selecting the optimal value for ACB factor, the number of MTCDs which can be served in each
time slot is maximized.

In [16] the authors proposed a cooperative ACB scheme for access load sharing among
neighboring cells that overlapped with each other. The MTCDs which located in the coverage area
of eNBs can select one of the eNBs to access such that the load is balanced among overlapping
cells. This scheme improves the congestion delay for M2M communications. A Q-learning based
scheme is proposed in [20] to avoid collision between M2M devices and enhance the throughput
of the RACH resources. Using this scheme the performance loss of H2H devices that can be
caused by massive access requests of M2M devices is reduced.

In these works, the RACH overload problem caused by massive access requests of MTCDs
is discussed and less attention has been paid to the priorities and quality of service (QoS)
requirements of them. Since different applications with different access priorities should be
handled in MTC scenarios, the RACH overload control solutions should take into account the
tolerable access delay of each MTC class. In order to satisfy the QoS requirements, the authors
in [13] presented a prioritized random access mechanism that pre allocates RACH resources
to different MTC classes according to their priorities. Furthermore, this mechanism prevents a
large number of concurrent random accesses by dynamic access barring (DAB). However, the
resources are not allocated to different priority classes in a dynamic manner which may lead
to resource wasting. In this paper, in contrast, we propose an LA based scheme in which the
available RACH resources are dynamically allocated to the priority classes of MTCDs according
to their current demands where the ACB factor for each class is adjusted properly in the massive

access case.
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[Il. PRELIMINARIES AND SYSTEM MODEL
A. Random Access Procedure in LTE Networks

In LTE networks, a User Equipment (UE) can be scheduled for uplink transmission if its
uplink transmission timing is synchronized. The Random Access (RA) procedure is the first step
for connecting to the LTE networks which is done through RACH resources. Therefore, the RA
procedure plays a key role as an interface between non-synchronized UEs and the orthogonal
transmission scheduling scheme through the LTE uplink radio resources [25]. That is the eNB can
schedule UEs for uplink transmissions provided that they successfully passed the RA procedure.
Notice that the RA procedure can be performed in a contention-free or contention-based manner
[2]. In contention-free RA procedure, the eNB allocates a unique RA preamble to a specific
UE and hence guarantee its access to the network. This access scheme is not typically used for
massive access of M2M applications and deployed for time critical usages such as handover.
However, the contention-based RA procedure which is also adopted in this paper, is much more
appropriate for M2M traffic. That is, a certain number of assigned preamble sequences to each
LTE cell is reserved for contention-free RA procedure and the remaining ones are used in the
contention-based RA. The information about these preambles which are used by MTCDs is
broadcasted by eNB through downlink control channel [8]. Then each access-attempting UE
selects a preamble randomly and transmits its request to the eNB through the RA slot which
is a time-frequency radio resource of the Physical RACH (PRACH). The contention-based RA
procedure consists of four steps as follows [7], [25]:

Step 1: The MTCD transmits a randomly selected RA preamble through the next available RA
slots of the PRACH. Due to the orthogonality of the available preambles, an eNB can decode
multiple transmitted access requests by MTCDs which select different preambles in the same
RA slot.

Step 2: For each successfully detected preamble, the eNB sends a random access response
(RAR) through the Physical Downlink Shared Channel (PDSCH) which includes a random access
preamble identifier (ID), an uplink (UL) grant that will be used for transmitting the third step of
the RA procedure, a temporary cell identifier (C-RNTI), and a time alignment (TA) command.

Step 3: When the MTCD receives a RAR corresponding to the transmitted preamble in a

specific RA slot, it sends the connection setup request message to the eNB using the assigned
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UL grant in the received RAR.

Step 4: The eNB sends the contention resolution message to the MTCD provided that it
can successfully decode the transmitted third message by the device in the specific UL grant.
Otherwise, the eNB will not transmit any response and the device assumes that failed and
schedules for a new RA procedure.

Collision occurs if one preamble is selected by two or more MTCDs in the same RA slot.

In the situation of undetected preamble collision in step 1 of the RA procedure, more than one

MTCD transmit connection setup request messages or data through the same UL grant and eNB
cannot decode the received data successfully in step 3 and collision occurs [26]. We assume
that for a collided preamble the eNB cannot decode any of the transmitted data in the third

message of the RA procedure and all of the devices corresponding to such preambles must retry
in subsequent cycles. Specifically, at the end of each cycle the eNB can divide the preambles into
three groups including: 1) successful preambles: preambles which are selected by one device,
2) idle preambles: preambles which are not selected by any device, and 3) collided preambles:

preambles which are selected by more than one device.

