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We consider the problem of minimizing transmission energy in wireless sensor networks by taking into account that every sensor
may require a diﬀerent bit rate and reliability according to its particular application. We propose a cross-layer approach to tackle
such a minimization in centralized networks for the total transmission energy consumption of the network: in the physical layer,
for each sensor the sink estimates the channel gain and adaptively selects a modulation scheme; in the MAC layer, each sensor is
correspondingly assigned a number of time slots. The modulation level and the number of allocated time slots for every sensor are
constrained to attain their applications bit rates in a global energy-eﬃcient manner. The signal-to-noise ratio gap approximation
is used in our exposition in order to jointly handle required bit rates, transmission energies, and symbol error rates.
Copyright © 2007 J. Joaquı́n Escudero Garzás et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1.

INTRODUCTION

Wireless sensor networks are susceptible to many diﬀerent
applications in diverse fields such as areas of industry and
commerce (i.e., environment monitoring and control), home
automation and intelligent buildings (i.e., security, lighting,
air conditioning), PC peripherals (i.e., mouse, printer), consumer electronics, medicine and personal health care (i.e.,
monitors, diagnostics, medical body sensors), and surveillance and maintenance among others [1–6]. Furthermore,
the availability of commercial products has fostered potential applications; examples are given in [7–11]. Particularly,
wireless devices conforming to IEEE 802.15.4 standard and
ZigBee specifications seem to be gaining market due to their
characteristics of low power, low cost, and low rate. These
features make them very well-suited as well for most WSN
applications in the so-called personal area networks (PAN).
Some relevant parameters are usually considered in the
context of PANs such as the type and quality of service, scalability, maintainability, and, specially, lifetime of batteries.
Therefore, energy-eﬃcient communication schemes have become a main challenge in the design of these networks. One
straight approach towards energy eﬃciency would be the use
of long transmission time intervals, however many applications impose hard delay contraints. This energy-eﬃciency

delay tradeoﬀ has been recently studied in [12]. An other
diﬀerent appproach [13] examines single-hop sensor communications using time division multiple access (TDMA),
proposing optimal and suboptimal algorithms to minimize
the energy to transmit data with a given capacity in the adequate time. Theoretical energy gains are thus obtained for
optimal and suboptimal schemes as compared to the TDMA
ideal capacity. Other approaches for multihop networks have
been developed in [14, 15].
As for centralized WSN, there exist diﬀerent works focused on single layer design to tackle the energy minimization problem. Examples of PHY-oriented approaches are
given in [16, 17]. Similarly, energy minimization can be accomplished through MAC layer protocols as in [12, 13, 15,
18, 19]. Cross-layer design has been typically focused on
MAC and routing layers but does not touch upon the PHY
layer [20–23]. Nevertheless, we consider that PHY layer is of
paramount importance as to cross layer design when energy
eﬃciency is the aim to tackle. Some recent works on multihop networks follow this same line by using power management [24] or coding [25].
Along with energy-eﬃcient transmission, the reliability of low-power wireless channels is also a challenge in
WSN, specially in the heterogeneous case when the requirements for each sensor may be diﬀerent according to their
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implemented services and applications. We will deal with two
essential aspects related to reliability in real wireless channels for WSN: path loss and symbol error rate. In this paper, to face the aforementioned problems, we propose a practical and energy-eﬃcient adaptive scheme using cross layer
design. It works as follows: firstly, we estimate the channel
gains between every node and the sink; then, this information is used by MAC layer to design the time slots lengths in
an energy-eﬃcient manner; finally, joint consideration of the
calculated time slots lengths and the bit rates determines the
suitable modulation level for the PHY layer.
Due to its high energy eﬃciency, we have selected multilevel quadrature amplitude modulation (MQAM). The modulation level will be adapted to fulfill transmission requirements for each sensor by means of SNR gap approximation.
We apply this approximation because it allows to relate a constant application quality (SER) with a constant throughput
straightforwardly. In order to show the performance of the
proposed scheme, the energy needed for our adaptive modulation scheme will be compared to that of the fixed-slot
TDMA scheme within a PAN environment.
IEEE 802.15.4 MAC protocol [26] provides a mode of operation for sensors requiring service guarantees, making use
of “guaranteed time slots” (GTS) and slotted CDMA. However, such guaranteed service requests may be rejected by the
PAN coordinator, so these guarantees are not assured. Even
though GTSs are accepted for a certain sensor, energy minimization could only be implemented by means of power
transmission control whilst no power management is considered in the standard. With the TDMA variable-time-slotlength scheme we propose, optimal energy consumption is
achieved simply by adjusting the time slots durations, keeping the transmitted power constant.
Since the range of modulation levels in practice is moderate, adaptive schemes can be implemented in a straightforward manner through a parallel hardware architecture. Yet,
another recent alternative for adaptive modulation is software radio: its use in the WSN sink can be adopted very easily
and, although its implementation in sensors may not seem so
immediate, some proposals have already been given in this
area [27].
The remaining of the paper is organized as follows.
Section 2 reviews SNR gap approximation. In Section 3, we
formulate the problem and the system description for the
WSN scenario. In Section 4, we present the proposed energyeﬃcient adaptive modulation scheme while simulations, and
results are shown in Section 5. Finally, some conclusions are
outlined in Section 6.
2.

