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Abstract:
Enabling the Internet of Things, machine-type communications (MTC) is a next big

thing in wireless innovation. In this work, we concentrate on the attractive benefits
offered by the emerging IEEE 802.11ah technology to support a large number of MTC
devices with extended communication ranges. We begin with a comprehensive overview
of the novel features introduced by the latest IEEE 802.11ah specifications followed by
development of a powerful mathematical framework capturing the essential properties
of a massive MTC deployment with unsaturated traffic patterns. Further, we compare
our analytical findings for a characteristic MTC scenario against respective system-level
simulations across a number of important performance indicators. Our analytical results
provide adequate performance predictions even when simulations are challenged by the
excessive computational complexity. In addition, we study the novel IEEE 802.11ah
mechanisms offering improved support for massive device populations and conclude on
their expected performance.

Keywords: IEEE 802.11ah; analytical modelling; simulations; MTC/M2M; unsaturated
traffic; throughput; delay; power consumption.

1 Introduction and Background

Machine-type (a.k.a. machine-to-machine) communications
(MTC) is an enabling technology for the Internet
of Things, which features fully automatic data
generation, exchange, processing, and actuation among
intelligent machines, without or with low intervention
of humans [1, 2]. Fuelled by the rapid proliferation
in types and numbers of embedded devices, MTC
has the potential to revolutionise autonomous wireless
connectivity across the verticals of industrial and
agricultural automation, transportation, surveillance,
healthcare, animal monitoring, smart metering, and

many others [3, 4]. Consequently, MTC, already seeing
the annual growth of 20%, is expected to develop into an
unprecedentedly large market with over trillion-dollar
revenues by the year 2020 [5].

In light of the above, it becomes increasingly
important to ensure that MTC provides efficient
support for various market scenarios by delivering
affordable wireless connectivity at low power and
with moderate large-scale deployment effort. However,
connecting massive numbers of unattended machines
with diverse functionalities has proven to be challenging
primarily due to the unique characteristics and
requirements of MTC. Indeed, while conventional
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wireless communication systems have historically been
optimised for human-centric communications, with
the corresponding emphasis on voice/video and data
sessions, MTC transmissions typically carry infrequent
and small data, often in delay-tolerant manner.

Therefore, wireless industry had to take decisive steps
in order to adapt existing radio access technologies for
MTC by improving both their efficiency and reliability.
In particular, long-range mobile cellular systems (e.g.,
HSPA and LTE) have seen numerous enhancements as
the result of recent 3GPP standardization activity and
related research efforts. The associated modifications
range from overload protection schemes and lightweight
signalling procedures, to efficient small data transmission
and coverage extension mechanisms, as well as advanced
approaches to MTC-aware radio resource allocation.
Alternatively, multiple short-range radio technologies
for wireless sensor networking have evolved to all
compete for the MTC niche, but still remain without
a distinct leader. These include ZigBee, 6LoWPAN,
IEEE 802.15.4, WiFi, Bluetooth low energy, and a
plethora of proprietary wireless solutions.

Given that connectivity in licensed cellular bands is
expensive and that current short-range unlicensed-band
solutions fail to efficiently support a wide variety of MTC
use cases with their diverse operational requirements, the
wireless community has been seeking for a novel effective
MTC-focused radio access technology. To this end, it has
soon been recognised that the favourable propagation
properties of low-frequency spectrum at sub 1 GHz may
provide improved communication ranges when compared
to, e.g., conventional WiFi protocols operating at 2.4 and
5 GHz bands [6, 7], as it is presented in Fig. 1. However,
the available spectrum at sub 1 GHz license-exempt ISM
bands is extremely scarce and hence requires careful
system design considerations [8].

With this in mind, after outlining the purpose and the
technical scope of the novel IEEE 802.11ah project, the
standardization work of the corresponding TGah task
group has commenced in November 2010. The planned
technology, which is generally based on down-clocked
version of IEEE 802.11ac standard, is currently being
finalised to enable low-cost and long-range connectivity
across massive MTC deployments with high spectral
and energy efficiencies. Today, thousands of MTC
devices may already be found in dense urban areas,
smart grids [9], and airports [10], which has demanded
respective protocol modifications.

Fortunately, IEEE 802.11ah technology does not need
to maintain the backwards compatibility with the other
representatives of IEEE 802.11 family (both conventional
802.11a/b/g/n and more recent 802.11ac solutions). As
802.11ah operates over different frequencies than the
existing 802.11 systems, TGah could afford defining
novel compact frame formats, as well as offering more
efficient mechanisms to support a large number of
devices, advanced channel access schemes, together with
important power saving and throughput enhancements.
As a result, 802.11ah is believed to significantly enrich

the family of 802.11 protocols, which already receive
increasing attention from mobile network operators
willing to introduce low-cost connectivity in unlicensed
bands thus augmenting their cellular deployments [10].

The emerging 802.11ah technology has already
captured attention of both industry and academia, with
a recent avalanche of research literature on the topic,
as it is expected to be finalized and meet the market
in 2017. The corresponding publications reviewed the
physical-layer features of 802.11ah, when applied to
both rural [11] and urban [12] use cases, delivered the
link budget and quantified the outage probabilities.
Additionally, they covered important challenges faced by
the TGah standardization activities [13] and proposed
related improvements for MIMO-OFDM design [14], as
well as showed the operation of system prototypes [10].
The performance of 802.11ah technology has also been
compared with that of ZigBee to indicate the crucial
areas for improvement [15, 16].

