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Abstract—ZigBee, a unique communication standard designed
for low-rate wireless personal area networks, has extremely
low complexity, cost, and power consumption for wireless con-
nectivity of inexpensive, portable, and moving devices. ZigBee
uses the IEEE 802.15.4 standard as its communication protocol
for medium access control (MAC) layer and physical (PHY)
layer. The IEEE 802.15.4 MAC layer achieves duty-cycle op-
erations by setting two system parameters, macBeaconOrder
(BO) and macSuper FrameOrder (SO), to achieve low power
consumption for ZigBee devices. This study comprehensively
analyzes IEEE 802.15.4 duty-cycle operation. Specifically, a novel
analytical model that accommodates a general traffic distribution
is developed. An NS-2 based simulation model, which is validated
by the developed analytical model is also proposed. Through the
experiments conducted by the analytical and simulation models,
some important performance-evaluation insights are gained that
can be used as guidelines for future low-power ZigBee network
deployment.

Index Terms—IEEE 802.15.4, ZigBee, low-power operation,
performance analysis.

I. INTRODUCTION

ITH the success of wireless local area networks, the
wireless networking community has been looking for
new avenues to enable wireless connectivity to be extended
to existing and new applications [13]. The emergence of
short-transmission-range wireless devices has furthered the
development of wireless personal area networks (WPANSs).
A WPAN is a wireless network for device inter-connectivity
based on individual workspaces. Among the well-known
WPAN specifications, ultra-wideband (i.e., IEEE 802.15.3)
is designed for high-transmission-rate WPANSs [1]. Bluetooth
(i.e., IEEE 802.15.1) supports various applications, such as
wireless headsets of home audio and computer peripherals, and
provides quality of service (QoS) transmissions, particularly
for audio traffic [28].
For low-cost wireless devices, ZigBee has emerged as
an effective alternative for WPANs. Applications supported
by ZigBee includes home automation, remote control and
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monitoring, and health care [34]. In ZigBee, IEEE 802.15.4
is utilized as the communication protocol for the medium
access control (MAC) layer and physical (PHY) layer [2], and
supports low data-rate (i.e., 20kbps, 40kbps, and 250kbps).
Such low transmission rate and low-cost characteristics make
ZigBee suitable for wireless systems comprising unsupervised
groups of devices in houses, factories and offices. To facilitate
ZigBee network deployment, most devices are unplugged, and
rather operated by batteries. Additionally, the target environ-
ments in which devices operate can be so complex that chang-
ing device batteries becomes difficult or even impossible.
Thus, how to achieve efficient energy consumption for devices
with small power supplies is critical to ZigBee applications.

IEEE 802.15.4 MAC layer provides a duty-cycle operation
by setting two system parameters, macBeaconOrder (BO)
and macSuper FrameOrder (SO), such that low power
consumption is achieved for ZigBee networks [2]. In addition
to determining the duty cycle, the BO and SO parameters
collaboratively provide various low-power attributes under a
single duty cycle for diverse environments [24]. Simulta-
neously increasing BO and SO increases the transmission
latency and decreases system throughput due to intensive
channel contention, whereas simultaneously decreasing BO
and SO reduces available bandwidth and increases the en-
ergy consumption during beacon reception. Each low-power
attribute via setting the BO and SO values has its own impact
on transmission and energy efficiency of IEEE 802.15.4 MAC
layer. With a very limited bandwidth and power capacity for
IEEE 802.15.4 devices, any unnecessary transmission over-
head or excessive power consumption resulting from improper
BO and SO settings could markedly degrade device perfor-
mance. Additionally, inappropriate BO and SO settings for a
low duty-cycle system may lead to more power consumption
than that of a high duty-cycle system with optimal BO and
SO values. Unfortunately, IEEE 802.15.4 does not explicitly
suggest BO and SO values. To our best knowledge, the
settings for BO and SO are based on manual tuning method-
ologies, which is a time-consuming deployment process. Thus,
a comprehensive investigation of low-power operation in IEEE
802.15.4 is necessary.

In the past years, some notable research results have been
presented for the analyzing of power saving mode (PSM) in
IEEE 802.11 [32], [3], [27]. However, the IEEE 802.11 PSM
is very different from IEEE 802.15.4 low-power operation. In
the IEEE 802.11 PSM, as the access point is always awake,
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stations can transmit their uplink packets whenever they want
to send. Conversely, in IEEE 802.15.4, the coordinator and
devices can only communicate during active periods, and enter
the sleep phase during inactive periods. The uplink packets
generated in an inactive period are buffered, and excessive
uplink packet transmissions are generated at the start of the
next active period. This situation seldom occurs in the IEEE
802.11 PSM. Therefore, existing analytical models for IEEE
802.11 PSM cannot be applied directly to the low-power
operation of IEEE 802.15.4.

