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Abstract—In the future, all devices that benefit from an
Internet connection will be connected. Internet of Things tech-
nologies are key enablers of this vision by moving beyond basic
connectivity machine-to-machine (M2M) communications brings
to more intelligent interconnection of physical things on a mas-
sive scale. This anticipated growth is expected to challenge the
planning and operation of cellular networks due to new diverse
traffic models and high signaling loads. In this paper, we con-
duct a detailed experimental study using state-of-the-art drive
testing equipment in order to measure, quantify, and analyze the
signaling overhead of two classes of M2M services that resemble
smart metering and vehicular applications. Two practical signal-
ing reduction techniques are proposed and analyzed, with focus
on aggregation as an efficient approach to overcome the result-
ing surge in signaling load. We complement the experimental
results with an analytical evaluation to quantify the tradeoffs
between M2M data transmission delay and the level of aggre-
gation. Moreover, we present a novel case study to assess the
potential negative impact of M2M signaling traffic on network
planning and operation in 4G cellular networks.

Index Terms—Cellular Internet of Things (IoT), drive testing
measurements, machine-to-machine (M2M) aggregation, M2M
over cellular, radio network planning, signaling in cellular
networks.

I. INTRODUCTION

MACHINE-TO-MACHINE (M2M) enables information
exchange between autonomous machine type devices

without human intervention. M2M has been identified as
a key use case for the cellular Internet of Things (IoT)
track in 5G standardization [3]. IoT is a broader concept
that evolves from different technologies and it is M2M that
provides IoT with the connectivity that enables its wide capa-
bilities. Simply put, M2M is where machines use network
resources to communicate with remote application infras-
tructure for the purposes of monitoring and control. M2M
applications are highly varied and differ in their requirements
and characteristics. Numerous services and business oppor-
tunities are envisioned for M2M, including utility meters,
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fleet management, medical sensing, and surveillance. M2M
devices can be either stationary (e.g., power meters) or mobile
(e.g., automotive sensors) and can vary significantly in terms
of their quality of service requirements.

Access networks connect M2M devices to a centralized
infrastructure using either wired or wireless links [4]. Wireless
access technologies can be either capillary (i.e., WLAN,
ZigBee, etc.) or cellular (i.e., GSM, UMTS, LTE/LTE-A,
etc.). Although wired solutions can provide high reliability,
high rate, and short delay, they are not applicable to all IoT
use cases, especially those deployed in remote locations and
vehicular applications, due to cost ineffectiveness and lack
of scalability/mobility support. Alternatively, wireless capil-
lary solutions are relatively low cost to roll out, and generally
scalable. However, they are restricted by their limited coverage
and lack of universal standardization. In the literature, they are
referred to as low power and lossy networks [5], [6]. On the
other hand, cellular networks offer reliable wide-area cover-
age, mobility support, state-of-the-art global deployments, and
ready-to-use infrastructure, making cellular IoT a promising
technology for several use cases [7].

From the point of view of the operator, supporting M2M is
a highly promising business opportunity, as it enables him to
tap into other vertical markets and to expand his customer base
beyond traditional human subscribers [8]. To enable M2M
over cellular, there are many challenges that must be identified
and addressed for various potential application use cases by
utilizing both analytical and experimental methodologies [7].

A. Related Work

M2M deployment over cellular networks comes with major
technical challenges at the architectural, operational and eco-
nomic levels [9], [10]. In order to meet the demands of high
rate applications, conventional cellular networks are designed
for high system capacity. M2M devices typically require less
throughput and are manifold higher in number compared to
human-to-human (H2H) connections. For small M2M pay-
loads, the signaling load may exceed the useful data load
which will be inefficient because the device has to attach to
the mobile network following the whole signaling procedure
to only send few bytes [11]. This will consume significant
resources, particularly in a case of a high number of devices
trying to access the network.

In order to take advantage of the opportunities raised by a
global M2M market, M2M communications are being stan-
dardized by the 3GPP working group, namely, machine-type
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communications (MTCs) [12], [13]. Some relevant outputs
under the cellular IoT research track are the new MTC
3GPP network architecture introduced in Release 12 [14] and
Release 13 [15]. One of the key problems addressed by 3GPP
is overload, at both radio access and core network levels. 3GPP
has identified the causes of overload due to signaling by a high
number of M2M devices trying almost simultaneously [12]:
1) to attach to the network; 2) to activate, modify, or deac-
tivate a connection; and 3) to perform cell reselection and
handover.

There has been interesting work on M2M signaling in recent
years mostly aimed at providing overload reduction techniques
as in [16] or improved scheduling mechanisms as in [17].
These solutions may be classified into two classes, namely
proactive and reactive. The proactive solutions differentiate the
M2M traffic using techniques such as grouping and cluster-
ing of M2M devices based on different metrics. For instance,
Taleb and Kunz [18] proposed an optimized algorithm that
performs grouping based on service priority, whereas a quality
of service-based approach is presented in [19]. The reactive
solutions deal with the overload after its occurrence. Once
happened, the M2M attach requests can be either delayed or
rejected. Amokrane et al. [20] proposed a congestion aware
admission control scheme that selectively rejects signaling
messages from M2M devices at the radio access network fol-
lowing a probability that is set based on the congestion level
of a relevant core network node.