Further, system-level capacity analysis has been
conducted in [17], and the follow-up works have
introduced a comprehensive overview of 802.11ah
technology [18, 19, 20], as well as proposed novel channel
access protocols for collision avoidance/resolution [21,
22] and dense MTC deployments [23]. Of particular
interest has been the focus on improved contention-
based access with grouping of MTC devices [24] and
then managing the performance of such groups [25].
Additionally, efficient redundancy-check codes for
802.11ah have been designed [26].

Most importantly, many latest publications
have concentrated on improved energy efficiency
of relatively short-range 802.11ah technology,
from energy harvesting [27] and conservation [28]
schemes to enhanced power saving modes [29] and
mechanisms [30, 31]. As follows from our survey, existing
research efforts have so far been targeting physical-
layer and other special-case improvements, as well as
full-buffer system capacity evaluations.

However, a comprehensive system-level 802.11ah
analysis, mindful of MTC-specific traffic dynamics
and realistic contention between a large numbers of
devices, is currently missing in the existing literature.
Conventional approaches to assess 802.11 family of
protocols are mainly focused on saturated analysis due to
its mathematical simplicity. For instance, the well-known
work by Bianchi and Tinnirello [32] also follows a similar
approach based on Markov chains but mainly focuses on
the saturated case. There have been other works on the
full-buffer analysis [33, 34] but academia is still facing a
lack of research results in low arrival rate regime. In fact,
these results are rather limited and mainly focus on the
throughput analysis [35].

After an extensive literature overview, we discovered
only a few works addressing the unsaturated IEEE
802.11ah operation analysis. In [36], the authors
elaborate on the modification of channel access
mechanisms for non-full buffer scenarios and propose
a simple model based on the duty cycle limitation
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Figure 1 A characterisic large-scale MTC scenario

approach. A complete analytical model for unsaturated
scenario is not provided in that work but the
problem statement is indicated clearly. Another research
that considers unsaturated behavior of the discussed
protocol [37] is mainly focused on the hidden node
problem and proposes a grouping solution based on the
packet generation rate.

In this paper, we bridge the indicated gap by
proposing a novel mathematical framework for
the analysis of a 802.11ah-based system with a high
population of nodes by taking into account their
unsaturated traffic patterns. The rest of the paper
is organised as follows. First, we overview possible
802.11ah applications in the following section. Further,
main 802.11ah protocol features are described in
Section III. Next, protocol operation is discussed in a
characteristic MTC scenario. Then, our system model
is introduced and its main analytical assumptions are
outlined. These are followed by rigorous analytical
derivations, whereas the final section offers a description
of the employed simulation environment together with a
thorough comparison between analytical and simulation
results. Conclusion elaborates on the lessons learned.

2 Prospective IEEE 802.11ah Applications

This section offers an introductory vision on potential
IEEE 802.11ah based real-life applications as well as the
corresponding benefits of its utilization with respect to
the network traffic behavior. The discussed protocol is
being developed primarily to satisfy the requirements of
a large number of nodes and hence its main use case is
related to wireless sensor networks. Other applications
are backhaul sensor and metering networks, as well as
extended coverage for WiFi family protocols [38]. We
further elaborate on both saturated and unsaturated
cases.

Saturated scenario could be considered for capacity
demanding applications, i.e. video/audio streaming [39],
data offloading [40], emergency situations [41], etc. In
this case, each station involved into the communication
process is assumed to have its buffer full, that is, a packet
ready for transmission at any moment of time [42]. As
soon as packets are in conflict while being transmitted
over the wireless medium, the channel becomes saturated
and the transfer delay grows significantly. This work
considers the discussed case as not representing the
design targets of the protocol directly as it is explained
below.

On the other hand, practical IEEE 802.11ah
applications are more related to unsaturated scenarios,
when a wireless node is transmitting its small packet
during a relatively long period of time, which reflects
most of today’s M2M/MTC operations [6, 30]. In this
case, the packet buffer is expected to be empty for
most of the observation time and this case is referred
to as unsaturated scenario. The main corresponding
applications of non-full buffer setup are listed below.

• Smart metering: IEEE 802.11ah is expected
to improve over performance of conventional short-
range wireless technologies [43], such as Zigbee, NFC,
Bluetooth, etc. The main applications to be supported
are: environmental monitoring, smart grids, industrial
automation, and healthcare. Keeping in mind the need
to serve a large number of communicating devices,
the discussed technology proposes novel techniques to
reduce the number of collisions and augment the energy
efficiency [8].

• Cellular offloading and extended coverage: One of
the potential benefits of the considered technology is its
coverage range of up to 1 km due to the use of sub-GHz
frequencies [18]. This feature allows to provide additional
possibilities to conventional cellular users by offering
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them a certain level of service in extreme cases. In
contrast to high-throughput IEEE 802.11ac and 802.11n
protocols, lower data rates of 802.11ah may be applicable
in cases of national security and public safety [44].
• Backhaul networks: Simple IEEE 802.11ah

system design allows to link a sub-GHz aggregation point
together with its connected nodes to a conventional
wireless network [12]. For example, IEEE 802.11g is
capable of providing connectivity between the access
point and the remote server, while IEEE 802.11ah
can offer a wireless backhaul link to accommodate the
aggregated traffic generated by the leaf sensors [45].

