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Abstract

Due to the unique characteristics of sensor devices, fintliegenergy-efficient modulation with a low-
complexity implementation (refereed to gseen modulationposes significant challenges in the physical layer
design of Wireless Sensor Networks (WSNs). Toward this ,geal present an in-depth analysis on the energy
efficiency of various modulation schemes using realistidlet® in the IEEE 802.15.4 standard to find the optimum
distance-based scheme in a WSN over Rayleigh and Riciangatiannels with path-loss. We describe a proactive
system model according to a flexible duty-cycling mechanigitived in practical sensor apparatus. The present
analysis includes the effect of the channel bandwidth ardatttive mode duration on the energy consumption of
popular modulation designs. Path-loss exponent and DC-@®erter efficiency are also taken into consideration.
In considering the energy efficiency and complexity, it isnd@astrated that among various sinusoidal carrier-based
modulations, the optimized Non-Coherent M-ary Frequenujt 8eying (NC-MFSK) is the most energy-efficient
scheme in sparse WSNs for each value of the path-loss expomeere the optimization is performed over the
modulation parameters. In addition, we show that the OnKeffing (OOK) displays a significant energy saving

as compared to the optimized NC-MFSK in dense WSNs with swadlles of path-loss exponent.
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I. INTRODUCTION

Wireless Sensor Networks (WSNs) have been recognized dteatmm of distributed nodes to support
a broad range of applications, including monitoring, Heakre and detection of environmental pollution.
In such configuration, sensors are typically powered bytédiifetime batteries which are hard to be
replaced or recharged. On the other hand, since a large mwhbensors are deployed over a region, the
circuit energy consumption is comparable to the transmimssnergy due to the short distance between
nodes. Thus, minimizing the total energy consumption i witcuits and signal transmission is a crucial
task in designing a WSN_[1]/ [2]. Central to this study is todfianergy-efficient modulations in the
physical layer of a WSN to prolong the sensor lifetime. Fas ghurpose, energy-efficient modulations
should be simple enough to be implemented by state-of+thk»a-power technologies, but still robust
enough to provide the desired service. In addition, sinces@edevices frequently switch from sleep
mode to active mode, modulator circuits should have fast-sfatimes. We refer to these simple and
low-energy consumption schemesgeen modulations

In recent years, several energy-efficient modulations teen studied in the physical layer of WSNs
(e.q., [3], [4]). In [3] the authors compare the battery poetficiency of PPM and OOK based on the Bit
Error Rate (BER) and the cutoff rate of a WSN over path-losdithee White Gaussian Noise (AWGN)
channels. Referencel[4] investigates the energy efficief@ycentralized WSN with an adaptive MQAM
scheme. However, adaptive approaches impose some adtlgigstem complexity due to the multi-level
modulation formats plus the channel state information fadkbfrom the sink node to the sensor node.
Most of the pioneering work on energy-efficient modulatiansluding research i [3], has focused only
on minimizing the average energy consumption per inforomakit, ignoring the effect of the bandwidth
and transmission time duration. In a practical WSN, howeavés shown that minimizing the total energy

consumption depends strongly on the active mode duratidrtla channel bandwidth [[5].



In this paper, we present an in-depth analysis (supportetliyerical results) of the energy efficiency
of various modulation schemes considering the effect of‘ti@nnel bandwidthand the ‘active mode
duration’ to find the distance-based green modulations in a proai@&. For this purpose, we describe
the system model according to a flexible duty-cycling precetlized in practical sensor devices. This
model distinguishes our approach from existing alteresti{8]. New analysis results for comparative
evaluation of popular modulation designs are introducecbming to the realistic parameters in the
IEEE 802.15.4 standard![6]. We start the analysis based omaydeigh flat-fading channel with path-
loss which is a feasible model in static WSNs$ [3]. Then, weliata numerically the energy efficiency
of sinusoidal carrier-based modulations operating overrttore general Rician model which includes a
strong direct Line-Of-Sight (LOS) path. Path-loss expdremd DC-DC converter efficiency (in a non-
ideal battery model) are also taken into considerations llémonstrated that among various sinusoidal
carrier-based modulations, the optimized Non-CohererdariM¥requency Shift Keying (NC-MFSK) is
the most energy-efficient scheme in sparse WSNs for eacle \@luhe path-loss exponent, where the
optimization is performed over the modulation parametersaddition, we show that the On-Off Keying
(OOK) has significant energy saving as compared to the opgitnNC-MFSK in dense WSNs with small
values of path-loss exponent. NC-MFSK and OOK have the ddgenof less complexity and cost in
implementation than MQAM and Offset-QPSK used in the IEEE.86.4 protocol, and can be considered
as green modulations in WSN applications.

The rest of the paper is organized as follows. In Sedtiorh#,fdroactive system model and assumptions
are described. A comprehensive analysis of the energyeaftigifor popular sinusoidal carrier-based and
UWB modulations is presented in Sectidns Il V. Secli@hptovides some numerical evaluations
using realistic models to confirm our analysis. Finally inct8m [VI, an overview of the results and
conclusions are presented.

For convenience, we provide a list of key mathematical symhbeed in this paper in Table I.



