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Abstract Energy saving is one of the most important issues of wireless sensor networks
(WSNs) that are gaining a lot of attention. In other words, energy modeling plays a greater
role in energy optimization that helps designers to produce an economical and practical
design of sensor nodes. In this paper, the issue of energy-efficient WSNs design is
investigated by focusing on the setting of physical layer parameters. This is achieved by
deriving an energy consumption model that considers most of the parameters of the
physical layers. The proposed model is validated with real measurements to measure the
accuracy of the proposed model. Results show good agreement between proposed model
and experimental measurements with mean absolute percentage error less than 6%. The
validated model is used to optimize transmitted power and modulation level to achieve
minimum energy consumption. Finally, closed-form expressions for optimum transmitted
power and modulation level are derived for different modulation schemes.

Keywords Wireless sensor network - Optimal transmitted power - Optimal
modulation level - Energy consumption model - Physical layer

1 Introduction

Recently, wireless sensor networks (WSNs) have become one of the most indispensable
technologies in our modern life. WSNss typically consists of a large number of sensor nodes
that are capable of not only sensing, but also interact with each other [1]. However, most of
WSN applications suffer from limited energy resources issue when it come for large-scale
deployment across a wide geographic area for collecting measurement data about envi-
ronmental or physical condition, such as humidity, temperature, pressure, etc. Therefore,
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energy optimization became paramount in increasing the battery life and, consequently the
network lifetime. There are several parameters govern the sensor node energy consump-
tion, such as the transmitted power, modulation scheme, and packet structure. Some of
these parameters directly affect the performance of probability of packet error which in
turn affect the number of re-transmissions packets. For this reason, it will be more con-
venient to set up these parameters wisely to achieve efficient exploitation of available
energy resources in WSN nodes.

The key success for optimized energy consumption comes from the knowledge of all
sources that consume energy in WSNs. Tune with this idea and as it is known that most of
the energy is consumed in physical (PHY) layer, an accurate energy consumption model is
a must which considers parameters of PHY layer in addition to the type of channel models
such as fading Rayleigh and Additive White Gaussian Noise (AWGN) channel models. In
spite of the large number of energy consumption models, but most models have not been
tested with real network and this raises suspicion in accuracy of these models. Previously,
most of the research efforts in choosing of transmitted power, modulation size and other
PHY layer parameters dedicated to consider AWGN channel model only with few works
took the case of fading Rayleigh channel model. Moreover, most of the previous works use
numerical evaluations to reach the solution and does not provide closed-form expressions
for optimum value of these parameters. In spite of the great results obtained by [2-9] but it
is only considered AWGN channel model. Unlike, in [10], the problem of energy-efficient
is studied with consideration of fading Rayleigh channel. However, outage probability of
fading channel is considered rather than the actual symbol error rate. In [11], the authors
first review energy efficiency metrics pertinent to measuring network performance and
designing its parameters. Then, relay network parameters are optimized to achieve better
energy efficiency and full energy saving expectations. On the other hand, they assume that
the bit error rate is constant, and determined by other layers.

In this paper, an energy consumption model is proposed considering PHY layer
parameters which is used to optimize the transmitted power and modulation level for
communication over fading Rayleigh and AWGN channels. The proposed energy con-
sumption model is validated with real measurements. Results showed good agreement
between proposed model and experimental measurements with mean absolute percentage
error less than 6%. The validated model is used to optimize transmitted power and
modulation level to achieve minimum energy consumption. As a final point, analytic
expressions for the optimum transmitted power and modulation level at different modu-
lation schemes are provided.

The rest of this paper is organized as follows. In Sect. 2, we present the energy con-
sumption model while in Sect. 3, the energy consumption model will be tested with real
data to measure the accuracy of the model. The model in Sect. 2 is used in Sects. 4 and 5 in
order to optimize the transmitted power and modulation level to achieve minimum energy
consumption. Finally, Sect. 6 summarizes our conclusions.