REVIEW OF SNR GAP APPROXIMATION

SNR gap approximation provides a simple way to relate SNR
(signal-to-noise-ratio), bit rate Rb and SER (symbol error
Rate) for a given modulation (e.g., M-QAM) and coding
scheme [28]. It has been generally used for bit-loading purposes because it makes algorithms easier to implement [29].
Diﬀerent multilevel modulations can be used for adaptive modulation. M-QAM provides a lower probability sym-

bol error compared to M-PSK for the same SNR. M-FSK is a
priori more energy-eﬃcient compared to M-QAM; however,
the bandwidth eﬃciency (bps/Hz) can be a drawback, up to
8 times less than M-QAM (M = 16) [30], resulting then that
we would need 8 times more bandwidth. As our system is
narrowband and, in addition, the bandwidth is constant, our
interest falls on an eﬃcient-bandwidth modulation, so MQAM is more adequate. Additionally, if we consider the distance of the link, energy can be optimized using M-QAM and
M-FSK [17]; the energy per bit is lower for M-QAM for distance less than 30 m, which is our range of interest. Other related works consider also M-QAM as the multilevel modulation to be used for energy eﬃcient communications [31, 32].
Then, in this paper we will use M-QAM modulation
because of its higher-energy eﬃciency for centralized WSN
with PAN coverage. If M-QAM modulation is used, SNR gap
approximation states that the number of bits per symbol Λ
may be found as
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where γ is the SNR, that is, γ = ES /N0 , required to convey Λ
bits per symbol achieving a given error probability SER in a
flat-frequency propagation channel corrupted by AWGN, Γ
is the SNR gap [33] and Q(x) is also defined in [33]. In practical applications, Λ and M take real values but have to be
discretized. We will use ΔM as the increment between consecutive allowed values of M and we will examine the proposed scheme performance depending on this value.
In real applications, however, the usual way to specify the
data-rate is in bits per second (bps), so for our convenience
we will use R in these units considering a symbol period TS :
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PROBLEM FORMULATION AND
SYSTEM DESCRIPTION
Problem formulation

Let us consider a centralized WSN where a central node or
sink needs to collect information from N sensors. Each of
these sensors potentially could be implementing a diﬀerent
application or service, resulting in diﬀerent data-rates Rn and
symbol error rates SERn for each one, where subindex “n” is
used to denote diﬀerent users. Let us assume a total frame
duration T, and a time interval of variable length Tn is assigned to sensor n; consequently, the sum of all time intervals
equals T:
N

n=1

Tn = T.