TABLE |

LIST OF NOTATIONS

B: Bandwidth b: Number of bits per symbol

B.ss: Bandwidth efficiency| &: Energy per symbol

d: Distance En: Total energy consumption faW-bit

M: Constellation size h;: Fading channel coefficient

P,: Symbol error rate L4: Channel gain factor in distancé

Ts: Symbol duration N: Number of transmitted bits in active mode period

T.c: Active mode period ‘P.: Total circuit power consumption
T:.: Transient mode period P:: RF transmit power consumption per symbol
7. Path-loss exponent Xxe. Power transfer efficiency in DC-DC converter

Q =E [|hi|’] . Instantaneous SNR

E[ . ]: Expectation operator Pr{.}: Probability of the given event
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Fig. 1. A practical duty-cycling process in a proactive WSN.

1. SYSTEM MODEL AND ASSUMPTIONS

In this work, we consider a proactive wireless sensor systamvhich a sensor node transmits an
equal amount of data per time unit to a designated sink node.sEnsor and sink nodes synchronize
with one another and operate in a duty-cycling manner asctipin Figl1l. Duringactive modeperiod
T,., the sensed analog signal is first digitized by an Analo®igital Converter (ADC), and anV-bit
binary message sequenbky = {a,-}fil is generated, wher® is assumed to be fixed. The bit stream is

modulated using a pre-determined modulation scHemel then transmitted to the sink node. Finally, the

'Because the main goal of this work is to find the distancesbaseen modulations, and noting that the source/channéhgaddcrease

the complexity and the power consumption, in particularesodith iterative decoding process, the source/channéhga@de not considered.



sensor node returns to tekeep modeand all the circuits are powered off for the sleep mode daumat,;.
We denotel;, as thetransient modealuration consisting of the switching time from sleep modadtve
mode (i.e.,Ty_,..) plus the switching time from active mode to sleep mode, (ig.), whereT,._,
is short enough to be negligible. Under the above considastthe sensor/sink nodes have to process
one entireN-bit messagéVly during0 < T,,. < Ty — Ty — T}, WhereTy = T}, + T + T, is assumed
to be fixed for each modulation, and, ~ T,_,... Note that7,. is an influential factor in choosing the
energy-efficient modulation, since it directly affects tioéal energy consumption as we will show later.
We assume that both sensor and sink devices include a Dinacer@ to Direct Current (DC-DC)
converter to generate a desired supply voltage from the ddwuk batteries. An DC-DC converter is
specified by itspower transfer efficiencgenoted byy. < 1. In addition, we assume a linear model
for batteries with a small discharge current, meaning that stored energy will be completely used
or released. This model is reasonable for the proposed ajuating process, as the batteries which are
discharged during active mode durations can recover thaated capacities during sleep mode periods.
Since sensor nodes in a typical WSN are densely deployedlistence between nodes is normally short.
Thus, the total circuit power consumption, defined®y= P,, + P.,, is comparable to the RF transmit
power consumption denoted 133, whereP., and P, represent the circuit power consumptions for the
sensor and sink nodes, respectively. In considering thextetif the power transfer efficiency, the total
energy consumption in the active mode period, denoted, byis given by

PP
Xe

Eac Toc, 1)

whereT,. is a function of N and the channel bandwidth as we will show in Seckion Ill. Aiségs shown

in [7] that the power consumption during the sleep mode @urdf}; is much smaller than the power
consumption in the active mode (due to the low sleep modegakurrent) to be negligible. As a result,
the energy efficiencyreferred to as the performance metric of the proposed W&N,be measured by

the total energy consumption in each peribd corresponding taV-bit messagéMiy as follows:

1
5.N ~ — [(Pc + Pt>Tac + Ptthr] 9 (2)

Xe



whereZ: T, is the circuit energy consumption during the transient mopelgod. We us€(2) to investigate

and compare the energy efficiency of various modulationreeisein the subsequent sections.

Channel Moddl: It is shown that for short-range transmissions includirewlireless sensor networking,
the root mean square (rms) delay spread is in the range 0f far{8 ps for UWB applications [9]) which
is small compared to the symbol duratidh= 16 s obtained from the bandwidtB = Ti = 62.5 KHz
in the IEEE 802.15.4 standard [6, p. 49]. Thus, it is reastenbexpect a flat-fading channel model for
WSNs. Under the above considerations, the channel modekbatthe sensor and sink nodes is assumed
to be Rayleigh flat-fading with path-loss. This assumpt®msed in many works in the literature (e.g.,
see [3] for WSNs). We denote the fading channel coefficiemesponding to symbal as h;, where the
amplitude\h,-\ is Rayleigh distributed with the probability density fuieet (pdf) fs, () = %’”e‘é, r >0,
whereQ) £ E [|;|?] [10]. To model the path-loss of a link where the transmittett geceiver are separated

by distanced, let denoteP, and P, as the transmitted and the received signal powers, resphctiFor

an'"-power path-loss channel, the channel gain factor is giwen b

P .
Ed L # — Mldn£17 with Nmin < n < Nmazx (3)
where M, is the gain margin which accounts for the effects of hardvaoeess variations anfl, = —_éfg’i );

is the gain factor ati = 1 meter which is specified by the transmitter and receiverrategainsg;
and G,, and wavelength\ (e.g., [3], [5]). As a result, when both fading and path-lase considered,

the instantaneous channel coefficient becoigs \/hz:_d Denotingz;(t) as the transmitted signal with

energyé&,, the received signal at the sink node is givenibly) = G,x;(t) + z;(t), wherez;(t) is AWGN
with two-sided power spectral density given %9/ Thus, the instantaneous Signal-to-Noise Ratio (SNR)
corresponding to an arbitrary symhatan be computed ag = % Under the assumption of a Rayleigh
fading channelyy; is chi-square distributed with 2 degrees of freedom, with pdy;) = %exp (—”’7)

wherey £ E[|G;[°] &= = 7~ & denotes the average received SNR.