The above list of applications benefiting from
IEEE 802.11ah technology is expected to grow further
over time. According to currently available literature,
the prospective applications mostly represent the cases
of unsaturated traffic behavior.

3 Overview of IEEE 802.11ah Features

This section describes the main MAC and PHY
operation as introduced by IEEE 802.11ah specifications
based on the latest draft of the standard in [46]. In
particular, we introduce novel IEEE 802.11ah protocol
features.

3.1 IEEE 802.11ah PHY Features

Importantly, many of the proposed PHY-layer
modifications are inspired by past IEEE 802.11 releases.
Specifically, the emerging IEEE 802.11ah technology
is expected to operate over the sub 1 GHz ISM band.
Given that the spectrum availability in this band
varies from one country to another, IEEE 802.11ah
channelization is currently defined as 863-868 MHz in
Europe, 916.5-927.5 MHz in Japan, 755-787 MHz in
China, 917.5-923.5 MHz in South Korea, 866-869 MHz
and 920-925 MHz in Singapore, as well as 902-928 MHz
in the US. For more details, refer to the current version
of the standard [46].

Generally, IEEE 802.11ah technology can be regarded
as a down-clocked version of the IEEE 802.11ac
specification, which is in turn an extension of
IEEE 802.11n standard. Basically, IEEE 802.11ah is
defined as utilizing the 10-times down-clocking of
existing IEEE 802.11ac channel bandwidths, i.e. 2 MHz,
4 MHz, 8 MHz, and 16 MHz channels are currently
envisioned. In order to improve the transmission
ranges, IEEE 802.11ah additionally introduces a
new communication mode employing 1 MHz channel
bandwidth.

3.2 IEEE 802.11ah MAC Features

In a nutshell, IEEE 802.11ah has introduced a number
of MAC-layer features to comprehensively address the
requirements of today’s high-density MTC deployments.
The key MAC enchantments may be grouped into the
four distinct classes discussed further on.

3.2.1 Improved power saving operation

IEEE 802.11ah documentation defines two power saving
strategies, referred to as Non-TIM and TIM operating
modes. Accordingly, the MTC devices can be named
Non-TIM and TIM station (STAs).

In case of a Non-TIM mode, the IEEE 802.11ah
device does not receive the Traffic Indication Map (TIM)
information element (IE) from the beacon frames that
are regularly broadcasted by the Access Point (AP).
Generally, the TIM IE is used by the AP to indicate
whether it has buffered some downlink data for a
particular STA. A Non-TIM STA has to send a PS-
Poll frame to the AP, thus requesting the delivery of
any previously-buffered downlink data. The TIM STAs,
however, receive periodic TIM IEs from the beacon frame
to detect whether the AP has any buffered data for them.
When such a STA detects that the AP has pending data,
it sends a PS-poll frame to request the downlink traffic
delivery.

IEEE 802.11ah introduces the corresponding
improvements to the PS-Poll mechanism to benefit from
these power saving schemes. In addition, it extends the
time during which the AP does not disassociate a STA
if it does not receive any frame from it, namely, the
maximum idle period. Furthermore, a Null Data Packet
(NDP) paging scheme is developed in order to minimize
the time that a given STA can spend in the stand-by
mode to check if there is incoming data. It enables any
IEEE 802.11ah device, which is expecting the incoming
frames, to minimize its wake-up duration by using a
paging frame that is significantly shorter compared to a
beacon.

The second power saving technique introduced by
IEEE 802.11ah is referred to as the Target Wake Time
(TWT) that allows a given MTC device to sleep for
particular periods of time and then wake up at pre-
scheduled instants. It is made to enable the exchange
of information with its associated AP at the particular
target time. These moments are negotiated in advance
between the two communication entities.

3.2.2 Support for a large number of devices

The current version of the specification defines TIM
as a bitmap having a feature of uniquely mapping
to the STAs Association Identifier (AID). We assume
that the maximum packet payload of the IE equals to
256 bytes [47, 48], hence a total of approximately two
thousand AIDs can be supported. However, as envisioned
by IEEE 802.11ah requirements, up to 6000 MTC
devices need to be accommodated in some scenarios.

The hierarchical TIM bitmap and TIM segmentation
features have been adopted by IEEE 802.11ah
specifications to support higher numbers of networked
nodes. The hierarchy of TIM comprises 4 pages, each
containing 32 blocks. Each block is further divided
into 8 sub-blocks of 8 bits each. A STA is identified
by its page index, block index within the page, sub-
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block index within the block, and its bit position within
the sub-block. Further, the address of the STA is
encoded in its AID. In order to efficiently encode the
TIM, IEEE 802.11ah defines three encoding procedures,
namely, Block Bitmap, Single AID, and Offset Length
Bitmap Mode.

