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For wireless communi cations numbers of standards are therein market. Among these standards, |EEE 802.11sisspecificaly
designed for Wireless Mesh Networks (WMN). Mesh nodes in IEEE 802.11s can maintain link specific power mode,
independent of power saving mode (PSM) for other peers. In environment having scarce resource of energy, every joule can
be precious. This work focuses on analysis of PSM of |IEEE 802.11s in view of energy, delay and throughput. Energy
consumption due to link-based PSM has been mathematically modelled and compared with existing work. Impact of
number of peer links, beacon period, delivery traffic indication map period, bandwidth, traffic, awake window, etc., over
energy efficiency have been analysed in light sleep and deep sleep mode. It is observed that, due to more number of peer
linksin denser network, light leep modeisless effective in term of energy efficiency. WMN have scal ability issue. Further,
network nodes near to gateway have lesser lifetime compared to other nodes, but dueto PSM significant increasein lifetime
hasbeen observed. With increasing traffic, anode devotes more in awake state, so network throughput does not degrade due
to light sleep mode. But at lower Beacon Interval slight degradation in throughput has been observed. During low traffic
period, idea listening dominates. Hence, suitable configuration of parameters like awake window, beacon period and

delivery traffic indication map period can play vita rolein energy saving.
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Introduction

Institute of Electrical and Electronic Engineers (IEEE)
has established various transmission standards like
Wireless Personal Area Networks (WPAN) (IEEE
802.15), Wi-Fi (IEEE 802.11), Wireless Metropolitan
Area Networks (WMAN) (IEEE 802.16), Cellular
Network or Wide Area Network (WAN) (IEEE
802.20, IEEE 802.21), etc. to support mobility in
wirelessnetwork. Being different in connection speed
and radio frequency, each one is more suitable to a
specific area and has its own boundaries.

e WPAN isintended for very short range region
(~10 meters). They are generally controlled by
a single person for example to transfer files
among two handheld devices.

e  Wi-Fi isknown for wireless connectivity over
local area, an aternative to wired local area
network. Wi-Fi haslimited coverage areabut it
has higher data rate than WPAN.

e Wi-Maxisdesigned for long-range networking
(spanning miles or kilometres) as opposed to
WLAN and has high data rate but need line of
sight communi cation.

e WAN is suitable for wider range to connect
across metropolitan, regional, national or
international boundaries using leased
telecommunication lines. It haslow data speed
as compared to Wi-Max and Wi-Fi.

With increasing demand of Internet access
service, Wireless mesh networks (WMN) have been
emerged to overcomelimitation of existingone. WMN
can berealized with combinations of variouswireless
technologieslike WPAN, Wi-Fi, WMAN, WAN, etc.
and are Interoperable. Wireless connectivity at
backhaul part makesthem fast to deploy, expandable,
cost effective and self configurable.

WMN are becoming favoured network anditis
important to analysis energy consumption aspects. At
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access part WMN client nodes have limited storage
capacity due to size of battery storage. While at
backhaul part, mesh router may have been deployed
in difficult areas like battlefield etc., where power
cableisnot avail able hence making mesh routers(MR)
battery operated. For WMN deployed in rural area,
energy can bealimited resource. In other cases, MR
may be dependent on unreliable energy resourcee.g.
renewabl e energy sourceslikewind and solar power.
So, power management is a major factor for 24x7
availability of Internet service via wireless mesh
network. In such scenario each unit of energy can be
proved very valuable. Keepinginview of interestin
WMN, |EEE isworking on base standards. Traditiona
IEEE 802.11 MAC layer had been designed for single
hop network, itsdirect applicationin WMN resultsin
performance degradation. To fill this gap, |IEEE
802.11 MAC amendment as per needs of multi hop
relaying has been achieved in |EEE 802.11s. Further,
|EEE 802.15.5 isan enhancement of IEEE 802.15 to
support mesh networking and |IEEE 802.16] has been
developed for Wi-Max multi hop communication.

This paper focuses on energy saving aspects of
IEEE 802.11s (IEEE Standard for Information
Technology, 2011). The standard specifies the power
management schemeto addressthe energy efficiency
issue in the Medium Access Control (MAC) layer.
Unlike previous standards, |EEE 802.11s mesh node
canmaintain peer specific power mode. IEEE 802.11s
doesn’t explain triggering of power saving mode
(PSM). Energy requirement in rural/battlefield
environmentsisdominated by listening mode. Energy
consumption due to idle peer listening should be
minimized. Until now only few research works are
found to focus in the area of IEEE 802.11s. To the
best of our knowledge energy performance of peer
specific PSM of linksdueto control packetsand data
isnot fully explored yet.Soitishardto evaluate PSM
of IEEE 802.11s. In this research, the focus is to
propose amathematical model for analysisof energy
efficiency. It gives accuracy and prepares the way
for better control of a system. With thorough
understanding of the system modelled, it can be useful
for scientist to chooseoptimal configuration parameters
like peer links, beacon interval, Delivery traffic
indication map (DTIM) period, queue buffer size,
bandwidth, awake window, node density, etc.

The main contributions of the paper are

summarized asfollows:

e A mathematical model has been proposed to
evaluate energy consumption due to beacons
and traffic under PSM.

e  Energy consumption dueto scalability in number
of peer links, beacon interval, DTIM period,
bandwidth, awake window, node density,
network life time, etc. has been analysed.

e  Throughput and delay has been evaluated in
PSM and results have been validated with test
bed observations.

Theremaining of text isplanned asfollows. In
section 2, related area of work is covered. Section 3
presents adetail ed step by step description of power
management in |EEE 802.11s. Mathematical modelling
for energy consumptionsdueto peer linksis proposed
insection4. Numerical resultsand discussion aregiven
in section 5. Comparison with existingwork isgiven
in section 6. Finally, concluding remarks and future
direction are presented in section 7.

