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A novel, practically implementable robust Distributed Active Power Control (DAPC) technique is

presented for IEEE 802.15.4 wireless sensor networks by using Quantitative Feedback Theory (QFT). The

proposed DAPC framework is based on tracking a target Received Signal Strength Indicator (RSSI) where

the effects of radio channel uncertainty and interference between sensor nodes are considered as an

unknown output disturbance. The key features of this technique are summarized as follows: (1)

quantifiable improvements are achieved in terms of outage probability and power consumption, (2)

exact information in relation to the network operating conditions, e.g., radio channels gains and

interference between users, is not required, and (3) the proposed graphical design environment

simplifies the trade-off between system performance metrics. Experimental results are provided that

highlight the effectiveness of the proposed approach when compared with some existing DAPC

techniques.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Recent advances in wireless sensor technology have enabled
the development of Wireless Sensor Networks (WSNs) that
facilitate collection, monitoring and control of designated data
from remote locations. Smart and healthcare environments and
Body Area Networks (BANs) are among the WSNs applications
that have received much attentions in recent years (Akyildiz, Su,
Sankarasubramaniam, & Cayirci, 2002; Jagannathan, 2007; Yang,
2006). A number of challenges must be addressed by the engineer
when designing a WSN that is capable of deployment in such a
demanding application space (Jagannathan, 2007):
�
 It is imperative that the transmitted signal exhibits a certain
minimum signal-strength at the receiver. This will aid in the
demodulation process thereby improving Bit-Error-Rate (BER)
of the received signal.

�
 Connectivity, the key Quality of Service (QoS) metric consid-

ered in this paper, is a recurring theme in wireless commu-
nications. The engineer must make sure that transceiver nodes
remain connected under a variety of different conditions.
Outage probability is typically employed as a performance
metric to assess the system connectivity under the binding
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assumption that the communication between any transceiver
pair will be lost/disconnected if the received signal-strength
falls below a minimum threshold value.

�
 It is highly desirable that WSNs be capable of deployment in

remote or hazardous environments, where battery replace-
ment is often not viable. Thus, the design of power aware
WSNs with extended operational longevity is a significant
problem.

Power Control (PC) is the most obvious means of addressing
these challenging issues. The design of efficient PC is constrained
by a variety of factors. For example, wireless radio channels are
typically affected by exogenous, uncertain factors that have an
adverse impact on the system performance. Path loss, shadowing
and fading effects can severely degrade the QoS and when
mobility is introduced, the problem becomes inevitably more
difficult to solve. As a concluding remark, the power aware WSN
must also be robust to the aforementioned uncertain and time-
varying factors as well as the interactions that inherently exist
between sensor nodes (Rappaport, 2002).

1.1. Literature survey on power control techniques

Existing PC mechanisms for WSNs may be classified into two
main categories: Passive PC (PPC) and Active PC (APC) (Pantazis &
Vergados, 2007). PPC seeks to save energy by switching the radio
(transceiver) interface module off when not in use. APC adjusts
the transmission power according to the network operating
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2 Moteiv (which has recently been rebranded as Sentilla Inc.) provides and

develops the wireless sensor networking and related software used in this study.
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conditions by keeping the radio interface active. A brief review is
presented in the following. For a more comprehensive survey,
interested reader is directed to Pantazis and Vergados (2007).

1.1.1. PPC techniques

In Burd, Pering, Stratakos, and Brodersen (2000), Im, Kim, and
Ha (2001), Pantazis, Vergados, Vergados, and Douligeris (2009)
and Sinha and Chandrakasan (2001) it was shown that the
application of PPC techniques can produce substantial energy
savings by reducing the energy usage of the Central Processing
Unit (CPU) in idle system states. In Kravets and Krishnam (2000),
Singh and Raghavendra (1998), Srisathapornphat and Shen (2002)
and Ye, Heidemann, and Estrin (2002) a number of heuristic
algorithms is proposed for PPC to decide when to turn off the
radio interface. However, since a large amount of power can be
consumed in switching the transceiver back ON each time, this
operation can sometimes prove inefficient. It has therefore been
suggested that operation in a power saving mode can only be
energy efficient if the time spent in the idle mode is greater than a
certain predefined threshold (Akyildiz et al., 2002).