(3)
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3
Sensor N

For energy minimization purposes, we will calculate the energy En associated to nth sensor as the energy used for the
transmission in the corresponding nth time slot:

hN

T
En = EStx · n .
TS

(4)

We will base then our analysis of energy on the transmitted symbol energy EStx and the relation Tn /TS , which determines the number of symbols transmitted during the nth
time slot Nn : Nn = Tn /TS . This energy model is a simplified
one, since total energy consumption in the sensor encompasses also active-sleep transitions power and circuit power
consumption [17, 31]; then, a fully realistic model would take
them into account.
It is clear that some entity in the network must coordinate the time assignments, that is, the time-slots duration
Tn , and estimate the channel parameters we will need for
the adaptive modulation scheme (see Section 3.2). Therefore,
some signaling system must be implemented in order to inform the sensors about these assignments. Since the network
topology is centralized, these tasks (included channel estimation) are assumed by the sink, because sensors are intended
to be as simple as possible and may have limitations in processing; the feedback information can be implemented without significant traﬃc load [34].
In this paper, the function to be minimized is the sum
of individual energies needed by each sensor per time interval given by (4); Rn and SERn will be guaranteed for each
sensor despite changes in SNRn due to channel variations by
adapting the modulation and the transmission time. Then,
the problem to solve can be formulated as the following constrained minimization problem:
minimize

N

n=1

subject to

N


En =

N

n=1

EStx ·

Tn
TS
(5)

Tn = T.
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Figure 1: Wireless sensor network scheme: a centralized configuration.

the receiver (dn ) is in the order of personal communications
range (up to 10 m):
PLn = S0 + 10a log dn + b (dB)

(6)

being in the previous expression S0 the path loss at 1 m distance, a and b correspond to parameters for LOS (line of
sight) scenario in the ISM band (2.4 GHz) in indoor environment. The height of antennas is assumed to be 1 m for
the receiver and between 1–3 m for the transmitters.
In addition to path loss, a Rayleigh distribution has
been used in order to model small-scale fading for each
transceiver. This fading will be represented by the coeﬃcients
hn .
The consideration of both loss factors (path loss and
small-scale fading) leads to a modification of the optimization problem (5). The received energy per symbol can be calculated then as ESrx = EStx /(αn · |hn |2 ), where EStx denotes
the transmitted energy per symbol and αn = 10PLn /10 ; reformulating (5):

n=1

minimize

N

n=1

3.2. System description
Our system model is a centralized wireless sensor network
(Figure 1) made up of sensors whose transmission requirements may diﬀer with respect to each other in bit rate and
quality of service, since the implemented applications may
be diﬀerent.
We state our problem from the receiver point of view, so
a loss model must be defined to estimate the received energy.
The reason for this is that SER is a key parameter in the proposed energy-eﬃcient adaptive modulation scheme and we
will formulate it as a function of the received symbol energy
(see Section 4). Then, if the energy transmitted by each sensor can be calculated as En = Pn · Tn , being Pn the nominal
transmission power of the device, a path loss needs to be included to estimate the received power. The average path loss
PLn can be calculated according to the propagation model
described in [35], where distance from each transmitter to

Sink

h1

subject to

N


En =

N

n=1

ESrx ·

2
Tn 
· hn  αn
Ts

(7)

Tn = T.

n=1

4.

ADAPTIVE MODULATION WITH SER
AND THROUGHPUT CONSTRAINTS

As has been mentioned in the previous sections, the design
of the time slots length is performed using SNR gap approximation as a means to relate the quality of service parameters
we wish to guarantee (SER and bit rate). In contrast to fixed
TDMA, in which all time intervals have the same duration,
with the energy-eﬃcient scheme, the length of time intervals
Tn will be a function of the required bit rate Rn and the SERn .
The diﬀerence between transmission frames can be seen in
Figure 2. In this fashion, the defined energy-eﬃcient adaptive
modulation scheme ensures fairness: although nodes seem to
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Figure 2: Fixed and variable time-slots length TDMA frames.
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be “stealing” time for transmission each other, every node is
maintaining the required quality specified by Rn and SERn .
The nth sensor bit rate Rn is calculated using (2):




γ
N
N
Rn = n log2 M = n log2 1 +
.
(8)
T
T
Γ
Analyzing (8), we observe that required Rn is assured performing adaptive modulation: we assume invariant propagation channel during frame T, and if channel conditions get
worse from frame to frame, the SNRn decreases as well as the
number of bits per symbol given by log2 (1 + γ/Γ). In order to
keep Rn constant, the transmission interval must increase via
Nn .
Recalling that γ = ESrx /N0 , the required energy per user
to be minimized of (7) can be expressed as:
En = ESrx ·

2
 2
Tn 
· hn  αn = γ · N0 · Nn · hn  αn
Ts

(9)

 2 

= Γ · N0 · Nn · hn  αn 2Rn·T/Nn − 1 .

