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Abstract—In wireless sensor networks, nodes periodically wake
up and sleep in order to reduce their energy consumption. One
challenge in this scenario is how to coordinate the sender and
receiver so that they can wake up and sleep at the same pace
to maintain connectivity. In this paper, we present a synchro-
nization method that has very low energy consumption overhead
yet high-precision synchronization performance. Different from
existing synchronization methods, it does not need to correct the
offsets and skews of the clocks of nodes. Instead, our proposed
method takes advantage of the fact that the time interval between
two transmitted beacons is the same as the time interval between
two received beacons, since the propagation and coding delay can
be assumed to be similar in these two transmissions. Thus, the
receiver and the sender can be synchronized using their individual
clocks. Based on this key idea, our synchronization method can
overcome the offset and drift issue without modifying the clocks.
This paper focuses on the theoretical analysis to evaluate this
proposed method. The closed-form expression of the error limits
for our method has been obtained. Also, the correctness of the
theoretical analysis has been verified by our experimental results.


Index Terms—Synchronization, low-complexity, ultra-low duty
cycle, theoretical analysis, wireless sensor network.


I. INTRODUCTION


A low-complexity and effective synchronization method
is vital for MAC protocols in wireless sensor networks.


In general, sensor networks are energy-limited and therefore
cannot afford to keep the radio on all the time. Therefore,
nodes typically have to sleep and wake up periodically. This
mandates that the communication protocol is able to deal
with the situation where the sender needs to wake up and
transmit while the receiver is asleep. Addressing this issue,
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MAC protocols in wireless sensor networks can be categorized
into synchronous MAC protocols and asynchronous MAC pro-
tocols. Asynchronous MAC protocols solve this problem by
using a long preamble to ensure that the receiver can get the
packet. This method is simple, effective and does not incur
any synchronization overhead. However, it suffers from a high
energy consumption burden at the transmit side which limits
its energy efficiency. To further save energy, especially in ultra-
low duty cycle applications, a different approach is needed for
MAC protocols in wireless sensor networks.


Synchronous methods attempt to address this need. Many
such methods for sensor networks have been proposed in the
literature. S-MAC [1], T-MAC [2], and SCP-MAC [3] all trans-
mit a SYNC packet to notify the neighbors of their schedule in
order to synchronize the clocks of all nodes in the network. This
synchronization method only compensates for clock offset and
does not consider clock drift, however. Thus it is not accurate,
especially in a low duty cycle situation where the cumulative
drift is significant. Dozer [4] is an ultra-low duty cycle MAC
protocol. It transmits a beacon to the receiving nodes. The
receiving nodes must wake up in advance of the beacon to
obtain the beacon and use this beacon to adjust local times.
DISSense [5], another ultra-low duty cycle MAC protocol,
piggybacks the timestamp on the data packet in order to keep
the receiving node synchronized. It also adds a guarding time
slot in front of the frame to alleviate the clock estimation error.
All synchronous methods discussed above can be characterized
as one-way methods. According to [6], the estimated cycles
in one-way methods are inevitably overstretched by a positive
offset due to the propagation delay. In addition, they also
do not address the clock drift issue. In Reference-Broadcast
synchronization [7], the sender broadcasts a reference message
to the receivers. The receivers, upon receiving the message,
record the arrival time of message by their own clocks, and
exchange this information among each other to compensate the
clock offset between them. The advantage of this method is
the elimination of the clock estimation offset caused by coding
delay and propagation delay. The disadvantage, however, is
that it does not consider the clock drifting effect, and has the
overhead of third party involvement. Ganeriwal et al. proposed
a time-sync protocol for sensor networks (TPSN) [8]. Their
protocol has two phases, level discovery and synchronization.
In the level discovery phase, all nodes in the network form
a hierarchical topology where all nodes synchronize with the
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root node. In the synchronization phase, a two-way message
is exchanged between each pair of nodes. The clock offset
and propagation errors are then calculated at the child node.
This method resolves the propagation delay error but does not
consider the clock drifting issues either. Miklos et al. proposed
a flooding time synchronization protocol (FTSN) in [9], where
they studied the uncertainties in radio message delivery. They
argued that there are many factors that are non-deterministic.
For example, the sending and receiving time is dependent on
the processor load. Radio access time is dependent on channel
contention, and propagation on distance. This can be regarded
as an additional virtual offset of the clocks, which can be mod-
eled as a random variable with small variance. In their design,
the sender transmits several probe messages periodically to the
receiver. The receiver uses a collection of the received messages
to calculate the offset including the virtual offsets, and clock
drifts by linear regression. This synchronous method resolves
both the offset and drifting issue, thus is more accurate than
previous methods. However, it is complicated and consumes
much more energy. Yadav et al. [10] applied FTSN in a cluster-
based sensor network. Instead of flooding the synchronization
message to neighbor nodes, the root node multicast the SYNC
message to selected cluster-heads. This method decreases the
number of flooding processes. Nevertheless, it still does not
resolve the complexity problem for the multiple-transmission
overhead of FTSN. Another group of work [11]–[16] on syn-
chronization is based on distributed consensus algorithms. The
basic idea of these work is to provide internal synchronization
without relying on a global clock. However, they still need
to exchange several packets to estimate the clock drift and
offset between neighbors. Thus they are also complicated and
expensive in terms of energy consumption.


