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Abstract. IEEE 802.11ah brings Restricted Access Window (RAW) to
decrease collision probability for smart grid applications. The RAW size
affects transmission energy consumption and data rate for the different
number of devices per group. In this paper, we investigate an energy
efficient RAW optimization problem for IEEE 802.11ah based uplink
communications. We formulate the problem based on overall energy con-
sumption and the data rate of each RAW by applying probability theory.
Then, we derive the energy efficiency of the uplink transmission. Last but
not the least, a dynamic energy-aware window algorithm to adapt the
RAW size is proposed to optimize the energy efficiency by identifying
the number of slots in each RAW for different group scales. Simulation
results show that our proposed algorithm outperforms existing RAW on
uplink energy efficiency and delivery ratio.
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1 Introduction

Smart grid provides intelligent transfer and usage of power and energy in cities,
indicating there will be a large number of sensors and devices [1] [2]. So robust
information and communication technologies play a significant role for construct-
ing such networks [3]. However, existing wireless technologies, such as RFID,
ZigBee, Bluetooth, etc., can not accommodate such a high density of devices
with high throughput over a large transmission range [4].

One of the latest wireless communication technologies that been proposed
for smart grid application is the Low Power Wi-Fi [2], as shown in Fig. 1. IEEE
802.11ah Wireless LAN standard group has put forward IEEE 802.11ah to sup-
port Low Power Wi-Fi, which started in November 2010 and is expected to finish
not before 2016 [5]. IEEE 802.11ah operates at sub-1 GHz and it can support
up to 6000 devices within a network with transmission range up to 1 km at the
rate of more than 100 kbps [6]. Restricted Access Window (RAW) is a new MAC
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Fig. 1. Smart grid infrastructure applied IEEE 802.11ah.

layer feature that used in Low Power Wi-Fi to decrease collision. It limits a set
of devices that can access the channel at any time and spreads their attempts
over a long period of time [5] [7]. RAW consists of multiple equal time slots,
where each slot is selected by devices or assigned to a group of devices for trans-
mission [4] [8]. Devices are in wake-up mode only when turning to their RAW,
otherwise would be in doze mode.

The RAW size has not been defined in the standard, which has the influence
on energy efficiency. With long duration RAW, the devices involved should be
in active mode for a longer period, leading to expending idle wake-up energy.
On the contrary, the collision probability would be high if a large number of
devices access through RAW with limited time slots, resulting in low efficiency.
RAW also affects on overhead information to inform scheduling information.
Thus adaptive RAW duration for diverse number of devices per group could
reduce low energy consumption and achieve a high data rate.

The way to improve energy efficiency has been studied in depth in many
research works, mainly focuses on improving successful transmission probability
and reducing collision. In [8], a new medium access control enhancement algo-
rithm was proposed to find optimal size of RAW by Maximum Likelihood (ML)
estimation method. However, it only has not involved consideration of energy.
In [9], the authors introduced Successive Interference Cancellation to improve
the throughput in limited time but this could result in more collisions. In [10]
and [11], new algorithms were proposed to calculate wake-up time of devices by
probability theory and matrix way to build analysis model. However, these al-
gorithms have not embodied the RAW communication mechanism. In [12], low
collision probability was achieved through access control to limit the number
of devices contending in authentication stage. However, it was not suitable for
transmitting and receiving process.

The aforementioned literatures laid a solid foundation in improving energy
efficiency based on transmission probability and reducing collision for IEEE
802.11ah. Less work has been done to optimise the energy efficiency by dynamic
RAW size based on clustering size. To address the above joint consideration,
in this paper we study an optimisation problem aiming at maximizing uplink
energy efficiency through RAW. A dynamic energy-aware window algorithm is
proposed to determine the RAW duration for uplink communications for dif-
ferent group sizes. An optimal solution is derived by Gradient Descent, a fast
method with less complexity to solve optimization problem.
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2 System model

We consider a single-hop topology for dense IEEE 802.11ah smart grid networks
as a single Access Point (AP) with a high number of devices. RAW groups the
devices and splits the channel into equal time slots [13]. All devices in this net-
work listen in the beginning of beacon frame called Target Beacon Transmission
Time (TBTT) to obtain scheduling information that indicates which RAW they
belongs to. Then devices would fall into sleep mode until turning to their RAW
to attempt accessing. For each RAW, there are M time slots and N devices lim-
ited by lowest and highest Associated Identifier (AID) of devices which indicate
the location, traffic, type, energy saving mode etc. [4].