Related Works

Extensive works have been made on the energy
efficient performance analysis of IEEE 802.11
standard. Ananaytical mode for PSM of IEEE 802.11
has been proposed in (Swain et al., 2015). Under
different traffic conditions, network parameterslike
throughput, estimated delay and expected energy
consumption have been analysed. Further, (Aydogdu
et al., 2011) have performed analytical study to
evaluate energy efficiency of IEEE 802.11 in
distributed coordination function with respect to
collisions, retransmission, overhearing, etc. Powers
saving schemes that have been proposed so far
generally took up the following aspects of IEEE
802.11 PSM: setting best possible value for ATIM
window size (Jangsoo and Sungchun, 2009), listening
(Kindt and Chakraborty, 2018) and beacon interval
(Swain et al., 2015) for redlistic sleep time; efficient
medium-access control for collision avoidance (Miao
et al., 2016; Shahin et al., 2018) traffic shaping to
extend sleep duration of nodes (Rodenas-Herraiza et
al., 2015); optimizing value of timer to wakeup doze
node in delay tolerant traffic and hence can achieve
ideal doze duration within acceptable quality of
service(Zhu, 2015); dynamic adaptation of link rate



A Model for Energy Usage in IEEE 802.11s Based Mesh Networks 259

as per current network condition (Purandare, 2016);
scheduling of contention-free time slots for
communication among Mobile Station (M S) to reduce
competition to access channel and hence minimize
collisions. The approach minimize number of MS
awake at same time (Rahimi Malekshan, 2016) etc.

Though, IEEE 802.11sisan extension of IEEE
802.11, but results of IEEE 802.11 cannot be directly
applied to IEEE 802.11s. Keeping this in view
researchers have started focusing on analysisof IEEE
802.11sinrecent years. In (Lei et al., 2012) authors
have detailed performanceimpact of Regquest to Send
(RTS) frame collisions and data frame collisions.
Similarly in other research work (Carranoet al., 2013)
athorough analysis of advantages and disadvantages
of IEEE 802.11s and focus to the path discovery
mechanism is considered. Both studies (Carrano et
al., 2013) and (Lei et al., 2012) have completely
ignored energy consumption analysis. Challenges of
|IEEE 802.11sdraft 2.02 versionsat MAC layer have
been presented in (Sgora et al., 2009). A broad
overview of aspectslike beaconing, congestion contral,
power management etc., is given. But PSM is
discussed only at elementary level. In another work
(Bauschert and Porsch, 2012) authors have analysed
the performance of PSM of |EEE 802.11sstandard
(IEEE Standard for Information Technology, 2011).
Test bed implementation acknowledges that round-
triptime (RTT) and throughput degradesin PSM. RTT
linearly increaseswith the beaconinterval of the nodes
in PSM. Another research (Bauschert and Porsch,
2013) have evaluated that scalability of IEEE 802.11s
degrades under power saving schemes. Further,
subsequent work by (Bauschert and Porsch, 2014)
have overcome scal ability issues of IEEE 802.11sin
light sleep mode by proposing aharmonizing scheme.
Antonio et al., (2012) have considered energy saving
inWMN with devi ces equi pped with multiple network
interfaces. Traffic of nearby links doesn’t interfere
with nearby. Linksin backhaul havefixed bidirectiona
capacity. While(Maet al., 2014) have reduced energy
consumption by link scheduling based on concept of
allocating dlotsin continuation for incident links. But
in proposed scheduling afew of the slots may not be
utilized properly. It isassumed that each incident link
needsonesdlot at agiventime and lacks consideration
of varying traffic demands on links. Until now only
few works are found to focus in the area of |IEEE
802.11s. Additionally, link specific PSM of IEEE

802.11s has not been addressed adequately.

Power Management in |[EEE 802.11s

|EEE 802.11s mesh node can maintain link specific
power mode, independently of PSM for others. A
mesh node can operate in three power states- active,
light sleep and deep sleep mode towards its peers as
summarized in Table 1. Peer node isanodeto which
a mesh peers i.e., direct communication can be
established. Beaconsare kind of packets sent by mesh
nodesfor synchronization. Unlike earlier versions of
IEEE 802.11, each mesh node in IEEE 802.11s has
their own Target Beacon Transmission Times(TBTT).
If anodeisin light sleep mode towards a peer node,
it enters in awake state prior to every TBTT of the
corresponding peer nodeto receiveits beacon frame.
Whereas a node in deep sleep mode towards peer
doesn’t need to wake up to listen all peer beacons.
But whether a mesh node is in light or deep sleep
mode, it wakesup at every TBTT of itsown and stay
in awake state for duration of mesh awake window.
While a node in active mode towards a peer stay
awakeall thetimeand listensto all peer beaconsand
hence withdraws maximum energy.

Table 1. Power Saving M odesin |EEE 802.11s

Power Saving Mode Peer Station

Active Mode ® Awakeall time
® Power consumption is highest

Light Sleep Mode e Attentivetoall beaconsfrom peer
mesh STA

® Alternates between active and
sleep mode

® Power consumption is lesser than
activemode

Deep Sleep Mode ® May not be attentive to all the
beacons from the corresponding
peer mesh STA

® Alternates between active and
sleep mode

® Power consumptionisleast among
all threemodes

Various PSM for peer nodes are illustrated in
Fig. 1. For three states, 3P, possible combinations
exist. Six nodes are considered, each nodeis having
2 peer nodes for this scenario.
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Fig. 1: Various power saving combinations for |[EEE 802.11s

e Node(1) isinactive mode for peer (2, 4).

e Node (2) is in active mode towards peer (1)
and deep sleep mode towards peer (3).

e Node(3)isinlight sleep modetowards peer (6)
and active mode towards peer (2).

e Node(4)isinlight sleep modetowards peer (1,
5).

e Node (5) isin deep sleep mode towards peer
(4,6).

e  Node(6)isinlight sleep modetowardsnode (3,
5).