At the network and architecture levels, one impor-
tant research direction is M2M traffic modeling [21]–[23].
Preliminary traffic models have been proposed in [21] and [22]
for M2M over short range access technologies. Other models
target only specific M2M application such as smart meter-
ing [24], [25] and smart grids [26]. Recently, a work by
AT&T [23] presents an in depth analysis of M2M traffic mea-
sured over a week in both 2G and 3G cellular networks. The
analysis presented is instructive in highlighting service spe-
cific usage and traffic trends; however, it does not extend to
providing a signaling overhead study as perceived at the radio
access network level.

M2M aggregation is one of the attractive methods to
handle the support of M2M over cellular networks. This
solution employs a group-based operation, where a group
head/aggregator collects uplink data packets from M2M
devices in the group, and then forwards such traffic to the
base station. Furthermore, downlink data packets and control
messages can be relayed by the group head from the base
station to M2M devices in the group. M2M aggregation has
been proposed to reduce power consumption [27], enhance
resource allocation efficiency [28], and address the excess
signaling load problem [29], [30]. The effect of aggregation
for M2M is highlighted from the capillary network point of
view [31], and from the cellular network point of view [32].
Matamoros and Anton-Haro [31] proposed an approach for
data compression at the M2M aggregator before transmission
over the cellular network in an attempt to solve the overload
problem and enable the network to support very high num-
bers of M2M devices. Lo et al. [32] promoted the use of
M2M relay nodes as data concentrators. The numerical results

presented indicate reduction in protocol overheads at the cost
of increased delays.

Whilst several research works have addressed the sig-
naling overload caused by M2M applications, all presented
approaches except [23] are based on theoretical derivations
and/or Monte Carlo simulations. To the best of our knowledge,
no prior research work has studied the problem experimen-
tally, in order to derive realistic signaling models and develop
potential signaling load reduction techniques.

B. Contribution and Organization

In this paper, we adopt an experimental methodology based
on real cellular network measurements for two M2M service
classes to capture the signaling messages, analyze them, and
propose practical signaling load reduction solutions. The main
contributions can be summarized as follows.

1) Conducting Comprehensive Measurement-Based
Signaling Analysis: We conduct a measurement campaign
for the signaling traffic of both static smart metering and
vehicular M2M applications using professional state-of-the-art
drive test equipment over a live UMTS/HSPA network in
which layers 2 and 3 uplink and downlink signaling messages
are recorded, and analyzed.

2) Extracting Accurate Models for the M2M Signaling
Traffic: We derive accurate models for the M2M signaling
traffic based on the conducted measurements in terms of sig-
naling message types, sizes and frequency of occurrence. The
derivation of these models will depends on the service type
and the mobility status of the M2M device. We then quantify
the signaling overload as a function of various system and
traffic parameters.

3) Implementing and Evaluating Two Effective M2M
Signaling Reduction Techniques: We utilize insights from
the conducted measurements in order to study two signaling
reduction techniques, one based on elimination of unnecessary
signaling and one based on M2M aggregation over capillary
networks.

4) Deriving Queuing-Based Model for Aggregation: We
derive a queuing-based analytical model for the M2M aggre-
gator function of different parameters as the aggregation
level, the quality of service characteristics and the incurred
aggregation delay. We quantify then the tradeoff between the
aggregation gains (signaling reduction) and problems (delay).

5) Performing M2M Planning Study: We present finally a
novel analysis of the negative impact of M2M signaling on
cellular network operation using a professional radio plan-
ning tool. The signaling models used are based on the derived
models.

In summary, this paper presents a framework to identify
and address challenges related to the deployment of cellular
IoT solutions with focus on joint data/signaling models based
on real cellular network characteristics. The main novelty lies
in the adopted experimental approach for the quantification of
the signaling traffic for different M2M applications, in addition
to the utilization of multiple tools that complement each other
and provide a more comprehensive coverage of the topic. This
leads to insights that are useful to the development of next
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generation cellular technologies where machine type devices
and IoT services are positioned as part of the core use cases.

The rest of this paper is structured as follows. A compre-
hensive study with experimental results on M2M signaling
over cellular is presented in Section II. Section III presents
two signaling reduction techniques based on the conducted
measurements with focus on aggregation. Section IV presents
a complementary analytical study to quantify the impact of
the level of aggregation on delay. In Section V, a customized
study to assess the possible impact of M2M services on cellu-
lar network operation is presented. Finally, the conclusion is
drawn in Section VI.

II. MEASUREMENTS AND PERFORMANCE ANALYSES

In this section, we present the methodology used to obtain
measurement results for M2M signaling over cellular networks
with analysis for various scenarios.