[Il. ENERGY EFFICIENCY ANALYSIS OF SINUSOIDAL CARRIER-BASED MODULATIONS

In this section, we analyze the energy and bandwidth efigierf three popular sinusoidal carrier-based
modulations, namely MFSK, MQAM and OQPSK, over a Rayleigit-féaing channel with path-loss.
FSK is used in many low-complexity and energy-constrain@elass systems and some IEEE standards
(e.g., [11]), whereas MQAM is used in modem and digital vidgplications. Also, OQPSK is used in
the IEEE 802.15.4 standard which is the industry standardf8Ns. In the sequel and for simplicity of
the notation, we use the superscripts ‘FS’, ‘QA and ‘OQ’ MFSK, MQAM and OQPSK, respectively.

M-ary FSK: An M-ary FSK modulator with)/ = 2° orthogonal carriers benefits from the advantage
of using the Direct Digital Modulation (DDM) approach, mé&am that it does not need the mixer and

the Digital to Analog Converter (DAC). This property make$$8K has a faster start-up time than the

1

o7Fs as the minimum carrier separation with the symbol

other modulation schemes. Let dendi¢ =
duration T7%, where( = 2 for coherent and, = 1 for non-coherent FSK[[12, p. 114]. In this case,
the channel bandwidth is obtained Bs~ M x Af, where B is assumed to be fixed for all sinusoidal
carrier-based modulations. Denotirfggcff as thebandwidth efficiencypf MFSK defined as the ratio of

data rateR™ = = (b/s) to the channel bandwidth, we have

eff B M

, bls/Hz 4)

It can be seen that using a small constellation dizeavoid losing more bandwidth efficiency in MFSK.
To address the effect of increasing on the energy efficiency, we first derive the relationshipveen M/
and the active mode duratidfi:®. Since, we haveé bits during each symbol peridfi!®, we can write

TFSZETFSZ MN .
@ — p7s " (Blog, M

(5)
Recalling thatB and N are fixed, an increase il results in an increase ifif.°. However, the maximum
value of 7Y% is bounded byl'y — T}E as illustrated in FigJ1. Thus\/,,,, = 2= in MFSK is calculated

by the following non-linear equation:

Mmax CB FS
— = (I —=1T,7). 6
10g2 Mmaz N ( N tr ) ( )



At the receiver side, the received MFSK signal can be dalecterently to provide an optimum
performance. However, the MFSK coherent detection reglie receiver to obtain a precise frequency
and carrier phase reference for each of the transmittedgotial carriers. For largk/, this would increase
the complexity of the detector which makes a coherent MFSi¢iver very difficult to implement. Thus,
most practical MFSK receivers use non-coherent detgtiﬁ:sanalyze the energy efficiency of a NC-
MFSK, we first derive£f, the transmit energy per symbol, in terms of a given averageb®| Error
Rate (SER) denoted b¥.. It is shown in [14, Lemma 2] that the average SER of a NC-MFSKipper

bounded by

1 M—1

whereys = ﬁ%% As a result, the transmit energy consumption per symbadbiained from the above

P, as
L4Ny
Q

PN |
wéww%RMWﬂwﬁ—ﬂ - (®)

In considering the effect of the DC-DC converter and usiny (6e output energy consumption of
transmitting N-bit during 2% is computed as

FS TFS ¢FS N Ny N
Pl - et (- - py) o 2 T ©)
e TFS . XeS2 logy M

On the other hand, the total circuit energy consumption efstensor/sink devices durifigf,” is obtained
from WT;ZS. For the sensor node with the MFSK modulator, we denote theepoonsumption of

frequency synthesizer, filters and power amplifier?dg’, Pr..;, and P}’ , respectively. In this case,

mp?
Pa” = Pgy + Prie + Pimp- (10)

- - - S - - - . S _
It is shown that the relationship betwe®}  and the transmission power of an MFSK signaPi§) =
afSPFS, wherea! is determined based on the type of the power amplifier. Fdaimte for a class
B power amplifier,a’™ = 0.33 [B]. For the circuit power consumption of the sink node, we tise

fact that the optimum NC-MFSK demodulator consists of a bahkd/ matched filters, each followed

2For the purpose of comparison, the energy efficiency oblaerentMFSK is fully analyzed in Appendix | in[13].



by an envelope detector [15]. In addition, we assume thatsthke node uses a Low-Noise Amplifier
(LNA) which is generally placed at the front-end of a RF rgeeicircuit, an Intermediate-Frequency
Amplifier (IFA), and an ADC, regardless of type of deployeddutation. Thus, denotin®?s ,, PL:
PES, PER, and PL5 . as the power consumption of LNA, filters, envelope detedferamplifier and