Among all nodes (5) isworking in most power
conservative mode. Referring |EEE 802.11s standard
draft (IEEE Standard for Information Technology,
2011), nodes (4, 5, 6) are not in active mode for peer
nodes hence may toggleto doze statei.e., can switch
off their transmitters. Similarly, nodes(Z, 2, 3) actsin
active mode for at least one of their peer nodes and
doesn’t satisfy criteria for entering doze state, hence
remainsin awake state. For maximum power saving,
power change mode criteria should switch anodein
light or deep leep mode for all its peer nodes. In
pardlel carelesshandling of PSM may also deteriorate
quality of service. Working of various PSM for peer
nodes can be understood from Fig. 2to Fig. 5. Fig. 2,
illustratesworking of two nodesactingin active mode
towards each other. Active mode nodes can initiate
data transfer without any wait. In Fig. 3, node (4) is
in light sleepmode towards node (1). So node (1) can’t
initiate data transmission at link (1,4) arbitrary and
hasto wait till node (4) wakes up to listen beacon of
node (1). Fig. 4 representsanodein deep sleep mode
doesn’t need to wake up to listen to beacon of peer

Fig. 2. Nodes (1) and (2) are in active mode to each other
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nodes. While, Fig. 5 showsanodein light sleep mode
hastowake up every timeat TBTT of corresponding
peer nodes.

Proposed Model for Measuring Energy
Consumption

Power consumption of a node in PSM can be
determined by many factors. IEEE 802.11s draft
doesn’t specify PSM alter criteria for switching a node
inlight or deep sleep mode with respect to peer links.
To help network nodes to work for longer duration,
these may chooseto switchto light sleep mode when
renewable power supply isnot availableor can change
to deep sleep modewhen power level of battery drops
below athreshold value.

Accordingto 802.11s specificationif anode has
its entire peer in light/deep sleep mode only then it
can be switched to doze state. Nodes in PSM wakes
up to listens beacon of peer and to transmit that of
their own. Asfocus of thiswork isto analyse energy
consumption due to beaconing, in this section the
energy consumption due to beacons and traffic have
been modelled. Impact of number of peer links and
traffic load on network life time have been reveal ed.
Section (4.1) and (4.2) models energy consumption
in receiving and transmitting beaconsunder notraffic
respectively. Section 4.3 gives total energy
consumption in light and deep sleep mode in void
traffic. Fig. 6 summarizesenergy consumption in power
save mode. The model is further extended to give
energy consumption under traffic in section (4.4).
Section (4.5) concludes total save in energy under
light Sleep mode rel ativeto active mode. Section (4.6)
models the uniform traffic distribution, to enhance
lifetime of whole network. It is observed that with
increase in number of peer links net save in energy
decreases. The numerical analysis for various
parameters has been given in Section 5.

Energy Consumption in Receiving Beacons in
Power Save Mode

In deep sleep mode a node doesn’t need to receive
all beacons of itspeer links. Butinlight sleep modea
node wakes up to receive al beacons of peers. For a
given node (i), energy is drawn for listening beacon
of peer nodes. Thiscan be collectively determined by
energy consumed in receiving a beacon from a peer
node (EE] switching energy from sleep mode to

activemode (E_ , ) and idleenergy whilewaiting for

peer beacon (R, ). Energy consumption in
receiving beaconsfor each beacon of peer linkisgiven

in (1). With average number of ‘k’ peer links, (1) can
be rewritten asin (2).
E'r =(E5 +Eia +Raw) «y
Er =K(Ef +Eia +Rau) 2

ER linearly depends on power used in receiving a
beacon and receiving time asin (3) and (4).

EF=PT or 3
S
Ef=P=
S =P @
where,

P, = Power used in receiving a beacon
T = Transmission time for beacon
S=Beacon size

B = Bandwidth

Power received at receiver decayswith distance
between transmitter and receiver. It depends upon
path loss exponent «. Transmission power should be
chosen such that received power is above threshold
value for successful decoding.

IEEE 802.11s implementation inherently
depends on |IEEE 802.11 a/b/g etc. The setup time
for other circuit blocksisinsignificant compared to
that of the frequency synthesizers. Thus, E , is
dominated by that of frequency synthesizers. Energy
consumption due to switching from sleep mode to
active mode can be calculated by (5). Factor

(l active Is.%p) considersthe fact of current leakage

Vv
in sleep mode, Isleep may not be zero and (E) is

averageof voltagewhileswitching fromdeepto active
mode state.
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Measuring Energy Consumption in
Power Save Mode
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Fig. 6: Measuring energy consumption in power save mode
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| ive = CuUrrent drawn in active mode

IS|eep = Current draw in sleep mode, thismay be

negligibleincomparisontol_; .

F = Time required for the radio in switching
from sleep to active mode

V  =Voltage drawn

R« Sonifiesenergy consumed whileinlistening
mode for peer beacons. A node in PSM wakes up
before TBTT by R, time and wait for beacon
latest by Rexpiry time. R,,, is proportional to wake
duration ‘L’. After receiving peer beacon, node may
switch back to light sleep mode. Peer nodes adjust

their TBTT uniformly to avoid beacon collision via
Mesh Beacon Collision Avoidance algorithm (IEEE
Standard for Information Technol ogy, 2011).