Based on the IEEE 802.15.4 specification, Djukic et al. [10]
proposed a new transport layer protocol for directed diffusion
in sensor networks; performance of the proposed protocol
was evaluated using NS-2. MiSi¢ er al. [19] analyzed the
performance of an IEEE 802.15.4-compliant network oper-
ating in beacon enabled mode with both downlink and uplink
traffic. Lee et al. [17] established a realistic environment
for preliminary performance evaluation of IEEE 802.15.4
based wireless networks. Lee et al. [29] presented a new
model for the slotted CSMA/CA (Carrier Sense Multiple
Access)/(Collision Avoidance) of IEEE 802.15.4 MAC, and
evaluated its throughput limit. Based on a non-stationary
Markov chain model, Shu et al. [26] provides an analysis that
yields the packet loss statistics for the non-acknowledgement
mode of an IEEE 802.15.4 system. However, IEEE 802.15.4
power-saving in inactive periods was not addressed in these
works. For the inactive period, Sheu et al. [24] proposed an
adaptive interleaving access scheme that adjusts the super-
frame structure to control access latency and the bandwidth
wastage. Jeon et al. [14] proposed a duty-cycle adaptation
algorithm for IEEE 802.15.4 which modifies the MAC layer
header to monitor MAC status. However, the modification
of IEEE 802.15.4 MAC specification in [24], [14] makes
the Zigbee implementation less practical as many new IEEE
802.15.4 based devices are manufactured and purchased.

In analyzing low-power operations in IEEE 802.15.4,
Neugebauer et al. [20] proposed a new algorithm for BO
adaptation in IEEE 802.15.4 star-topology networks, and an-
alyzed the performance using their own developed simulator.
Shu et al. [25] implemented a C-based simulation model for
IEEE 802.15.4 MAC to determine optimal BO and SO values,
such that overall network energy consumption was minimized.
However, their experimental results [20], [25] were based on
ideal assumptions for IEEE 802.15.4 MAC-layer operations.
For instance, packet collisions resulting from the MAC-layer
CSMA/CA were not considered. In this paper, we develop a
complete analytical model and adopt the well-known NS-2
network simulator [31] to realistically model IEEE 802.15.4
MAC behavior.

In the analysis of this work, low-power operation in IEEE
802.15.4 is investigated comprehensively. Performance met-
rics, including queuing drop rate, goodput, and power con-
sumption, are evaluated using the analytical and simulation
models. The proposed analytical model can accommodate a
general traffic distribution to capture the diverse traffic char-
acteristics in various applications. The NS-2 based simulation
validated by analytical results is also developed. Although
the IEEE 802.15.4 module has been provided in NS-2, the
lack of full support for low-power operation makes our ex-
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periments especially for energy consumption difficult to be
derived. Additionally, few traffic distributions are provided
in the existing NS-2 simulation model. Therefore, we make
considerable effort to revise the NS-2 module to supply a
complete low-power operation under the traffic load with
diverse distributions. The performance evaluation conducted
using the proposed analytical model and NS-2 yields many
significant insights under various system parameters, including
BO, SO, buffer size, and traffic load distribution.

The remainder of this paper is organized as follows:
Section II describes the MAC protocol for IEEE 802.15.4.
Section III illustrates low-power operations. In Section IV,
the proposed analytical model for low-power operation is
presented. In Section V, a series of experiments are conducted
using the proposed analytical model and NS-2 to investigate
the system performance under various wireless environments.
Section VI provides conclusions.

II. AN OVERVIEW OF IEEE 802.15.4 MAC

The IEEE 802.15.4 standard defines the PHY and MAC
sublayer specifications for low-rate WPANs (LR-WPAN5) [2].
This standard supports wireless communications between de-
vices with minimal power consumption, and typically operates
in a personal operating space of 10 meter or less. The IEEE
802.15.4 standard defines two medium-access modes: the
nonbeacon-enabled mode and beacon-enabled mode. In the
nonbeacon-enabled mode, arbitration of medium access is
only distributed among wireless devices based on CSMA/CA.
In addition to CSMA/CA-based transmissions, the beacon-
enabled mode provides a contention-free guaranteed time slot
(GTS) mechanism that supports time-critical data delivery.
Additionally, low-power operation is provided using a beacon-
based superframe structure, which is described below. This
work focuses on the IEEE 802.15.4 beacon-enabled mode; the
details of the nonbeacon-enabled mode can be found in [2].

In the IEEE 802.15.4 specifications, a superframe is acti-
vated by a beacon issued by a PAN coordinator, and has an
active and inactive portion. The duration (also called beacon
interval (BI)) of a superframe ranges from 15ms to 245s.
The coordinator and devices can communicate during active
periods and enter the low-power phase during inactive periods.
The length of BI, which is determined by the parameter
macBeaconOrder (BO), can be derived as

BI = 289 % aBaseSuper FrameDuration, 0 < BO < 14

where aBaseSuper FrameDuration is the minimum dura-
tion of a superframe. Furthermore, the parameter SO deter-
mines the length of an active period Super frameDuation
(SD); SD is be derived as follows.

SD = 299« aBaseSuper FrameDuration, 0 < SO < BO

The active portion with 16 time slots has three parts: a bea-
con, a contention access period (CAP), and a contention free
period (CFP). The beacon is transmitted by the coordinator at
the start of slot 0, and the CAP follows immediately after. The
CAP, uses a slotted CSMA/CA approach for devices accessing
the channel and transmitting non-time-critical messages and
MAC commands. The CFP, uses the standard protocol of GTS
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for devices to exclusively occupy the transmission time slots.
The coordinator permits at most seven GTSs for real-time
services during the CFP. The GTS allocation information is
attached in the beacon frame. Notably, the length of a CAP
and CFP in a superframe is determined by the coordinator
based on real-time and non-real-time traffic demands.