Further improving the system performance for
scenarios where a large number of MTC devices are
transmitting their small data packets, IEEE 802.11ah
standard adopts overhead reductions in the MAC
headers (a.k.a. Header Compression). To this end, a
short MAC header format has been defined; the size
of the MAC header for a typical 802.11 data frame
is 28 bytes, which has been reduced to 18 bytes
in IEEE 802.11ah. Finally, IEEE 802.11ah introduces
several NDP frames, also known as short frames, such as
short ACK, short block ACK, short CTS, and short PS-
Poll, etc. The aim of these is to decrease the associated
power consumption and medium occupancy.

3.2.3 Enhanced channel access mechanisms

In today’s WLAN systems, where medium access
is typically contention-based, the effectiveness of the
channel access mechanism is significantly affected by the
user contention levels. In IEEE 802.11 technology, the
core channel access mechanism employs the Enhanced
Distributed Channel Access (EDCA) scheme, which
works efficiently with relatively small numbers of
STAs and provides stochastic quality-of-service (QoS)
differentiation. However, emerging MTC applications
create challenges for next-generation IEEE 802.11
networks due to the large numbers of devices that need to
be supported and, consequently, high levels of resulting
contention. In IEEE 802.11ah, the EDCA has been
modified to offer differentiated QoS to sensor STAs and
non-sensor STAs. As a result, EDCA is the default access
mechanism for the sub 1 GHz STA in 802.11ah.

In order to prevent from massive collisions,
IEEE 802.11ah introduces a novel important channel
access mechanism referred to as the Restricted Access
Window (RAW) on top of the conventional EDCA
scheme with Transmission Opportunity (EDCA TXOP).
With the new RAW mechanism, the AP allocates a
dedicated medium access period in the beacon interval,
which is then divided into one or more time slots. The
assignment of slots for specific STAs within the defined
RAW is based on the TIM element in the beacon frames.
The AP may also particular slots to the individual STA,
or to a subset of STAs, for uplink and downlink traffic.

Due to the fact that additional overheads may
arise from communication, IEEE 802.11ah technology
introduces a new frame exchange protocol referred to
as Bi-Directional TXOP (BDT) scheme, which reduces
the protocol overhead. Compared to conventional access,
BDT utilizes the current data frame as an ACK to the
preceding data frame. Therefore, the BDT enables an
AP and a non-AP STA to exchange a sequence of uplink
and downlink frames within a reserved time.

3.2.4 Efficient interference mitigation schemes

One of the key introduced mechanisms to resolve the
hidden terminal problem is Sectorization. Sectorization
naturally partitions the coverage area of a Basic Service
Set (BSS) into sectors, each containing a subset of
STAs. This partitioning is achieved through a set of
antennas, or a set of synthesized antenna beams, to
cover various sectors of the BSS. The main goal of this
mechanism is in reducing the interference between BSSs.
Two types of sectorization schemes have been introduced
by IEEE 802.11ah specifications: group sectorization and
TXOP-based sectorization.

Another developed mechanism is Sub-channel
Selective Transmission (SST) and Dynamic BW
operation, where the goal is to mitigate interference
due the excessive use of the channel, or resulting from
an Overlapping BSS (OBSS) deployment. The primary
channel is typically used by the network of a given BSS.
It is static and may not change throughout the operation
of the BSS. This common primary channel (usually 1 or
2 MHz) is employed by the STAs to communicate with
the AP. However, due to varying channel conditions and
STA locations, the levels of interference experienced
on the primary channel may be considerably higher as
compared to other available channels. Hence, SST will
then enable a STA to select the best temporary channel
among multiple SST-enabled operating channels to
communicate with its peer STA.

4 Protocol Operation and Proposed Model

This section builds on the previous one to introduce the
considered protocol operation features and explain the
related simplifications.

4.1 IEEE 802.11ah Channel Access Protocol

When it comes to actual medium access, we expect that
the BASIC channel access scheme (see Figure 2) would
be preferred for most MTC scenarios to further reduce
overheads. Additionally, sub 1 GHz STAs employ EDCA
access, but in our paper we address a use-case where
there is only one type of STAs and thus one type of traffic
flow. Hence, QoS is not the main focus of our attention
and a simpler Distributed Coordination Function (DCF)
mechanism is addressed below instead of EDCA for the
sake of simplicity.

                 Apply Backoff Procedure

DIFS Busy Channel

P D1 D2 D3 D4 BA CFE

Packet payload

Data

Delayed 
transmissionDIFS

If medium is free <= DIFS
Immediate transmission

Slot Duration
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P D1 D2 D3 D4 BA CFE

Packet payload

Data

arrival

 a.

 b.

success

successcollision backoff

Pb

Pb

Ps

Ps

Delay

arrival Pc

Figure 2 Example of BASIC access mechanism operation
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According to the standard, for each device in the
system, if there appears a new data packet (or an
aggregated block of packets) in the buffer and there
are no other transmissions sensed during the DCF
Interframe Space (DIFS), the data transmission would
be performed immediately after. Otherwise, medium
access would be deferred according to the Binary
Exponential Backoff (BEB) algorithm [49], which is used
to resolve collisions, when there are more than one user
transmitting data simultaneously.

On the other hand, if there is only one transmitting
user, and in absence of other channel degradation factors,
such a condition is called a success. Finally, if no device
is transmitting, the channel is sensed idle (or empty).
According to the protocol, for the BASIC mechanism
in case of collision or corruption by the channel, the
BEB operation is first applied. A uniformly-distributed
Backoff Counter (BC) value is randomly chosen between
zero and the Initial Contention Window W0.