1.1.2. APC techniques

Power-aware routing protocol is a typical APC technique that
has received much attentions in the literature. Here, data
transmission paths are managed so that reductions in transmis-
sion power levels can be achieved (Das & Bharghavan, 1997;
Gomez, Campbell, Naghshineh, & Bisdikian, 1999; Singh, Woo, &
Raghavendra, 1998). However, in order to obtain a satisfactory
level of system performance in terms of power consumption,
exact information in relation to the wireless channel gain is
required (Misra & Banerjee, 2002). Moreover, it has been shown in
Karl and Willig (2005) that the use of intermediate hops to divide
the distance between source (i.e., sensor node) and destination
(i.e., hop or coordinator) into shorter segments will not guarantee
minimal transmission power. It should be clear, even from this
overview, that obtaining an easy-to-implement energy efficient
routing protocol is still an open research theme (Gomes, Souto,
Kelner, & Sadok, 2006; Vergados, Pantazis, & Vergados, 2008). An
alternative APC technique is based on the use of handshake
signaling to synthesize Multiple Access Collision Avoidance
(MACA) protocol (Karn, 1990) and/or some type of modified
variation such as MACA Wireless (MACAW) (Bharghavan, Demers,
Shenkar, & Zhang, 2004), and Floor Acquisition Multiple Access
(FAMA) (Fullmer & Aceves, 1995). When a sensor node receives
RTS/CTS (Request to Send/Clear to Send) frames, it begins
communications with other neighbor nodes with lower transmis-
sion power. Since centralized information of the neighbor sensor
nodes is a prerequisite here, the APC based on the use of
handshake signaling is often complicated and time consuming.

As a concluding remark, an APC technique that adjusts
transmission power using only limited information is appealing
from an engineering perspective. The APC scheme that relies only
on the limited information in a reasonable time, while maintain-
ing satisfactory levels of QoS, is so-called DAPC technique in the
literature (Gunnarsson & Gustafsson, 2003). In contrast, the APC
scheme that requires exact information in relation to system
operating condition such as radio channel gains and interference
between sensor nodes is so-called Centralized APC (CAPC)
technique that is beyond the scope of this work (Gunnarsson &
Gustafsson, 2003).

There have also been a number of DAPC techniques reported
that utilize Signal-to-Interference plus Noise Ratio (SINR) or
Packet-Error-Rate (PER) measurements. In Muqqattash and Krunz
(2004), the SINR is fed back for transmission PC. The proposed
approach relies on the assumption that the radio channel gains
between transceivers are the same in both directions (i.e., up and
downlink) which is unrealistic in practical sensor network
deployments. The DAPC algorithms proposed in Zurita Ares,
Fischione, Speranzon, and Johansson (2007) are based on PER
estimation that leads to a quite expensive computational burden,
in particular for fading environments where the variance of the
wireless channel gain is quite high and/or time varying.

1.2. Contribution of this work

In this paper, a novel, practically implementable DAPC technique
is presented for IEEE 802.15.4 WSNs using the Quantitative Feedback
Theory (QFT) approach proposed by Horowitz (1963). The system
structure is based on tracking the Received Signal Strength Indicator
(RSSI). The radio channel uncertainty, interference between sensor
nodes and quantization/measurement error are considered as an
unknown output disturbance. Robust stability and performance
constraints are shown to be equivalent to a set of exclusion regions
for the system loop gain function plotted on the standard Nichols
chart at any given frequency. The desired power controller is
achieved through an iterative shaping of the system frequency
response so that these exclusion regions are avoided. This paper
demonstrates the features of the proposed technique summarized as
follows: (1) quantifiable improvements are achieved in terms of
outage probability and power consumption, (2) exact information in
relation to the network operating conditions, e.g., radio channel
gains, interference between users, is not required, and (3) the
proposed graphical design environment simplifies the trade-off
between outage probability and power consumption. The proposed
strategy is extensively tested experimentally on a fully complaint
802.15.4 testbed where mobility is considered using autonomous
robots. This testbed provides a good basis for a formal comparison of
the new approach with a number of existing DAPC strategies.