The slotted CSMA/CA maintaining three counters in each
device for channel access control. Notably, N B is the number
of backoff trials (i.e., backoff stage) for packet transmission.
BE is the backoff exponent for generating a random backoff
duration for which a device has to wait before attempting
carrier sensing, and C'W is the value of the contention window
slots for clear channel assessment (CCA) after the random
backoff duration. Based on the counters, the medium-access
process of slotted CSMA/CA for a device is as follows. First,
a device with a packet pending for transmission selects a
random backoff counter in the range of [0, 2B% — 1]. The
backoff counter value then decreases automatically at every
slot. When the backoff counter becomes zero, the device
begins carrier sensing (CCA) in the following slots. If either
slot is sensed busy, NB and BE are increased by 1, CW
is reset to 2, and the backoff count-down process with a
new random backoff counter value is executed; otherwise,
the device has an opportunity to transmit the packet. A
transmission is considered failed when N B achieves K, where
K has a default value of 5.

III. IEEE 802.15.4 LOW-POWER OPERATION

The IEEE 802.15.4 standard is utilized to support low-
rate transmission over WPANs. With low-rate data deliveries,
IEEE 802.15.4 devices do not need to be always active in a
superframe. To achieve the required low power consumption,
the IEEE 802.15.4 standard defines a low-power operation to
achieve low duty-cycle operations. The duty cycle in IEEE
802.15.4 is defined as the proportion of time during which a
system operates. When the duty cycle < 100%, devices can
turn off their transceivers during inactive periods to reduce
power consumption. The duty cycle is the ratio of the length
of an active period S'D to the length of a BI, and is calculated
as (%)BOst_

Based on the derivation of the duty cycle, the duty cy-
cles supported by IEEE 802.15.4 have bases of 1/2, and
0 < (BO — SO) < 14. A large duty cycle results in high
power consumption for IEEE 802.15.4 devices. Additionally, a
specific duty cycle can be achieved by setting several different
(BO, SO) pairs. For example, the (BO, SO) pairs, (5,3) and
(6,4), have the same duty cycle 1/4 (i.e., 25%). However,
different pairs under the same duty cycle provide various low-
power attributes, and have differing impacts on throughput and
energy efficiency. To further understand low-power operation
of IEEE 802.15.4, the effects of duty cycle and low-power
attributes on system performance are elaborated as follows.

« Effect of Duty Cycle.

In IEEE 802.15.4, a large duty cycle with a long active
period provides increased bandwidth resources for de-
vices, such that throughput is increased. Since the system
stays in awake mode for a long time, power consumption
is increased. Conversely, a system that operates in a rel-
atively lower duty cycle consumes less power. However,
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Fig. 1. Different BO and SO values of 50% duty cycle.

transmission latency increases for the packets generated
in the extended inactive period. When the duty cycle is
extremely small, the throughput could be reduced sig-
nificantly because of insufficient bandwidth. Therefore,
a trade-off exists for duty-cycle setting between system
throughput and device energy consumption.

« Effect of Low-Power Attributes.
Figure 1 presents two examples of a superframe structure
for different (BO, SO) settings (i.e., (C,C — 1) and
(C—-3,C—4)) of the duty cycle 50%. When a large BO is
used, inactive periods are extended such that transmission
latency increases. Also, with a long inactive period, the
buffered packets will contend the channel intensively at
the start of the next active period. Then the throughput is
degraded due to increased packet drop rate. Additionally,
the intensive channel contentions result in significant
carrier-sensing overhead for devices, and thus increases
energy consumption.
Conversely, when BO decreases, the length of the su-
perframe (i.e., BI) decreases and the beacon trans-
mission frequency increases exponentially. As beacon
overhead increases, available bandwidth for data de-
livery decreases. Furthermore, overall power consump-
tion increases due to increases in beacon transmissions.
However, a small BO benefits the throughput since
the buffered packet transmissions are relieved under a
shortened inactive period.

In summary, many performance trade-offs exist when setting
BO and SO parameters. The system performance affected by
duty cycle and low-power attributes is not easily or intuitively
predicted. The following sections, we present the analytical
model and use numerical results to demonstrate their influence
on the system performance, and to provide the insights into
low-power operation in IEEE 802.15.4.

IV. ANALYTICAL MODEL FOR LOW-POWER OPERATION

In this section, system performance during low-power oper-
ation is investigated comprehensively via a mathematical anal-
ysis. For a traffic load with a general distribution, this model
can determine the system performance including queuing drop
rate, goodput, and power consumption.

A. Analytical Model Overview

In this analysis, we assume a star topology with 1 PAN
coordinator and N functionally identical devices are assumed.
The buffer size of devices is M and the packet arrival rate
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is A\. We assume all MAC frames have the same length [4],
which is widely adopted in MAC protocol analysis. The time
unit used in the analysis is the backoff slot defined in IEEE
802.15.4. Without loss of generality, the optional function
for acknowledging receipt of packets is disable, and a single
CCA (i.e. CW = 1) is used in the analysis. The complete
superframe structure in IEEE 802.15.4, including the active
period and inactive period, is examined. Packets arriving from
the upper layer during the inactive period are buffered and
transmitted at the start of the next active period. To transmit
the buffered packets, devices intensively contend the channel
at the start of the active period, such that system performance
is seriously degraded. Thus the buffered packet transmission
in IEEE 802.15.4 is thoroughly investigated.