B. Learning Automata

Learning automata is a self-operating learning model which aims at operating in the environ-
ments with unknown characteristics. This learning model is useful in many applications involving
adaptive decision making. An LA is an automaton that enhances its functionality by acquiring
knowledge about the behavior of the random environment. It uses the acquired knowledge for
adaptive decision making in the future. The response of the environment to the selected action
by the LA feedbacks as a reward or penalty to the LA for updating the selection probability of
the action as it is shown in Fig. 1 [27].

That is, the LA interacts with the random environment in repetitive cycles so as to find
among the set of actions the one that maximizes the average reward the system receives by the
environment. The environment is represented by a tdiple {a, b, p} wherea = {a,as,...,a,}
is the environment input sebt, = {b1,b2,...,b,.} represents the environment output set and
p = {p1,po,...,p,} represents the probability distribution for theactions att'" cycle where
> i, pi(t) = 1. The automaton is known as a P-model one, if the set of environmental responses

take only the values 1 and O, representing penalty and reward, respectively [28], [29].
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-’ Random Environment

Learning Automata 4—

Fig. 1. An example of learning automata.

Assume that in cycleé the selected action and the corresponding normalized environmental
response by the automaton are denotedipogind c(¢) respectively. The probabilities of actions
are then updated in a reinforcement manner according to (1).

pi(t) — (1 = c(t))gi(p(t)) + c(t)hi(p(t)), if a(t) # a;

pi(t+1)= Q)

pit) + (1 = c(t)) 325 9;(p() — c(t) 32,4 hy(p(8),  if alt) = as

where functiongy; and h; are associated with reward and penalty for the selected agtion

C. System Model

We consider a system with MTCDs corresponding to applications with different priorities
in the coverage area of an eNB in a cell of LTE networks. The MTCDs are grouped into three
priority classes including high, medium, and low according to their QoS requirements which are
indicated byH, M and L in this paper, respectively. The corresponding numbers of MTCDs in
each class are denoted By, Ny, and N,. We consider each MTCD will be activated at the
interval [0, T,] with probability ¢(¢). In [9] two different probability distributions fog(t) are
proposed including uniform and beta distributions. In this paper, in order to consider the massive
access scenario in which a large number of MTCDs try to access the network simultaneously,
we assume that the activation of MTCDs in the interfal7] follows beta distribution with

parametersy = 3 and § = 4, as follows:

T — )
) = o150, 5)

(2)
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Fig. 2. M2M devices with different priorities in LTE networks

whereB(a, 3) is the beta function [30].

Since most of the M2M applications have small sized data for transmission, we assume each
activated device has only one small data packet for transmittingTin iaterval. T, is divided
into Z, cycles each of them consists of two parts. The first part is used for transmission of
the preambles and the second part is used for transmission of the third messages of the RA
procedure, see Fig. 2. In this paper, in order to avoid the signalling burden, we assume that the
small data packets of MTCDs are transmitted to the eNB during the RA procedure. We also
assume that eNB only knows the average number of access requests from each priority class in
[0, 7] and it does not know the number and the start times of traffic bursts as well as the access
request probabilities of MTCDs in each cycle. The total number of cycles which are required
for serving all the MTCDs corresponding to each class in the activation interval is called Total
Service Time (TST).

Let M be the number of available preambles for MTCDs in each cycle. To provide QoS for
different priority classes one can divide the available RACH resources among them according
to their average resource requirements. However, determining a fixed amount of resources for

each priority class may cause a significant degradation in the network throughput when a class

February 15, 2017 DRAFT



10

does not utilize the allocated resources in some cycles and another class has more data for
transmission rather than the corresponding allocated RACH resources. We use an LA based
scheme for dynamic assignment of the RACH resources to classes. As mentioned before, LA
is a useful structure that can provide adaptation to systems operating in environments with
changing and/or unknown characteristics [28]. On the other hand, the number of contending
MTCDs in each cycle is unknown and depends on the stochastic arrival process of random
access requests of the UEs. Furthermore, these access-attempting UEs have different priorities
and demands for uplink resources [7]. We deploy LA to followup the number of contending
MTCDs in each priority class and then adjust the ACB and RACH allocation probabilities for
them. In the proposed scheme, the following prioritization rules for allocating RACH resources
must be satisfied:

1. Each priority class can utilize a certain amount of available resources which is determined
statically based on its priority and average requirement.

2. The unused resources of each priority class should be proportionally allocated to other
priority classes which require more resources.

The initial probability of RACH resource allocation and the corresponding amount of allocated
RACH resources, i.e., the number of allocated preambles, to priority clasg H, M, L} in
thet cycle are denoted by, (t) and M, (t), respectively. Also, the maximum value @fit) is
denoted byC,. According to the priority and the average number of access-attempting devices
of classz in a T, interval, the value ofC, is determined statically by eNB and broadcasted
at the beginning of th€ interval. The MTCDs acquire this information through reading the
broadcasted system information blocks (SIBs).