ADC, respectively, the circuit power consumption of theksirode is obtained as
PL =Pina+ M x (P + PEp) + Pira + Phpe- (11)

Moreover, it is shown that the power consumption during tle@dient mode period’* is governed
by the frequency synthesizer in both sensor/sink nadesTHls, the energy consumption duriigf® is
obtained as7’t—7TF S = 2P5y TES [8]. Substituting [(b) and{9) in({2), the total energy congtion of a

NC-MFSK scheme for transmittingy-bit in each periodly and for a givenP, is obtained as

FS  _ FS oy o) LaNo N
EFS = (1+a )([1 (1— P, ] 2) S e
1 MN
P P e + 2P 12

with the fact thatl, = M;d"L,. Thus, the optimization goal is to determine the optimumstelfation

size M, such that the objective functiafi;® can be minimized, i.e.,

~

M = arg min EL°
g - o

/

SUbjeCt t0< Nmin S n S Nmax (13)

d>0,

where M,,,.., derived from [(6). To solve this optimization problem, we y@dhat [12) is a monotonically
increasing function ofM for every value ofd and . It is seen that the second term inJ(12) is a

monotonically increasing function af/. Also, from the first term in[(12), we have

! 1 -1 1
1—-(1—P)7™T| —2 = (|1 —em(=P)] © _9 14
([ ( ) } )logzM <[ e ] log, M (14)

a) _ B 771 1
< <[1 . M—l} - 2) o, 11 (15)
<M -1 2) 1 (16)

—

—~
=
=

Q
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where (a) comes from the approximatidn(1l — z) ~ —z, |z| < 1, and the fact thaP’, scales a®(1).
Also, (b) follows from the approximation—= = >~ (—1)"2. ~ 1 —z, |z| < 1. Itis concluded from
(@6) that the first term ir_.(12) is also a monotonically insieg function ofM. As a result, the minimum
total energy consumptiofi’ is achieved af\/ = 2 for all values ofd and.

M-ary QAM: For M-ary QAM with the square constellation, eakhk- log, M bits of the message is
mapped to the symbd;, i = 0,1, ..., M — 1, with the symbol duratiof®4. Assuming the raised-cosine
filter is used for the pulse shaping, the channel bandwidtM@QAM is given by B ~ QA Thus, using

RRA

the data rateR@4 = TSgA, the bandwidth efficiency of MQAM is obtained a%g:;‘f 2 B = 2logy, M

which is a logarithmically increasing function 8f. To address the impact @ff on the energy efficiency,
we derive the active mode duratid@if?# in terms of M as follows:

N N
L 17
b * 2Blog, M~ 17

794 =
It is seen that an increase M results in a decrease i?*. Also compared td(5) for the NC-MFSK, it
is concluded thaf' 24 = ;1 T.%%. Interestingly, it seems that the large constellationssizewould result
in the lower energy consumption due to the smaller valueg$f. However, as we will show later, the
total energy consumption of a MQAM is not necessarily a monigially decreasing function aot/. For
this purpose, we obtain the transmit energy consumﬁﬂﬁﬁTa@A with a similar argument as for MFSK.

It is shown in [16, pp. 226] and [13] that the average SER of lrecent MQAM is upper bounded by

4M—1) 1
P, = 1-—], 18
oot (1~ 7%) (9
wherey94 = ﬁQ 4= denotes the average received SNR with the energy per syfitbolAs a resuilt,
2(M — 1) 1\ 1 LNy
gAL pRATEA _ VT o1 ) = —1 . 19
t Pt S 3 \/M Ps Q ( )

In considering the effect of the DC-DC converter, the outpaergy consumption of transmittiny-bit

during the active mode period is computed as

paA P roa _ TAERY  2(M — 1) [2< 1 ) 1 _1} L4Ny N
ac \/M

= 20
Xe TSQA Xe 3 (20)
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which is a monotonically increasing function 8f for every value ofP,, d and». For the sensor node

with the MQAM modulator,
Pt = Ppic + P+ P + Py + Pl (21)

where P2 and P¢? denote the power consumption of DAC and mixer, respectiielg shown that

P, = a4PR4, wherea® = § — 1 with ¢ = 3% L andy = 0.35 [5]. In addition, the circuit power

consumption of the sink with the coherent MQAM is obtained as
A A
Pt = Pixa+ Pitia + P, + Piiy + Prra + Plpe. (22)

Also, with a similar argument as for MFSK, we assume that theuit power consumption during transient
mode periothf?A is governed by the frequency synthesizer. As a result, tta émergy consumption of

a coherent MQAM for transmittingV-bit in each periodl’y is obtained as

2(M —1) 1\ 1 LaN, N

QA _ (1@ o1 — ) = 1

& = He™)=y “ FM)PS X Togy M
1
— | (poa 1 pATA 2
Ye |i(7jc PAmp)2BlOg2M+ P :| (3)

Although, there is no constraint on the maximum siZefor MQAM, to make a fair comparison to the
MFSK scheme, we use the samé,,, as MFSK. Taking this into account, the optimization problism
to determine the optimumy/ € [4, M,,,.| subject tod > 0 and 7, < 7 < ez, SUCH thatEfﬁA can be
minimized.