In the analysis, I; denotes the interval for transmitting all
buffered packets during the inactive period. In the remainder
of this work, the “buffered packets” are the packets buffered
in the inactive period. Based on long-term ! fairness of
CSMA/CA [6], we assume the (k + 1)st buffered packet of
one device cannot be served until the kth buffered packets of
all other devices are transmitted. The interval I can then be
virtually partitioned into several time regions. The kth buffered
packets of all devices are transmitted in each virtual time
region t; (1 < k < M). As shown in Figure 2, interval to
includes the transmission of the second buffered packets of all
devices. In addition to serving buffered packets, each virtual
time region could handle the arrival of new packet for the
devices without buffered packets. In ¢3 of Figure 2, Devices
1, 2 and 3 transmit their buffered packets, while Device 4 acts
as a normal device to send its new packet.

Based on the structure of the virtual time regions, the
proposed analytical model is presented in three parts. Subsec-
tion IV-B models the MAC behavior in a virtual time region
tr. Packet drop due to consecutive channel sensing failures,
and packet collision due to simultaneous transmissions are
considered in this subsection. The fraction of successful
transmission time and fraction of transmission/sensing time
for a device in a virtual time region are then derived. Subsec-
tion IV-C models the distribution of buffered packets by the
second-order Edgeworth approximation method. This model
accommodates packet inter-arrival times following a general

"Most IEEE 802.15.4 applications are for long-time monitoring and data
collection.
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TABLE I
NOTATIONS USED IN ANALYTICAL MODEL

Notation Description
N The network size
M The buffer size
K The maximum number of sensing failures
R, The duration for serving a packet
A The packet arrival rate
«a The sensing failure probability
T The sensing attempt probability
p The transmission probability
Ntw/ca/sc The fraction of transmis-
sion/sensing/successful transmission
time for a device
Teasiz/bn The time spent for
CCA/transmission/beacon receiving
Py(t) The probability that more than & packets
arrive in the inactive period ¢
tr The interval for serving the kst buffered
packets of all devices
Uy The state vector for ¢; in the system
I[JL] The probability that n saturated devices
exist in tg
sk(i,7) The transition probability from w,(:) to
Uiy
I The interval for transmitting all packets
buffered in the inactive period
Ysc/tw/ra/sp/ia | The fraction of total successful transmis-
sion/transmission/receiving/sleep/idle time
for a device
Ei/ra/sp)id The energy expenditures per time unit for
transmitting/receiving/sleep/idle
€si/itir The energy expenditures for the sleep-
idle/idle-transmitting/idle-receiving transi-
tions
Tsiyitir The time spent for sleep-idle/idle-
transmitting/idle-receiving transitions
Diityir The  frequency of  sleep-idle/idle-
transmitting/idle-receiving transitions
D The queuing drop rate
G The Goodput
E The total energy consumption

distribution. In Subsection IV-D, packet transmissions in I
and the remaining active period are considered separately, and
system performance measures, including queuing drop rate,
goodput and energy consumption, are derived.

B. Modeling IEEE 802.15.4 MAC Behavior

To model the MAC behavior in a virtual time region ty,
the devices transmitting the buffered packets are considered
saturated devices, while the remaining devices are considered
unsaturated devices with a packet arrival rate A\. The MAC
behavior in ¢, can be modeled as a heterogenous network
with N saturated devices and N — N’ unsaturated devices.
The proposed model is modified from the renewal process
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concept for homogenous networks [18]. The goal of our
model is to derive the fraction of successful transmission
time, transmission time, and sensing time of a saturated and
unsaturated device.

We assume that the probability of sensing the channel in a
randomly chosen time slot is independent from other devices,
and independent of the number of retransmission trials for
each device. Specifically, this independent assumption is the
counterpart to that in [8], [5] for the performance analy-
sis of IEEE 802.11 MAC protocol, and is adopted in the
IEEE 802.15.4 study [30]. Since two classes of devices (i.e.,
saturated and unsaturated devices) are considered, notations
(.) is used for unsaturated devices, and (.) is used for
saturated devices. Additionally, U is the average value of the
corresponding random variable.

When an unsaturated device performs CCA, the probability
that the channel is idle is P;. Considering channel status for
two consecutive slots using conditional probabilities yields
P, = PP, + Py(1 — P;), where P;; (Py) is the con-
ditional probability that the channel is idle in the next slot
given that channel state is idle (busy) in the current slot.
By [18], [22], Py, = 1/Tt,. Then P; can be rewritten as
P, =1/[14 Ty (1 — Py;)).

Since sensing failure probability v can be considered the
probability of a busy channel, we have « = 1 — P;. For
unsaturated devices, Ry, is defined as the duration for serving
a packet. A packet is called being served in the following
two cases. The first case is the packet transmission. In this
case, the duration includes the period of backoffs and the
transmission duration. The other case is the packet drop
due to K consecutive channel sensing failures. In this case,
the duration only includes the period of K backoffs since
no packet transmission occurs. Therefore, given the sensing
failure probability «, the average duration to serve a packet
R, for unsaturated devices is

K—1 n
Ro=) a"(l-a) [Z (b + 1) + Ty
n=0 m=0
K-—1
+aX Z (b + 1),
m=0

where T3, is the duration of a packet transmission, and b,,
is the average interval in the mth backoff stage. The sensing
attempt (i.e., CCA) probability 7 for an unsaturated device
with packets to transmit is

K—1
B a™(1l—a)(n+1) KaoX
T ,; {22_0 (b + 1) + TJ SE by + 1)

m=0

All of the above equations for unsaturated devices have
their corresponding derivations for saturated devices. These
derivations can be ertten 51mp1y by replacmg Ry, a, 7, P,
and P;);, with R, a7, P and P\w respectively.

