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Abstract—Machine Type Communications (MTC) networks
need to resolve the key issues of massive access requirements,
small data transmissions and diversity in Quality of service
(QoS) requirements. The prominent approaches to address these
challenges involve the use of MTC Gateways (MTCGs) as access
points to the network, the use of MTC Devices (MTCDs) as
relays and QoS clustering at the eNodeB. The MTCG-based
approaches generally envision communication between MTCDs
and the eNodeB through the MTCG only, for all MTCDs within
the range of an MTCG. In this paper, we propose to divide
MTCDs into delay-tolerant and delay-intolerant types, a process
we coin "MTCD splitting”. The proposed approach involves
cluster formation, MTCD splitting and QoS-aware radio resource
allocation. Our simulation results show better performance in
terms of average throughput satisfaction and average QoS viola-
tion probability when MTCD splitting is employed as compared
to existing techniques without MTCD splitting.

Keywords—Quality of Service; Machine Type Communications;
Radio Resource Allocation; MTCD Splitting; Cluster formation

I. INTRODUCTION

Massive MTC'’s integration into cellular networks presents
a number of challenges, for example support for a large
number of devices per cell, small data transmissions from
the large number of devices on the uplink, and the Quality
of service (QoS) guarantees for MTC devices (MTCDs) with
diverse requirements. The large number of MTCDs attempting
eNodeB access concurrently leads to congestion at the control
channels due to capacity limitation in the cellular networks.
The small data transmissions waste a precious bandwidth
resource in the networks and MTC QoS requirements from
a large number of MTCDs are challenging to satisfy due
to their diversity. Hence, techniques to handle massive MTC
in order to alleviate some of these problems then become a
necessity. Most existing literature have proposed approaches
to handle a large number of MTCDs, for example, the use of
an MTC Gateway (MTCG) [1], [2], [3] to support the massive
access requirements, also the use of MTC Devices (MTCDs)
as relays between the eNodeB and other MTCDs [4], [5].
Although these schemes reduce direct connections to the
eNodeB, a significant delay is encountered which could ham-
per delay sensitive applications [6] and hence violating their
QoS requirements. Dealing with MTC massive access while
satisfying Quality of Service (QoS) requirements is crucial
for the next generation networks [7], [8], [9]. In the next
generation networks like 5G, the number of MTCDs and direct
connections to the eNodeB from MTC Devices (MTCDs)
are expected to grow [2]. Direct connections are efficient

for delay sensitive MTC applications but as the number of
MTCDs grow, the provision of QoS guarantees for delay
sensitive applications become infeasible. In [6] MTC devices
are grouped into clusters based on their QoS requirement at
the eNodeB. All MTCDs access the eNodeB directly hence
only direct connections are allowed in that case although the
authors suggested that the same approach can be implemented
on the MTCG which still becomes indirect access only.

The proposed approaches above can be classified into two
main categories for dealing with massive MTC, (i) use of
indirect connections to eNodeB (ii) allow direct connections
to eNodeB and perform QoS clustering at the eNodeB. As
pointed out earlier, allowing indirect connections only could
impact on the MTCD delay requirements as their number
grows and on the other hand direct connections are good
for delay sensitive applications but due to the limitation in
the control channel capacity, allowing access to all MTCDs
becomes a challenge as the number of MTCDs grow. Conse-
quently satisfying the throughput requirements for all direct
connections to the eNodeB becomes infeasible as the MTCDs
increase. Having discussed the problems presented by each of
those approaches, we therefore propose a hybrid access scheme
for massive MTC. In this scheme, MTCDs form clusters and
the selected Cluster Head (CH) is responsible for splitting
the MTCDs into direct access and indirect Access MTCDs
based on the QoS requirements of the application running
on each MTCD. This scheme allows for various applications
with different QoS requirements to run in one MTCD. The
direct access MTCDs are high priority and delay sensitive
MTCDs that connect directly to the eNodeB for radio resource
allocation whereas the indirect access MTCDs are low priority
MTCDs that connect to the eNodeB through the Cluster Head
(CH) for radio resource allocation. This paper is organized as
follows, the next section presents the model and architecture
used, section III presents the access splitting and resource
allocation scheme, performance analysis is then presented in
section IV and the paper is concluded in section V.