2 Energy Consumption Model
The importance of having model is coming from the necessity to lengthen the node lifetime
operating as long as possible. As a consequence, our goal is to determine the energy

consumption in transceiver by determining the total energy that is required for successfully
received one bit, without error, between two sensor nodes. Two assumptions are made to
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achieve this goal. First, every packet transmitted in the forward direction is matched by an
error-free feedback packet in the reverse direction, to acknowledge correct reception or
requests a re-transmission as shown in Fig. 1. Second, the transceiver of transmitter node is
by default in a low power mode (sleep state) and it must be brought online before it can
make the transmission. In the sequel, firstly the packet structure and the components of
energy consumption of a transceiver unit are analyzed. Then, the total energy required for
successfully received one bit is determined.

2.1 Packet Structure

The general format of a packet structure in communications systems is shown in Fig. 2.
Each packet consists of three main parts, a header with essential transmission parameters, a
overhead for channel estimation, synchronization, etc., and a payload.

The data in a packet can be corrupted by bit or symbol errors due to channel noise. The
probability of a symbol error at the PHY layer is primarily determined by the Signal to
Noise Ratio (SNR), conditions of the radio channel and the modulation scheme employed.
If the symbol errors are independent of each other and a packet gets corrupted when one or
more bits are erroneous, then the packet error rate is given by

Py=1—(1—P, )" (1)

where P,, L, and b are the probability of a symbol error, the packet size (in bits) and
modulation level, respectively. Consequently, the expected amount of data received per
packet correctly is obtained by multiplying the number of the payload bits per packet (N)
by the probability of packet success (I — P,) which can be expressed as

Ny = N(1 =P, )"/ (2)

2.2 Components of Transceiver Unit

In the transmitter node, there are three sources of energy consumption to transmit packet,
and to receive a corresponding feedback packet, which are start-up energy consumption
(Es), energy consumption to forward payload packet, and energy consumption to receive
the corresponding feedback packet. Therefore, the energy consumed by the transmitter to
transmit one packet, and receives a corresponding feedback packet is given by:

Erx = Eg + Py Tp + P Tp (3)

where Tp is the duration time of the data packet and T is the duration time of the feedback
packet, which is defined as Tr = LgR,, where Ly is the number of bits that compose the

Fig. 1 Messaging mechanism
TX DATA
Sourse [ST]
RX ACK
TX ACK
Destanision ,T
RX DATA
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Fig. 2 The packet structure at physical layer

feedback packet and R, is the data rate. By analogy, the total energy used by the receiver
node to receive one packet, and transmits a corresponding feedback packet is given by

Erx = Ey + P Tr + P Tp 4)

From previous analysis, the total energy per successfully received bit (E,) and the total
energy per successfully received packet (E, = NE}) are given by:

Total amount of energy consumed per packet

E, —
™ Total amount of data delivered per packet correctly 5
_E77(+ER)(_ Erx + Egx ()
N, N(1 = P, )"
_ Ex+ Epx
Ep - (1 _Pes)Lp/b (6)

3 Validation of the Energy Consumption Model

The energy consumption model stated in Sect. 2 will be tested with real system to measure
the accuracy of the proposed model. In what follows, a solid background about energy
consumption measuring methods is performed to override most of the drawbacks in the
previous methods to come out with new methodology.

One of the main challenges associated with characterizing the energy consumption of
radio transceivers is that their current draw varies greatly depending on the mode in which
the transceivers is operating. Since radio transceivers usually operate at constant supply
voltage, the measure of energy consumption can be carried out indirectly, by inserting a
small resistance R (< 10 Q) between the power supply and the radio transceiver and
measuring the absorbed current. To this aim, various techniques are available to measure
the energy consumption of radio transceivers, such as; Handheld Digital multi-meters
(HDMs), DC power supplies (DCPS), Data Acquisition cards (DAQs) and Oscilloscopes
(OSCs) [12-15]. In the following, the most significant features will be discussed for each
method:

e HDMs provide a simple method to measure the energy consumption with great
measurement accuracy and low cost. On the other hand, HDMs are inadequate for
measuring energy consumed during short active duty cycles of the radio transceiver.