Although, a certain amount of the RACH resources are dedicated to each class, the number
of access-attempting MTCDs can be much greater than the assigned resources in the massive
access scenario. Hence, we use an LA based ACB scheme for each class to control the possible
overload. The ACB parameter for priority classe {H, M, L} in the t"* cycle is denoted by
p(t). The key mathematical symbols and their definitions are presented in table II.

IV. LEARNING AUTOMATA BASED RANDOM ACCESSSCHEME

For the proposed LA based scheme, two LAs are used in each MTCD. The first LA is

responsible for adjusting the value @f(#) and the second LA is used to adjust the barring
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TABLE Il

TABLE OF KEY MATEMATICAL SYMBOLS

Symbol Definition

N Total number of MTCDs in the coverage area of eNB

N, Ny, Ni, | Number of MTCDs in high, medium and low priority classes

Ts Activation interval of all MTCDs
M Number of available preambles for MTCDs in each cycle
q=(t) Probability of RACH resource allocation to priority classin t** cycle
M, (t) Number of allocated preambles to priority classn t*" cycle
Cq Maximum value ofg, ()
Pa(t) ACB parameter for priority class in t'* cycle
No () Number of access-attempting devices from priority class
in t*" cycle
pie(t) Probability that a preamble from clagsremains idle int'" cycle
P2 (1) Probability that a preamble from clagsbecomes successful it cycle
Pt (t) Probability that a preamble from clagsbecomes collided ‘" cycle
r(t) Feedback array in'" cycle

factor, i.e.,p.(t). Consider priority class and let the number of access-attempting devices
which belong to this class itf" cycle is denoted byV,(¢). Each MTCD from priority class
participates in the RA procedure with probability(¢) and randomly selects a preamble from the

available M, (t) preambles by probabilitm. Hence, the probability that a certain preamble

is selected by an MTCD from priority classis given by ]@((tt))

Therefore, the probability that this preamble remains idle, successfully exploited by one device,

or encounters collision are given by (3), (4), and (5) respectively.

pidte () — (1 B ]]\’;j(tt)))Nz(t)- -
sucerp [ Nz()Y pa(t) Ppa(t) \ Ne®-1
piee(t) = ( )Mx(t) (1 . Mx(t)> , @
coll (4 _ N, (t)p.(t) Pa(t) \NeO-1 Da(t) \Nel®)
P =1- M, (t) <1 - Mx(t)> - (1 B Mx(t)> - ()

The objective of the proposed scheme is adjusting the values(dfandp,(¢) such that the

optimal performance is achieved.
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If the number of access-attempting devices from priority class less than the maximum
allowable RACH resources for this class, the optimal performance is achieved when the number
of allocated preambles to this class is equalMgt), i.e., M,(t) = N,(t). On the other hand,
if the number of access-attempting devices from priority class greater than the maximum
allowable RACH resources for this class, the optimal performance is achieved when the maximum
allowable RACH resources are allocated to clasand the ACB factor is adjusted such that
pa(t) = 58

The eNB does not know the number of access-attempting devices of MTC classes in each cycle.

The available information for the eNB are the number of successful, collided, and idle preambles
at the end of each cycle which are denotedpfi“(t), pc°!(t), andpidc(t), respectively. Notice

that by optimal adjusting the valuesgf(t) andp,.(¢) in a massive access scenario, the probability
that eNB finds each preamble in successful, idle, and collision states would convergg to

e Pand1 — 2e7!, respectively.

In the proposed scheme, we usg’ as an indicator in order to determine the feedback
for each class. This feedback which is received by all devices’ LAs is denoted by the array
r(t) = (ru(t),rnm(t),rL(t)). r.(t) for each class takes a binary value as reward or penalty.
At the end of each cycle, eNB monitors the valuepgf! for classz and generates,(t) by

comparing it with the optimal expected value of= 1 — 2¢~L. That is:

0 if Pt <w
. (t) = , (6)
Laf p(t) > v
The eNB broadcasts the generated feedback arfgyat the end of each cycle through the

downlink broadcast channel.

A. Dynamic RACH Resource Allocation
Assume that each MTCD is empowered with a P-model LA. The LA must updéte after

receiving the feedback array,(t) = 1 is occurred when the percentage of collision in class
is greater than the optimal value. It means that the allocated RACH resources to this class is
less than the optimal value, thereforg(t) should be increased. On the other handf) = 0

indicates thatg,(t) should be decreased. Note that, in order to simplify the analysis of the
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proposed scheme, we assupfé! = 1 — 2¢!. The general updating procedure @ft) which

is used by LAs in the proposed scheme is given by:

q:(t) + Ay if r.(t)=1
@(t+1) = (7)
0z (t) — Ay if r.(t)=0
Where0 < A; < C, — ¢,(t) and0 < Ay < ¢,.(t) — a1. a; takes a small value and is used to

ensure that the percentage of allocated resources to each class be greater than zero when that
class has no access request. In the proposed scheme, the LA starts with the maximum probability
of allocating RACH resources to each class, igg(t) = C,. After updating the values af,(¢)
at the end oft'" cycle , the values of,(¢) are normalized by each LA according to (8).