A. M2M Signaling Measurement Methodology

To conduct the experiments, we use a drive testing tool that
runs over a live UMTS/HSPA network [33]. The advantage of
drive-testing is that precise geographical information is avail-
able. In the remaining sequel of this paper, the technology
adopted is LTE. This paper though is valuable since it is in
line with the 3GPP track to deploy M2M over different cellular
technologies. In addition, the insights drawn from these exper-
iments do apply across technologies due to the similarities
between the signaling ladders of 3G and LTE and the similar
effect of signaling overhead from IoT devices in both these
technologies. A mobile phone that is part of the drive testing
tool is used to mimic the traffic profile of an M2M device.
The mobile phone is then connected to a laptop with spe-
cific software to capture the transmitted messages and perform
the corresponding analysis. The smart metering traffic profile
is based on a study commissioned by the Energy Networks
Association in the U.K. for electric and gas meters [34]. This
paper indicates typical data file sizes that vary from 4 to 40 000
bytes; latency varies from real time to once or twice per day.
The phone used is placed in a static underground laboratory
location to mimic standard smart meter location. On the other
hand, the M2M vehicular traffic profile is modeled based on
different studies including data from EU LOLA FP7 Project
which provide M2M measurements of a team tracking appli-
cation [35]. The typical payload sizes vary between 10 and
300 kB and the data transmission frequency varies per data
type from 1 s to 10 min. The tests under this scenario were
conducted while moving in a car around a university campus
at medium speed in an outdoor environment. For both scenar-
ios each test was repeated five times to provide an acceptable
basis for analysis and average values were considered. The
experimental model used to capture and quantify the signaling
messages is summarized in Fig. 1.

Two types of transmissions were used to model the smart
metering and the vehicular services. Short message ser-
vice (SMS) with maximum size of 140 bytes was used to
map the short data types (denoted hereafter as SMS-type).
Large data types are mapped to a file upload scenario using the

Fig. 1. Experimental system for capturing M2M signaling using drive testing.

typical 3GPP packet switched (PS) attach/upload/detach proce-
dures (denoted hereafter as PS-type). Thus, three measurement
scenarios were implemented.

1) Static SMS-Type Transmission: To mimic a standard
smart meter transmission.

2) Static PS-Type Transmission: To mimic a static smart
meter large message transmission.

3) Vehicular PS-Type Transmission: To mimic the trans-
mission of vehicular M2M messages which are often of
large size and cannot be transmitted using SMS.

Layers 2 and 3 messages are captured and analyzed for
both UL and DL directions. The SMS-type connections are
established through a radio resource control (RRC) connec-
tion request message with cause “originating low priority
signaling” and the connection is done on the circuit switched
domain. Hence the mobility management layer is responsi-
ble for identity verification of the device, while the SMS
layer handles reception, forwarding, and acknowledgment of
data. The PS-type connections are established through an
RRC connection request message with cause “registration”
and the connection proceeds on the PS domain. Hence, the
GPRS mobility management layer is responsible for handling
the attach/detach procedure and verifying the identity of the
device, and the GPRS session management layer manages
the PDP context activate/deactivate procedure. The signal-
ing messages captured for a vehicular PS-type transmission
are presented in Fig. 2 and classified in Table I along with
equivalent sizes and number of occurrence for both UL and
DL directions. Note that the numbers in Table I are averaged
values of the sizes of the messages extracted from five repeti-
tions and from the occurrence of each message several time in
each repetition. Note also that, in the vehicular scenario, more
signaling messages are captured such as active set update and
physical channel reconfiguration. Furthermore, the occurrence
of the measurement report procedure is more frequent due to
the mobility. Moreover, the higher the speed, the higher is the
number of measurement reports due to the increased variability
in signal levels from cells in the active set; this leads to higher
signaling load, which can be quantified using the measurement
results presented in Table I assuming a given model that relates
the increase in speed to the increase in measurements reports.
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Fig. 2. Signaling ladder incurred in an PS-type transmission for a vehicu-
lar M2M device. Messages in red correspond to the PDP activate/deactivate
procedure messages. Blue messages correspond to the RRC connection setup.
Green messages correspond to radio bearer setup/reconfiguration. Signaling
messages in dashed lines are related to mobility.

TABLE I
AVERAGE SIGNALING OF VEHICULAR PS TRANSMISSION

In the smart metering scenario, although the device is in a
fixed location, it still receives measurement control messages
from the network, measuring neighboring cells and reporting
back.