e DCPS are used to supply power to the radio transceivers with ability to communicate
with a host PC to transfer measured data via a serial channel (e.g. USB)
simultaneously. The major disadvantage of DCPS is its low sampling rate which is
required to accurately capture RF activity on radio transceivers.
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e DAQs are a type of electronic test instrument which typically convert analog
waveforms into digital values for processing. DAQ applications are controlled by
software programs developed using various general purpose programming languages
such as LabVIEW. DAQs have high sampling rates in comparison to DCPs which
allowing to capture very short events such as RF activity. The main drawback of using
a DAQ is its high price.

e OSCs are general purpose instruments that provide a continuous plot of voltage signals
as a function of time. OSCs have very high sampling rate and are easy to use when
compared to a DAQs. On the other hand, OSCs have a limited ability to programming.

According to [12], comparison table between different methods of energy consumption
measuring is provided and extended with our proposed method as illustrated in Table 1.
Our proposed method is done by exploiting Digital Signal Processors DSPs. DSPs can be
designed to measure voltage, current, and energy consumption of radio transceivers. DSPs,
such as TI C2000 TMS320F2812, have high sampling rates, and low cost in comparison to
DAQs.

The proposed method performed by using the Nordic Semiconductor nRF24L.01+
2.4 GHz wireless chips [16], a TT C2000 TMS320F28335 DSP microprocessor [17], the
software Code Composer Studio (CCS), Arduino MCU (microcontroller), and 4.3 ohm
shunt resistor. The Arduino MCU is used to design a radio system with the nRF241.014
wireless chip. The shunt resistor is placed in series between the power supply and low
power transceiver Nordic nRF24L.01+4 as shown in Fig. 3. The voltage drop across this
shunt resistor is fed to TI C2000 TMS320F28335 DSP microprocessor which converts the
analog signal to digital using one million samples per second data acquisition rate. Data
exchange between computer and TMS320F28335 DSP board takes place thru USB JTAG
emulator link. Figure 4 presents the hardware setup at work.

For packet error probability (P,) measurements, the transmitter node is programed to
transmit a large number of packets (e.g. 3000 packets). Then, the correctly received
packets are counted at the receiver node to determine the packet error probability.

Using the parameters in Table 2, the results acquired from the experiment are compared
with the energy predicted by the proposed energy consumption model which are found to
be in better agreement with mean absolute percentage error of 5.8% as shown in Fig. 5.
Figure 6 shows the relative error between experiment and proposed energy consumption
model as a function of the number of successfully received packets.

Table 1 Comparison of energy consumption measurement methods

Instrument name Sampling rate Available Supporting Ease of use  Approx. price
(samples/s) functionality software ($US)

HDM Very low Medium None Very easy Very low
(0.5-10) (30-300)

DCPS Medium Low Limited (extra ~Medium Very high
(1-100 k) cost) (3-10 k)

DAQ High Very high Very high Relatively Medium-high
(100 k-2 M) (extra cost) difficult (1-3 k)

OSC Very High High None or Medium Very-high
(10-100 M) Limited (2-10 k)

DSP (proposed  High Very high High (extra Relatively Low (30-1 K)

method) (100 k=25 M) cost) difficult
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Fig. 3 Experimental setup

Fig. 4 Experiment components

Table 2 Experiment parameters

DSP

Computer

Parameter type

Parameter value

Parameter type

Parameter value (Bytes)

38 mW

39.5 mW
39.5 mW
41.5 pW

Ly
N
H,+H
Ly

15
32

6
38

4 Optimization of Transmitted Power

Considering (5), we note that a large transmitted power is preferred for lower symbol error
rate, but it suffers from excessive transmitted power and energy per successfully received
bit. On the other hand, using lower transmitted power increases the probability of symbol
error and energy per successfully received bit. This trade-off is illustrated in the relation
between the energy per successfully received bit and transmitted power as shown in Fig. 7.
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Fig. 5 A comparison between the energy consumption predicted by the energy consumption model and
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Fig. 6 Relative error over experiment