II. MODEL AND ARCHITECTURE

The proposed MTC system architecture is shown in Fig.1.
The proposed MTCD splitting and radio resource allocation
scheme is composed of three main steps, namely; cluster
formation, MTC Device (MTCD) splitting and QoS aware
radio resource allocation at the eNodeB. Once clusters are
formed, a Cluster Head (CH) with ability to support a high
number of MTCD:s is then selected from among the MTCDs in
each cluster. An MTC Cluster Head (MTC CH) is then respon-
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Fig. 1: MTC System architecture showing direct and indirect
eNodeB access schemes.

sible for splitting the MTCDs in its cluster into direct access
and indirect access MTCDs based on the QoS requirements.
Each MTCD will then access the eNodeB either directly or
indirectly through the MTC CH for radio resource allocation.
The eNodeB has two objectives, first eNodeB has to maximize
the number of admitted direct access MTCDs or the number
of direct access MTCDs whose QoS requirements can be fully
satisfied. Secondly, the eNodeB has to serve the indirect access
MTCDs with best effort by minimizing the gap between the
required radio resources and allocated resources.

III. MTCD SPLITTING AND RESOURCE ALLOCATION
A. Cluster Formation

MTC Devices (MTCDs) self-organize into clusters based
on their capability (buffer size and processing) or maximum
number of MTCDs that can be supported when the MTCD
acts as a Cluster Head (CH) and the node degree in case
of a tie. In this step, the objective is to select a Cluster
Head (CH) with the ability to support a high number of
MTCDs, the selection is based on the assumption that the
diversity of QoS requirements in MTC implies the diversity
of capabilities of MTCDs. Each MTCD sends its capability
metric and node degree to all its one-hop neighbors. If the
node has the highest capability metric among all its one hop
neighbors, then it can declare itself as an MTC CH by sending
an MTC CH confirmation message to all its neighbors. If there
are nodes in the neighborhood with high capability, then the
MTCD selects the node with the highest capability metric as
an MTC CH. If the nodes have the same capability metric
(highest), then the nodes select the one with the largest node
degree as an MTC CH. Once MTC CHs are selected, each
MTCD associates with one of the MTC CHs and therefore,
belongs to the specific cluster of the associated MTC CH. In
this paper we mainly focus on MTCD access splitting and
resource allocation, henceforth we assume capable MTC CHs
have already been selected.

B. MTCD Splitting

The selected MTC CH splits the MTCDs in its cluster into
direct access and indirect access MTCDs based on the QoS
requirements. MTCDs with stringent QoS requirements are
designated as direct access MTCDs and will connect directly to
the eNodeB for resource allocation. MTCDs with less stringent

QoS requirements are designated as indirect access MTCDs
and will connect to the eNodeB through an MTC CH for
resource allocation. In this step, the objective of the MTC CH
is to maximize the number of indirect access MTCDs subject
to MTC CHs capability (buffer size and processing speed) and
the MTCD QoS requirements.

MTCDs in the cluster requesting for resource allocation
forward their QoS requirements to the MTC CH for access
splitting. Based on each MTCD’s QoS requirements, an MTC
CH designates it as direct access or indirect access MTCD.
High priority (delay sensitive) MTCDs are designated as direct
access MTCDs and will connect directly to the eNodeB for
resource allocation. The current applications running in these
MTCDs require stringent QoS requirements. On the other
hand, low priority (delay tolerant) MTCDs are designated as
indirect MTCDs and can therefore connect to the eNodeB
through an MTC CH in its cluster which is responsible
for access request procedures for the rest of indirect access
MTCDs in the same cluster. If [ is the set of indirect access
MTCDs in the cluster, then the objective of an MTC CH in
performing access splitting is to maximize |I|, the cardinality
of the set of indirect access MTCDs.