In this paper, we present a low-complexity and effective
synchronous method that can be used in ultra-low duty
cycle synchronous MAC protocols with high synchronization
precision. All the methods discussed before are trying to modify
the offset (including virtual offset) and the drift of all clocks in
the network to be the same as the global clock. Differently from
those approaches, the new synchronous protocol does not mod-
ify the clocks in the network at all. Instead, they are synchro-
nized with their own clock. Since the periodic broadcast event
in the network is the same for all the detecting clocks, although
they have different measurement results for this period by their
own clock unit independently, they are able to interact with
each other at the same physical time. Without the complicated
estimation process, and without modifying the clock of a node,
our synchronization method is much simpler and thus much
energy-saving than the traditional synchronization method.
Also this synchronous method was adopted in an ultra-low duty
cycle communication protocol in our previous work [17], [18].
Experimental results show that the method is very effective and
applicable. Furthermore, we perform a theoretical analysis on
our proposed method, and give the closed-form mathematical
expression for the error limits of this method for both one-
hop and multi-hop scenario, mathematically showing the
effectiveness of our synchronization method. The estimation
errors of this method are only dependent on the clock difference
ratios in the network and the measurement noises. They are


independent of the parameters of this protocols. Thus this
synchronization method has a very high precision. According to
our test, it can easily provide 0.1% duty cycle synchronization
capability over 9 hops. Also we have verified the mathematical
expression against the real errors in the testbed. The results
demonstrate the correctness of our formulized synchronization
error.


The main contributions of this paper are:
1) A high-precision, low-complexity synchronous method is


presented.
2) A theoretical analysis of the error of this synchronous


method is conducted. The mathematical closed form of
the error of this synchronous method is formulated.


3) The correctness of the mathematical expression has been
verified by the experimental results.


The rest of paper was organized as follows. Section II pro-
vides the description of the synchronization method. Section III
presents the theoretical analysis of the proposed method. The
verification experiment is conducted in Section IV. Section V
makes a comparison between the idea of our synchronization
method and the idea of the traditional synchronization method.
Section VI presents our conclusion.


II. SYNCHRONIZATION METHOD FOR WSN


In our previous work [17], [18], we first presented an effec-
tive and low-complexity synchronization method for ultra-low
duty cycle MAC protocol. In this section, we introduce this
method in detail.


Our proposed MAC protocol for ultra-low duty cycle appli-
cations includes two phases, the cycle detection phase and the
synchronization maintenance phase.


A. The Cycle Detection Phase


The cycle detection phase is shown in Fig. 1 where the un-
synchronized node periodically wakes up to detect the beacons
of the synchronized node. The wake-up window size is slightly
wider than the interval between consecutive beacons in the
same frame. The interval time between each wake-up is slightly
less than the entire beacon frame of the synchronized node.
Therefore the unsynchronized node is able to detect the beacon
when it arrives. When the first beacon from the synchronized
node is detected, it records the time stamp Tl as the arrival time
of this beacon, and the associated beacon number Nl, contained
in the beacon message. It then goes to sleep for a period of
time shorter than the cycle T (approximately 5 minutes in
our example application). It continues to wake up periodically
until it detects the second beacon. When it receives the second
beacon in the second frame, it records the arrival time Tc of
the beacon and the corresponding beacon number Nc. After
that, it calculates its predicted cycle using its own clock by the
following equation.


ΔT = (Tc − Tl)− (Nc −Nl) ·Δt (1)


where Δt is the interval between two consecutive beacons
in the same frame. Assume the number of beacons for the
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Fig. 1. The cycle detection phase.


Fig. 2. The synchronization maintenance phase.


synchronized node is N, then the unsynchronized node is going
to wakeup at the time Tb.