Moreover, Fig. 7 shows that the energy per successfully received bit has a unique mini-
mum with respect to the transmitted power. This minimum can be found by minimizing (5)
over P,. This can be done by taking derivative and equating the result to zero, which leads
to the following implicit expression for the transmitted power P, that minimizes energy per
successfully received bit:

P,

) — 7
op, " )

B(1—P,,)+ (L,/b)(A+ BP,)
where

A=2Ey+ (Tp+ Tp)Pp + (Tr + Tp) Py
B = (OC —+ 1)(TF + TP)
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Fig. 7 The energy per successfully received bit as a function of the transmitted power using the parameters
in Table 5

The solution of Eq. (7) is depending on the type of radio channel which in our case is
AWGN and fading Rayleigh channels that will be discussed profoundly in the following
two subsections, to end up with closed-form expression derivation for optimum transmitted
power in each case. Then, the accuracy of the results is tested by simulations in Sect. 4.3.

4.1 AWGN Channel

Under the condition of AWGN, the equations of symbol error rate as function of received
SNR (y) for different modulation schemes that stated in Table 3 [18] are approximated by
fitting the curve boe "7, with by and b; are constants that depend on the chosen modulation
scheme (e.g. for BPSK by = 0.2 and b; = 1.1 as illustrated in Table 3), and minimizing the
mean square error. These approximations are valid for 1078 < P, < 10~ Figure 8 shows
comparisons between the original expressions and the proposed simplified expressions of
probability of symbol error of BPSK, MPSK and M-QAM modulating schemes. The
proposed simplified expressions are closely matched to original expressions with relative
error less than 1% of all cases.

The received SNR is defined as y = P,/2ByNoN;yM;, where P, is the received power, By
is the signal bandwidth, Ny is the spectral power density of AWGN, N(f) is the noise

Table 3 The original and approximate expressions of symbol error probabilities for AWGN channel

Modulation Original expression Approximate expression
BPSK 0(v2y) 0.2¢7 117
M-PSK 20(v/2ysin(n/M)) 0.44¢1-1psin”(n/M)
M-aam - (1 - 2(W")Q< L))z OTD omirt

N M1
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Fig. 8 A comparison between the original and approximate expressions of symbol error rate for different
modulation schemes over AWGN channel. a BPSK, b M-PSK, ¢ M-QAM

figure of the receivers front end, and M; is a link margin term which represents any other
additive noise or interference. Based on the signal propagation model, we have
P, = Kd*P,, where K is a parameter that depends on the transmission wavelength and
transmitter and receiver antenna gains, d is the distance between transmitter and receiver
and is the path loss exponent. Therefore, received SNR (y) is related to P, as

P, .
=
! 2BoNoN,M;Kd" (®)

Consequently, the approximated symbol error rate for different modulation schemes over
AWGN channel can be written as follows

Pos=boe " ©)
where Y = b /2BoyNoyN;M;Kd". By replacing (9) in (7) we find
B(1—boe™ ™ ) — (L,/b)(A+BP,)(byYe ™) =0 (10)
By solving (10) for P, > 0, the optimum transmitted power takes the following form

. W.(2) B+AY(L,/b)
Pi=———"" BY(L,/b) (1)

where W_,(z) is a negative branch of Lambert function which defines by W(Z)e"?) =z
[19], and Z is constant, which is given by
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1 _ BHAY(Lp/b)
7=—— ¢ BGH 12
oLy /) (12
By using an approximation for negative branch of the Lambert function, which is found in
[20], the optimum transmitted power can be eventually denoted as

b _BHAY(L,/b)
=T BN (L)
LN PR : )
l o — 1=
Y M; 1—|—(M1 0'/2>/(1+M206M3\/5)

where ¢ = —1 — In(—Z),M; = 0.3361, M, = —0.0042 and M5 = —0.0201.
4.2 Fast Fading Rayleigh Channel