As the channel is sensed idle, the BC is decremented
and eventually, when it reaches zero, the retransmission
procedure commences. If a collision occurs again, the
current Contention Window (CW) is doubled and the
retransmission procedure is reinitialised as many times,
as it is permitted by the Retransmission Counter (RC).

As there is a need to explicitly account for the
unsaturated traffic behaviour by a large number of
MTC devices in the considered system, we develop a
corresponding analytical model and introduce it in what
follows.

4.2 System Model and Main Assumptions

Here, we outline our proposed system model and its main
assumptions. For the sake of exposition, we focus on the
analysis of one MTC cluster and there are no hidden
terminals assumed, as well as the channel is considered
to be error-free. Important practical extensions to this
baseline model are discussed in the subsequent sections.

For simplicity, we assume that the contention
behaviour is similar for all of the MTC devices (i.e., they
employ identical contention parameters). We further
require that the start times of every slot are perceived
synchronously by the users. We also assume that the
overall system time is divided into very small equal-
sized slots with the duration of tg. These slots may be
thought of as the atomic time intervals when a new
packet generation is possible by the user.

Next, we define the Event Duration, where an event
can be one of s/c/e and is determined as follows.

(i) Success: If there is only one transmitting user in
the system. The duration of such an event is defined
as ts, which is calculated according to the specifications
as a sum of: DCF Interframe Space (DIFS); Data
transmission duration; Short Interframe Space (SIFS),
and Acknowledgment (ACK) duration.

(ii) Idle: If there is no transmission, the respective
duration is taken as te, the slot duration.

(iii) Collision: If there is more than one
simultaneously transmitting device, we consider a time
interval tc between the beginning of the transmission
and the beginning of the next opportunity to transmit.
It comprises: DIFS, SIFS, PHY timeout duration,
Data transmission duration, and one idle slot duration.

Importantly, our model employs the exact number
of opportunities for a user to generate a packet during
every particular event duration (Ls/c/e). In other words,
we sample the system operation time into smaller packet
generation opportunities tg, which also divide every
event duration above. For example, for a success slot we
can write Ls = ts/tg. For convenience, tg is chosen such
that Ls/c/e are all integers.

i j

Decision to Transmit
(a+n) of i

Packet Collection
a of U-i

Event Duration
Packet Generation 

Interval tg
Embedded points

Figure 3 Event-based in-buffer packet arrival model

We concentrate on a particular number of users
U associated with a single AP throughout the entire
system operation time. With respect to the offered load,
we assume Bernoulli arrivals [50] based on the packet
generation intervals tg as an approximation for the IoT-
grade sensor network scenario discussed in [51]. Basically,
this arrival flow type was chosen as a simple discrete-time
stochastic process, when a device can generate a packet
during the interval tg with the probability σ. Upon a
packet generation, the user would attempt its immediate
transmission, if the packet has arrived into an empty
buffer. Alternatively, at the packet generation event,
there might already be a number of backlogged users i
with packets ready for transmission. Backlogged users
attempt their (re)transmissions with the probability
p, which is the consequence of a prior unsuccessful
transmission.

Let us observe an example operation of such a system
for one particular event duration and the specified
numbers of backlogged users i and j before and after,
respectively (shown in Figure 3). Naturally, n = 0, i users
can attempt to send their packets based on the channel
access probability p. The users without data in the buffer
(a out of U − i) can generate new packets during every
event duration. Importantly, a transition from i to j
backlogged users is characterised differently for success
and collision/empty events.

During a successful slot, a = j − i− n− 1, 0 ≤ a ≤
U − i− n. For the collision or empty events, a = j − i−
n, 0 ≤ a ≤ U − i− n. We assume that if the transmission
is successful for a user, a new packet is not generated
immediately. Hence, the generation procedure is applied
starting with the following slot. Additionally, if a packet
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is already generated during the current event duration,
we assume that there would not be any new arrivals until
the data packet is successfully transmitted by this user –
our system operates in the lossless mode. This effectively
allows for our users to be represented as buffers with the
size of one to keep a single data packet.

5 Proposed Mathematical Analysis

In this section, we detail our analytical approach
based on the consideration of the Markov chain at
the appropriate embedded points. In what follows, we
derive the state transition probability matrix and the
corresponding stationary distribution vector. Basing on
the latter, the key stationary system parameters may, in
turn, be obtained, such as e.g., the number of backlogged
users in the system. As our main performance indicators,
we choose data throughput (taking into account only
the data packets here, while excluding overheads) and
channel access delay. Importantly, while delay itself may
be of less interest for delay-tolerant MTC devices, it may
be easily converted into energy efficiency, which is one of
the useful system parameters for any MTC scenario.

5.1 Detailed System Analysis

From the data transmission standpoint, our system of
interest operates in two alternative modes: when a new
packet has just arrived – immediate transmission; or
when a packet is being retransmitted using probabilistic
channel access. The immediate transmission and the
corresponding system events suggest the analysis by
means of a two-dimensional Markov chain, which is able
to take into account the past number of backlogged users
(the system state) as it is shown in Figure 4.

i

i,c i,s i,e

j

j,c j,s j,e

to Idle to success to collision

0,c

1,s

1,c

1,e

2,c

2,e

i,c

i,e0,e

2,s

AP
Server

i,e - state

U-1,c

U-1,e

U,s

U,c

U,e

i,s U-1,s0,s

... ...