It is also noted that although the QFT approach has been
successfully applied before in a wide variety of application spaces
(see Houpis, Rasmussen, & Garcia-Sanz, 2006, and examples
therein), this is the first time that its effectiveness has been
exhibited using a real 802.15.4 WSN benchmark problem.

1.3. Paper outline

The work is laid out as follows. In Section 3, the proposed DAPC
structure is formulated. Section 4 deals with the design of the PC
algorithm based on QFT principles. The design constraints,
selection of robustness weighting functions, and finally the
loop-function shaping method are discussed. In Section 5 a
benchmark example of a WSN infrastructure constructed using
Moteiv’s2 Tmote-Sky wireless modules is introduced. In particular
this section presents several technical notes; how to practically
establish a power aware WSN that exhibits jointly improved QoS
and energy consumption characteristics. Finally, experimental
results are reported and the performance of the new methodology
is compared with a selection of existing DAPC algorithms.
2. Nomenclature

Throughout this paper,
�
 decibel value of a variable x is denoted by x, namely,
x ¼ 10 log10 x;

http://www.sentilla.com
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Fig. 1. The loglinear RSSI-based DAPC structure for IEEE 802.15.4 WSNs.
‘z’ represents the Z-transform operator. The relationship
between the sampled data z-domain and the continuous
frequency domain operators is given by z ¼ ejoTs , where Ts is
the system sampling time and o is the frequency.

3. A canonical closed-loop distributed active power control
structure for wireless sensor networks

Recent empirical evidence (Gunnarsson & Gustafsson, 2003
and references therein), suggests that sufficient QoS information
can be obtained in a wireless network by using the SINR given by

giðkÞ9
giðkÞpiðkÞPN

j¼1;jaigjðkÞpjðkÞ þ s2
9

giðkÞpiðkÞ

IiðkÞ
; 1pipN, (1)

where N is the number of active wireless nodes, gi is the channel
gain between sensor node i and the base station, pi is the power
expended by the sensor node i to send the data, s is the noise
power at the base station. Ii is defined to represent the total
interference and noise.

However, IEEE 802.15.4 wireless sensor technology does not
provide an explicit SINR measurement. Instead, a reliable RSSI
value is provided upon receipt of each data packet. It is now
commonly held that for a given link, RSSI exhibits acceptably
small time-variability as long as it stays above a threshold value
(Srinivasan & Levis, 2006). Moreover, recent empirical evidence in
Alavi, Walsh, and Hayes (2008) and CC2420 datasheet (2007)
suggests that due to a stable radio now being a feature of even low
cost devices, the RSSI value demonstrates a highly linear
behaviour in terms of transmission power. Thus, a closed-loop
loglinear DAPC algorithm based on the local RSSI measurement is
feasible. In the following DAPC problem of uplink communica-
tions from sensor node to the base station is considered. The
design technique can simply be extended to the question of DAPC
problem for the corresponding downlink communications with no
new point of principle by using the downlink RSSI as the feedback
signal.

A solid relationship between RSSI and SINR shows that (Zurita
Ares et al., 2007)

giðkÞ ¼ riðkÞ � r� 30, (2)

where gi and ri are the SINR and RSSI of sensor node i in dB and
dBm, respectively.3 The scalar term 30 accounts for the conversion
from dBm to dB. r represents measurement offset and k is the time
index.

Taking the logarithm of (1) and replacing gi in (2) will result in

piðkÞ þ giðkÞ � IiðkÞ ¼ riðkÞ � r� 30. (3)