Without loss of generality, En has been normalized with respect to N0 . Written formally, we need to solve the following
constrained optimization problem:
minimize

N


En =

n=1

subject to

N


N




2





Γ · Nn · hn  αn 2Rn ·T/Nn − 1

n=1

(10)

Tn = T.

n=1

The solution to (10) can be founded using Lagrangean’s multipliers method, and the set of {Nn }Nn=1 which optimize the
total energy must satisfy


2



λ = Γ · hn  αn 1 + 2Rn·T/Nn





Rn
ln 2 − 1
Nn

,

(11)

where Lagrangean multiplier λ can be obtained by numerical
search. It is straightforward to calculate the time duration of
each interval as Tn = TS · Nn .
Furthermore, the corresponding En will decrease according to (9), as can be expected since the level of the M-QAM
modulation will decrease (M = 1 + γ/Γ) but to preserve the
bit rate, the transmission time must increase.
5.

SIMULATION SETUP AND RESULTS

The system described has been simulated taking as a reference IEEE 802.15.4 standard in order to make a realistic choice of the simulation parameter values. The band
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Figure 3: Energy gain with respect to fixed TDMA and variable
length TDMA with 16-QAM modulation, N = 896 symbol periods.

for transmission is the ISM band (2.4 GHz), defined as the
primary band for this type of networks. The bandwidth is
62.5 KHz, and the symbol period equals the 802.15.4 symbol period TS = 16 μs. In order to consider the channel
invariant during a frame transmission, coherence time Tc
must be larger than the duration of the frame, and Tc can
be calculated as [36] Tc = 0.423/ fm , being fm = v · fc /c,
c = 300000 m/s, v = 3 Km/h (walking velocity), and fc
the carrier frequency 2.4 GHz; then Tc = 63.45 ms. The
frame length has been chosen considering that 802.15.4 states
a length from 15 milliseconds to 250 seconds; according to
the value obtained for Tc , we have chosen a duration frame
about 15 milliseconds, corresponding to 896 symbols of 16 μs
(14.336 ms). The rest of parameters have the following values: the total bit rate of the network is 250 Kbps and SER =
10−3 .
The energy gain (defined as the ratio of the required
energy in each case), when using energy-eﬃcient adaptive
modulation compared to conventional TDMA allocation, is
the parameter used to compute saving in energy. We distinguish two cases: (a) fixed TDMA with fixed modulation
16-QAM for each sensor and (b) variable length TDMA
with fixed modulation (M = 16 and 64), which are shown
in Figures 3 and 4, and a frame of 896 symbols is considered (802.15.4); abscissa axis represents the deviation among
the diﬀerent 16 sensors bit rates, to account for the heterogeneous nature of the network. Distance between sensors
and sink is a random uniformly distributed variable with
value in the range 1–10 m. Note that gains up to near 6 dB
are obtained, and the heterogeneousness of the network do
not have an important influence on the gain, so the performance of the adaptive scheme is able to tackle this situation without degradation. We have considered also interesting to select the parameters for another typical wireless
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64-QAM modulation, N = 64 symbol periods.