Figure 4 Underlying embedded Markov chain

More precisely, we consider a process z(t) embedded
at the beginning of every event (with a specified
duration). Here, the state of the process is given as (i, x),
where i is the number of backlogged users and x is
the type of the previous event. Importantly, we remind
that in our system three alternative events may occur: a
collision, a successful transmission, and an empty slot.

To calculate the steady-state distribution of z(t), we
need to establish the transition probability matrix P

i

i,c i,s i,e

j

j,c j,s j,e

to Idle to success
to collision

0,c

1,s

1,c

1,e

i,c

i,e

U,s

U,c

U,e0,e

0,s i,s

AP

Server

i,e - state

Figure 5 Simplified Markov chain for immediate
transmission case

(represented in Table 1). Here, P(i,x)→(j,y) is an element
corresponding to the probability of a specific transition,
as it is demonstrated in Figure 5, where all of the
available state transitions for i→ j are shown in more
detail. To ease the understanding of our diagram, a
detailed matrix is presented, where each of its cells is
composed of specific conditions between two particular
states.

Table 1 System states for immediate transmission

States (i/j) 1 2 j U+1

1 a1,1 a1,2 a1,j a1,U+1

2 a2,1 a2,3 a2,j a2,U+1

..

i ai,1 ai,2 ai,j ai,U+1

..

U+1 aU+1,1 aU+1,2 aU+1,j aU+1,U+1

State ai,j j,s j,c j,e

i,s s11 s12 s13

i,c s21 s23 s23

i,e s31 s33 s33

In what follows, we study individual system
transitions.

Transition (i, s)→ (j, s) : For example, for a
transition from the previous successful slot to the current
successful slot to hold, there should be exactly one packet
transmission

P(i,s)→(j,s) =

{
(1− p)j−1pB(0, Ls|U − i), j <= i,
(1− p)jB(1, Ls|U − i), i > j,

(1)

where Ls is the number of opportunities to generate a
new packet for a user during the successful event. Here,
Bs/c/e(a, x|n) is such that there would be exactly a new
arrivals during x number of slots, and n is the possible
number of users to generate a packet, which can be
calculated as

Bs/c/e(a, Ls/c/e|n) =

(
n

a

)
ρas/c/e(1− ρs/c/e)

n−a, (2)
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where ρs/c/e is the probability for a packet to be
generated during an exactly chosen event duration, i.e.,
ρs/c/e = 1− (1− σ)Ls/c/e . For such a transition, it is
clear that j = i− 1 if the packet has not been generated
during the current transmission for this user, or j = i
otherwise.

Transition (i, s)→ (j, e) from a successful state to an
empty state can be obtained as

P(i,s)→(j,e) = B(0, Ls|U − i)(1− p)i, (3)

when none of the users decide to transmit in the current
slot.

Transition (i, s)→ (j, c) : the last remaining
transition may be calculated simply as

P(i,s)→(j,c) =

B0(1−(1−p)i−ip(1−p)i−1),k = 0,
B1(1−(1−p)i), k = 1,
B(k, Ls|U−i), k > 1,

(4)

where k = j − i, B1 = B(1, Ls|U − i), B0 = B(0, Ls|U −
i).

All the following values in P(i,x)→(j,x) sub-matrix
may be calculated similarly, but the duration of the
previous slot (Ls/c/e) should vary accordingly. Further,
we calculate the stationary system distribution at the
embedded points by means of solving the following
system of linear equations

π(0) = PTπ(0), π(0)e = 1, (5)

where P is the transition probability matrix,
e = (1, 1, ..., 1) is the vector of ones, and π(0) ={
π

(0)
(i,x): x = s/c/e, i = 0, U

}
.

Next, we derive the average duration of the next
system event for the state (i, x) as

V i,x =

U∑
j=0

∑
y=c,s,e

P(i,x)→(j,y)Ly. (6)

This, in turn, leads us to calculating the aggregated
stationary distribution in the form

Πi =
π

(0)
(i,s)V (i,s) + π

(0)
(i,c)V (i,c) + π

(0)
(i,e)V (i,e)∑U

j=0

∑
x=s,c,e π

(0)
(j,x)V (j,x)

, (7)

where V i,x is obtained from (6).

5.2 Main Performance Metrics

Given the underlying derivations above, we can now
establish

E[N ] =

U∑
i=0

iΠi. (8)

In addition, we can obtain the average number of
users

E[Ń ] =
∑

x=s,c,e

U∑
i=0

iπ
(0)
i,x . (9)

Further, we may derive S(i, x), which is the number
of packets sent during the ith event

S(i, x) = ip(1− p)i−1B(0, Lx|U − i)
+ (1− p)iB(1, Lx|U − i). (10)

Finally, in order to calculate the system throughput,
we have to find the number of data packets that can be
sent per a packet generation interval

E[S] =

U∑
i=0

∑
x=s,c,e

S(i, x)π0
(i,x)

1

V i,x

. (11)

Additionally, we have to characterize the number of
data packets at the embedded points or per event

E[Ś] =

U∑
i=0

∑
x=s,c,e

S(i, x)π0
(i,x). (12)

Hence, at this time we can calculate the number
of bits sent per a packet generation interval, which
translates into the system data throughput

R =
E[S]l

tg
, (13)

where l is the actual packet length in bytes and tg is the
packet generation duration in µs.