The system dynamic is subsequently given by

riðkÞ ¼ piðkÞ þ diðkÞ, (4)

where, di ¼ giðkÞ � IiðkÞ þ rþ 30 represents radio channel gain,
measurement and noise effects, as well as interference from other
users. Let mobile power consumption be updated according to the
bilinear control law as follows:

piðkÞ ¼ piðk� 1Þ þ uiðkÞ, (5)

where ui denotes the PC law decision. Eqs. (4) and (5) result in a
simplified linearized closed-loop DAPC system, as illustrated in
Fig. 1. Note that the integral component (5) improves the tracking
performance and thereby outage probability. Moreover, the effects
of channel gain, mobility, interference from other connections and
noise are treated as an output disturbance, diðkÞ.
3 In contrast to Eq. (8) in Zurita Ares et al. (2007), it is noted that thermal noise

power Z0 has already been considered in gi .
Based on the proposed DAPC structure, the actual RSSI of the
sensor node i, riðkÞ, is measured at the receiver and compared with
a target value rtðkÞ. The tracking error is then fed into the power
controller block. Based on the error value, eiðkÞ, the control signal
is generated and forwarded to the power multiplier block. This
block determines the power consumption law. A feature of
wireless sensor devices is that transmission can only occur at a
preset number of discrete power levels. This hardware limitation
is modeled as a saturation/quantization constraint shown in Fig. 1.
Finally, the desired power level suitable for the next data
transmission is sent to the sensor node via the wireless medium.

According to the proposed DAPC structure, the main objective
is to design an appropriate power controller, CðzÞ, that can
successfully track rt with minimum required transmission power.
The resulting controller must also be robust to time-varying and
stochastic uncertainties, including path loss, shadowing, and
fading effects, and interaction between the transmitter nodes.

Remark. It should be noted that, since noise is properly filtered at
the receiver, the error eiðkÞ will be equivalent for both RSSI- and
SINR-based DAPC systems. Thus, the SINR-based DAPC algorithms
can be directly applied to the DAPC problem with RSSI measure-
ment. In this context Frantti and Mähönen (2001), Frantti (2006) and
Gunnarsson and Gustafsson (2003) presented a number of existing
DAPC techniques that are based on the use of SINR measurement.

4. Robust power control design using quantitative feedback
theory

In this section a novel technique is presented for the design of
power controller, CðzÞ, based on the use of QFT loop-shaping
approach. In step 1, a set of desired specifications is defined which
lead to frequency domain design bounds on the Nichols chart. In
step 2, the feedback compensator, CðzÞ, is obtained by shaping the
system frequency response so that these design bounds are
satisfied (Horowitz, 1963, 2001; Houpis et al., 2006). To begin, it is
assumed that one data packet is received from each node for every
3 s, dictating a system sampling time Ts ¼ 3 s. From a control
engineering perspective and according to Fig. 1, it is also clear that
the nominal plant model is given by

GðzÞ ¼
1

1� z�1
. (6)

4.1. Step 1: formal statement of the desired specifications for the

power control problem

The following robust stability and performance constraints are
proposed based on the DAPC system dynamic.

4.1.1. Robust stability

In this paradigm, the notion of robust stability is incorporated into
gain and phase margins through the use of the following constraint:

CðzÞGðzÞ

1þ CðzÞGðzÞ

����
����pm; o 2 ½0;p=Ts�. (7)
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This criterion corresponds to lower bounds on the gain margin of
KM ¼ 1þ 1=m and the phase margin angle of fM ¼ 180� �
cos�1ð0:5=m2 � 1Þ (Chait & Yaniv, 1993). Throughout the design,
m is chosen to be 1.5 thereby ensuring phase and gain margins
equal to 50� and 1:44, respectively.

4.1.2. Robust performance

The following design constraint is used to ensure adequate
tracking performance:

jTLðzÞjp
CðzÞGðzÞ

1þ CðzÞGðzÞ

����
����pjTUðzÞj; o 2 ½0;p=Ts�. (8)

Eq. (8) implies that the system RSSI should be placed in a pre-
defined region specified by upper and lower bounds, denoted as
TUðzÞ and TLðzÞ, respectively. Suppose that (i) the RSSI is required
to settle around the target time 6 (s)ptssp24 (s), and (ii) a
damping factor x ¼ 0:5 is appropriate to reduce outage probability
at the outset of communication to acceptable levels. The following
transfer functions can be selected so as to define the desired
tracking bounds with the aforementioned specifications:

TUðzÞ ¼
0:9945zþ 0:3891

z2 þ 0:2928zþ 0:09072
; TLðzÞ ¼

0:1219zþ 0:08167

z2 � 1:098zþ 0:3012
.