Similarly as in AWGN condition, the equations of symbol error rate for different modu-
lation schemes over Fast Fading Rayleigh channel, that stated in Table 4 [18, 21], are
approximated by fitting the curve b3 /7y, with b3 constant that depends on the modulation
scheme (e.g. for BPSK b3 = 0.25), and minimizing the mean square error. Also, the
approximations are valid for 1078 < P,;<107!. In Fig. 9, the approximate symbol error
rate is shown to be very close to the the original expressions for different modulation
schemes over fading Rayleigh channel.

Thus, the symbol error rate for different modulation schemes over Rayleigh channel is
related to P, as

X

P, =—
e, P, (]4)

where X = 2BoNoN;M;Kd*bs3. By replacing (14) in (7) we find:

Table 4 The original and approximate expressions of symbol error probabilities for Rayleigh fading
channel

Modulation Original expression Approximate expression
BPSK 1 [1 _ [T 025
2 1+7 7
_ - = 0.53(M—1)
M-PSK M—1 sin*(n/M)y M Msin? (] M)7

YT s (e 41 = m

T van! sin (n/My k3
an 1+ sin?( Tc/M) M
M-QAM awM-2(, 1.5 <\/M 1>2 041’
VM M—-1+157 VM
i 157 4 14157
M—1+15) i 1.57

E]

X

(3]
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Fig. 9 A comparison between the original and approximate expressions of symbol error rate for different
modulation schemes over fading Rayleigh channel. a BPSK, b M-PSK, ¢ M-QAM

B(1 — X/P,)P} — X(L,/b)(A + BP,) =0 (15)

By solving the previous equation, the optimum transmitted power over Rayleigh channel is
determined as

 BX(1+1L,/b) + \/ (BX(1+L,/b))’ + 4ABXL, /b (16)
t 2B

4.3 Simulation Results

Using the parameters in Table 5, the energy per successfully received bit is calculated
under the optimal transmitted power given by the various approximations developed in this

Table 5 Simulation parameter settings

Parameter type Parameter value Parameter type Parameter value
P 15.9 mW o 3.2

P, 222 mW K 40 dB

&/ 1/0.35 N 32 Byte

H 5 Bytes R, 20 kbps

o 1 Bytes Ny +M, 40 dB

By 10 kHz Ny —174dBm/Hz
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BPSK over AWGN channel, approximation

O BPSK over AWGN channel, numerically

[ | = = = BPSK over Rayleigh channel, approximation

O BPSK over Rayleigh channel, numerically

1072 L[+ 8-PSK over AWGN channel, approximation
E| ® 8-PSKover AWGN channel, numerically

F | == 8-PSK over Rayleigh channel, approximation

+#  8-PSK over Rayleigh channel, numerically

|| == 16-QAM over AWGN channel, approximation R
-3 | 16-QAM over AWGN channel, numerically -

E 16-QAM over Rayleigh channel, approximation| e

16-QAM over Rayleigh channel, numerically

Energy per Successfully Received Bit (J/b)

10 20 30 40 50 60 70 80 90 100
Transmission Distance [m]

Fig. 10 The energy per successfully received bit at optimum transmitted power determined numerically
form (12) and using the various approximations proposed in Sect. 4

section and compared with those obtained by finding the minimum of (5) numerically as
shown in Fig. 10. The approximation results are closely matched to numerical results with
relative error less than 2% in all cases.