Let Loy be the buffer size of an MTC CH, L; be the
data (in bits) ready for transmission at the i MTCD, t be the
average MTCD to MTC CH access delay, tc be the average
MTC CH to eNodeB access delay, ¢;° be the i*" MTCD
delay requirements, § be the control parameter which ensures
that MTCDs which satisfy access delays only can not connect
through the cluster head and N is the number of MTCDs in the
cluster. An MTC CH objective can be formulated as a simple
optimization problem in problem 1;

Maximize |I|

Subject to:ZLi —Leg <0 @))]
iel
t+tep+0—1t,7<0,i=1,2,--- N
| -N<0

The first constraint takes into account the data buffer size
limitation in an MTC CH, the second constraint ensures
that the delay requirements violation is minimized by only
connecting MTCDs with delay requirements greater than the
minimum average access delay through indirect access and the
third constraint states that the indirect access MTCDs are part
of the cluster.

1) Complexity and delay: The second constraint in prob-
lem 1 ensures that the complexity and delay of solving the
problem does not grow with the number of MTCDs. The
constraint allows an MTC CH to connect indirectly at maxi-
mum {Z S

-| MTCDs. Therefore as N grows, |I| < N,

hence the complexity and delay are proportional to Loy,
(complexity and delay o L¢p) which is limited in practice
in MTCDs. With this illustration, an MTC CH is expected to
perform access splitting with manageable complexity even as
the number of MTCDs grows. For delay sensitive applications,
the splitting is performed once, and the subsequent requests are
handled directly by the eNodeB in order to minimize overhead
delay, however if the applications requirements change, the
MTCD has to connect to the MTC CH for splitting.

Lceu

942



C. QoS-aware Radio Resource Allocation

Let D and I be the set of direct and indirect acess MTCDs
respectively, due to limited network capacity, the guaranteed
QoS requirements of all direct access MTCDs may not be
fulfilled. We therefore define D, C D as the set of direct
access MTCDs whose QoS requirements can be satisfied fully
and | D] is the cardinality of D. The eNodeB can only allow
access to Dy whose QoS requirements can be guaranteed.
Let Bp and (; be the required radio resources for direct and
indirect access MTCDs respectively. The relationship between
the required resource blocks and the throughput can be given

as;
_ Y
o= || @

Where [ is the required number of resource blocks, 1) =
(Se x Sy)/Ts, Se is the number of subcarriers per resource
block, .Sy is the number of OFDM symbols per resource block,
T, is the timeslot duration, € is the efficiency in bits/symbol
depending on the modulation and coding scheme (MCS) used,
«y is the required throughput. If a.p(j) and az(j) represent the
binary allocation vector for direct and indirect access MTCDs
respectively with 1 or 0 in the 5 position with allocated or
unallocated resource respectively. Then the gap between the
required resources and allocated resources for indirect access
MTCDs, Gy is given by;

M
Gr=0r—> alj) 3)
j=1

Where M is the maximum number of radio resources (Re-
source Blocks) in the eNodeB (it depends on the avail-
able bandwidth). For the case of MTC communications with
1.4M H z bandwidth, the total number of resource blocks is 6,
hence M = 6. The eNodeB has to solve the following multi-
objective optimization problem;

Maximize |Dy|
Minimize max G
lel
M

Subject to: Zap(j) =0p C))

j=1

M
Z ar(j) < pBr
=1

ap(j) +ou(j) <1
aD(j)vaI(j) S {071}7VJ - 172a"' 7M

The first constraint in problem 4 represents guaranteed QoS
requirements for direct access MTCDs. Constraint two rep-
resents the best effort service required by the indirect access
MTCDs. The third constraint demonstrates that the direct and
indirect access MTCDs cannot use the same radio resource at
the same time and the last part of the constraints shows the
binary nature of the resource allocation vectors.

Problem 4 is a multi-objective optimization problem and
it has been proved to be NP-hard [10]. We propose splitting
the problem into two parts and solve it sequentially as in [11].
As pointed out earlier, guaranteeing QoS requirements for all

direct access MTCDs leads to the infeasibility of the problem,
so we need to employ admission control to select the subset
of direct access MTCDs whose QoS requirements can be fully
satisfied, D,. The above multi-objective problem is solved by
first maximizing | D| and then minimizing max Gr.