The derivations of P;; and P, ;)i are slightly different and
described as follows. For an unsaturated device, it contends to
access the channel only when packets are in the buffer waiting
for transmission, which occurs with probability p. By [16], we
have p = \ - R, where \ is the packet arrival rate, and R,
is the average packet service time. The conditional probability

sV
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P;); occurs only when no other device senses the channel in
the current slot. For the unsaturated device, we have

Py =
(=) SN T (N (1 = (1 = )N o

The part prior to the summation is the probability that
no saturated device senses the channel. The remaining part
denotes that among the N — N " _ 1 unsaturated devices, the
total probability that n devices do not sense the channel with
packets to transmit, while the other N — N "~ n—1 devices do
not have packets to transmit, 0 <n < N — N "1, Similarly,

PZ./‘ , can be derived as follows.

/
ili

(1= )N e

From the balanced equations, the variables Rev, RSU, a, o,
T, 7 , Pm, Pl.| ;,» and p can be derived iteratively. With these
variables known, the derivations of the fraction of sensing
time, transmission time, and successful transmission time of
the unsaturated and saturated devices are derived as follows.

Let T,, be the interval for performing CCA. Then the

fraction of sensing time 7., of an unsaturated device is

(N N )pn(l _ T)n(l _ p)NfN/fn.
@)

Nea = P+ TTca>

and the fraction of sensing time n;a of a saturated device is
Neg =T Lea-

As we mentioned previously, when a packet is served in
R, the probability that the packet is transmitted is (1 —af¢).
Therefore, the fraction of transmission time of an unsaturated
device is

Mo = ,0(1 - aK)Ttw/Rsv>
and the fraction of transmission time of a saturated device is
7 K —
Nt = (1 -« )Ttm/Rsv
Similarly, when a packet is transmitted, the successful

probability is ;. Therefore, the fraction of successful trans-
mission time of an unsaturated device is

MNse = P R|2(1 - aK)Ttw/R—sv>

and the fraction of successful transmission time of a saturated
device is

K =~

c — B|z(1 « )Ttr/Rsv

C. Modeling Buffered Packets

For low-power operation in IEEE 802.15.4, packets arriving
from the upper layer during the inactive period are buffered.
When measuring system performance, one must derive the
distribution of buffered packets for devices. Let Py (t) be the
probability that more than k packets arrive during the inactive
period ¢, and packet inter-arrival time X follows a general
cumulative distribution function Fx (i.e., X ~ Fx). Let X
be the residual inter-arrival time of X with its corresponding
distribution F'g (t), and X is the ith packet inter-arrival time
in the inactive period. A packet residual inter-arrival time is
defined as the duration from an intermediate moment between
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Fig. 3. The Markov chain model.

two consecutive packets to the arrival time of the immediate
next packet [33]. Therefore, X in this model is the interval
between the start time of the inactive period and the arrival
time for the next packet. Then Pj(t) can be derived as

Py(t) = P[more than k packets arrive in the inactive period ¢]
=PX + Y00 Xi <]

=Fe(t)@ FY V),

where ® represents the convolution operator, and F)((k*l)(t)
denotes the (k — 1)-fold convolution of Fx(t). Specifically,
when Fx is an Exponential distribution, Py (t) = F)((k) () =
1 — G(k — 1) due to the memory-less property, and G is the
corresponding Poisson distribution with the same rate of Fx.

When F is a general distribution, the derivation of P (t)
is not straightforward. Since the derivational complexity of a
multi-fold convolution is extremely high, the exact value is
very difficult to derive accurately. To investigate the effects of
various distributions F'x on system performance, an approxi-
mated Py (t) is adopted in the analysis. The detailed derivation
process is as follows.

Define the random variable Y as ¥ = X + (k — 1)X and
Fy is the cumulative distribution function of Y. Therefore,
Py (t) equals to Fy(t). To derive the approximated Fy (t),
the second-order Edgeworth approximation method [11] is
utilized in this analysis. The detailed derivation is presented
in Appendix A. According this derivation, the approximated
Py(t) can be derived by a series of processes with n-th
cumulants E(X™),n = 1,2,---,5, when the packet inter-
arrival time X follows a general distribution. Since the second-
order Edgeworth approximation method generates the approx-
imated distribution based on a standard Normal distribution
with a variance of 1, the distributions with an extremely
large variance could be hard to capture by this approximation
method. However, the traffic pattern in a sensor network
is generally periodic, such that the traffic distribution with
a large variance rarely occurs. Thus, this work adopts the
second-order Edgeworth approximation method for analysis
of a typical IEEE 802.15.4 network.
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D. Derivation of System Performance Measures

In this subsection, the transmission of packets buffered
during the inactive period in IEEE 802.15.4 are investigated
using a non-stationary Markov Chain. Based on the before-
hand analysis of Subsection IV-B and I'V-C, queuing drop rate,
goodput, and energy consumption can be derived.