B. Smart Metering and Vehicular M2M
Signaling Overload

One of the main characteristics of M2M is the small size of
the data compared to the signaling messages. In this section,
we will study the signaling overhead for both SMS and PS
types messages for static and vehicular M2M. The signaling
load per machine type device is the sum of all control message

TABLE II
SIGNALING LOAD MEASUREMENTS RESULTS

Fig. 3. Comparison between signaling overhead for SMS-type and PS-type
cellular connections as a function of transported data sizes.

sizes exchanged during the established connection. The signal-
ing load results are summarized in Table II. The signaling load
for the PS-type for both static and vehicular cases exceeds the
SMS-type. This is due to the large size of the added proce-
dures in the PS-type transmission mainly the attach/detach
procedure and the PDP context activate/deactivate procedure.
Note also that the mobility introduces extra signaling in the UL
and the DL. The signaling incurred in the SMS-type is almost
the same for the static and the vehicular cases. This is due to
the short time of SMS transmission procedure so almost no
mobility messages are transmitted. However, for the PS-type
the signaling in the vehicular scenario is increased by 41%
for UL and 6% for DL compared to the static scenario. The
signaling overhead is calculated as the ratio of the signaling
load to the sum of signaling and traffic loads. The overhead
results corresponding to the SMS and the PS types are shown
in Fig. 3. It is interesting to note that the signaling overhead
is close to 100% for a range of application payload data sizes;
this demonstrates the significant overhead of signaling from
M2M devices in cellular networks and, thus, motivates the
need to better understand the existing tradeoffs to devise effi-
cient signaling reduction techniques. Although the number of
signaling messages in UL and DL are comparable, the size of
DL control messages is considerably larger leading to higher
signaling overhead in the DL as opposed to UL. This is an
expected observation since the base stations are the control
centers in radio access networks. For small data sizes, the sig-
naling overhead corresponding to PS-type connections exceeds
the SMS-type thus rendering it inefficient for small M2M mes-
sages. For the SMS-type, the signaling overhead presents a
sawtooth variation with saturation since multiple SMS mes-
sages must be transmitted as the raw data size increases and
each SMS message can transport a fixed maximum data size
of 140 bytes.

Authorized licensed use limited to: American University of Beirut. Downloaded on May 23,2024 at 05:26:57 UTC from IEEE Xplore.  Restrictions apply. 



1438 IEEE INTERNET OF THINGS JOURNAL, VOL. 4, NO. 5, OCTOBER 2017

An insight that can be drawn from this analysis is that the
application’s payload data size is a prime factor that should
be considered in determining the corresponding M2M com-
munication type in order to minimize the signaling overhead.
It is thus vital to account accurately for signaling overhead in
M2M traffic profile modeling in order to obtain representa-
tive accurate performance results in simulation and analytical
studies.

III. M2M SIGNALING OVERLOAD REDUCTION

A. Mobility-Based Signaling Message Reduction

In the measurements conducted, we have investigated the
signaling ladder for both smart metering and vehicular appli-
cations to propose a signaling reduction technique for static
M2M applications. We have shown that vehicular M2M appli-
cations incur higher signaling loads in both UL and DL, mostly
visible in PS-type communications (Table II). This is a conse-
quence of the change in radio conditions as a result of mobility
which often generates handover events, hence extra signal-
ing. It is expected that higher signaling load would occur
with higher mobility speeds due to crossing handover bor-
ders faster and perhaps more often. It is worth noting that
standard radio access network signaling procedures do not
distinguish between stationary and moving devices and, thus,
lead to the same mobility control messages irrespective of the
device’s condition. In the smart metering test case, the device
still receives commands and reports on neighboring cells radio
conditions which are typically unchanged. Current implemen-
tation of 3GPP 3G and 4G technologies does not handle such
devices differently, but the concept has been highlighted within
the context of MTCs in 3GPP specifications [12]. In standard-
ization reports such as [36], protocols have been proposed
to support devices with low/no mobility to reduce overhead
related to mobility management upon fixed M2M devices’
network reentry from idle mode.

Applying the findings from this paper to LTE networks, it is
possible to propose a mobility-based signaling reduction tech-
nique that uses the spare bits in the establishment cause in
the RRC connection request message to signal that the M2M
device is stationary. The RRC connection request message is
sent from the mobile device toward the base station (eNodeB)
over the common control logical channel [37]. It may be pos-
sible to use the spare 1 bit in the RRC connection request as
a mobility indicator flag that is set to a value of 0 by default
and is only toggled if the device is presumed mobile. Thus,
the application layer running on a smart meter M2M device
will set the flag to 0 upon transmission of an RCC connec-
tion request message that no mobility signaling messages are
required. This requires modification to the standard to allow
the device to utilize GPS or accelerometer sensing in order
to modify the value of the proposed bit. When the eNodeB
receives such a message, it disables mobility signaling on the
DL; the UE will not receive measurement control messages
and, thus, will not conduct neighbor measurements nor send
measurement reports.

A performance evaluation of the proposed signaling reduc-
tion scheme is thus conducted to quantify the gains of

Fig. 4. UL signaling rate as a function of interarrival time and number of
M2M devices for the basic case, the mobility, and the aggregation solutions.