Energy Consumption in Transmitting Beacons in
Power Save Mode

Energy consumption due to transmission of beacons
by node (i) iscontributed by energy dueto transmitting

itsbeacon E;, switching energy from sleep modeto

active mode E, , and idle energy in awake window.
DTIM is a kind of traffic indication map which
indicates about the presence of buffered multicast/
broadcast traffic for peer stations. DTIM period
determines how regularly a beacon contains DTIM.
For beacons other than containing DTIM, anodein
light/deep sleep mode enters in awake window only
if it has buffered traffic for at least one peer mesh
node. For such beacons average energy consumption
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per beacon interval can be calculated by

VD (1;j |
ank DTIM Period ) Where, ve0,1 is a

Boolean variable to represent buffer data for peer

nodesand D, isenergy consumed in awake window

(W). While for every beacons containing DTIM as
determined by DTIM period, anode alwaysentersin

mesh awake window. Average energy consumption
per beacon interval due to awake window of DTIM

Dewk

v i Berons e

beacons is given by {

transmitted without acknowledgement frame. When

DTIM period is 1, then for every TBTT of its own,
node enters in awake window after transmission of
its own beacon. Optimizations of DTIM and beacon
period can conserve energy in PSM without degrading
guality of service. Average energy consumed for
transmitting abeacon at anodeisgivenin (6).

ET= $_+VDaNk 1—;_
DTIM Period DTIM Period
+(E; +ELA)
(6)

E, linearly depends on power used in

transmitting abeacon and transmissiontimeasin (7)
and (8).

El =RT or (7)
S
E =Rg (®)
where,

P, = Power used in transmitting a beacon
T = Transmission time for beacon
S =Beacon size

B = Bandwidth

Total Energy Consumption without Traffic

Using equation (2) and (6), total energy consumption
of network due to light sleep mode in void trafficis
given by (9) and hence (10).

Eiil{(EiR + En)(%)} (©)

zi,il{(k(EE +E A +Rau )}+

DTIM Period A

In deep sleep mode, node doesn’t wake to
receive peer beacon, so, total energy consumption of
network dueto deep deep modeinvoid trafficisgiven
by (11) and hence (12):

¥ {(En)(%)} (w

D., . 0
(RGN (3 D

where,
O = Duration of observation

A = Beacon Interval

Energy Consumption in Traffic

In this section energy consumption under traffic load
has been modelled. Consider anode (i) having k peer
nodes with |, Poisson arrival rate per beacon. In
802.11sTBTT of mesh station are evenly distributed
toavoid collisionsand batch of trafficisscheduled at
start of aTBTT inlight degp modenode. Link access
can be contention based or TDMA. Contention based
access involves two time components one is static
due to size of packet another is dynamic for channel
acquisition; whereas transmission of packets in
TDMA access ensures deterministic access.

Contention Based Access: Total time taken in
channel acquisition and transmitting apacket (Fig. 7)
in contention based isgiven by Pk (13) and hencefor

batch of size i, packetsisgiven by Pk, (14).
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Total Time Needed for Transmission of a Packet

Wl

. N Total Time Needed to Transmit
Total Time Needed for

Channel Acquisition

Packet after Channel is
Acquired

Fig. 7: Total time needed for transmission of a packet

Pk'=T(S)+U(0,C,;,)+DIFS (13)
Pk, =W (T(§)+U(0,Cy, )+ DIFS) (14)

Packet Size(Ps)
T(S="T—"7——"=" i
where, T(S) Bandwidth(B) and U(0,C,,) isa

uniform random variable depends on contention

window size C_; - and contention slot size Cy .. In
contention less and noise less network contention

window size can be assumed fixed as C_, . For a
random variable expected value can be defined as
the Lebesgue integral, hence expected value of U is
given by (15). DCF Inter-frame Space (DIFS) istime
period after which stations can have access to the
mediuminstantly if itisfreefor thetime period longer
than the value defined as DIFS.

=t m

Averagetime duration needed for transmission
of apacket and hence for batch of size at anodein
contention based network is given by (16).

T, = (T(S)+E(U)+DIFS) (16)

Deterministic Access: In TDMA, time taken
in channel acquisition and transmitting a packet
dependson link scheduling algorithm. In contiguous
link scheduling (Ma, 2014), traffic for one peer node
can be transmitted in continuous slots. Number of
required slots for transmission of i, packet can be
determined from (17). Numerator tellsthe number of
bits to be transmitted over a link in a beacon and
denominator gives number of bits that can be

transmitted in every slot.

P
NI =His
s BD, a7
where,
B = Bandwidth
P, = Packet Size

D= Duration of slot

H = Spacing in slots between transmissions of
different links

H, = Packetsto be transmitted

From (17), total time needed for transmission
for batch of size |, for TDMA based network isgiven
by (18).

T, =NgD + W' (18)
Where, Wt is waiting time for it" node to start
transmission of 1, isgivenby link scheduling a gorithm.

After computing time needed to transmit
packet in contention based access (16) and contention
less access (18), let us compute energy consumption
for transmitting and reception for batch of packetsas
illustratedin Fig. 8 (Cui et al., 2005).

Energy consumption for transmitting abatch of

W, packetsisgiven by EW, (19)

EW;L = EDTfli +PRT, (19
P
Ti=gh (20)

Where, Ej is circuit energy consumption per
second of anode. P, is power used in transmitting a
packet, T, (20) istimetakenin transmitting |, packets
under bandwidth B. Similarly, energy consumption for
receiving a batch of Tj’i packets EWJ-r,i is given by
(22).

EW =PT, (21)
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Total Energy Consumption for

Transmitting a Packet (EW], )
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Fig. 8: Total energy needed for transmission of a packet

where,

T =Timetakeninreceivingt; ; packetsisgiven
by (22)

P. = Power used by receiving circuit per unit
time to receive a packet

P
T = Estj,i (22)

Tota energy consumed intransmitting (N.;) and
receiving (N,) traffic can be computed using
algorithm described by Flowcharts 1 and 2.