Ga(t)
qr(t) + qu(t) + qu(t)’
It is clear that) ., ,/;, 02(t) = 1. The normalization of the probabilities is used in the LA
based schemes [31]-[33].

The number of preambles that priority classan use in the!" cycle is determined according

o.(t) =

for x € {H,M,L}. (8)

to the normalized probability,.(¢) as given in (9).
M,(t) = M x 0,(t) ©)

Therefore, the range of preambles which can be used by MTCDs in each priority class is
determined.

To ensure the convergence@ft) to the optimal value, the values df; andA, in (7) should
be selected appropriately. According to (5) and®9¥(¢) is a function ofg,(t) and the optimal
value of p=°!(t) will be achieved by proper increasing or decreasing,¢f). We have

xT

0q:(t) = Blgu(t+1) = qu(t)] = pi™" () A1 — (1= p (1)) Ay
= ()AL + P (1) A2 — Ay = p (1) (A2 4+ A1) — Ay
_ A )
A+ Ay
In fact, ¢.(¢) increases with probabilityc®!(¢) and decreases with probability— p=/(t). As

T x

= (A4 Ay) (" (1) (10)

we mentioned before, when the number of access-attempting devices is less than the maximum
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amount of RACH resources which can be allocated to priority ctas$ ¢.(¢) is adjusted by
optimal value, we should hayg“(t) = v. To asymptotically converge to the optimal case, the
allocation procedure should be updated according to the following conditions.

1. If p(t) < v thendq,(t) < 0 and thereforeip<’(t) > 0.

T T

2. If poll(t) > v thendq,(t) > 0 and thereforefpco(t) < 0.

T x

3. If poll(t) = v thendq,(t) = 0 and thereforefpco(t) = 0.
According to (10), these conditions are satisfied and the optimal case is achieved provided

that 5¢, = 0 and 552 = v. Therefore,

1 —
(%

1_
dy=—"

Ay = —2 Ay = dy A,

= 2.77. (11)

v

By consideringA; = A where0 < A < Ci”;—‘f”(t) and0 < A < ¢,(t) — a1, we adjustA by:
A=L(Cy — (1)) (qu(t) — ar), where Ly €(0,1). (12)
In sum, the RACH allocation updating procedure is given by (13).

Qx(t) +di Ly (Cx - Qx(t)) (Qx(t) - al) if Tz(t) =1
G(t+1) = (13)
@ (t) — L1 (Co — q:(1)) (qu(t) — 1) if ra(t)=0
WhereL; € (0,1) is the step size of probability updating procedure. The convergence speed
as well as the estimation accuracy of the automaton depend on the valyeB®y the updating
procedure in (13)q.(t) is changed according to the requirements of each class and takes a value
in the interval(a,, C,,). Also, note that the two mentioned priority rules which is discussed in
the system model section are satisfied.
As a special case consider a scenario in which each class experiences massive access by a lot

of access-attempting devices. In this cagét{) will converge toC, and we have

B Cp+Cy+Cy’

That is all classes use from the maximum preassigned RACH resources.

for x e {H,M,L}. (14)

0 (1)
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Now, consider a scenario in which cla&shas no traffic for transmission, however, the other
two classes are in massive access mode. In this gage,for classH, M, and L converge to

a, Cyr, and 'y, respectively and we have:

ai

t) = 15
UH() CL+CM+G17 ( )
and
o.(t) = Cs for xze{M,L} (16)
x - CL+CM+CL17 ’ :

Therefore, the unused RACH resources by classs proportionally allocated to the other

two classes as expected.

B. Dynamic Adjusting of ACB Factors

When the number of access-attempting devices in a class is greater than the maximum amount
of allocatable RACH resources, the ACB probability should be adjusted properly in order to
reduce the chance of collisions. We use another P-model based LA in each MTCD to adjust
the corresponding ACB factor. For this purpose, similar to the updating proceduge(fpr at
cyclet each MTCD updatep,(t) using the broadcasted.(¢). Notice that ifp,(¢) is adjusted
appropriately,pc?!(¢) would converge taw = 1 — 2¢~!. The updating procedure is defined as

T

follows.

pa(t) + Ay if r.(t)=0
Pe(t+1) = (17)
pu(t) — Ay if re(t)=1
where0 < Ay < 1—p,(t) and0 < Ay < p.(t) —as. Again, ay is an appropriate small value and
A; and A, should be selected such that the updating procedure for the ACB factor converges

to the optimal value asymptotically. According to (17) we have:

opa(t) = Elpa(t+1) —pa(t)] = (1 —pi™ (1)) Ay — p" (t) As

= Ay —pP A — pL ) Ay = Ay — () (A + Ag) =
AN

— A A —CO”t S
(A1 + Ag)(—p5 ()+A1+A2)

(18)
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To ensure thap!(t) = v, the ACB factor updating procedure must satisfy the following
conditions.
1. If pell(t) < v thendp,(t) > 0 and thereforep<!(t) > 0.