Fig. 2. Operation of RAW.

In uplink communications, the devices who have buffered data for the AP se-
lect a time slot of their RAW randomly and attempt to access channel as shown
in Fig. 2. If there is only one device in a slot, it could access the slot directly, for
example, Device 1 transmits packet in Slot 2 directly without contention, and
the same for Devices 3 in Slot M. When there are more than one device choosing
the same time slot, for example Device 2, 4 and N in Slot 4, they would go into
the back-off stage to avoid collision by doubling contention window and trying
again until reaching the slot boundary. If accessing successfully, device requests
uplink communication by sending PowerSave-poll (PS-poll) message to the AP.
AP responses with an ACK to confirm connection. After the first handshake,
the device transmits buffered data frame and waits for ACK from AP [8]. The
process is repeated, one RAW by one RAW, until the end of beacon frame.

3 Problem formulation

As for uplink communication in MAC layer of IEEE 802.11ah, time slots in
RAW are selected by devices randomly. According to [8], there are two cases for
a device to transmit uplink packet successfully.
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Case 1: a time slot chosen by only one device. This device would transmit a
packet successfully without other contending devices.
Case 2: a time slot chosen by multiple devices. The devices will go into back-off
stage, and one of them will succeeds in accessing at the first back-off stage.

For a single device, it could choose any time slot within one RAW. The
probability of a time chosen by only one device is (Case 1):

P1 = (1− 1

M
)N−1. (1)

By random selection, the probability of a time slot chosen by a number of
devices, i is:

P (i) =

(
N

i

)
(

1

M
)i(1− 1

M
)N−i, (2)

where M is the number of time slots contained in one RAW; N is the number of
devices that could be involved in one RAW intending to access channel.

For the Case 2, in view of (i-1) other contending devices, only one device
will success in accessing the channel at the first back-off. The probability of a
minimum contention window as the first back-off stage is:

Pback−off (i) =

Wmin−1∑
k=0

{
k∏
0

[1− 1

Wmin
(1− k

Wmin
)i−1]} 1

Wmin
(1− k + 1

Wmin
)i−1,

(3)
where Wmin is the minimal size of contention window.

So when there are i devices selecting the same time slot in one RAW, a
device accessing channel successfully is based on the probability as P2(i) =
P (i)Pback−off (i), i is from 2 to N.

Thus the overall probability for Case 2 is

P2 all =

N∑
i=2

P2(i). (4)

The successful transmission probability for one device to transmit one packet
is the sum of two cases, which could be denoted by P = P1 + P2 all.

Based on different states a device may fall into, the energy consumption of
one device to transmit single packet in one RAW is

E = P1Es1 + P2 allEs2 + (1− P )Ec +MEcon, (5)

where Es1 is the energy consumption when transmitting a packet as Case 1; Es2
is the amount of energy consumed if transmitting as Case 2; Ec is the energy
waste when there is collision so that it needs to retransmit in another RAW;
Econ is the contention power, which is the energy consumed in wake-up mode.

The RAW size also determines the energy consumption of transmitting over-
head information. For a short window duration, the overhead information of each
device would be high due to the scheduling information that needs to be trans-
mitted multiple times in a short time. And if the number of devices involved
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in one RAW is small, it also needs massive scheduling information to realize
network communication. So the energy consumption of header information is
related to N and M:

Ehead =
α

M
× β

N
, (6)

α is the parameter indicating traffic and β is the parameter related to overall
number of devices in the scenario.

Energy efficiency of one RAW could be evaluated by the data rate it provides
and overall energy consumption. Data rate could be formulated as

R =
N × P × γ

τM
, (7)

where γ is the packet size and τ is the time duration of one time slot. N × P × γ
is the total length of packets could be transmitted for N devices in M time slots.
τM is the total time of one RAW.

The overall energy consumption consists of transition power and overhead
power when N devices attempt to communicate with AP during one RAW,
which could be denoted by

Eoverall = N(E + Ehead). (8)

Thus energy efficiency is

EE(M) =
R

Eoverall
=

γP

τM(E + Ehead)
. (9)

With P , E and Ehead being built by M and N , energy efficiency is a function
related to the number of devices involved and time slots in one RAW. We could
maximize energy efficiency by finding optimal M based on N .

4 Dynamic energy-aware RAW

In this section, optimisation with RAW duration based on the number of devices
per group is presented.