Total Energy Consumption

Total energy consumption E,g per node (i) inlight Seep
modeisgiven by (23).

Eis=(Nig + NiT)(%) (23)

where,
O = Duration of observation
A = Beacon Interval

For network having N nodes, total energy
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Fig. 9: Data transmission/reception terminates in awake
window region

Data Transmission Terminates here

V

<
Ty

e "
Remainder X ~

“—> <

Awake Window Size Safety Margin

Fig. 10: Data transmission/reception terminates in between
awake and safety window region
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Fig. 11: Ongoing transmission/reception terminates in
safety window region of next awake window, and
zero remaining time for sleep

consumption of network due to light sleep mode is
givenby (24).

Es=Y. Es (24)

Transmitting and Receiving in Uniform Traffic
Distribution

For sake of clarity, network lifetimeanalysishasbeen
demonstrated for circular network area, but can be
easily extended for other shapesaswell. Considering
acircular network with radius R and gateway |ocated
at centre (Fig. 12). Traffic from mesh nodes are
directed towards gateway. In a multi-hop network,
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ComputeTLi, time taken in transmitting
I packets using equation (16) or (18)

Compute number of Beacon Intervals X
required to transmit 1, packets

Th
X= [ i

Beacon Interval

v

ICompute time required for transmission in
last i.e. Nt Beacon Interval
RemainderX = T, (modulo) Beacon Interval

v

If
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Window Fig. 9)

Yes +
NiT:EE + ELA + EWE. =+
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IA
e
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in safety window
No region (fig 11) of next
awake window

Nir = Ej + EW[,

If transmission ends
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safety window region
(Fig. 10)

Nip = Ef + Ewa + EW},

Flowchart 1: Computing energy in transmission data

ComputeT},, time taken in
receiving t;; packets using equation (22)

Compute number of Beacon Intervals Y
required to receiving t;; packets
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Beacon Interval
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Nig = Ef + Epa + EW/~(Awake Window Size —
RemainderY )x Eip

le Y

If reception ends in
safety window region
(Fig. 11) of next awake
window

Yes

Nig = EN+ EW, | l

between awake and
safety region Fig. (10)

Nr = Ef + Ex + EWS

Flowchart 2: Computing energy in receiving data
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routing al gorithm determines path trajectory. Thisin
turn decidesthelife time of anode. More frequently
anode used in routing path, sooner it will depletethe
energy. So, a node closer to gateway carries more
traffic than outer one, and has more energy

consumption. So their life time decides of whole

network. Keeping thisin view letsdivide circleinto

R
n= {T} rings of width. Mesh nodes are uniformly

distributed throughout the area. Among total mesh
nodes, density of MAPisé& Rateof traffic generation

a MAPinithringis M, packets per beacon. Area of

ith ring can be given by (IT (ir)* ~T1((i~1)r)°, and

area of whole circular network is R2. So, by
definition, probability of anodeto beplacedin ringis
given by (25) and out of N hodes, number of nodesin
ringis.

o TL(ir) (g -Dr)° _r?(2i-1) 5
' I1R? R?

Astraffic from nodesin outer rings traverse to
inner ring nodes towards gateway node. Traditional
routing a gorithmslike minimum cost routing focuson
choosing aroute with least cost in terms of number
of hops, distance, energy, etc. But, are not suitable
for uniform traffic distribution and hence to prolong
network lifetime. Here network lifetimeis defined as
time duration when network first node fails due to
lack of energy.

When, network followsarouting agorithmwhich
can distribute thetraffic load uniformly across nodes
(Li et al., 2013), then traffic at i™ ring nodes can be
computed by (26).

1. .
A, :WZJ =i.n(N;.By,) (26)

Asnodesareuniformly distributed then average
number of peer linksisgiven by (27).

N.IT .r2
z{ T R? } (27)

Fig. 12: Circular network area divided into rings

Under uniformload distribution, by law of flow
conservation (28) average load at link (j,i) and (i,l)

2A; .
can beassumed as t; | =T'VJ =1..k/2 Assuming

trafficis dispersed in forward direction only. A node
can go to sleep after receiving his share of traffic.

le(:/ffj,i = :(:llzfi,l = A, (28)

Data transmission between two nodes ‘1’ and
‘2’ (Fig. 12) at y, = 30 isillustrated in Fig. 13 using
parameters in Table 2 and table 3. A batch of 30
packets requires 140.33 ¥s. Remainder X=9.86ms
at node ‘1’and Reminder Y=4.86 ms at node ‘2’ are
lessthan respective awake window, so node will stay
in awake state till end of awake window.

Numerical Results and Discussion

Actual values of parametersin (24) vary from one
hardware implementations of radio to other.

Data RLupllun Terminates here

%uudmdur\ =4.80 ms

m% 102.4 ms

[

Node 2

N
~

Data Tr.l!1.\mis:uunTcrtmu;nci here

140.3jus RemainderX=9.86 ms

<> %

~
I

Node |

P

Lfims 102.4ms
0.10% ' ms

Fig. 13: Data communication between two nodes
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Table 2: Parameters value used in present energy model

Symbol Description Vdue

F Frequency synthesizers settling time 150

| Frequency synthesizers current drawn 24 mA

\% Frequency synthesizers voltage drawn
2.5V E, , Switch energy 1.8%J

A Beacon Interval 102.4 ms

ok Energy consumptioninlistening beacon  0.0037 J

M Safety Margin 0.1024ms

E, Circuit energy consumption 0.740 watt

S Beacon size 162 to
2246
bytes

P, Receiving Power 0.9 watt

P, Transmission Power 1.33 watt

W Awake window size 10 ms

L Listen Interval to peer beacon 5ms

Dok Energy consumption in Awake window  0.0074J

Cyot Contention Slot 10 ps

Cin Contention window size 15

Ps Size of packet 256 bytes

DIFS  DCF Inter-frame Space 41 ps

B Bandwidth 11,54,128
Mbps

(@) Observation period 1 second

DTIM Ddlivery traffic indication map period 2

Table 3: Parameters value used in circular network area

Symbol Description Vdue
N Number of nodesin circular area’50,100
H; Poisson trafficrateper beacon 30, 50,
100