(9)

In order to attenuate the effects of exogenous disturbance, it is
sufficient to over-bound the transfer function from diðkÞ to riðkÞ

with an appropriate disturbance rejection weight as follows:

1

1þ CðzÞGðzÞ

����
����pjWdðzÞj; o 2 ½0;p=Ts�, (10)

where, Wd represents a weighting function over the frequency
range that the disturbance attenuation is likely to be most
significant. It is a feature of the WSN that, due to shadowing and
fading effects, the disturbance energy is typically concentrated at
higher frequencies. Thus, an appropriate Wd that exhibits good
disturbance attenuation in this region of the spectrum is more
desirable. Numerical experience has found a suitable weighting
function to be

WdðzÞ ¼
0:7768

z� 0:2231
. (11)

It is clear from the preceding system equation that if the control
signal remains small, the transmission power is also reduced. A
constraint on control effort can then be added as follows:

CðzÞ

1þ CðzÞGðzÞ

����
����pjWuðzÞj; o 2 ½0;p=Ts�. (12)

where Wu represents a weighting function on the required levels
of control signal minimization. The simplest way to synthesize Wu

is to determine a static transfer function with small gain (less than
1). However, a number of iterations is sometimes necessary to
achieve an appropriate trade-off between system performance
metrics. In this example a reasonable static control-effort
weighting function that is easily implemented for the practical
problem at hand is given by

Wu1ðzÞ ¼ 0:5. (13)

An alternative approach to the selection of the control-effort
weighting function is to relax Wu over the frequencies that the
plant exhibits low gain. Since the bode-magnitude of the
integrator is a decreasing function, Wu can be chosen as a transfer
function having magnitude response bigger than 1 at higher
frequencies given by

Wu2ðzÞ ¼
z� 1

z� 0:1
. (14)
The appropriate practical use of (13) and (14) in the WSN DAPC
problem will be discussed in the following.

4.2. Step 2: the loop-shaping technique

For the loop-shaping procedure, a finite set of design
frequencies is firstly selected for each of the proposed design
constraints. The solution of (7), (8), (10) and (12) divides the
Nichols chart into acceptable and unacceptable regions. The
intersection of the bounds at each design frequency is the final
constraint that is employed for loop-function shaping. Using
Matlab QFT tool box (Borghesani, Chait, & Yaniv, 2003), Fig. 2
shows the resulting QFT design bounds for the pre-determined set
of design frequencies õ ¼ f0:1;0:2;0:3;0:4;0:5;0:6;0:8;1g ðrad=sÞ
when Wu1 is considered as control-effort constraint. C1ðzÞ is
designed by adding appropriate poles and zeros to the nominal
loop function so that it lies inside these acceptable regions
described by the full (upper) and dashed (lower) constraint lines
that are described at each frequency. Moreover the loop-function
must not intersect the critical point at ð�180�;0 dBÞ. A feasible
controller satisfying the corresponding design bounds is given by

C1ðzÞ ¼
z� 0:1396

1:4859zþ 0:2385
. (15)

In order to verify that robustness analysis is in fact achieved,
Fig. 3 can be used to confirm that the complementary sensitivity
function arising from this design procedure lies between TLðzÞ and
TUðzÞ as required.

By using a similar approach, a possible controller when Wu2 is
considered as the control-effort weighting function is given by

C2ðzÞ ¼
z� 0:1396

1:1302zþ 0:1814
. (16)

5. Practical implementation and discussion

5.1. Tmote-sky

The Moteiv’s Tmote-Sky,4 as shown in Fig. 4, is an ultra low
power IEEE 802.15.4 compliant wireless module consisting of
integrated sensors, transceiver, antenna, microcontroller together

http://www.sentilla.com/moteiv-transition.html
http://www.sentilla.com/moteiv-transition.html
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Fig. 4. Tmote-Sky on a fully autonomous MIABOT Pro-miniature mobile robot.

Fig. 5. The benchmark example, with two mobiles introduced to the system.