T

2. If peoll(t) > v thendp,(t) < 0 and thereforeip='(t) < 0.

T T

3. If pl(t) = v thendp,(t) = 0 and thereforeip<(t) = 0.

T T

According to (18), these conditions are satisfied and the optimal case is achieved when

op.(t) = 0 and 5% = v. Therefore, we have:
v
Ay = Ay = doAy,
1—w
dy = —0.359. (19)
1—-w

By consideringA; = A where0 < A < 1’5—;5“) and0 < A < p,(t) —az, we adjustA as follows
A= Ly(1 = p(1)) (pa(t) — a2), where L, € (0,1). (20)
In sum, the ACB updating procedure is given by (21).

Pa(t) + daLo (1 — pa(t)) (pa(t) — az) if re(t)=0
pe(t+1) = (22)

Pe(t) = La(1 — pa(t)) (pa(t) — az) if ro(t)=1

C. State Diagram of the LA Based Scheme

The state diagram of the proposed scheme is illustrated in Fig. 3. Consider an MTCD from
classz. According to Fig. 3, at the first step the values @ft) and p,(¢) for this device
are initialized by the corresponding maximum values, &.,and 1, respectively. Then, if the
received feedback is @..(¢) remains constant angd(t) is decreased according to (13). Therefore,
the percentage of allocated RACH resources to priority class decreased and may be used
for other priority classes which require more resources. Otherwise, if the received feedback is
1, the value ofg,(¢) is increased until it reaches to its maximum value and then the value of
p.(t) is decreased to bare the massive access of this class taking into account the maximum

allocatable RACH resources.
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r(1)=1 r(t)=0

T: Value increasing

v Value decreasing

Fig. 3. The state transition diagram of the LA based scheme.

In this state, if the received feedback changes to 0, at the first the valugtofis increased
until it reaches to its maximum value and then the value,9f) is decreased. Note that, the
value of p,(t) can be decreased only wheR(t) is adjusted by its maximum value, i.e,.
Also, the value ofq,(t) can be decreased only when(¢) is adjusted by its maximum value,
e, 1.

Put together, the probability updating proceduresddr) and p,.(t) are given by (22) and
(23).

Go(t) + di1 Ly (Co — (1)) ((t) — a1) if ru(t) =1
@(t+1)= (22)

Qz(t) - Ll (Cz - %&(t)) (Qx(t) - al) Zf rz(t) =0 and pa&(t) =1
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and
Pa(t) + daLa (1 = pu(t)) (pa(t) — as) if ra(t)=0
pe(t+1) = (23)
p(t) — L2(1 — px(t)) (px(t) = ag) if re(t)=1 and q.(t)=C,
where L, L, € (0,1).

V. PERFORMANCEANALYSIS

According to the number of access-attempting devices for each class two different situations
can occur in the'" cycle as follows:

1. If the number of access-attempting devices from classless than the maximum amount
of RACH resources which can be assigned to this class, the optimal performance is achieved
when the number of allocated preambles to class equal to theN,(t), i.e., M, (t) = N.(t).

Therefore, the optimal value ef,(¢) would beNIT(t) as follows.

Yiaat) M
Hence, the optimal value af.(¢) is given by (25).

k
)= (S 40+ 0.0). (25)

i=1i#x

According to (25) and since the maximum valuegft) is bounded byC, we conclude that

the optimal value fou,(t) is:

min

Na®) S~k (¢
M Zz:l,z;ﬁazq( )701} (26)

1 - Ne(®)
2. In the case that the number of access-attempting devices fromacliasgreater than the
maximum allowable RACH resources for this class, the optimal performance is achieved when
the maximum allowable RACH resources are allocated to clasise., ¢.(t) = C, and the

number of participating MTCDs is limited by optimal value pf(t) as is given by (27).