It is seen that the first term i (R3) is a monotonically insiag function of M for every value ofP;,
d andn, while the second term is a monotonically decreasing foncof M which is independent of
d andn. For the above optimization and for a givéh, we have two following scenarios based on the
distanced:

Case 1: For large values ofl where the first term in(23) is dominant, the objective fummfﬁA is a
monotonically increasing function of/ and is minimized at\/ = 4, equivalent to the 4-QAM scheme.

Case 2. Let assume that is small enough. One possible case may happen is when tHestweayy

consumptionSﬁA for small sizesM is governed by the second term in23). For this situatiaimeeithe
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TABLE I

SYSTEM EVALUATION PARAMETERS

Xe = 0.8 No = —180 dBm | Ppac =7 mw
B =62.5 KHz | Pep =3 mw Papc =7 mw
M; = 40 dB Psy = 10 mw Prriz =7 Mw
L1, =30dB Priz =25 mw | Prya =9 mw

Q=1 Prir- = 2.5 mw Prra =3 mw

objective function behaves as a monotonically decreasingtion of M for every value ofM, or for a
large constellation siz&/, the first term would be dominant, meaning th’ﬁtA increases wheV/ grows.
In the former scenario, the optimuf? is achieved atVl = M,,,.; whereas in the latter scenario, there
exists a minimum value foEﬁA, where the optimum\/ for this point is obtained by the intersection

between the first and second terms, i.e.,

2(M — 1) 1\ 1 LiNy N 1
1+aQA7[2<1——)——1] = —
( ) 3 \/M Ps XeQ 1Og2M Xe

Since, P, scales as(1) and ignoring the terPg'T,2* to simplify our analysis, the optimur/ which

N(PE! = Pioy)

Amp

2B logy M

+2Pg T’

minimizes [28) is obtained by the following equation:

7, L ¢(d, n)
M-1-vM = 24
TV T Tt aed (e4)
a PP, 3P0 QA -
where¢(d,n) = ——5*"# ;- and the fact that“* is a function of M.

To gain more insight to the above optimization problem, we aspecific numerical example with the
simulation parameters summarized in Tab& We assume?, = 1073, 4 < M < 64 and2.5 < n < 6.
Fig.[2 illustrates the total energy consumption of MQAM vexd/ for different values ofi. It is seen that
€]€A exhibits different trends depending on the distad@nd the path-loss exponemt For instance, for
large values ofl andy, 818‘4 Is an increasing function a¥/, where the optimum value o¥/ is achieved
at M = 4 as expected. This is because, in this case, the first teri@nct@responding to the RF signal

energy consumption dominaté§". Table Il details the optimum values af which minimizes€$* for

3For more details in the simulation parameters, we refer élagler to[[1B] and its references.
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TABLE 11l

OPTIMUM M IN THE MQAM OPTIMIZATION PROBLEM FORP; = 10™3 AND DIFFERENT VALUES OFd AND 2.5 < 11 < 6

d(m) | n=25|n=3|n=4|n=5|n=6
1 64 64 64 64 64
10 64 64 43 10 4
20 64 50 8 4 4
40 43 13 4 4 4
80 14 5 4 4 4

100 10 4 4 4 4
150 6 4 4 4 4
200 5 4 4 4 4

some values of < d <200 m and2.5 < n < 6. We use these results to compare the energy efficiency
of the optimized MQAM with the other schemes in the subsetjgseations.

Offset-QPSK: For performance comparison, we choose the conventionalSBQ®Rodulation which is
used as a reference in the IEEE 802.15.4/ZigBee protocasaléd follow the same differential OQPSK

structure mentioned in [6, p. 50] to eliminate the need foolaetent phase reference at the sink node. For

this configuration, the channel bandwidth and the data rateletermined by5 ~ T;’Q and R99 = 25,

s

respectively. As a result, the bandwidth efficiency of OQFSKbtained as3% £ B2 _ 9 (b/s/Hz).

eff = "B
Since we have 2 bits in each symbol perif?, it is concluded that
N N
oQ _ Y poq _ AV
T = ST0 = —. (25)

Compared to[(5) and (17), we hal&’? = (log, M)T%* with M > 4, while for the optimized MFSK,
TQ9 = 1TES. More precisely, it is revealed that?* < 729 < TX*. To determine the transmit energy
consumption of the differential OQPSK scheme, we defif& in terms of the average SER. It is shown

in [17] and [13] that the average SER of the differential O®RS upper bounded by

1+ V2 4
" 2 (2-v2799+4 2

where 799 = %% With a similar argument as for MFSK and MQAM, the energy aonption of
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P=10°,n=25

10 |
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(b)
Fig. 2. Total energy consumptioﬁﬁA vs. M over a Rayleigh fading channel with path-loss far = 1073, a)n = 2.5,

and b)n = 3.5.
transmitting N-bit during 799 is computed as

POC oo TORES? 1 4 [1++2 L4Ng N
—Tac pnd 00 = e - — 4 P (27)
Xe Ts% Xe 2 -2 | P 2 XeS2 2