Table 1
Output power configuration for the CC2420.

Power level Output power (dBm)

31 0

27 �1

23 �3

19 �5

15 �7

11 �10

7 �15

3 �25
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with attendant programming capability. The versatile Tmote-Sky
can therefore be employed in a wide range of WSN applications.
Tmote-Sky module is powered by two AA batteries emphasizing
the need for a dynamic power management scheme that can
extend operational longevity.
5.2. Testbed description

The experimental setup shown in Fig. 5, consists of five Tmote
nodes acting as sensor nodes and one additional Tmote acting as
the base station (coordinator). The sensor nodes are programmed
to send sensors’ data framed in an 802.15.4 format (IEEE Standard
802.15.4, 2006), using the standard TinyOS Oscope application.5
5 TinyOS is an open-source operating system designed for programming

Moteiv WSNs. The software is available at: http://tinyos.cvs.sourceforge.net/

tinyos/. Each application is implemented as a set of modules written in nesC.

The nesC language has a syntax like C programming; however, it also supports

concurrency tasks, as well as mechanisms for structuring, naming, and linking

together software components into robust network embedded systems. It is noted

that a few applications and library components such as TOSBase (base station) and
The base station bridges packets over the USB/serial connection to
a personal computer using a variation of the TOSBase application.6

In Matlab, an application file subsequently compares measured
RSSI with a desired value. Based on the aforementioned DAPC
scheme, the power that is desired for the next data transmission is
calculated. After the hardware limitations (i.e., saturation and
quantization constraints) are taken into account, the equivalent
power level is sent to the sensor node where the RF output power
is adjusted accordingly. Two fully autonomous MIABOT Pro
miniature mobile robots,7 as shown in Fig. 4, are used to introduce
controlled mobility into the system that can be adjusted, removed
and reintroduced as necessary.
5.3. Technical notes

5.3.1. Programmable power

One particular feature of the Tmote-Sky node that facilitates its
use in this study is the ability to adjust or program its radio
frequency (RF) output power by means of writing a power level
value to the onboard CC2420 transceiver. Table 1 shows the
corresponding RF output power for different power levels
according to the CC2420 datasheet (2007). Following each
subsequent DAPC iteration, the desired power for the next radio
transmission is calculated, and then the equivalent power level is
transmitted to the sensor node. To achieve this, a linear(ized)
(footnote continued)

Oscope have already been prepared by the TinyOs community and can be used

with relatively slight modifications for new applications.
6 An interface between Matlab and TinyOS has been established using TinyOS

Matlab-tools written in Java.
7 http://www.merlinrobotics.co.uk/merlinrobotics/

http://tinyos.cvs.sourceforge.net/tinyos/
http://tinyos.cvs.sourceforge.net/tinyos/
http://www.merlinrobotics.co.uk/merlinrobotics/
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relationship between power level and output power is estab-
lished. Coupled with an incorporation of the saturation block that
is an inevitable feature of such a transmission protocol, the power
level for the next transmission is calculated according to the law

psi ¼

3 if pio� 25;

round ð0:5333ðpi þ 10Þ þ 11Þ if � 25ppio� 10;

round ð1:7143ðpi þ 3Þ þ 23Þ if � 10ppip0;

31 if pi40:

8>>>><
>>>>:

(17)

Fig. 6 shows the real and linearized relationship between power
level and RF power. The ‘round’ command was employed to
calculate an integer value for the power level. The difference
between real and saturated-linearized (i.e., pi and psi, respectively)
determines the amount of quantization error imposed to the
system. Clearly, the smaller this error the lower the variance that
will be exhibited around the target RSSI. However, this quantiza-
tion error is in fact negligible when compared with the variation
associated with the fading and shadowing effects that naturally
arise during this study (Jakes, 1974).

5.3.2. The RSSI measurement

At the receiver, the CC2420 provides a digital RSSI in (dBm)
that can be read at any time. Empirical results show that: (1) the
RSSI has a highly linear behavior in terms of RF input power and
(2) r is approximately �45 for a wide range of RF levels from 0 to
�100 dBm (see Section 23 in CC2420 datasheet, 2007).