M, (1)
No(t)
According to (27) and since the maximum valuegft) is 1, we conclude that the optimal

pa(t) = (27)

value forp,(t) is:
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mm{ %jg; 1 } (28)

The asymptotic behaviors @f.(¢) andp.(t) are given by Lemma 1 and Lemma 2.
Lemma 1. If the number of access-attempting devices in priority clasa the t'* cycle is
N,(t) which is less than the maximum amount of RACH resources which can be assigned to

this class and the probability updating procedure (13) is used, we have:

N, (t) ~~k
M()Zz'zu;éx qi(t) C
N (t) sy (-

M

lim q:(t) = min
L1—0,a1—0,t—0c0

(29)

Proof: see appendix A.
Lemma 2: If the number of access-attempting devices in priority clags ¢ cycle is N, ()
and this class uses from the maximum allocatable resources, using the updating procedure of

(21) we have:

lim  p(t) = mm{ M. (1) 1} (30)

Lo—0,a2—0,t—00

Proof: see appendix A.

VI. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed LA based scheme and compare
it against the optimal and fixed allocation schemes. In optimal allocation, we assume that eNB
knows the number of access-attempting devices from each class in each cycle and allocates
preambles to them taking into account the maximum allocatable RACH resources to each class.
Hence, the RACH allocation and ACB probabilities are assigned in the optimal manner. In the
fixed allocation, a fixed number of preambles are pre-allocated to each class statically by the
eNB according to the priority and the average number of access-attempting devices in that class

in a7, interval as given by (31).

N,C. M
M, = , e {H,M,L}. 31
NuCr + NyCa + N.Cy for x e } (31)
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Fig. 4. The average access delay vs. the number of MTCDs for three priority classe8 wiR00.

We assume that one RA slot occurs in each cycle and 50 preambles are reserved in each RA
slot for using by three priority classes. The value<bf, C,,;, andC}, are set to 0.5, 0.3, and
0.2, respectively.

In Fig. 4, the average access delay of a typical MTCD in each class for different number of
MTCDs in three classes for the proposed LA based scheme is shown. The number of cycles
in the activation interval isZ, = 200. As expected, in massive access scenario the average
access delay for each priority class depends on the percentage of resources which considered for
that class. That is each class exploits from the maximum allocatable RACH resources and the
MTCDs which belong to the high priority class incur less average access delay as the number
of access requests from each class is increased.

We then evaluate the number of allocated preambles to different classes in consecutive cycles
of the TST interval in the proposed scheme as shown in Fig. 5. In this simulation, at first the
number of MTCDs in three classes is equal to 1000 and= 20. It is clear that when each
class has data for transmission, the number of allocated preambles to that class is proportional
to the maximum percentage of resources which can be allocated to it. However, when all of
the access requests from priority classare served, the corresponding RACH resources for
this class should allocate to other classes proportionably. For example, at cycle 535, when the

priority classH has no more access request, the RACH resources which can be used by it are
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Fig. 5. The number of allocated preambles to three priority classes When- Ny, = N = 1000 and Z,=20.

allocated to priority clasg/ and L proportionally. Also, as expected and it can be seen in Fig.
5, in this case a small percentage of RACH resources is still allocated to priority/lagsch
corresponds to parametey in the LA scheme.

In order to compare the proposed scheme with the optimal and fixed allocation schemes, we
consider aB(3,4) traffic model for each class.

We consider three traffic bursts for cla&sin the T interval. The first burst is started at the
cycle 0" and last for 20 cycles with 500 requesting devices. The second and third bursts of this
class are started a00** and400'" cycles, with 20 cycles duration and 250 requesting devices in
each burst, respectively. Also, we consider two traffic bursts for medium priority startiot§ at
and500'" cycles with 100 cycles duration respectively. The number of requesting devices in two
bursts is equal to 2500. Finally, a traffic burst is generated by 10000 low priority devicés at
cycle with 100 cycles duration i, interval. The number of allocated preambles in consecutive
cycles of the TST interval for the proposed LA based scheme, optimal allocation, and fixed
allocation schemes for the priority clags, M, and L are depicted in Fig. 6 (a), (b) and (c),
respectively. In this simulatio, = 600.

As it is expected, when there is no request from classthe minimum allowable number
of preambles are allocated to this class and the remaining preambles are allocated to other

classes proportionally. However, as the second burst of this class starts, the allocated preambles
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Fig. 6. (@) The number of allocated preambles to priority cl&sén different cycles of the TST interval. (b) The number
of allocated preambles to priority clagd in different cycles of the TST interval. (c) The number of allocated preambles to

priority classL in different cycles of the TST interval.

is increased again and the MTCDs in clagsexploit from the maximum allocatable RACH
resources, i.e(';;. The same trend is observed for other two classes.