In addition, for the sensor node with the OQPSK moduld®y? ~ ngchngQjLP]Ow?xjtPgﬁjtngp,
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where we assume that the power consumption of the diff@edeaticoder is negligible, an@Amp =
aPQPP? with a©? = 0.33. In addition, the circuit power consumption of the sink witte differential
detection OQPSK is obtained &9 = PV, + Py + Pors + Prs. + Prr + Pine. As a result, the
total energy consumption of a differential OQPSK systemtfansmitting /N-bit in each periodl’y is
obtained as

1 4 /1 2 LiNoN 1 N
——= PR ) | BN L poe poa) Y

— —~ 2PGETRC|
2 -2\ P, 2 X2 2 e 2B *

EQC = (1+a%9)

(28)

IV. NUMERICAL RESULTS

In this section, we present some numerical evaluationgusalistic parameters from the IEEE 802.15.4
standard and state-of-the art technology to confirm theggnefficiency analysis discussed in Section IlI.
We assume that all the modulations operate in the carriquémecy f, =2.4 GHz Industrial Scientist and
Medical (ISM) unlicensed band utilized in the IEEE 802.18tdndard([6]. According to the FCC 15.247
RSS-210 standard for United States/Canada, the maximwwaedd| antenna gain is 6 dBi [18]. In this

work, we assume thal, = G, = 5 dBi. Thus for thef, =2.4 GHz,£, (dB) = 101log,, ( ) ~ 30 dB,

tGr 2

where A £ 3Xf+08 = 0.125 m. We assume that in each peri@d, the data frameV = 1024 bytes (or
equivalently N = 8192 bits) is generated for transmission for all the modulatjaviserey is assumed to
be 1.4 s. The channel bandwidth is set to the- 62.5 KHz, according to the IEEE 802.15.4 standard [6,
p. 49]. In addition, we assume that the path-loss exponeanttise range oR.5 to 6 H We use the system
parameters summarized in Table Il for simulations. It isateded fromMxes— = $8(Ty — T,1%) that

logy M.

M4 = 64 (or equivalentlyb,,.. =~ 6) for NC-MFSK. Since, there is no constraint on the maximim
in MQAM, we chooset < M < 64 for MQAM to be consistent with MFSK.
Fig.[3 compares the energy efficiency of the modulation seseimvestigated in Sectidnllll versug

for P, = 1073, n = 3.5 and different values of. It is revealed from Fig.]3-a that fav/ < 35, NC-MFSK

4 = 2 is regarded as a reference state for the propagation in fraeesand is unattainable in practice. Also= 4 is for relatively

lossy environments, and for indoor environments, the pEh-exponent can reach values in the range of 4 to 6.
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Fig. 3. Total energy consumption of transmittirg-bit vs. M for MFSK, MQAM and differential OQPSK over a Rayleigh

fading channel with path-loss anfd, = 1073, a)d = 10 m, and b)d = 100 m.
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TABLE IV

ENERGY-EFFICIENT MODULATION FORPs = 1073 AND DIFFERENT VALUES OFd AND n

d (m) n=2.5 n=3 n=4 n=>5 n==6

1 64QAM | 64QAM | B4QAM | 64QAM | B64QAM
10 | 64QAM | B4QAM | NC-BFSK | NC-BFSK | NC-BFSK
20 | 64QAM | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK
40 | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK
80 | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK
100 | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK
150 | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK

200 | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK | NC-BFSK

is more energy-efficient than MQAM, differential OQPSK armaherent MFSK ford = 10 m andn = 3.5,
while when M grows, 64-QAM outperforms the other schemes dor 10 m. The latter result is well
supported by the Case 2 in the MQAM optimization discusse8dationIll. However, NC-MFSK for a
small sizeM benefits from the advantage of less complexity and cost ineémentation than 64-QAM.
Furthermore, as shown in Figl 3-b, the total energy consiommf both MFSK and MQAM for largel
increase logarithmically with\/ which verify the optimization solutions for the NC-MFSK afhse 1
for the MQAM in Sectior 1ll. Also, it is seen that NC-MFSK extiis the energy efficiency better than
the other schemes whehincreases.

The optimized modulations for different transmission @nsted and2.5 < n < 6 are listed in Table
IV. For these results, we use the optimized MQAM detailed abl& Il and the fact that for NC-MFSK,
M = 2 is the optimum value which minimize$%° for everyd andn. From Table 1V, it is found that
although 64-QAM outperforms NC-BFSK for very short range N$S it should be noted that using
MQAM with a large constellation sizé/ increases the complexity of the system. In particular, wiven
know that MQAM utilizes the coherent detection at the sinkledn other words, there exists a trade-off
between the complexity and the energy efficiency in using NW#r small values ofd.