disabling mobility management on the UL for static meter-
ing M2M devices. The total signaling load is the aggregation
of the signaling load from all M2M devices in the network.
The maximum DL control capacity of the considered scenario
is 1 Mb/s. This paper builds on our findings in [1] and com-
pares the gains of the mobility-based solution with another
signaling reduction technique that will be analyzed in the next
section and is based on the aggregation concept. Fig. 4 shows
an estimate of the signaling rate generated by M2M devices
as a function of interarrival time and number of devices. The
signaling rate is defined as (N · S/T), where N is the num-
ber of M2M devices in the network, S is the signaling load
per M2M device, and T is the interarrival time between con-
secutive transmissions. It is assumed that M2M data arrivals
are uniformly distributed with two different interarrival times
considered: 5 and 50 s. Some studies have shown that a base
station should be able to handle up to 30 000 M2M devices in
dense environments [38]. Results in Fig. 4 demonstrate that the
capacity of the network could be easily consumed by a mas-
sive number of M2M devices attempting to access the network
in a short period. In the case of 50-s interarrival time, a maxi-
mum of 6800 M2M devices can be catered for in a cell within
the defined signaling capacity. The mobility solution, however,
reduces the signaling load within the network and thus allows
the cells to accommodate an additional 4200 M2M devices
leading to a total of 11 000 devices.

B. M2M Aggregation

In this section, we focus on an alternative approach for
signaling overload reduction based on the concept of data
aggregation, whereby a set of M2M devices communicate
with an M2M aggregator over a short range capillary network;
the M2M aggregator then connects over the cellular network
to upload aggregated messages. We utilize the measurement
results from Section II in order to quantify the potential
performance gains for various M2M aggregator cellular con-
nection types.

M2M devices are transmitting small amounts of data to an
aggregator over a capillary network. The aggregator combines
the received messages in a large message and transmits it over
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Fig. 5. M2M aggregation network model.

a cellular access network. The number of devices per aggre-
gator will determine the level of aggregation and will have a
significant impact on the overall signaling load in the network.
A snapshot of the network model adopted is presented in
Fig. 5. The aggregated message can be an SMS-type message
concatenating only very small messages (generally typical for
a smart metering tampering notification message), or it can be
a larger PS-type message. Since a bigger message size incurs
lower signaling overhead, the concept of aggregating small
messages into a combined larger message would reduce the
overhead significantly. Results in Fig. 4 demonstrate that the
aggregation solution reduces the signaling load and thus allows
the cell to accommodate additional M2M devices and H2H
connections. Even when the interarrival time decreases, still
the aggregation alleviates the signaling load to obtain better
performance. From the obtained results, the aggregation solu-
tion appears much more efficient than the mobility solution
in reducing the signaling over the network. However, from a
global perspective, the comparison must take into considera-
tion other aspects like the extra cost and complexity of the
aggregation solution.

1) Aggregation Type Impact on Signaling Overhead: An
interesting question would be to investigate whether it is bet-
ter to use PS-type versus SMS-type aggregation to achieve
the best signaling overhead level. To study the impact of the
aggregation type on the signaling overhead, we implement
an UL scenario of 100 M2M devices trying to send data,
and five aggregators with equal load. Each aggregator can
be either an SMS or a PS aggregator sending SMS or PS
messages. Different combinations are proposed for the aggre-
gators ranging from 0 SMS and 5 PS aggregators (denoted as
0 SMS) where all the aggregators are transmitting PS messages
to 5 SMS and 0 PS aggregators (denoted as 5 SMS) where
the aggregators are transmitting SMS messages. The signaling
overhead is determined as function of the traffic amount per
M2M device. The obtained results are shown in Fig. 6.

For low traffic per M2M, 0 SMS has the highest signaling
overhead. However, for high traffic this scheme has the lowest
value. On contrary, 5 SMS has the lowest signaling overhead
compared with the remaining schemes when the traffic is low.
When the traffic increases, the situation changes; the 5 SMS
scheme presents the highest signaling load. An insight that can
be drawn is that, the aggregator type depends on the network

Fig. 6. Overall signaling overhead as function of the traffic per M2M for
different aggregation types schemes.

Fig. 7. UL signaling rate as a function of aggregation level and number of
M2M devices for a fixed interarrival time of 40 s.

traffic load. When the traffic is low, the SMS-type is more effi-
cient. However, for high traffic the PS-type must be used. An
adaptive solution that takes into consideration the traffic load
in the network when specifying the type of each aggregator
would give optimized results.

2) Level of Aggregation Impact on Network Performance:
The aggregation solution can reduce the signaling of M2M
devices over the network. However, taking advantage of this
solution needs accurate tuning of its main parameters: the
number of M2M devices in a group and the group forma-
tion algorithm. The number of M2M devices within one group
denoted as the level of aggregation is a prime factor that can
modify significantly the response at the aggregator level. To
study its impact on the overall performance of the network,
the same scenario of static M2M devices is adopted assum-
ing fixed interarrival time of 40 s. Four aggregation levels are
considered: no aggregation, 100, 500, and 1000 devices per
aggregator. The impact of the aggregation level is captured
and presented in Fig. 7. It is worth noting that the signaling
load decreases when the level of aggregation increases offer-
ing more capacity to the network to accommodate for a higher
number of M2M devices and therefore better performance.
However, the reduction in signaling overhead becomes smaller
as the number of M2M devices increases.
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Fig. 8. Queuing model of the aggregator in the proposed model.