For a device with buffer size M, queuing drops occur when
more than M packets arrive during the inactive period BI —
SD. Considering the entire BI, the queuing drop rate D can
be obtained as follows.

1 (oo}
D=+77 ‘ Z (i = M)[P(T) — P (T)).
1=M-+1

Notably, Py (T) was derived in Subsection IV-C, where T’ =
BI - SD.

Compared with the derivation of queuing drop rate, deriving
goodput and energy consumption are more difficult since the
behavior of buffered packet transmissions is considered. In a
time region ¢y, a state vector ¥y, for the system is defined as

W= {ul ol ),

where 1/1,[:] is the probability that n saturated devices exist in
ti. The transitions for the state vector, ¥y, is depicted with
a non-stationary Markov Chain as shown in Figure 3, where
sk(i,7) is the transition probability from 1/1,[;] to ¢l[~ch]r1' The
time-varying transition matrix 7} can be expressed as

s1(0,0) 0 0o .- 0
sk(1,1) 0 - 0

)
) Sk(2,1) Sk(2,2)
)

Ty =
Sk(3a 1) Sk(3a 2)

Sk(N,O) Sk(N,l) Sk(N,N)

Since a device is considered saturated in ¢z, more than k
packets arrive during the inactive period. Therefore, s (4, j)
follows a binomial distribution with the probability Py (T),
where T'= BI — SD.

i

sk(i,J) = (J

With the initial ¥y = {0,0,---,1}, the state vector for
each tj, is given by

) PU(T)P L — P(T).

Vi1 = Uy T

Here, the beforehand analysis derived in Subsection IV-B is
utilized for the following derivations. Specifically, (.)[") is
the corresponding output with n saturated devices. Notably,
average length of virtual time region ¢ with n saturated devices

is R/s[f]. Let I, be the average interval for transmitting all
packets buffered during the inactive period. Then we have

M N
I, = Z Z R

k=1n=0

Let Y,. be the fraction of total successful transmission
time in a BI for a device. For the active period SD in a
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BI, the total successful transmission time includes successful
transmission times in I, and (SD — Ty, — I;). Notably, I, is
the average interval for transmitting all buffered packets, and
Ty, 1s the time for beacon reception.

This work first considers period ;. With the probablhty
of w[n] that n saturated devices exist in tj, 7730 (775[cn]) is
the fraction of successful transmission time of an unsaturated
(saturated) device. Therefore, n[n] RLU} and 7sc g RLZL,] re-
spectively denote the average successful transmission times
for an unsaturated device and a saturated device in ¢;. With
N devices in the system, all combinations of n saturated
devices and N — n unsaturated devices are considered in each
virtual time region. Since the maximum number of virtual time
regions is M, average successful transmission time {2, in T,
for a device is given as

M N
1 n . o1
k=1n=0
Since all devices are unsaturated in the period (SD—T, —Tb),
the average successful transmission time )., for a device in
this period is given as

Q. = (SD — Ty, — Tp)nlY. 4)

From equations (3) and (4), the fraction of total successful
transmission time, Y., for a device is
QSC + lec
BI

For throughput normalization, this work defines the goodput
metric G as the fraction of achieved throughput to ideal
throughput.

Tsc -

TSC
ATy
The derivation of the fraction of total transmission time

Y,, is similar to that for the fraction of total successful
transmission time (Y .); that is, 75, in Y4 is replaced with

G:

N¢z- Thus we have
Tip = { ZZW] [+ (v =yl R
k=1 n=0
—l—(SD — Ty — Yb)nt[x]} .
(5)

In a BI, total receiving time for a device includes the
receiving time for CCA operation and beacon receiving time.
The derivation for the fraction of total CCA time Y ., is similar
to that of Yy,; that is, 7, in Yy, is replaced with 7).,. Thus
we have

1 | M N .
_ )= n . [n] _
T = g {5 33 o+
+(SD — Ty, — Tb)ng} :

n)ngﬂ] RY

(6)
From equation (6), the fraction of total receiving time, Y,
for a device is
Tbn

BI
where Ty, /BI is the fraction of beacon receiving time.
For the inactive period, the fraction of total sleep time, T,

Trm - + Tcaa
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for a device is

Top=1——-.
P BI

For a realistic analysis, this model also considers the time
and energy expenditures resulting from hardware state tran-
sitions. The time spent in sleep-idle, idle-transmitting, and
idle-receiving transition are T%;, Tj;, and 75, respectively.
Also, the energy consumed for sleep-idle, idle-transmitting,
and idle-receiving transition are denoted as €g;, €;;, and €,
respectively.

Since devices wake up at the start of each active period, the
frequency of sleep-idle transition for a device ®g; is 1/BI.
The frequency of idle-transmitting transition for a device ®;;
can be derived from Yy,. Thus, ®;; = T4,/ T}

The frequency of idle-receiving transition in a B includes
the frequencies for CCA operation and beacon reception. With
the fraction of total CCA time Y., derived in equation (6),
the frequency of idle-receiving transition ®;,. for a device is

1 Teo
BI  T.’
where 1/BI is the frequency for beacon reception, and T,
is the time spent for CCA operation.
Since the fraction of total idle time Y;; for a device

excludes the fractions of total transmission/receiving/sleeping
times and all transition times, we have
> T,

Tt Z { }
se{it,ir,st

se{tx,rz,sp}

Qir -

Ts —

Finally, total energy consumption E in the system is

2 D

se{tx,rz,sp,id} se{it,ir,si}

E=N-( E,YT, + €sPs),

where Ey,., F.., E,p, and E;; are the energy expenditures
per time unit for devices’ states of transmitting, receiving,
sleeping, and idle, respectively.