5.3.3. The selection of target RSSI, rt

In order to reconstruct the original transmitted message with a
satisfactory level of PER, the received RSSI must satisfy a
minimum threshold. Under the assumption that the PER less
than 1% is required, gi should be �85 dBm (see CC2420 datasheet,
2007), which will result in a target RSSI as rt ¼ �55 dBm.

5.4. Benchmark comparative study

System performance, using QFT-based DAPC is now compared
with two other well-regarded PC strategies from the mobile
communication literature. The feedback measurement for each of
these approaches is SINR; however, as has been mentioned in
Section 3, they can be directly applied to the proposed DAPC
structure without any loss in generality.
5.4.1. Proportional and linear matrix inequality based power control

techniques

In Foschini and Miljanic (1993), it has been proven that SINR
(RSSI) will converge to the target value for any choice of CðzÞ 2

ð0;1� starting from any initial condition. It was also shown that

CðzÞ ¼ 1 (18)

produces the fastest response. It is noted that the optimal DAPC
problem based on the use of H1 theory with respect to Linear
Matrix Inequality (LMI) constraint (Lee, Chen, & Chen, 2006)
results in (18) for a wireless network without link delay.

5.4.2. Adaptive step-size power control technique

The second algorithm that is considered here for comparative
purposes is adaptive step-size DAPC rule given by

piðkÞ ¼ piðk� 1Þ þ diðkÞ signðeiðkÞÞ, (19)

where ei is the tracking error and di is the adaptive step size given
by Su and Geraniotis (2002)

diðkÞ ¼ ½ad
2
i ðk� 1Þ þ ð1� aÞs2

ei�
1=2, (20)

where, a is the forgetting factor, assumed to be 0.95, and sei is the
sampled standard deviation of DAPC tracking error during the
updating interval and is selected as seiðkÞ ¼ jrt � riðkÞj. Note that
the ‘sign’ function represents the sign of the tracking error, ei, as
follows:

signðxÞ ¼

1 if x40;

0 if x ¼ 0;

�1 if xo0:

8><
>:

5.5. Experimental data collection and analysis

The following scenarios are considered for the performance
evaluation. In scenario 1, all five nodes are stationary. For each of
the proposed PC techniques, the testbed is run four times (for four
randomly selected nodes locations). Having four PC strategies
(15), (16), (18), and (19) at hand, the total experiments for this
scenario will be 16. Each experiment is 150 (s) in duration. The
RSSI, pi and psi are recorded during each experiment for the
purpose of performance analysis. In scenario 2, one mobile node is
introduced to the system while the other nodes remain stationary.
The aforementioned procedure is then repeated and the related
data is recoded. Finally in scenario 3, two mobile nodes are
introduced to the system while three nodes remain stationary.
Experiments are again repeated in similar fashion and the related
data is recorded. For consistency, the trajectories along which the
mobile robots move remain the same for each experiment.

It is also noted that ‘QFT1’, ‘QFT2’, ‘Pro/LMI’ and ‘Adaptive’,
respectively, represent the results in relation to QFT controller
(15), QFT controller (16), Proportional/LMI controller (18), and
adaptive controller (19).

Fig. 7 shows a sample of the achieved results for the case of one
mobile and four stationary nodes.

5.6. Performance analysis

The following impartial metrics are now considered for
performance analysis:

Tracking Absolute Error (TAE):

EiðkÞ ¼ jrt � riðkÞj. (21)

Outage probability:

Oið%Þ ¼
number of times that rio� 57 dB

number of total iterations
� 100. (22)
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Fig. 7. An example of the RSSI and power level for the case of one mobile node and four stationary nodes by using QFT, proportional/LMI and adaptive DAPC schemes. ‘Thin’

stationary nodes, ‘Thick’ mobile node: (a) QFT DAPC by using C1ðzÞ; (b) QFT DAPC by using C2ðzÞ; (c) Pro/LM1 DAPC and (d) adaptive DAPC.

Table 2
Performance evaluation when all sensor nodes are considered.