. 1
§ Density of MAP 5
R Radiusof circular area 500 meter
r Radiusof circular ring 100 meter
e Initial energy of nodes 500joules

Considering frequency synthesizersby (Terrovitiset
al., 2004), which draws 11mA and 24mA from the
3.3V and 2.5V supplies correspondingly and having
settling time <150us. Various parameters used in
calculationsarelistedin Tables2 and 3. The proposed
model of IEEE 802.11s has been analysed in

MATLAB. Resultsfor network having nodesin light
and deep sleep mode with beacon size of 162 bytes
have been computed (Figs. 14-26).

For deep insight due to impact of number of
peer links, ascenario of notraffic hasbeen considered
initially. Analysisreveal sthat asnumber of peer links
increases, node devotes more time in idle state and
energy consumptionincreases(Fig. 14.). Inlight deep
maode, with bandwidth 54Mbps, DTIM=2, and network
nodes having one, two, three, four, five, ten, and fifteen
number of peer links have been evaluated. It isfound
that in spite of no traffic, energy saving is 90.16%,
85.25%, 80.33%, 75.42%, 70.52%, 45.95%, 21.4%
respectively. With nineteen peer links, anoderemains
in fully awake state. In deep sleep mode, in spite of
number of peer links, energy saving remains constant
at 95.16%. So, denser WMN network areless energy

0 +— N

1 2—3;, %aoféeerii‘llpsofgféde 19

Light Sleep Mode

Deep Sleep Mode

Fig. 14: Energy savings vs. peer links in power save mode in
void traffic

efficient in light sleep mode. Further, it can be easily
figured-out that with beacon size energy saving
reduces. For each addition of peer node energy saving
reduces by ~4.91%in light sleep mode.

Moreover, higher bandwidth is more energy
efficient due to decrease in energy consumption in
receiving and transmitting of beaconsor traffic (Fig.
15). Results have been observed for DTIM=2, and
four peer link. Energy savingsfor bandwidth 11Mbps,
54 Mbps, 128 Mbps are 74.81%, 75.42%, 76.47%
respectively. Every increase of 1 Mbpsin bandwidth
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Fig. 15: Energy savings vs. bandwidth in power mode in void
traffic
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Fig. 16: Energy savings vs. DTIM in light sleep mode and
deep sleep mode in void traffic

enhances energy saving by ~0.0142% in light sleep
mode.

Further, incrementing DTIM period also
enhances energy savings. At bandwidth 54 Mbps and
four number of peer links, inlight sleep mode energy
savings for DTIM=2, DTIM=4, DTIM=10,
DTIM=100 are 75.42%, 77.86%, 79.33%, 80.2%

110

100 r—— =

80

Fd

70

Energy savings in percentage
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100 200 300 400
Beacon Interval (ms)
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Fig. 17: Energy savings vs. Beacon Interval in light and deep
sleep mode in void traffic
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Fig.18: Energy savings vs. Awake Window in active mode,
light sleep mode and deep sleep mode in void traffic

respectively (Fig. 16). While in deep sleep mode it
gradually enhances as 95.07 %, 97.52 %, 98.98 %,
and 99.99 %. The Beacon containing DTIM indicates
presence of multicast/broadcast traffic. The higher
valueof DTIM period, suggestsfor deep sleep mode
of links during low traffic. So by setting deep sleep
mode for redundant peer links, additional energy can
be saved. Energy saving versus Beacon Interval and
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Fig. 19: Node life time in first ring, N=50, DTIM =2,
bandwidth=54 Mbps
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Fig. 20: Nodes life time in first ring, N=100, DTIM =2,
bandwidth=54 Mbps

four peer link isgivenin Fig. 17. Increasing Beacon
Interval save energy consumption but increases the
delay asshownin Fig. 25. Impact of Awake Window
sizeisalsoshowninFig. 18. For every increase of 10
ms in Awake Window size, a 2.44% increases in
energy consumption has been observed.

In contention based WMN and under traffic load,

Light Sleep Mode
Active Mode

Fig. 21: Nodes life time in second ring, N=100, DTIM =2,
bandwidth=54 Mbps
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Fig. 22: Nodes life time in second ring, N=50, DTIM =2,
bandwidth=54 Mbps

network lifetimeanalysesfor uniform distributed node
incircular areaaregivenin Figs. 19to 22. Work can
be easily extended for other topology and traffic
distributionaswell. Similarly for TDMA based WMN
results can be computed easily. Two cases for 100
and 50 nodes have been considered. Traffic load
increases aswe move towardsinner ringsi.e., nodes
in first ring are more loaded than in second ring.
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Lifetime of outer ring nodes (Figs. 21 and 22) ishigher
thaninner one (Figs. 19 and 20). Network lifetimeis
upper bounded by nodesin 1% ring. Lifetime of nodes
in first and second ring in active mode vs. PSM has
been evaluated. With increase in traffic arrival rate
light d eep node devotes morein communication mode,
so overall network lifetime decreases. With <150, an
improvement of ~50 % in network lifetime has been
observed. In first ring beyond “=750 light sleeping
nodes needs to stay in active mode. Network with
lessdensity of nodes (Figs. 19 and 22) have morelife
time than counter case dueto |less exchange of control
packets/data with peer nodes.