The main part of energy efficiency f(M) could be denoted by

f(M) =
P

M [E + Ehead]
. (10)

Due to P 1 and P 2 all could be regarded as binomial distribution, if N is large
(i.e., N ≥ 20 ), the expression can be approximated by the Poisson distribution:

P 1 = Ne−
N
M , (11)

P 2 all =

N∑
2

Pback off (i)
(NM )

k
e−

N
M

k!
. (12)
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So the f(M) can be simpilified as

f(M) =
Ne−

N
M

(M)
2
Econ +MNEs1e−

N
M +MEc

(13)

The second order derivation is the main factor to show function’s concavity
and convexity. Through operation, the result of second order derivation could
be simplified as

f ′′(M) =
e

−N
M N2 ln e(Nlne− 2M)

M4[EcM + Es1e
−N
M + τEcon(M)

2
]
, (14)

which is negative, indicating it is a concave curve along different RAW duration
with one peak point.

We find optimal RAW size for different number of devices per group to max-
imize energy efficiency by applying Gradient Descent as shown in Algorithm 1.

Algorithm 1 Gradient Descent Dynamic Energy-aware Window Algorithm

1: Access point identify the number of devices per group N .
2: loop
3: Find the optimal RAW size M for N devices per group based on energy

efficiency.
4: Initialize Mold and Mnew as two random numbers.
5: EE derivative(M) = Diff{−EE(M),M}
6: while abs{EE(Mold)− EE(Mnew)} ≥ precision do
7: ∂ = 0.01
8: Mold = Mnew

9: Mnew = Mold − ∂ × EE derivative(M)
10: end while
11: return M
12: N devices randomly select time slots in RAW with M time slots and attempt

to do uplink communication with AP.
13: end loop

This algorithm is a Gradient Descent approach to find the optimal solution,
which is a method with less working and storage space. It begins with an initial
value and finds the optimal value according to the gradient descent route.

5 Simulation result and analysis

In this section, the optimized RAW control algorithm is evaluated in Matlab.
We consider a one-hop topology of one AP with multiple devices as describe
in the system model. We assume every device involved has exactly one packet
for uplink communications during a RAW. The main simulation parameters are
given in Table 1.
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Table 1. Simulation Parameters

Parameter Value Parameter Value Parameter Value

frequency 0.9 GHz data rate 100 kbps transmit power 1.346 mw

transmit power in back-off stage 2.5 mw collision power 3.0 mw idle listen power 0.001 mw

min contention window 8 max contention window 1024 packet length 1024 bits

slot duration 31.1 ms α 200 β 200

Fig. 3. Energy efficiency comparison with existing RAW.

The energy efficiency and delivery ratio varying over the diverse number of
devices per group are shown in Fig. 3. The number of time slots in existing RAW
is fixed [12], while the proposed one sets the RAW size based on the group scale.
For energy efficiency, the propoesd RAW outperfoms the existing one with the
improvement of 20% in general. The peak point of existing RAW is at N=70,
while that of proposed RAW is at N=90 and 7% higher. When the number of
devices is low, the trends of energy efficiency for both two RAW control go up
since with an increase in the number of devices, the overhead information do not
need to be sent multiple times to realize communications for whole networks,
which lowers the energy consumption in informing scheduling. After the peak,
more devices per group would lead to high collision probability, which results in
low energy efficiency, so the trends decline. And the proposed RAW could set
the RAW dynamically based on different scenarios, thus more time slots would
be set in one RAW for lager group scale, bringing in higher energy efficiency.

As for uplink packet delivery ratio in one RAW, the proposed one could
improve in general 50% when comparing with the existing RAW. With the rising
number of devices per group, the trends of two curves go down due to higher
collision probability which leads to consume more energy and less data that be
successfully transmitted. The number of time slots in proposed RAW would be
added for more devices involved to reduce contention, while the size of existing
one is fixed no matter how many devices per group, so the rate of decrement in
proposed one is lower than the existing one and the improvement is larger for
higher density of devices per group.
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6 Conclusions

In this paper, we focus on uplink energy efficiency for smart grid communica-
tions. A dynamic energy-aware window algorithm is proposed for IEEE 802.11ah
networks to optimize uplink communications energy efficiency through adapting
RAW duration for various group scale. The algorithm is built based on proba-
bility theory to estimate overall energy consumption and data rate to contribute
to energy efficiency. To maximize the energy efficiency, we derive the optimal so-
lution by applying Gradient Descent approach. Simulation results demonstrate
that when comparing with the existing RAW, the proposed RAW, which sets
the adaptive RAW size based on the number of devices per group, can improve
the uplink energy efficiency and delivery ratio.
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