IV. M2M AGGREGATION SIGNALING/DELAY TRADEOFF

M2M aggregation is shown to be highly effective in reduc-
ing the signaling load. However, it introduces a bottleneck to
the network, which causes extra delays for the M2M devices.
In this section, we propose a queuing-based model in order to
quantify the tradeoff between the benefits of higher aggrega-
tion (lower signaling load) and the resulting drawbacks (higher
delay).

A. System Model

We aim to develop an analytical model for the aggregation
delay as function of the level of aggregation in a smart meter-
ing M2M application. We assume having two types of traffic:
1) the periodic reporting which is transmitted on a periodic
basis carrying measurements information and 2) the alarm
reporting which has higher priority and is transmitted only
when a malfunction or a specific event occurs. As different
traffic classes require different quality of service requirements,
we propose a differentiation unit at the aggregator. A separate
queue for each traffic class is used. At each smart meter, a traf-
fic class identifier is added to the packets. At the aggregator,
each packet is put in the proper queue based on its traffic iden-
tifier. The queuing model of the aggregator is shown in Fig. 8.
To provide low delay requirements of high priority flows, we
use a nonpreemptive priority queuing scheduler which prior-
itizes the packet transmission process at the aggregator. In a
nonpreemptive priority model, the service of the M2M device
being served is completed even if M2M messages of high
priority may arrive. When the server becomes free, message
from the head of the highest priority nonempty queue enters
the server. This paper builds on our previous model where we
have considered the M2M traffic as one type [2].

We model the system at the aggregator as a nonpreemp-
tive M/G/1 queuing model with priorities. The M/G/1 model
has been widely used in the literature of wireless sensor
networks, mainly to evaluate the energy consumption in clus-
tered networks [39], [40], or to model delays [41]. The
nonpreemptive priority queue has been adopted in recent work
for modeling the M2M traffic [42]. Since we have two differ-
ent classes for the smart metering traffic, two queues with
different specifications are needed.

We consider the aggregator as a single server system. For
multiple access and capacity evaluations, we do not need
knowledge about the behavior of a simple M2M device. In this
case, aggregated traffic models with Poisson arrival processes

TABLE III
TRAFFIC AND LATENCY CHARACTERISTICS FOR SMART METERING

have been used widely in the literature to model the M2M
traffic [43]. Therefore, the arrival patterns of both alarm and
periodic reporting are modeled by a Poisson distribution. The
interarrival times of the alarm and periodic reporting are 1/λ1
and 1/λ2, respectively, where λ1 and λ2 denote the alarm and
the periodic reporting arrival rates. We characterize each traffic
class with appropriate payload sizes and latencies. The adopted
values are extracted from the traffic models for M2M proposed
in 3GPP Release 13 standards [15]. The alarm reporting has
an uplink application payload of 20 bytes. It is required that
such reports are delivered in near real time with a latency of
10 s. We assume that each smart meter transmits one alarm
message per day leading to an arrival rate λ1 = 1.2 ·10−5. The
periodic reporting traffic is also an uplink traffic. The applica-
tion payload of such traffic is around 200 bytes [15]; however,
the latency and the interarrival time were not clearly speci-
fied in [15]. Therefore we relied on input from other models
like [24] and [25] to define the interarrival time and the latency
of the periodic reporting. This type of traffic is more delay tol-
erant and thus of lower priority with a latency of 1 min. On
average, a periodic message is transmitted each 5 min and thus
λ2 = 3.3 · 10−3. The characteristics of the two types of traf-
fic are summarized in Table III. Note that 65 bytes are added
to payload size for both traffic classes corresponding to the
added header before transmission [15].

B. Aggregation Delay Model

The service time S is defined as the transmission time for
each M2M device. We assume that the aggregator has a fixed
rate Rb. Considering that the aggregator has a fixed aggre-
gation level, it can only transmit fixed size messages and an
M2M device needs to wait until the creation of the aggregated
message before being served. In other sense, the first arriving
M2M message needs to wait for all other M2M messages to
form the aggregated message. However, the last arriving mes-
sage waits the shortest time before being served. As the level
of aggregation increases, the size of the aggregated message
will increase and therefore the time needed to transmit this
message will increase as well. The service time is bounded
with these two extreme values: 1) 0 as the minimum time
which corresponds to the last arriving M2M message and 2) T
which denotes the highest service time corresponding to the
first arriving M2M message. Thus, we assume S to have uni-
form distribution over the interval [0, T]. More accurate results
can be possibly derived using other distributions; however, this
is challenging due to the lack of verified suitable distributions
and the resulting complexity of the analytical derivations. Note
that we consider that both classes have the same average ser-
vice time because we assume that independently of the arriving
M2M message is an alarm or a periodic reporting message,
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it will be added to the aggregated message with preference
given to the alarm type.