Further, in analysis safety margin and awake-
window duration are assumed as 0.1024 ms and 10
msrespectively. Thus, the maximum of sleep possible
within maximum sleep duration within a beacon
interval comes out 92.3 (102.4ms-10ms-0.1024 ms=
92.3 ms). For a steady state network with packet
arriving at a regular rate and departure in order of
arrival, thisconsequently determinesdelay of packets
at a node due to PSM. As traffic load increases
beyond 750 packets, delay increases sharply due to
accumulated packets in queue (Fig. 23). Reported
result of delay vs. Traffic by Bauschert T. and Porsch
M. (2012) isgiven in Fig. 24 for comparison.Delay
analysis with Beacon Interval is given in Fig. 25.
Active mode does not have impact due to Beacon
Interval.
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0 d—" — | —ip— d— —o—— J
100 200 300 400 500 600 700 750 800
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______ Active Mode

Fig. 23: Average delay vs. Traffic

0 T A — — o —

0 2 4 6 8 10 12
Traffic Load(Mbps)
Light Sleep Mode

Active Mode

Fig. 24: Delay vs. traffic at 800 Beacon Interval
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Fig. 25. Average delay vs. Beacon Interval

Further, if Queue buffer capacity is sufficient
enough to accommodate traffic during sleep mode,
typically during Beacon Interval. The power save mode
does not have much impact on throughput of network
at higher Beacon Interval (Fig. 26). At lower Beacon
Interval dueto over head in beacon exchange, aslight
degradation in throughput has been observed. With
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Fig. 26: Throughput vs. Beacon Interval

increaseintraffic load anode stay in awake state for
communication. During low traffic period, maximum
redundant links can be set in deep sleep mode for
further energy save.

Comparison with Existing Work

In (Bauschert and Porsch, 2013), for device driver
Netgear WNDR3800 and TP-Link TL-MR3020,
energy consumption resultsfor increasing peer links
has beenanalysed. Energy consumption increases
linearly with addition of each peer. Itisfound that, in
Netgear WNDR3800 and TP-Link TL-MR3020
energy consumptionincreaseshby 1.17 % and 2.24 %
respectively at each addition. Network needsto bein
fully awake state at 84 and 42 peers. It assumes
beaconinterval 1024ms, and awake window 102.4ms.
Other parameters|like beacon size, bandwidth, listen
interval, etc. are not specified. In our proposed model,
after re-evaluating results for beacon interval 1024
ms, awake window 102.4 ms as in (Bauschert and
Porsch, 2013), shows linear increase of 0.49%, and
0.51% energy increases for 11 Mbps, and 54 Mbps
respectively. Network remains fully awake at
approximately 192 peers. This difference between
our and reported test bed results is due to different
hardware and measuring setup assumptions.

Furthure, Bauschert T. and Porsch M. (2012)
have given test bed anaysisfor delay vs., trafficload,

delay vs. Beacon Interval and throughput vs. Beacon
Interval in power save mode of |EEE 802.11s. But
energy measurement analysis has not been
considered.The subsequent work of (Bauschert and
Porsch, 2013) gives energy consumption analysis
versus number of peer links only in test bed
environment. Energy consumption for other
parametersliketrafficload, DTIM period, bandwidth,
etc. has been not considered. The computed results
for peer links scalability (Fig. 14), averagedelay vs.,
traffic load (Fig. 23), average delay vs. Beacon
Interval (Fig. 25) and throughput (Fig. 26) have been
foundtofollow thetest bed observation of Bauschert
T. and Porsch M. (2013) and (2012) respectively. The
proposed model is in obedience with the standard,
and can be useful in scientificfield. Variousavailable
simulators like Qualnet, ns3, etc. have provision for
various features of IEEE 802.11s except PSM. So it
is hard to evaluate PSM of IEEE 802.11s by using
different simulators. The proposed mathematical
model preparestheway for better control of asystem
to choose optimal configuration parameters and to
switch to PSM.

Conclusion and Future Work

This work represents analysis of power save mode
of IEEE 802.11sin aspectsof energy efficiency, delay,
and throughput. Numerical results provethat, in spite
of no traffic with growth in peer links the energy
consumption increases. For each addition of peer node
energy consumptionincreasesby ~4.91%inlight deep
mode. By opting deep sleep state for redundant peer
links energy saving can be improved. Similarly, for
eachincrease of 1 Mbpsin bandwidth, energy saving
enhances by ~0.0142% in light sleep mode. Providing
higher bandwidth at each node may not be feasible.
But using more bandwidth for links connecting to
gateway can save more energy. Similarly, theincrease
in beacon size also enhances energy consumption.
Moreover, higher Delivery Traffic Indication Map
(DTIM) period also enhances energy savings.
Additional energy can be saved by setting deep deep
mode for redundant peer links. For each increase of
10 msin Awake Window size, a2.44% increasesin
energy consumption has been observed. With
increaseintraffic arrival ratelight sleep node devotes
morein communication mode, so overall network life
timedecreases. By deploying nodeswith morebattery
capacity or increasing density of nodes near gateway
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node can hel p prolong overall network lifetime. Queue
buffer capacity should be sufficient enough to
accommodate traffic during sleep mode and el se may
degrade throughput. With sufficient queue buffer at
each node, except at lower Beacon Interval, the
throughput of network does not degrade due to power
save mode. In steady state system average delay is
higher at low traffic rate. The traffic delay decrease
gradually with higher traffic. But after anode reaches
infully awake stage, delay starts increasing again.