Also, the proposed LA based scheme follows the optimal scheme in which we assume that eNB
knows the number of access requests in each cycle and also, this scheme has better performance
in terms of decreasing the TST compared to the fixed allocation scheme. Note that, the reason of
the observed small differences between the proposed LA based scheme and optimal allocation
is that the learning process in the proposed scheme is done in two steps including learning the
RACH allocation and ACB factors. For this scenario, the corresponding variation in the ACB
factors in different cycles of the TST intervals for the proposed LA based scheme and optimal
allocation scheme are shown in Fig. 7(a), 7(b), and 7(c). The results show that the proposed LA
based scheme can successfully follow the optimal decisions.

The average access delay versus the number of allocated preambles for M2M communications
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Fig. 7. The values of ACB factor in different cycles of TST interval, (a) class(b) classM, (c) classL.

for each of requesting devices in priority clads M and L are depicted in Fig. 8(a), 8(b) and
8(c) respectively. In this simulatio’Vy = 1000, Ny, = 5000 and N, = 10000 and Z, = 600.
The traffic bursts of each class follows the beta distribution where the start times of the burst
is uniformly distributed inT, interval. Also, the number of access-attempting devices in each
traffic burst is taken by a uniform random value between 1 and the number of access-attempting
devices. The simulation is performed for 200 runs and the averages are reported. We find that
the average access delay is decreased when the number of allocated preambles increases. Also,
the proposed scheme performs close to the optimal case and has better performance compared
to the fixed allocation scheme.

In Fig. 9, we provide the sensitivity analysis of the proposed scheme for variation in the
proper value of learning parametér In this figure the cumulative distribution function (CDF)
of the average access delay for different priority classes are shown for tuned learning parameter,
i.e., properL, and for L +0.15L. The simulation is performed for 300 runs and the averages are
reported. The results of this simulation show that the proposed scheme are not much sensitive

to learning parameter and loading.

February 15, 2017 DRAFT



24

0. T —P— Proposed LA based scheme 2.5 —| === Proposed LA based scheme

> =—©— Optimal allocation > =—©— Optimal allocation
S =—8— Fixed allocation g —B— Fixed allocation
L 0.6 o
oy )
g 31
2 04 2
(&) Q
Q Q
& &
2 3
] : : |
£ 02 505
> >
) M )

0 : ‘ : 0 ‘ ‘ ‘ ‘ ‘

25 30 35 40 45 50 55 25 30 3 40 45 50 55

Number of preambles Number of preambles
(a) (b)

—P— Proposed LA based scheme
=—©— Optimal allocation
=g Fixed allocation

Average access delay (cycle)

25 30 35 40 45 50 55
Number of preambles

©
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VII. CONCLUSION

In this paper, we focused on supporting different priority classes of MTC devices in resource
allocation procedure. We presented an LA based scheme for allocating RACH resources and
adjusting the ACB factors for classes of MTC devices. Simulation results show that the propose
scheme allocates the RACH resources and adjusts the ACB factors of each priority class properly.
Also, it has better performance compared to the fixed allocation and follows the optimal scheme

in which the eNB know the number of access requests in each cycle.

VIIl. APPENDIXA

We use the following theorem from [34] for proving the asymptotic behaviors of the proposed
LAs.

February 15, 2017 DRAFT



[any

25

=

— |
L +0.15L
= = =] —-(0.15L

g k)
S o0s €08
[} [2]
%] %]
8 0.6 L 8 0.6
s U L+0.15L c
87 L |_ 0 ]_5L g?
© —U. <
5 0.4 ‘G;J 0.4
3 @
5 5
w 02 5 02
[a)] o
(@] O
0 0
0 005 01 015 02 025 0 05
Cycle
() 1
g
[0}
T 0.8
[}
@
Q ——
S 0.6 L
o | g o L +0.15L
g = = =L -0.15L
5 0.4
3
5
L 02
[a)
(@]
0
0 1 2 3 4

Fig. 9.

Cycle
(b)

CDF of the average access delay for (a) cldss(b) classM, (c) classL.

Theorem 1 [34]: Let {z(t)},.>0 be a stationary Markov process dependent on a constant

parameted € [0, 1]. Eachx(t) € I, wherel is a subset of the real line. L&t (t) = x(t+1)—xz(t).

The followings are assumed to hold:

i. I is compact

ii. E[5x(t)]z(t) = y] = 0w(y) + O(6?)
iii. E[|0x(t)2z(t) = y] = 62b(y) + O(6?).

o0
0

iv. w(y) has a Lipschitz in/.

Where sup

V. b(y) is continuous in/.

kk) < oo for k >= 2 and sup=;

0(6?)
2

— 0 asf — 0.

If assumptions (i)-(v) hold, for small values of the paraméter(y) has a unique roog* in

I and dw/dy| =y~ < 0.

Proof of Lemma 2 To use theorem 1, identify(¢) with ¢.(¢), 6 with L;, and I with (0,1).