Importantly, we estimate the packet delay (µs) as
a time interval between the generation event and the
moment when the packet is transmitted successfully. Let
f be the number of transmission attempts. Hence, the
delay can be obtained as a sum of one success, f − 1
collisions, and f − 1 sets of idle slots after each collided
transmission.

Ultimately, the delay expressed in the number of
events may be derived using the Little’s law as

E[T́ ] = 1 +
E[Ń ]

E[Ś]
=

= (f − 1)

(
1

p
− 1

)
+ (f − 1) + 1, (14)

where (1/p− 1) is the geometric average of idle slots

after each collision. Hence, f − 1 = pE[Ń ]

E[Ś]
. This, in turn,

leads to the actual data delay calculation (in µs)

E[T ] = ts + p
E[Ń ]

E[Ś]
(tc +

(
1

p
− 1

)
te), (15)

where E[Ś] is obtained via (12) and E[Ń ] is given by
(9).

Finally, for the effective power consumption
estimation, we utilize the following equation
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E =

∫
P (t)dt =

= Psts + (f − 1)Pctc + (f − 1)

(
1

p
− 1

)
tePb, (16)

where Ps, Pc, and Pe are the average power consumption
levels for successful, collision, and empty slots in mW ,
respectively. The results are given in Figure 6 showing
the energy consumption levels by varying the height of
bars corresponding to the radio operation states.                 Apply Backoff Procedure

DIFS Busy Channel

P D1 D2 D3 D4 BA CFE

Packet payload

Data

Delayed 
transmissionDIFS

If medium is free <= DIFS
Immediate transmission

Slot Duration

Contention Window

P D1 D2 D3 D4 BA CFE

Packet payload

Data

arrival

 a.

 b.

success

successcollision backoff

Pb

Pb

Ps

Ps

Delay

arrival Pc

Figure 6 Power consumption estimation methodology

6 Considered Simulation Methodology

The initial parameters related to our simulations are
taken from the system requirements document in [51].
In particular, the MAC- and PHY-layer settings are
summarised in Table 2 and borrowed from [46], whereas
most of the PHY-related features have been abstracted
away by their inclusion into the corresponding timing
values to reduce the performance evaluation complexity.

Table 2 Main system parameters

Parameter Value

Packet size l 256 bytes

PHY data rate 0.65 Mbps

Number of users U 5 to 6000

Initial backoff window size (W0) 16

Maximum contention window (CWmax) 1024

Short retry limit (RC) 4

Simulation run duration 200 sec

DCF Interframe Space (DIFS) 264 µs

Short Interframe Space (SIFS) 160 µs

Physical layer timeout (PHY) 240 µs

Acknowledgment duration (ACK) 240 µs

Successful slot duration ts 4264 µs

Collision slot duration tc 4316 µs

Idle slot duration te 52 µs

Minimal packet generation period tg 52 µs

6.1 Simulator Description and Verification

The system-level simulation environment employed here
is an open source tool named OMNeT++ [52]. This
general purpose simulation framework is based on C++
programming language with high programmability and
rich protocol modelling capabilities. In particular, we
utilised it for extending the existing IEEE 802.11
baseline implementation to support the necessary
IEEE 802.11ah features. Evaluations were performed by
employing our two computation clusters – both have
96GB of RAM, 10GB of Swap, two Intel(R) Xeon(R)
CPU E5-2630 @ 2.30GHz with six cores each.

As a result, various MAC-layer access methods,
including EDCA, DCF, PCF, and RAW, with their
corresponding parameters can be easily simulated
and assessed. Different channel and path loss models
for indoor and outdoor scenarios, as described by
IEEE 802.11ah specification, can be additionally tested.
Further, a variety of Modulation and Coding Schemes
(MCSs) can be flexibly evaluated. Generally, the
OMNeT++ platform has been used in the past for
implementation of numerous wireless protocols [53].

An extensive validation of the discussed tool in
the context of IEEE 802.11ah technology has already
been done in [54]. There, the verification focused on
the evaluation of the system throughput and power
consumption for basic (i.e., DCF) access mechanism
with and without RAW, where saturated traffic has
been assumed. The simulated results were compared to
the well-established analytical expressions for saturated
throughput from [49] and a perfect match between both
types of results was observed by the authors.

6.2 Current Numerical Results

As follows from the previous (sub-)sections, our
approach constitutes a powerful framework, which is
equally applicable for saturated and unsaturated systems
with a large number of users for BASIC asses mode.
In what follows, we first evaluate the total number
of successfully sent data units (transmissions) per
slot, which is then converted into the actual system
throughput (as per (13)).

Note in Figure 7 that presently the simulation-based
values see difficulty in producing results for very large
numbers of users (due to exceptionally high simulation
complexity), while at the same time demonstrate
excellent convergence with our analysis for lower node
densities. Hence, our analytical methodology is employed
here to make a performance prediction for up to 6000
MTC devices. Here, the packet generation probability is
static – a data packet can be generated once in about
every 10 s. Naturally, the exact generation period can
be calculated as 1/σ · tg and the corresponding output
results are produced by (13).