Up to know, we have investigated the energy efficiency of tinesoidal carrier-based modulations
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TABLE V
TOTAL ENERGY CONSUMPTION(IN JOULE) OF NC-MFSK, MQAM AND OQPSKOVER A RICIAN FADING CHANNEL WITH PATH-LOSS

FORP; = 1072 AND 5 = 3.5

K=1dB K =10dB K =15dB

M OQPSK NC-MFSK MQAM| OQPSK NC-MFSK MQAM | OQPSK NC-MFSK MQAM

4 1.1241 0.0173 0.5621 1.1241 0.0171 0.5620 1.1241 0.0171 0.5620
d=10m | 16 0.0769 0.2819 0.0765 0.2810 0.0765 0.2810

64 0.6558 0.1924 0.6545 0.1874 0.6545 0.1874

4 1.2236 0.5835 0.8873 1.1445 0.0194 0.5652 1.1310 0.0175 0.5627,
d=100 m| 16 1.4920 3.2049 0.0785 0.2989 0.0767 0.2843

64 4.6199 16.101Q 0.6570 0.2615 0.6547 0.2002

under the assumption of a Rayleigh fading channel with pegh- It is also of interest to evaluate the
energy efficiency of the aforementioned modulation schespesating over the more general Rician model
which includes the LOS path. For this purpose, let assumettiginstantaneous channel coefficient

correspond to symbal is G; = Z—d where h; is assumed to be Rician distributed with pff (r) =

r _ 7‘2+A2

e 22 I (;—g*) , r >0, where A denotes the peak amplitude of the dominant sigdat, £ ) is the

average power of non-LOS multipath components [19, p. 78F.tRis model,E[|h;]?] = A? + 202 =
20%(1 + K), where K (dB) £ 101log % is the Rician factor. The value df is a measure of the severity
of the fading. For instancey (dB) — —oo implies Rayleigh fading and((dB) — oo represents AWGN
channel. Table V summarized the energy efficiency resultthefprevious modulations over a Rician
fading channel with path-loss fdP, = 10~ andn = 3.5. It is seen from Table V that NC-MFSK with
a small sizeM has less total energy consumption than the other schemegiamRading channel with
path-loss.

The above results make NC-MFSK with a sm@ll attractive for using in WSNs, since this modulation
already has the advantage of less complexity and cost iremmgrhtation than MQAM, differential OQPSK
and coherent MFSK, and has less total energy consumptioaddiition, since for energy-constrained

WSNSs, data rates are usually low, using M-ary NC-FSK schewids a small M/ are desirable. The
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Fig. 4. Total energy consumption of transmittingbit versus bandwidth efficiency for NC-MFSK, and 8 = 10~% and different values

of d and M.

sacrifice, however, is the bandwidth efficiency of NC-MFSKhém M increases) which is a critical
factor in band-limited WSNs. Since most of WSN applicatieperate in unlicensed bands where large
bandwidth is available, NC-MFSK can surpass the spectrunstcaint in WSNs. To have more insight
into the above discussions for the NC-MFSK, we plot the tetaérgy consumption of NC-MFSK as a
function of B!} for different values of\/ andd in Fig.[4. In all cases, we observe that the minimgfy¥

is achieved at low values of distandeand for M = 2, which corresponds to the maximum bandwidth
efficiency B = 0.5.

The analysis and numerical evaluations so far implicitlgueed on the sinusoidal carrier-based mod-
ulations with the bandwidtlB = 62.5 KHz. To complete our analysis, it is of interest to compare th
energy efficiency of the optimized NC-MFSK with the On-Off ieg (OOK), known as the simplest
UWB modulation scheme. For this purpose, we first derive ttal ttnergy consumption of OOK with
a similar manner as for sinusoidal carrier-based modulati@hen, we evaluate the energy efficiency
of OOK in terms of distancel. For simplicity of the notation, we use the superscript ‘Oidi OOK

modulation scheme.



20
V. ENERGY CONSUMPTION ANALYSIS OF OOK

For OOK, the number of bits per symbol is definedbas log, M = 1. An OOK transmitted signal
corresponding to the symbal € My is given by 20X (t) = \/E9Ka;p(t — iTOK), wherep(t) is an
ultra-short pulse of width, with unit energy,£°X is the transmit energy consumption per symbol, and
TOK is the OOK symbol duration. The ratiﬂg% is defined as theluty-cycle factorof an OOK signal,
which is the fractional on-time of the OOK “1” pulse. The chahbandwidth and the data rate of an
OOK are determined a8 ~ Tip and ROK = T%K respectively. As a result, the bandwidth efficiency
of an OOK is obtained aB/ £ % = IE—PK < 1 (b/s/Hz) which controls by the duty-cycle factor.
Note that during the transmission of the OOK “0” pulse, thtefiland the power amplifier of the OOK
modulator are powered off. During this time, however, theeieer is turned on to detect zero pulses.

For this reason, we still use the same definition for activelenperiod7?% as used for the sinusoidal

carrier-based modulations as follows:

N
TOK — ?TSOK = NTOK. (29)

Depend upon the duty-cycle fact@i? can be expressed in terms of bandwidthFor instance, for an
OOK with the duty-cycle facto%} =1, we haveTQX = 2NT, = 2 and BY = 1. Compared to[{4)
for the NC-MFSK, it is concluded th%eoffj‘;' with the duty-cycle factorT% = % is the same as that of
the optimized MFSK (i.e./ = 2) in Section lIl. It is shown in[[20, pp. 490-504] that the aage SER

of an OOK with non-coherent detection is upper bounded by

1
Ps:_

_ 30
70K_|_2’ ( )