Figure 4: Energy gain with respect to variable length TDMA with
64-QAM modulation, N = 896 symbol periods.
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Table 1: Energy gain for energy-eﬃcient adaptive modulation compared to conventional TDMA with diﬀerent correlations between
channels (σ 2 ), N = 896 symbols.
M

Deviation (Kbps)

σ2

G fixed (dB)

G variable (dB)

16
16
16
16
16
16
64
64
64
64
64
64

0
0
5.8
5.8
13
13
0
0
5.8
5.8
13
13

1
20
1
20
1
20
1
20
1
20
1
20

1,15
1,24
1,44
1,34
2,11
2,12
—
—
—
—
—
—

1,02
1,06
1,07
1,07
1,19
1,23
5,6
5,62
5,68
5,7
5,81
5,93

Rn deviation (bps)
Variable TDMA, M = 16
Fixed TDMA, M = 16

Figure 5: Energy gain with respect to fixed TDMA and variable
length TDMA with 16-QAM modulation, N = 64 symbol periods.

sensors environment, as Bluetooth; in this case, the possibilities for duration frame are. 0.625/1.875/3.125 milliseconds,
so we have selected a frame of 64 symbols, corresponding to
1.024 millisecond. Figures 5 and 6 shows the energy gain in
the mentioned (a) and (b) situations with the new parameters.
The eﬀect of correlation among the propagation smallscale (Rayleigh) channels sensor-sink hn , is taken into account. Parameter σ indicates the correlation among channels. The energy gain is shown in Table 1 for frame duration
N = 896 symbols, and it could be expected a significant dif-

ference favourable to the uncorrelated case that in practice
does not occur. The explanation to this is that the path loss
coeﬃcients (αn ) are much larger than the Rayleigh fading coeﬃcients (hn ) and, as can be observed in (9), the optimized
energy En is strongly dominated by path loss eﬀect. Related to
this, sensors in the lowest distance (d = 1 m) use a very low
number of time slots (3, 4, 5 symbols per time slot), and consequently the level of modulation M is high. Similar results
and conclusions apply for the case of N = 64 symbols.
In simulations, discrete bit-loading has been addressed
in order to preserve practicality; we have used ΔM = 1 ensuring always a bit rate higher than the searched Rn , taking
into account that any integer value of M can be achieved using an appropriate coding. Additionally, we have explored the
energy consumption of the uncoded case with the restriction
M = 2k (being k an integer) with respect to ΔM = 1, and we
found that the former choice implies an increment in energy
that can be up to 7 dB for high-level modulations.
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It is important to consider power limitations that are generally and worldwide imposed by regulating agencies to radiofrequency transmissions. In IEEE 802.15.4 applications,
the maximum allowed transmit power is 100 mW, but in
practical 802.15.4 networks usual values of about 1 mW
are very common. In the simulations carried out using the
proposed energy-eﬃcient scheme, the needed power was
checked to be below this practical limit value. The result
is that the maximum transmit power obtained is slightly
larger than 1 mW and usual values are a few hundreds of microwatts.

[2]

[3]
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6.

CONCLUSIONS

Energy eﬃciency is critical to lifetime and performance of
wireless sensor networks. In this work, we have developed
an energy-eﬃcient cross layer adaptive modulation scheme
that minimizes the total energy utilized by the network. This
scheme is based on bit rate and reliability: SER is maintained for the required bit rate of the implemented application adapting the M-QAM modulation. As a consequence,
the design of WSN can be realized assuring the quality of service for the diﬀerent implemented applications.
It must be noted that although we have chosen M-QAM
as the modulation scheme, M-PSK modulation can be a possibility to be considered [37]. The choice of M-QAM has
been made because of its higher-energy eﬃciency, since this
is the parameter we are focusing our interest on. Nevertheless, M-PSK may be useful for other reasons: it can oﬀer
advantages in some other situations due to its behavior in
terms of Peak-to-average power ratio (PAR); this possibility
remains to be explored.
Another important topic to consider is mobility in this
type of networks: the channel model we have considered assumes that sensors are static (or restricted to very slow movement). Our system model and the energy-eﬃcient scheme
developed in this paper may be suitable for the case of mobile sensors. However, the gain in this case should be evaluated with the inclusion of an appropriate channel model;
this scenario could be of great interest for a wide range of
diﬀerent applications, such as mobile body sensors, mobile
home personal devices, image transmission in surveillance
systems, and mobile security sensors, always considering not
high speeds.
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