Conclusively, with system input parameters, queuing drop
rate D, the goodput GG, and the energy consumption F can be
derived using the proposed analytical model.

V. SIMULATIONS AND NUMERICAL RESULTS

In this section, the extensive network simulator NS-2 [31]
is used for validation of the mathematical analysis and perfor-
mance evaluation. In the simulation model, a star topology
with 1 PAN coordinator and 10 devices is adopted. Each
experimental result is obtained by averaging the results from
1,000 simulation runs, and each simulation run lasts 200,000
seconds. With the confidence level 95%, the confidence inter-
val is within £+ 1% of the sample mean of each data point.
For a real-case study, this work adopts the power consumption
model based on Chipcon CC2420EM/EB evaluation board and
the SmartRF™ Studio software [9], [7], [12], [22]. The
energy parameters are set as follows. The energy expenditures
for hardware transition are €4;=691p.J, and €;;=€;,-=6.63u.J.
The durations of hardware transitions are T;=970us, and
T:=T;,=194us. The energy expenditures per time unit for the
four device states are F;, = 31.32mW, E,, = 35.28mW,
By, = 144nW, and E;q = 7121 W . Figure 4 shows the effects
of buffer size on queuing drop rate, goodput, and energy
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Fig. 4. The validation results.

consumption under different BOs (i.e. 12 and 14) with a duty
cycle of 12.5%. In the experiment, traffic load is 0.1 packet
per second, and packet inter-arrival times follow Exponential
distribution with a variance of 100 and Lognormal distribution
with a variance 0.01. The analytical results represented by dots
match simulation curves closely, indicating that the analysis
accurately captures the IEEE 802.15.4 low-power operation
under the experimental settings.

For queuing drop rate, Figure 4 (a) shows that a large BO
and small buffer size increase the drop rate due to an extended
inactive period. Additionally, the traffic load distribution with
a large variance (i.e. Exponential distribution) increases the
drop rate, as the probability of buffer overflow is increased.
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For goodput and energy consumption in Figure 4 (b) and (c),
large buffer size and smaller BO effectively increase goodput
and thus increase energy consumption. Specifically, the traffic
load distribution with a large variance increases goodput but
decreases energy consumption.

Notably, the analytical model could not perform well when
variance in the traffic load distribution was extremely large.
The extensive experiment results indicate that the error rate
could be as high as 60% when variance exceeds 1000. This
phenomenon is caused by the limitation of the second-order
Edgeworth approximation method in Section IV-C. However,
the traffic pattern in a sensor network is typically periodic,
such that a traffic distribution with a large variance rarely
occurs.

To comprehensively investigate the effects of various traffic
distributions on system performance, NS-2 based simulation
experiments are conducted. Figure 5 and 6 show experimental
results. This work uses a Gamma distribution with differ-
ent shape parameters to simulate various distributions. The
Gamma distribution is used because it can approximate many
different traffic distributions and experimental data [15], [21].
The shape parameter ranges from 2710 to 20, Notably, a
small shape parameter increases variance. The traffic load is
set to 1/s, and system performance under three different BO
values (i.e., BO = 8,11, and 14) and two different buffer
sizes (i.e., 10, and 10000) is evaluated with a duty cycle
50%. As depicted in Figure 4, system performance against
the buffer size is affected most significantly when M < 20.
When M > 20, queuing drop rate, goodput and energy
consumption are typically stable. Therefore, we adopt M = 10
and M = 10000 to respectively represent the two cases of
M < 20 and M > 20 for further performance analysis.

In an IEEE 802.15.4 network, system throughput degra-
dation is mainly caused by three packet loss: queuing drop,
failure drop, and collision drop. Queuing drop occurs when
a packet arrives in a full buffer. Failure drop and collision
drop uniquely exist in the contention based MAC protocols.
Specifically, the failure drop occurs when a retransmission
attempt reaches a predefined limitation. In the IEEE 802.15.4
CSMA/CA mechanism, the device can retransmit a packet
up to three times. Additionally, collision drop occurs when
two devices transmit packets simultaneously over a wireless
channel.

Figure 5 presents evaluation results for the three packet
drops. Figure 5 (a) shows the results of queuing drop rate.
Since queuing drops rarely occur in a large buffer, the curves
of M=10000 approximate 0. Conversely, high drop rate is
caused under a small shaper parameter when M=10 because
traffic load with a large variance increases queuing drops.
Figure 5(b) shows the results of the failure drop rate. All
curves increase as the shape parameter increases. It is because
a small variance in traffic distribution decreases the diversity
of buffered packet number and thus the channel contention
becomes more serious. For the curves of M=10000, a large
BO increases the failure drop rate since the increased buffer
packets burdens the channel contention. Conversely, the curves
of M=10 indicate that a large BO causes a small failure drop
rate, since the dominant high queuing drop rate markedly
decreases the packets for channel contention. Notably, the
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Fig. 5. The packet loss.

curve of BO = 11 is unexpectedly higher than that of BO = 8
especially when the shape is less than 271, Since the failure
drop rate of BO = 11 is much higher than that of BO = 8
without a buffer limitation (see the curves of M=10000), the
failure drop rate has greater effects on system performance
than the queuing drop rate. Figure 5(c) shows the results of
the collision drop rate. The curves in this figure are similar to
that in Figure 5 (b). Specifically, the collision drop rates for
all curves of M=10000 are extremely high when the shape is
large, indicating that collision drop has a higher sensitivity for
traffic congestion than other packet drops.