Q&K

~OK __
where 4%% = Vo

denotes the average received SNR. Thus, the transmit eerggumption per
symbol is obtained ag°¥ & POXT, = (P% - 2) £4% which corresponds to transmitting “1” pulse. An
interesting point is that?X scales the same & obtained in [(B) for NC-BFSK. This can be easily
proved by using the approximation method [inl(14)}(16). khdd be noted that the energy consumption
of transmitting N-bit during the active mode period, denoted B§§TOK is equivalent to the energy

ac

consumption of transmitting-bit “1” in M, where L is a binomial random variable with parameters



TABLE VI

OOK SYSTEM EVALUATION PARAMETERS

N = 20000 No =—-180dB | Ppa = 675 uw
B =500 MHz | Tny = 100 msec | Prva = 3.1 mw
M; = 40 dB T:r = 2 nsec Pep =3 mw
L, =30dB Prix =2.5 MW | Papc =7 mw
Xe = 0.8 Priir =2.5 MW | Prpe =3 mw
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(N, q). Assuming uncorrelated and equally likely binary datawe haveq = =

P

Lgok — [, (i — 2) £ifo “where L has the probability mass function {#r = ¢} = (7) (%) with
E[L] = Z.

We denote the power consumption of pulse generator, powetifeen and filter asPS%, PAmp and
POK. respectively. Hence, the circuit energy consumption efgansor node during®* is represented
as a function of the random variableas PQX TN = PRETON + LT, (PEh, + PLL,), where the factor
LT, comes from the fact that the filter and the power amplifier ates@ only during the transmission
of L-bit “1". We assume thaP{k = o9%PPK with o®% = 0.33. In addition, the circuit energy
consumption of the sink node with a non-coherent detectiaring 72X is obtained asPOXTOK =
(PoSA + PEE + PRA + Pk + PYhe) TR, where PRX is the power consumption of the integrator.
With a similar argument as for the sinusoidal carrier-basedulations, we assume that the circuit power

consumption during ¢ is governed by the pulse generator. As a result, the totaggr@mnsumption of

a non-coherent OOK for transmitting-bit is obtained as a function of the random variablas follows:

1 L4N, 2N L
E9(L) = (1+ %)L (5 —2) S0+ | (PR 4 R T 4 SRR 42PN @
where we us€' 0¥ = 2. SinceE[L] = &, the average (L) is computed as

1 LiNyg N

OK A OK _ OK\ ( - _ d+¥o £V

EYE £ E[EYF(D)] =1+« )<Ps 2) MO

1 2N N

X [(POK +Ppé )= ) Plet + 2PPKTOK} : (32)

It should be noted that the OOK scheme uses the channel bdildwiuch wider than that of the
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sinusoidal carrier-based modulations. Thus, to make actamparison with the optimized NC-MFSK, it
is reasonable to use the total energy consumption per imfilombit defined ag, £ %N instead of using
En. In our comparison, we use the simulation parameters shoviable VI [13]. Fig.[5 compares the
total energy consumption per information bit of the OOK wiittat of the optimized NC-MFSK versus
communication range for P, = 103 and different values of). We observe that a significant energy
saving is achieved using OOK as compared to the optimizedM¥SK, whend andn decrease. While,
for the indoor environments whergis large, the performance difference between OOK and thiengged
NC-MFSK vanishes ag increases. This is becaugg the transmission energy consumption in the active
mode period is dominant whehincreasesji) £°% scales the same & obtained in[(B) using(16).
Since, UWB modulation schemes use the channel bandwidtth mider than that of the sinusoidal
carrier-based modulations, the optimized NC-MFSK is @& in use for the band-limited and sparse

WSNs where the path-loss exponent is large.

VI. CONCLUSION

In this paper, we have analyzed the energy efficiency of soopalpr modulation schemes to find the
distance-based green modulations in a WSN over RayleigiRasidn flat-fading channels with path-loss.
It was demonstrated that among various sinusoidal casdeed modulations, the optimized NC-MFSK
is the most energy-efficient scheme in sparse WSNs for edadle @ the path-loss exponent, where the
optimization is performed over the modulation parametbrsaddition, NC-MFSK with a smallV/ is
attractive for using in WSNs, since this modulation alreddg the advantage of less complexity and
cost in implementation than MQAM, differential OQPSK anchecent MFSK, and has less total energy
consumption. Furthermore, MFSK has a faster start-up tina@ tother schemes. Moreover, since for
energy-constrained WSNSs, data rates are usually low, ugirayy NC-FSK schemes with a smallf
are desirable. The sacrifice, however, is the bandwidthiefity of NC-MFSK when)/ increases. Since
most of WSN applications requires low to moderate bandwidtloss in the bandwidth efficiency can

be tolerable, in particular for the unlicensed band appboa where large bandwidth is available. It also
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Fig. 5. Total energy consumption per information bit verdu®r OOK and the optimized NC-MFSK, and fdfs = 1073,

found that OOK has a significant energy saving as comparetetoptimized NC-MFSK in dense WSNs
with small values of path-loss exponent. While, for the imdenvironments where the path-loss exponent
is large, the performance difference between OOK and thiengqegd NC-MFSK vanishes as the distance
between the sensor and sink nodes increases. In this caseptimized NC-MFSK is attractive in use

for the band-limited and sparse indoor WSNs.
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