Further, by taking into account the proposed RAW
mechanism as part of our evaluation methodology, we
may shed light on some of the most advanced and
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Figure 7 Throughput for different numbers of users
operating in unsaturated mode (the average
packet generation period is 10 s)
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periods

novel specific features of the 802.11ah technology. We
compare our model with the simulation results obtained
for different numbers of RAWs, see Figure 8. Clearly, the
proposed analytical model and the employed low packet
arrival rate demonstrate similar system throughput
behaviour for small numbers of RAW periods. However,
this would change as the number of windows increases.
This effect is due to the fact that a device is likely to
be in sleep mode when the packet is generated and sent
to its buffer. Importantly, for high numbers of RAWs
and users, the first transmission is more seldom and
thus the system converges to saturation more rapidly.
Therefore, the proposed analytical model may have some
limitations due to possible system unfairness, as it is
designed for reasonably low arrival rates.

Given that the exact RAW protocol operation
remains largely vendor-specific, we employ an
implementation-independent evaluation metric in

the form of the conditional collision probability
(conditioning on the fact that the STA has transmitted).
Our RAW-centric scenario follows the guidelines in [51]
with (7) and results in Figure 9, which confirms the
intuition on that RAW grouping may decrease collision
probability in the system. Here, we assume that the
device is not generating new data (sleeping) during
the RAW transmission intervals other than its own.
Therefore, we increase the arrival flow rate and analyse
alternative RAW settings, for a given total number
of MTC devices. The figure shows how a particular
configuration affects the collision probability and
helps select appropriate RAW parameters as it clearly
characterises the trends of growth in data collisions and
thus saturation. This plot also highlights the benefits of
our analytical framework, as it can model systems with
very different inter-arrival times and deliver fine-grained
probabilities.
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Figure 9 Conditional collision probability vs. MTC data
arrival rate

Furthermore, we estimate the effective power
consumption per a successfully transmitted packet
with (16) for the case when the RAW is not used.
It is calculated as the overall power consumption
from the end of the packet generation event and
until the data is transmitted successfully. The power-
related values are taken from [54]: 255 mW for
transmission, 135 mW for reception and channel sensing,
and 1.5 mW for the sleep mode. The output results
are summarised by Table 3. Importantly, the actual
collision rate directly impacts the relative difference
between our simulations and analysis. With more MTC
devices in the system, simulation results demonstrate
higher instability, whereas our analysis assumes averaged
steady-state system operation.

To further support this discussion, in Figure 10 we
increase the arrival traffic arrival rate and analyse the
near-saturation conditions for selected MTC scenarios.
While the analytical model proposed in this work is not
intended to address the full-buffer case, we can clearly see
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Table 3 Effective Power Consumption (results for simulation and analysis are given in mW per packet)

Number of nodes Simulation Analysis Relative Difference

100 1.01 1.008 0.24%
500 1.023 1.017 0.56%
1000 1.055 1.039 1.59%
1500 1.203 1.104 8.92%

that for the packet generation periods of greater than 10
seconds, saturation does not happen for typical settings.
For example, let us focus on the blue curve (tg = 1s)
as we observe two extrema in the plot. The first one
is around 150 nodes, and it clearly demonstrates when
the BEB (Binary Exponential Backoff) procedure takes
effect, i.e. when the devices are beginning to collide and
thus increase the retransmission time. The second one is
around 400 nodes and represents the worst case, when
all of the devices are in deep retransmission phases most
of the time and continue to collide. The region after
500 nodes reflects the utilization of suboptimal BEB
parameters for the exact number of STAs, that is, when
the collision resolution rate is faster than the emergence
of new collisions.
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Figure 10 Throughput in near-saturation cases

Finally, in Figure 11 we evaluate the feasibility
of OMNet++ simulator runtime for our employed
computation cluster. Even for just 1500 MTC devices,
it may already require up to 14 hours of computational
time for just one round of simulations, and it is only
expected to exponentially grow further as more users are
added into the system. This excessive time consumption
undeniably advocates for the benefits of our proposed
analysis in contrast to highly-demanding simulations.

7 Conclusion

In this work, we summarised the potential offered by
the emerging IEEE 802.11ah specifications to support
the massive MTC deployments. Correspondingly, we
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Figure 11 Typical simulation times in our experiments

proposed a novel analytical model that characterises
system throughput, delay, and power consumption
for a large number of MTC devices communicating
over IEEE 802.11ah technology in unsaturated mode.
Our mathematical framework has been verified by an
advanced simulation tool, OMNeT++, and has been
shown to offer adequate performance predictions even
in the scenarios where simulation has limited capability
due to increasing numerical complexity.

Further, we analysed the key RAW (Restricted
Access Window) scheme of IEEE 802.11ah that allows
to reduce the impact of collisions and thus improve
system performance. In particular, we considered
possible groupings of 100 devices and respective collision
probability values. Effective power consumption per a
transmitted packet has also been obtained. Importantly,
relative difference observed between our simulation
(OmNet++) and analysis (Markov chains) is within
10% of the effective power consumption. As our future
work, we plan to extend our model with a spatial
component, which would allow to capture more realistic
multi-cluster deployment scenarios, as well as implement
more advanced features of IEEE 802.11ah protocol.
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