5 Optimization of Modulation Level for M-QAM

In the previous section, the energy saving gained from optimizing the transmitted power to
minimize the energy per successfully received bit is investigated. In the following study,
we assume a fixed bandwidth and target error rate, and choose the modulation level (b) that
minimizes the energy per successfully received bit over AWGN. In this case, the trans-
mitted power is computed under a target instantaneous error rate and the total time to
transmit a packet of Lp bits (Tp) is given by [9]:

Lp
Tp = —— 17
=B (17)
Thus, the energy per successfully received bit can be expressed as
Up+ Ua %+ (Tr + %) (o0 + 1)P (b
Ey(b) = — 2P (Tr +75) (¢ + DP:(b) (18)

N(1 — P, )"
where

Uy = 2Es + TpPo + TrPy
— LP
=B
UZ = (Pct+Prx)

U,

Considering (18), a large constellation size is preferred for higher data rate, but it suffers
from a high transmitted power for a given error probability. On the other hand, using small
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constellation size decreases the transmitted power, but also it suffers from a low data rate.
This trade-off is illustrated in the relation between the energy per successfully received bit
and constellation size as shown in Fig. 11. Also, Fig. 11 shows that the energy per suc-
cessfully received bit has a unique minimum with respect to modulation level b. Moreover,
we note that the optimal constellation size increases as the target symbol error probability
increases. For example, the optimal modulation level is 3 bit/symbol at P, ; = 1073, and as
P, increases to 1072 the optimal modulation level increases to 5 bit/symbol. To find this
minimum, we set OE,/0b = 0, which give us the following expression

- U Uy + (TF +%)( + 1)b26 615 ) — Ui (o + 1)P:(D)
(19)

+ (Uo + U2%+ (TF + o )(oco + )P,(b)) (LpIn(1 —P,;)) =0

From Table 3, the transmitted power P, for M-QAM modulation can be expresses as:

M—1_ (078(M —1)
P, = 1 20
"~ 1.66Y, n< MP,, ) (20)

where Yy = 1/(2ByNoN;M;Kd*) and M = 2°. By replacing (20) in (19) and ignore small
terms, we get the optimum modulation level as:

N S B ' (21)
Y Y | oL TRy e
¢ PR I R S o 27 3a0

where

x107°

Energy per Successfully Received Bit (J/b)

3 L L L L L L L

2 25 3 35 4 45 5 5.5 6
Modulation Level (b)

Fig. 11 The energy per successfully received bit as a function of the modulation level for M-QAM over
AWGN channel using the parameters in Table 5
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0.07 T
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Fig. 12 The energy per successfully received bit using optimal modulation level for M-QAM modulation at
target symbol error probability that determined numerically form minimizing (18) and using the
approximation proposed in this section

q= (2a13 — 9apaa; + 2741()2523)/276103

p= (3a0a2 — alz)/?)aoz
ap = 1n(2) In(0.78 /P, ) (oo + 1)T¢
a; =1n(2)In(0.78 /P, ;) (o + 1)U,
a, =1n(0.78/P, ) (g + 1) (TeLpIn(1 — P ;) — Uy)
a3z =UL,In(1 — P, ) (oo + 1)In(0.78/P. ;) — (1.66U; U, Y, + 1.66UY,) /4

Using the parameters of Table 5, the energy per successfully received bit is calculated
under the optimal modulation level given by the previous approximation developed in this
section and compared with those obtained by finding the minimum of (5) numerically as
shown in Fig. 12. The approximation results are closely matched to numerical results with
relative error less than 3% of all cases.

6 Conclusion

In this paper, the effect of transmitted power and modulation level selection on the energy
consumption of WSNss is studied. In our study, an energy model for WSNs considering the
physical layer parameters based on the energy per successfully received bit is derived. The
model is validated with real data and the results found to be in good agreement with mean
absolute percentage error is not exceeding 6%. It follows that the energy per successfully
received bit as a function of transmitted power has a single minimum point for each type of
wireless channels and depending on the packet size, modulation level and channel
statistics. Furthermore, analytic expressions are derived for the optimal transmitted power
under AWGN and Rayleigh channels using different modulation schemes. Also, the energy
saving gained from optimizing the constellation size to minimize energy consumption with
a target symbol error rate is investigated. The results show that the optimal modulation
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level increases as the target error probability increases. Finally, a closed-form expression
for the optimal constellation size for M-QAM modulation at target symbol error proba-
bility is derived.
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