1) Direct access MTCDs resource allocation: The direct
access resource allocation problem involves finding and max-
imizing a subset of direct access MTCDs, |D,|, whose QoS
requirements can be fully satisfied. In other words, the eNodeB
will only admit direct access MTCDs whose requirements can
be guaranteed. Such a problem is equivalent to an Irreducible
Infeasible Set (IIS) problem where a feasible subset of con-
straints is contained in a large infeasible set. IIS problems can
be solved using elastic programming [12] with the help of
elastic variables.

With elastic programming, each direct access MTCD k
uses an elastic variable, ey, to compensate for unfulfilled QoS
requirements. In order to identify the constraints that do not
satisfy the requirements, the combination of sum of elastic
variable minimization and filtering [13] can be performed
whereby the set of inconsistent constraints is identified with
positive elastic variables. We then go ahead and reformulate
the first optimization problem as;

Minimize Z CL * €,
keD
Subject to: e, > 0,Vk € D &)
M
> ok +en>BhVkeD
j=1

apey +apy <1,Vk e DV V€,
ap(j),ar(j) € {0,1}

Where ¢;, coefficients in the objective of problem 5 further
define priority levels for different direct access MTCDs. For
equal priority direct access MTCDs, ¢ = 1,Vk € D. In our
case, we do not differentiate these priorities for direct access
MTCDs. The first constraint in problem 5, illustrates the non-
negativity of elastic variables, the second constraint shows the
use of elastic variables to compensate for the unfulfilled QoS
requirements and therefore the allocated resources plus the
elastic variables either meet or exceed the demand because the
elastic variables are non-negative. The third constraint ensures
that the same resource block can not be assigned to the direct
and indirect access MTCDs at the same time and we can
further expand it as follows;

Let a%7alj,1M e RM k =1,2,---|D|,l = 1,2,---|1|,
where 1), is a vector of all ones, then;

(;TD‘F&\}SlM
(6)

NI
ap +a1 SlM
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We then reorganize the above constraint into a matrix as;

T T T
@ ol
o? o .. la?
D D D
Ap = . (7N
NI I T
s Hap ]

Where the selected column is the |I|** column vector of ap
and therefore ap € RUPHFM)xII]
Similarly for the second component of the constraint, we form

a matrix as;

1 2 1]
oap  op...ap
1 2 1]

« a7...«
AI I I I

®)

ol a2...al']

Where the selected row is the | D|*" row vector of ag interms
of &7 € RM and therefore ag € RUPIM)x|I]
And for the last component of the constraint, Let a;; € RM
where a;; = 1,Vij and we form a matrix;

ail alg...alm
asi a2 ... ay|g|

A= : )
4o D2 - - - 4|D[|1|

Therefore A € RUPFM)xII],
The second constraint can then be written compactly as;

Ap+Ar— A =<0 (10)
Ap,Ap A € RUDM) x| 1]

where 7= means that all elements of the resulting matrix in 10
are non positive. Let o, = 1Ta£and since k = 1,---,[D|
we have ap € RIPI similarly alI = 1Tole and since [ =
1,---,|I|, we have a7 € RIl. We can now go ahead and
rewrite problem 5 as;

Minimize ¢ e

Subject to: e = 0
Bp —ap —e=0 (11)
Ap+A;—A =<0
Bp,an, e, c,€ RIPIAp, Ar, A € RUPHM)xII|

The optimal value of ej is zero, therefore we determine
D, = {Vk € Dlex = 0}. Once D, and the resource
allocations matrix Rp_ of dimension |D4|x M are determined,
the remaining resources are allocated to the indirect access
MTCDs. Then the allocated resources for direct access, ALp
can be computed as;

|Ds| M

ALy =33 by (12)

i=1 j=1

Where b;; is an element of Rp_ matrix and it represents the
4" resource block allocated to MTCD i.