The mean and variance of the service time can be expressed
by E[S] = (T/2) and Var[S] = (T2/12), respectively, where
T is the highest service time. Since T corresponds to the time
needed for the creation of the aggregated message, it is clearly
a function of the aggregated message size denoted as Magg.
Magg is a function of the level of aggregation L and the M2M
message size. Note that we have two types of messages with
sizes MAlarm and MPeriodic indicated in Table III. Since T is the
highest service time, it is considered as the time needed for
the transmission of the largest aggregated message. This cor-
responds to the case when all the messages are of the periodic
reporting type. T can then be expressed as

T = Magg

Rb
= MPeriodic · L

Rb
. (1)

Under these assumptions, the mean queue lengths, waiting
times, and residence times can be expressed as follows [44]:

ρ1 = λ1E[S] (2)

ρ2 = λ2E[S] (3)

E[W1] = λ1E[S2] + λ2E[S2]

2(1 − ρ1)
(4)

E[W2] = λ1E[S2] + λ2E[S2]

2(1 − ρ1)(1 − ρ1 − ρ2)
(5)

E[R1] = E[S] + λ1E[S2] + λ2E[S2]

2(1 − ρ1)
(6)

E[R2] = E[S] + λ1E[S2] + λ2E[S2]

2(1 − ρ1)(1 − ρ1 − ρ2)
(7)

where ρ1 and ρ2 denote the utilization rates of the server for
the two classes. The utilization rate is the fraction of time that
the server is busy. E[W1] and E[W2] stand for the average wait-
ing times for the two traffic classes before being served in the
queuing center (aggregator here). The average residence times
E[R1] and E[R2] represent the total times spent at the queu-
ing center for the alarm reporting and the periodic reporting,
respectively. The residence time is the sum of the average time
spent waiting together with the average service time. By plug-
ging E[S] and E[S2] in the above equations, the performance
metrics of the aggregator can be calculated as follows:

ρ1 = λ1
T

2
(8)

ρ2 = λ2
T

2
(9)

E[W1] =
(λ1 + λ2)

(
T2

4 + T2

12

)

2(1 − ρ1)
(10)

E[W2] =
(λ1 + λ2)

(
T2

4 + T2

12

)

2(1 − ρ1)(1 − ρ1 − ρ2)
(11)

E[R1] = T

2
+

(λ1 + λ2)
(

T2

4 + T2

12

)

2(1 − ρ1)
(12)

E[R2] = T

2
+

(λ1 + λ2)
(

T2

4 + T2

12

)

2(1 − ρ1)(1 − ρ1 − ρ2)
. (13)

Fig. 9. Signaling/delay tradeoff as function of the aggregation level.

Fig. 10. Waiting time as function of the aggregation level of the two classes.

C. Results and Analysis

The impact of the aggregation level on the delay is cap-
tured and presented in Fig. 9 as well as the overall signaling
load assuming one type of M2M traffic in the network.
Even though high aggregation levels offer lower signaling
load, the mean waiting time at the aggregator increases dra-
matically when more devices are grouped per aggregator.
Therefore, a clear tradeoff is created between the bene-
fits of higher aggregation (lower signaling load) and the
resulting drawbacks (higher delay). High aggregation levels,
which offer minimum signaling, come at the cost of high
delays.

The mean waiting times of both alarm and periodic report-
ing types are presented in Fig. 10. The alarm reporting traffic
waiting time is lower than that of the periodic reporting type.
This is because it is prioritized when being served at the aggre-
gator. The difference between the two types of traffic increases
more when the level of aggregation increases. Referring to
the latency values in Table III, only 650 smart meters can be
aggregated together to respect the latency restriction of 10 s
for the alarm reporting type. However, the periodic reporting
type, which is more latency tolerant, allows up to 1200 smart
meters per aggregator while still respecting the 1-min offered
latency (see Table III).
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(a) (b) (c) (d)

Fig. 11. Considered geographical area and UL SINR results for the three implemented scenarios. (a) Considered geographical area in the Pearl-Qatar. UL
SINR results for the (b) smart scenario, (c) smart&signaling scenario, and (d) smart&signaling extreme scenario. (e) Color palette for the UL SINR.

V. CELLULAR NETWORK PLANNING WITH M2M

There is a notable amount of recent work in the literature
on 3G/4G cellular planning [45]–[47], but none accounting for
M2M deployments nor capturing the signaling as part of the
planning procedure. In this part of the work, we conduct a
novel study on the impact of M2M traffic (data and signal-
ing) on cellular network planning and operation over a given
geographical area using the obtained measurement results in
Section II. The study accounts for the various M2M constraints
including traffic type and signaling requirements. The aim of
this paper is to highlight the need and importance of new plan-
ning approaches that can take into account M2M data and
signaling traffic loads in addition to traditional traffic loads.

The study is performed using a professional cellular plan-
ning tool [48] that uses Monte Carlo simulations with real
geographical maps to evaluate the performance of cellu-
lar networks. Parameters like the subscriber settings, the
frequency bands, the base station antennas and the propaga-
tion models are defined before running the simulations. The
technology selected is LTE with basic features. The M2M data
traffic load is modeled in the tool by customizing existing traf-
fic profiles based on the M2M smart metering application. The
M2M signaling model adopted is derived from the drive test-
ing measurements conducted in Section II. The geographical
area selected is the Pearl-Qatar in Doha with size 8 km2 using
a 1-m high resolution digital terrain map. A snapshot of the
considered geographical area is presented in Fig. 11(a). The
area selected is considered a suburban area. For a suburban
scenario, a typical number of homes within cell is approxi-
mately 4000 [49]. Considering three smart meters per home
(gas, electricity, and water), the total number of smart meters
per cell is set to 12 000.