The analysis suggests tuning the network
configuration to minimize energy consumption dueto
idle peer listening. The proposed model for analysis
of PSM of IEEE 802.11s is in obedience with the
standard, and can be useful in scientific field. The

References

IEEE Standard for Information Technology—Telecommunications
and information exchange between systems—Local and
metropolitan area networks—(2011) Specific requirements
Part 11: Wireless LAN Medium Access Control (MAC)
and Physical Layer (PHY') specificationsAmendment 10:
Mesh Networking, |EEE Std 802.11s-2011, pp. 1-372

Swain P, Chakraborty S, Nandi S, and Bhaduri P (2015)
Performance Modeling and Analysisof IEEE 802.11 IBSS
PSM in Different Traffic Conditions |EEE Transactions
on Mobile Computing 14 1644-1658

Aydogdu C and Karasan E (2011) An Analysis of IEEE 802.11
DCF and Its Application to Energy-Efficient Relaying in
Multihop Wirel ess Networks| EEE Transactionson Mobile
Computing 10 1361-1373

Jangsoo Lee and Sungchun Kim (2009) Mathematical system
modeling and dynamic resource alocation through Kalman
Filter based prediction in IEEE 802.11 PSM Industrial
Technology | EEE International Conferenceon, Gippsland,
VIC, pp. 1-6

Kindt P H, Saur M, Balszun M and Chakraborty S (2018)
Neighbor Discovery Latency in BLE-Like ProtocolsIEEE
Transactions on Mobile Computing 17 617-631

Miao G Azari Aand HwangT(2016) E? -MAC: Energy Efficient
MediumAccessfor MassiveM 2M Communications| EEE
Transactions on Communications 64 4720-4735

ShahinN, Ali RandKimY T (2018) Hybrid Slotted-CSMA/CA-
TDMAfor Efficient Massive Registration of 10T Devices

proposed mathematical model prepares the way for
better control of a system to choose optimal
configuration parameters and to switch to PSM.
Analysis suggests setting the best possible value for
Ad hoc Traffic Indication Message (ATIM) window
size, DTIM period, Beacon Interval, Queue Size,
Bandwidth, and PSM towards peer links etc. to
minimizeenergy consumption duringidle peer listening.
Optimal light and deep sleep mode of nodes can be
selected for given traffic to support admissible
throughput, and delay. Traffic shaping approachesto
extend sleep duration of nodes can help in this
direction. Various other criteria of PSM of link can
be based on network repair requirements, battery
power level, link quality, traffic load, etc.

|EEE Access 6 18366-18382

Rodenas-Herraiza D, Garcia-Sanchezb AJ, Garcia-Sanchezb F,
Garcia-Harob J (2015) On the improvement of wireless
mesh sensor network performance under hidden terminal
problems Future Generation Computer Systems 45 95-
113

ZhuY H, Luan S, LeungV C M and Chi K (2015) Enhancing
Timer-Based Power Management to Support Delay-
Intolerant Uplink Traffic in Infrastructure |IEEE 802.11
WLANSIEEE Transactions on Vehicular Technology 64
386-399

Purandare R G Kshirsagar SPand Koli SM (2016) Analysis of
Various Parameters for Link Adaptation in Wireless
Transmission Innovations in Computer Science and
Engineering. Advances in Intelligent Systems and
Computing,. Springer, Singapore 413 9-19

Rahimi Malekshan K, Zhuang W and Lostanlen Y (2016)
Coordination-based Medium Access Control With Space-
reservation for Wireless Ad Hoc Networks IEEE
Transactions on Wireless Communications 15 1617-1628

Lei L, Zhou J, Chen X, Qi L and Cai S (2012) Modelling and
analysing medium accessdelay for differentiated services
in|EEE 802.11swireless mesh networks |ET Networks 1
91-99

Carrano R C, MagahaesL C S, SsadeD CM and Albuquerque C
V N (2011) IEEE 802.11s Multihop MAC: A Tutoria
IEEE Communications Surveys & Tutorials 13 52-67.

SgoraA, Vergados D D and Chatzimisios P (2009) | EEE 802.11s



274

Veenu Mor and Harish Kumar

Wireless Mesh Networks: Challenges and Perspectives
Mobile Lightweight Wirel ess Systems.Lecture Notes of the
Institute for Computer Sciences, Social Informatics and
Telecommunications Engineering 13 263-271

Bauschert T and Porsch M (2012) A Testbed Analysis of the
Effects of IEEE 802.11s Power Save on Mesh Link
Performance Information and Communication
Technologies. Lecture Notesin Computer Science, Springer
Berlin Heidelberg, pp. 1-11

Bauschert T and Porsch M (2013) A Testbed Evaluation of the
Scalability of IEEE 802.11s Light Sleep Mode. Advances
in Communication Networking Lecture Notesin Computer
Science, Springer Berlin Heidelberg 292-297

Bauschert T and Porsch M (2014) Aligned Beacon Transmissions
to Increase IEEE 802.11s Light Sleep Mode Scalability
Advances in Communication Networking. Lecture Notes
in Computer Science, Springer International Publishing,
pp 173-184

Capone Antonio, Malandra Filippo and Sanso Brunilde (2012)
Energy savings in Wireless Mesh Networks in a time-
variablecontext Mohile Networks and Applications 17 298-
311

MaJ,LouW and Li X Y (2014) ContiguousLink Scheduling for
Data Aggregation in Wireless Sensor Networks |EEE
Transactionson Parallel and Distributed Systems25 1691-
1701

Cui S, Goldsmith A and Bahai A (2005) Energy-constrained
Modulation Optimization Journal of IEEE Transactions
on Wireless Communications 4 2349-2360

Li F,HeX, Chen S, Jang L and WangY (2013) Traffic distribution
of circular sailing routing in dense multihop wireless
networks Journal of Tsinghua Science and Technol ogyl18
220-229

TerrovitisM, Mack M, Singh K and Zargari M (2004) A 3.2to 4
GHz, 0.25 ¥am CMOS frequency synthesizer for IEEE
802.11a/b/g WLAN Solid-State Circuits Conference, 2004
Digest of Technical Papers|SSCC.2004 | EEE Internationdl,
98-515.