2) Indirect access MTCDs resource allocation: The avail-
able resources for indirect access MTCDs depend on ALp. Let
the total available resources in the eNodeB be R, if ALp has
already been allocated for direct access MTCDs, then the avail-
able resources for indirect access MTCDs, Ry = Ry — ALp.
The indirect access problem can be formulated as;

Minimize max G
lel

M
Subject to: Zo&(j) <piviel (13)
j=1
ok (j) + ok (j) <1,Vk e D,Vj, Vi el
M

> ai(j) <R Vel
j=1

Applying the same procedure as in direct access, we reformu-
late problem 13 as;

Minimize max f3; — ar
1

el
ar —fBr 20
Ap +A;—A =<0 (14)
a1 — Ry <0

5176[77-%\} € R‘I‘vADvAIvA € R(‘D‘*M)XII‘

where Rv[ =1x R;,1eRH

D. QoS Violation Probability

In order to provide statistical delay guarantees, the effec-
tive bandwidth and the effective capacity can be applied to
model the statistical traffic behavior based on large deviation
theory [14], [15]. The large deviation theory states that for
stationary arrival and service processes under sufficient condi-
tions, the probability that the buffer length B exceeds a certain
threshold B’ decays exponentially fast as the threshold B’
increases;

P(B> B)~ ¢ P (15)

where 6 is a positive constant called the QoS exponent.
Since delay is our main QoS metric of interest, an equivalent
expression to equation 15 is;

P(delay > d') ~ e 93¢ (16)

where d’ is the delay bound and A is jointly determined by
the arrival process and the service process.

On the other hand the effective bandwidth, EB(6), specifies
the maximum constant service rate needed to serve the given
arrival process subject to a given € and the effective capacity,
EC(0), is the duality of EB(f) representing the maximum
constant arrival rate that can be supported by the system subject
to a given 6 [16].

Let 0* be the solution of EB(6*) = EC(6*), then we can
find A by;

EB(0*) = EC(6*) = A 7
The effective bandwidth function of a given arrival process

{A(t),t > 0} is given as;
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Ep(u) = I(w) lim 1 log (E [e“A(t)D (18)

U t—oout

where I'(u) is the log-moment generating function of the
process and E[] is the expectation.
Let € be the acceptable probability of d’ violation. The QoS
requirements dictate that e 24" < ¢. If we assume the MTCD
request arrival process to be poisson, then we can determine

A as;
A (69* — 1)
0*
where )\ is the arrival rate of the poisson process.

Therefore for certain QoS requirements we can determine 6*
as;

A= (19)

0*A=—

lf;e = (e"* _ 1) (20)

N log e
0 :log(l— /\d’) 21)

And the minimum constant service rate, 1, can be computed
as;

log e
=— 22
U] 0 d (22)
Therefore at the service rate, n, we compute QoS violation
probability as the ratio of the number of requests whose QoS

requirements are violated to the total number of requests.

IV. PERFORMANCE EVALUATION

In this section, the metrics used and the simulation results
are presented.

A. Metrics

1) Average throughput satisfaction: Average throughput
satisfaction which is the ratio of the allocated resource blocks
( satisfied throughput requirements) to the requested resource
blocks (requested throughput).

For direct access MTCDs, the average throughput satisfac-
tion, S¢’ is computed as;

av __ 1 aks ZzAil OékD(Z)
S8 = 3= ; (g (23)

Where 3%, corresponds to the requested resources by a direct
access MTCD k, 04,]5 are the allocated resources to a direct
access MTCD k, M is the total number of resource positions
with 1 or 0 in position ¢ with or without a resource respectively
and Np is the number of direct access MTCDs.

Similarly for indirect access MTCDs, average throughput
satisfaction, S¢ is computed as;

Ny M k-
1 i1 @7 (4)
gav — i=1 "1 (24)
r-w (5
We compare throughput satisfaction performance when split-
ting is employed by the MTC CH and the case without splitting
such that either all MTCDs are direct access (Np — N) or
indirect access (N; — N).

2) Average QoS violation probability: As with throughput
satisfaction, the average QoS violation probability is also
compared for the case when splitting is employed and the case
without splitting.

B. Simulation Results

The simulation parameters used are shown in table 1.