In Figure 6, goodput and energy consumption are evaluated
under the same system settings. In Figure 6 (a), the goodput
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Fig. 6. The goodput and energy consumption.

is implicitly the compound effect of the three packet drop
rates in Figure 5. Generally, the curves of M=10 increase
as the shape increases, since the decreasing queuing drop
dominates goodput degradation. On the other hand, the curves
of M=10000 decrease as the shape increases, because the
goodput degradation is only caused by failure drop and
collision drop. Specifically, the curve of M=10 with BO =8
increases and then decreases as the shape increases. This is
because queuing drop has little impact (approaches 0) when
the shape exceeds 272 and the failure drop and collision drop
dominate goodput.

Figure 6 (b) presents the results of the energy consumption.
The curves for energy consumption are similar to those for
goodput since most the energy is consumed by packet sending
(including the carrier sensing and actual transmission) in this
experimental setup. However, some substantial differences are
observed and described below. Since the channel contention is
serious when the shape is large (see Figure 5 (b)(c)), additional
energy is consumed by the additional carrier sensing and
retransmissions. Therefore, the curves of energy consumption
have a larger scale than those of goodput. Additionally, three
curves of different BO values with M=10000 are close be-
cause the absence of a queuing drop makes the carrier sensing
and retransmissions dominate energy consumption, such that
the beacon overhead effects are comparably less significant.

Conclusively, when buffer size is sufficient, the traffic load
distribution with a small variance contributes to considerable
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channel contention, such that goodput is degraded and energy
consumption is increased. Conversely, goodput and energy
consumption are dominated by queuing drop when buffer
size is limited. Therefore, determining a best set of system
parameter inputs for low-power operation of an IEEE 802.15.4
network is not straightforward.

VI. CONCLUSION

The IEEE 802.15.4 MAC layer provides a duty-cycle op-
eration by setting two system parameters, BO and SO, to
achieve low power consumption for ZigBee devices. This work
presented a comprehensive analysis of IEEE 802.15.4 duty-
cycle operation. Specifically, an novel analytical model that
accommodates a general traffic distribution was developed.
An NS-2 based simulation model validated by the developed
analytical model was also proposed. Through the experiments
conducted by the analytical and simulation models, it was
shown that our analysis properly captures the behavior of IEEE
802.15.4 low-power operation. Furthermore, some important
performance-evaluation insights were given, and can be guide-
lines for future low-power Zigbee network deployment.

For future research, the models will be extended to accom-
modate contention free periods for analysis of IEEE 802.15.4
low-power operation.
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APPENDIX

A. The Approximation for Py(t) Using the Second-order
Edgeworth Approximation

For a random variable Z with zero mean and unit variance,
the second-order Edgeworth approximation of the probability
density function (pdf) and cumulative density function (cdf)
of Z, denoted as fz and Fz, respectively, is written as

z P 21 (5
f2(2) = 0(2) [H Wilie) | Slli(z) | Bl
Fz(2) = O(2) — 6(2) {%Hg(z) . 5411211(2) . 531171;(2)] |

where 6 and © stand for the pdf and cdf of the standard
normal distribution, respectively. Note that the approximation
is especially suitable for the random variables with the Normal
distribution properties. Ha, Hs, Hy, Hs, and Hg are the
Hermite polynomials defined as Ha(2) = 22—1, H3(2) = 23—
3z, Hy(z) = 24— 623+ 3, H5(2) = 25— 1023+ 152, Hg(2) =
28 — 152% + 4522 — 15, respecitvely. Also, §3 = E(Z3) and
84 = E(Z*) — 3 stand for the 3rd and 4th order cumulants of
Z, respectively.

To apply the second-order Edgeworth approximation
method for the derivation of Fy (¢), Z is defined as Z =
(Y — py)/oy to have zero mean and unit variance, where
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fy is the mean of Y and oy is the standard deviation of Y.
Therefore, Fy (t) can be written as Fz[(t — uy)/oy].

The derivations of Fz[(t — py)/oy] are described as
follows. First, we have py = E() and oy =
VEY?2)— (E(Y))2 For the derivations of J3 and &4 in
the approximation, E(Y?) and E(Y*) are required. To avoid
redundancy, only the derivation of E(Y) is described here.
The derivations of E(Y?2), E(Y?) and E(Y*) can be done in
a similar approach, and the details are omitted.

E(Y) =EX+(k-1)X)=EX)+ (k—1)E(X).

In the above equation, F(X) can be directly derived from

Fx, and E(X) can be derived by utilizing the excess life
theorem [23]. Then we have

R 2
Bty = O

where i x is the mean of X.

Finally, the approximated Py (t) can be derived by a series
of process with n-th cumulants F(X"™),n = 1,2,--- ,5, when
the packet inter-arrival time X follows a general distribution.
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