We have:
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Elg.(1)|gx(t)] = p"(O)(diLi(Cr = qo(t)) (g — ar)) + (1 = p () (= L1(Cr = ¢2 (1)) (g(t) — a1))

= Li(14d1)(Cr — qu(t)) (g2 (t) — ar) (p5™(£) — v)

= Liw(a(t) (32)

and

Ell0ge()lg= (1)) = e ()(d1 La(Ca — o () (@ () — a1))* + (1 = & (£) (= La(Ca — 4()) (4 () — a1))*

= LI((Co = qu()(as(t) — ar))*(1 +pg™(d] — 1))
= Lib(g:(1)) + O(LY).

The functionw(q,(t)) andb(q.(t)) are defined as follows:

W(g2(t)) = Li(1 4+ d)(Co — 4:(1))(qu(t) — ar) (" (1) — v) (34)
b(g2(t)) = LE(Co — (1)) (gz(t) — a2)*(1 + pi?" (df — 1)) (35)

As it can be seen in (34) and (35%)(¢.(t)) is a Lipschitz function in (0,1) and(q.(t)) is a
continuous function in (0,1). Therefore, assumptions (i)-(v) are satisfied for small valugs of
For the convergence @f.(¢) to the optimal pointE[dq.(t)|q.(t)] must converge to 0. According
to this, we should have

w(gx(t)) =0, (36)
Therefore,

Li(1+ di)(Cr = q2()(g2(t) — ar) (05" (1) — v) =0, (37)

There are three possible roots fofq,.(¢)). The first root isq,(t) = C, which means that we

use from maximum percentage of allocatable resources for clabs this case, the updating

procedure in (13) does not affegt(¢) and the system is stable. The second root is happened

when ¢, (t) = a;, but again means that there are no available resources forclasd hence

the updating procedure does not affegft) and the system is stable. The third root is happened

when
P (t) = v, (38)
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where in this case the updating procedure is running. Therefore,

N, (t) 1\ (Va()-1) 1\ N
"~ Mo,(t) (1 a MUI(t)) B (1 B Max(t)> v (39)
Consequently,
ouft) = 22 (40)

And therefore,

Ny k
)\f) Zz‘:u;ﬁx qi(t)
1 Nz (t)

M

q,(t) = (41)

If the updating procedure (13) is used, the optimal valuegfdt) is obtained according to

(41). Since the value of,(t) can not be greater thati,, we have:

lim (t) = min T Dt ) C }
—0,a—0,t—00 4= - 1 — NXJ(t) »

(42)

Proof of Lemma 1: In order to use theoreml, identify(¢) with p,(¢), 8 with Lo, and] with
(0,1). We have

Ep,(t)|ps(t)] = p™ (t)(daLa(1 = pu(t)) (pa(t) — a2)) + (1 — () (=La(1 — pa(t)) (pa(t) — a2))
= La(1+da)(1 - pu(8)) (pa(t) — a) (0" (2) — v)
= Low(pa(t)), (43)
and
Ellops(t)*lpo(t)] = pi™ (6)(daLa(1 = po(t)) (pa(t) — a2))* + (1 — pe™ (1)) (= La(1 — pa()) (po(t) — a2))”
= L3((1 = po(t))(po(t) — a2))*(1 + g (d3 — 1))
= L3b(p.(t)) + O(L). (44)
The functionw(p,.(t)) andb(p.(t)) are defined as follows:
(pa()) = Lo(1 + da)(1 = pa(t)) (palt) — a2) (P (8) — v) (45)
b(pa () = L3((L = pa(t)(pa(t) — a2))*(1 4+ P (1 + (d3 — 1)), (46)

As it can be seen in (45) and (46)(p.(t)) is a Lipschitz function in (0,1) and(p.(t)) is a
continuous function in (0,1). Therefore, assumptions (i)-(v) are satisfied for small valugs of
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For the convergence ¢f,(¢) to the optimal pointE[dp.(t)|p.(t)] must converge to 0. According

to this, we have

w(pa(t)) =0 (47)

Therefore,
Ly(1 4 d2)((1 = pa()) (pa(t) — a2) (05" (t) —v) = 0 (48)

There are three possible roots fo(p,(t)). For p.(t) = 1, we use maximum allocatable
resources for class and the updating procedure in (21) does not affe¢t) and the system
remains stable. The second rootpigt) = as, but same as before, this value means that there
are no request for class and therefore the updating procedure does not afig@) and the

system is stable. The third root happens for:

p;:Oll(t) =, (49)

N (t)p.(t) P (t) \ N1 pa(t) \N=()
AL (1- Mw(t)> - (1- Mx(t)> = (50)
plt) = e 51)

If the updating procedure (21) is used, the optimal valuepfdt) is obtained according to (50).

Since the maximum value faqr,(¢) is 1, we have:

pa(t) = mm{ %j((;), 1}. (52)
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