Parameter | Value
B | 1.4 MHz
N | 10-100
Se | 12
Sy | 7
Ts | 0.5 ms
e | 0.2
d | 100 ms
M | 6
Log 10240 bits

TABLE I: Simulation parameters.

1) MTCD Splitting: The results in Fig. 2 (a) show that
the average number of indirect access MTCDs is higher
than direct access MTCDs for up to 90 MTCDs and then
drops as the number of MTCDs increase, this is because
an MTC CH maximizes the number of indirect access
MTCDs in the cluster, || but as the MTCDs, N increase,
N — |I| > |I| — |D| > |I|, hence the number of direct
access MTCDs exceeds indirect access MTCDs because |I]
has limitations such as data buffer size in an MTC CH.
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Fig. 2: (a) MTCD Splitting with varying number of MTCDs
(b) MTCD Splitting with 50 MTCDs over time

However, if the number of MTCDs is fixed (|I]) for
example to 50 MTCDs, Fig. 2 (b) shows that the number of
indirect access MTCDs is always maximized.

2) Resource Allocation: The results in Fig. 3 show that a
high average throughput satisfaction is achieved when MTCD
splitting is employed as compared for the case without split-
ting. The reason for the better performance is that, by allowing
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Fig. 3: Average throughput satisfaction for MTCDs with and
without splitting (a) with 100% eNodeB support for direct
access MTCDs without splitting (b) with 80% eNodeB support
for direct access MTCDs without splitting

many MTCDs with less stringent requirements to connect
indirectly, the MTC CH is responsible for access procedures
of the cluster, which then minimizes the effect of congestion in
the control channels and hence the throughput requirements of
more indirect MTCDs are also satisfied. Also when splitting
is employed, an eNodeB can maximize the number of fully
satisfied direct access MTCDs and at the same time minimizing
the gap between requested resources and allocated resources
by the indirect access MTCDs. The average throughput satis-
faction for direct access MTCDs with and without splitting is
close in Fig. 3 (a) because the eNodeB is assumed to support
100% direct connections when no splitting is employed, which
is not always the case and therefore that is the ideal scenario
for direct access MTCDs without splitting. On the other hand,
Fig. 3 (b) shows a drop in average satisfaction performance
of direct access MTCDs without splitting when the eNodeB
can only support 80% direct connections as expected because
in the presence of a large number of MTCDs, all attempting
direct access to the eNodeB concurrently, the eNodeB can only
satisfy a small portion of throughput requirements. Indirect
access MTCDs without splitting achieve the lowest average
throughput satisfaction performance and greatly drops with the
number of MTCDs because an indirect access relay like an
MTCG or MTC CH can only connect a limited number of
MTCDs to the eNodeB in the presence of a large number of
MTCDs due to its inherent limitations.

Fig. 4 shows that the average QoS violation probability
when splitting is employed is lower than the case when it is not
employed. This is because splitting ensures that delay sensitive
MTCDs connect directly to the eNodeB for resource allocation
and at the same time the number of direct connections is
reduced by maximizing the number of indirect access MTCDs
at the MTC CH.

V. CONCLUSION

We have proposed an MTCD splitting and resource allo-
cation technique for Machine Type Communications in this
paper by exploiting the diversity in MTCDs in order to select

0.5 I —

100

///()'/
//6/
0.45F P 1
3 /Q/
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= e
e 04r & B
E -
= T
K]
= o
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Z 035 R
w2
3
&
%
£
3 0.3F i
0-25W
0. L L L L L L L L
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Number of MTCDs

Fig. 4: Average QoS violation probability with and without
splitting; without splitting means that all MTCDs access the
eNodeB directly or all MTCDs access the eNodeB through the
MTCG or a relay and with splitting means that our proposed
splitting mechanism is employed for eNodeB access.

capable nodes to perform splitting and then prioritize the
resource allocation for direct access MTCDs at the eNodeB
while serving indirect access MTCDs with best effort. We then
demonstrated the effectiveness of this approach through anal-
ysis and simulations and the results show that it can achieve
better throughput satisfaction rates and low QoS violation
probability on average as compared to the existing approaches
where splitting is not employed.
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