DAPC equation (15) (16) (18) (19)

eE (dBm)

Stationary case 7.0270 5.6986 21.2945 116.8802

One-mobile case 12.3617 12.3466 26.3523 108.4902

Two-mobile case 17.2829 14.0531 29.0894 110.6890

eO(%)

Stationary case 4.1638 7.2234 20.7690 46.2564

One-mobile case 11.1048 15.1707 23.5396 44.9049

Two-mobile case 15.7775 15.8571 24.8122 43.3754

eP(mW)

Stationary case 9.6334 8.9949 11.0430 21.0143

One-mobile case 9.1225 8.1441 10.8955 22.1764

Two-mobile case 7.4218 7.7872 9.7370 20.5763

S.M.M. Alavi et al. / Control Engineering Practice 17 (2009) 805–814 811
Power consumption:

Pi ¼
Xt

k¼1

piðkÞ. (23)

�57 is taken a priori as the (arbitrary) value below which
performance is deemed unacceptable in terms of PER. t represents
the total experiment duration.

5.6.1. Average performance metrics taken over all existing nodes

The TAE, outage probability, and power consumption are
calculated for all nodes in each of the aforementioned scenarios.
The average of the resultant data is the final metric that is used in
this comparison. Table 2 and Fig. 8 show the average TAE, eE, the
average outage probability, eO, and the average power consump-
tion, eP, for each scenario. The results confirm the improved
robustness properties of each of the QFT DAPC schemes despite
the existence of wireless channel uncertainty and mobility. The
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Fig. 8. Average RSSI tracking absolute error, outage probability and power consumption, taken over all users: (a) RSSI tracking absolute error; (b) outage probability and (c)

power consumption.

Table 3
Performance evaluation when only mobile nodes are considered.

DAPC equation (15) (16) (18) (19)

eE (dBm)

One-mobile case 5.7008 6.9722 9.2041 27.4893

Two-mobile case 10.4374 9.7718 14.9318 48.5056

eO (%)

One-mobile case 4.6992 5.9077 6.6343 8.7492
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results also show that the average TAE, outage probability, and
power consumption will increase when mobility is introduced to
the system. It is also clear that the QFT-based power controllers
result in significantly improved TAE, outage probability, and
power consumption performance metrics when compared to the
other candidate designs. In particular, C1ðzÞ and C2ðzÞ, respectively,
improve the power consumption by 12–23% and 18–25% when
compared with the Pro/LMI-based power controller. In contrast to
the QFT and Pro/LMI DAPC schemes, the adaptive DAPC often
exhibited an oscillatory response.
Two-mobile case 8.9900 9.4913 13.5698 18.8129

eP (mW)

One-mobile case 1.5301 1.3171 1.7976 4.0106

Two-mobile case 2.1819 2.1090 3.5698 6.8720
5.6.2. Average performance metrics taken over mobile nodes

It is also notable that each of the strategies performs
differently when considering just the mobile nodes. For this case,
the related data is illustrated in Table 3 and in Fig. 9. Use of the
QFT-based power controller results in a better response when
compared to the other schemes. In this case the power consump-
tion has been improved by 14–38% and 26–40% when C1ðzÞ and
C2ðzÞ are applied, respectively.
5.6.3. Trade-off between quantitative feedback theory controllers

As the results show, the relaxed QFT controller C2ðzÞ with
higher gain exhibits improved power savings. This, however, is
achieved at a cost of an increase in the outage probability.
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6. Conclusions

In this paper a novel Distribute Active Power Control (DAPC)
technique that is generally applicable to Wireless Sensor Net-
works (WSNs) has been presented. The DAPC structure that has
been proposed is based on a canonical command tracking
feedback control design specification that lends itself quite
naturally to solution using the Quantitative Feedback Theory
(QFT) paradigm. It was shown that the proposed QFT-based DAPC
technique simplifies the trade-off management between system
performance metrics, and significant improvements are achieved
in terms of outage probability and power consumption. The
resulting controller design procedure has been validated practi-
cally using a fully compliant 802.15.4 experimental WSN testbed
incorporating Moteiv’s Tmote-Sky wireless sensor nodes.
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