The study includes two scenarios: 1) M2M smart meter-
ing traffic only (smart scenario) and 2) M2M smart metering
traffic and M2M signaling (smart&signaling scenario). The
network designed is dimensioned based on the smart meter-
ing traffic only; the effect of introducing M2M signaling on
the network capacity and coverage is assessed with the other
scenario. The defined subscriber is a smart meter having two
services; the traditional M2M smart metering and the M2M
signaling services. The signaling is therefore modeled as a
new type of data service transmitted on data channels, but
with characteristics that resemble the signaling of the specified
M2M application. This violates the data/control resource sep-
aration concept in LTE because it considers that both types of

TABLE IV
TRAFFIC CHARACTERISTICS FOR THE CONSIDERED M2M CLASSES

traffic share simultaneously the available resources. However,
it fits under the umbrella of emerging solutions that propose
the transmission of M2M small data messages over the sig-
naling RACH channel to reduce the congestion on the data
channels [50]. The way we modeled the impact of signaling
load on cellular network planning is one of the novel aspects
of this paper. This paper resembles [50] in using one channel
for both data and signaling communications, and the impact
of the signaling load is similar irrespective if over the same
data channel or same control channel. The traffic profiles of
the two services are summarized in Table IV.

Traffic loads in addition to UL/DL activity percentages and
bit rates are selected to reflect realistic values. The traffic load
per smart meter is set to 1.775 bps based on inputs from [49]
while taking into account the average message transaction rate
and size. Moreover, smart metering is a typical M2M applica-
tion with more uplink traffic load, since the prime activity is
reporting information to remote servers. This leads to a larger
UL activity factor. The signaling model used is derived from
the drive testing experiment conducted for static PS-type trans-
mission. The time between consecutive messages is measured
and the average message transaction rate is thus derived (see
Table II). During a PS transmission, the numbers of signaling
messages in UL and DL are comparable. Thus, UL and DL
are assumed to have equal activity factors for the signaling
model. The model adopted in the planning study is simpler
than the queuing models in Section IV since we aim to high-
light the effect of M2M signaling on the planning procedure
and not to model the M2M traffic. Similar insights would be
extracted whatever was the chosen traffic model for M2M as
long as it highlights the main characteristic of the considered
M2M application.

To assess the performance of the network and analyze the
signaling impact under worst case conditions, we consider the
SINR on the data channels which we assume do carry both
data and signaling traffic. Fig. 11(b) and (c) presents selected
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outcome results for the SINR in dB for the smart and the
smart&signaling scenarios. These results clearly demonstrate
the notable negative impact of M2M signaling traffic on the
operation and quality of existing cellular network infrastruc-
ture (areas with green to dark blue colors have bad coverage);
this is due to increased level of interference and scarcity of
radio resources as load increases. To further highlight the
impact of the added M2M signaling we assume that the num-
ber of smart meters in the considered area in doubled. The
UL SINR coverage plot of this extreme scenario named the
smart&signaling extreme scenario is presented in Fig. 11(d).
When comparing Fig. 11(d) to Fig. 11(b) and (c), UL SINR
deterioration becomes more evident with very low coverage
in some areas.

From the presented scenarios, it is clear that the M2M fore-
seen signaling will impact negatively the quality of service
of the network. The results reveal a pronounced vulnerability
of the SINR upon the introduction of the signaling traffic.
The obtained results highlight the need of considering the
M2M signaling load when designing cellular radio planning
approaches and when evaluating the performance of enhance-
ment techniques for M2M communications over cellular.

VI. CONCLUSION

M2M is one of the key use cases of the upcoming 5G
system. A high number of M2M devices attaching simultane-
ously to the mobile network and trying to send data may intro-
duce congestion problems, especially at the signaling level,
which will impact negatively the overall network performance.
The main contribution of this paper is a measurement-based
analysis and modeling of signaling related aspects of M2M
communications over cellular networks. Two M2M major
applications are mimicked using professional drive testing
equipment: 1) smart metering and 2) vehicular M2M. Two
solutions are suggested to alleviate the resulting signaling load.
The first solution is a straightforward enhancement to the RRC
connection procedure. The second solution builds on the mea-
surement results to quantify the gains of M2M aggregation
in reducing the excessive signaling load under practical oper-
ational conditions. A planning perspective is also presented
to capture the impact of the signaling load not only on plan-
ning but also operation of cellular networks. The experimental
approach adopted for the quantification of the M2M signaling
leads to results that cannot be achieved using analytical solu-
tions. The outcomes of this paper demonstrate the importance
of accurately capturing, modeling and reducing the signaling
load of M2M services over cellular networks which lines with
the emerging 3GPP cellular IoT track.
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