Tb = ΔT +


(
N − 1


2
−N2


)
Δt (2)


B. The Synchronization Maintenance Phase


After the cycle detection phase completes the new node has
successfully established synchronization with its parent node,
at which point the synchronization maintenance phase begins.


The newly joined node calculates the cycle every time it
receives a new beacon.


This process is formulated as a pseudo iteration code as
follows:


if (receiving a new beacon) {
Tc, Nc is updated;


ΔT = (Tc − Tl)− (Nc −Nl) ·Δt;


Tb = ΔT +


(
N − 1


2
−Nc


)
Δt;


Tl = Tc;


Nl = Nc;


}


where Tc is the arrival time of the current beacon, Tl is the
arrival time of the last beacon. Nc is the beacon number of the
current beacon and Nl is the beacon number of the previously
received beacon.


III. MATHEMATICAL ANALYSIS OF THE


SYNCHRONIZATION METHOD


In this section, we present the mathematical analysis of
the proposed method. Before analyzing and evaluating this
synchronization method, we first model the clock measurement
of wireless sensor nodes. Let us assume that we are using
several clocks in the sensor nodes to measure the same time
length, then the amount of time measured by each node can be
described as follows,


Ti = clki + δi (3)


The measured numbers are different from each node due
to the different clock clki and measurement noise δi. We
have performed tests using Texas Instruments eZ430-RF2500
platform, which demonstrates the validity of this model.


In our tests, a hub node broadcasts its beacons every
80 seconds. Four nodes record the arrival time of the beacons
from the hub using their own clock. The timing resolution of
these four nodes was set at about 50 ms per unit. As Fig. 3
shows, the period of the beacon broadcasted by the hub was
interpreted differently by these four nodes in terms of the
mean and variance. As shown in Equation (3), the mean of the
interpreted measurement of node i is presented as clki, and the
corresponding jitter is assumed as a Gaussian random variable
δi with zero mean. The jitter is due to measurement precision
errors.


Next we deduce the mathematical expression of the behavior
of receiving beacon numbers of synchronized nodes. As Fig. 2
shows, Node 1 keeps pace with Node 0. Node 1 predicts
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Fig. 3. The clock differences.


the sending time of the middle Beacon 3 in the next frame,
according to Equation (2), Tb1 is


Tb1 = ΔT1 +


(
N − 1


2
−Nc1


)
·Δt1 (4)


where subscript 1 is the indicator of Node 1. Combining
Equation (4) with Equation (1), we have


Tb1 = (Tc1 − Tl1) +


(
Nl1 − 2Nc1 +


N


2


)
·Δt1 (5)


The actual sending time of the middle beacon in the next
frame of Node 0 is


Tb0 = ΔT0 +


(
N − 1


2
−Nc1


)
·Δt0 (6)


Combining Equation (6) with Equation (1), we have


Tb0 = (Tc0 − Tl0) +


(
Nl1 − 2Nc1 +


N


2


)
·Δt0 (7)


Then the receiving beacon number in one-hop case is


Nb1=
N


2
+ round


(
D1→0(Tb1)− Tb0


Δt0


)
+ round


(
δ0 + δ1
Δt0


)
(8)


Node 0 and Node 1 have the different clocks, so they are
needed to be translated into the same clock in order to subtract.
We use operator symbol D1→0 as a translation function that
converts the clock in Node 1 to the clock in Node 0. In addition,
δ0 and δ1 are account for the cycle measurement noise for
clocks in Node 0 and Node 1, respectively.


Suppose the propagation latency and coding latency for the
beacon transmission between two consecutive frames are the
same. The interval between beacon Nc and Nl in Node 0 is
the same as the interval between Tc1 and Tl1in Node 1, meaning
D1→0(Tc1 − Tl1) = Tc0 − Tl0. Combining Equation (8) with
Equation (5) and Equation (7), we can obtain


Nb1 =
N


2
+ round


((
Nl1 − 2Nc1 +


N − 1


2


)


·D1→0(Δt1)−Δt0
Δt0


+
δ0 + δ1
Δt0


)
=


N


2
+ round


((
Nl1 − 2Nc1 +


N − 1


2


)
·ρ1→0 ·Δt1 −Δt0


Δt0
+


δ0 + δ1
Δt0


)
=


N


2
+ round


((
Nl1 − 2Nc1 +


N − 1


2


)
· (ρ1→0 − 1) +


δ0 + δ1
Δt0


)
(9)


where ρ1→0 s the clock difference ratio between the clock in
Node 0 and the clock in Node 1. Assume the beacon number is
a static random process. Thus Nb1, Nl1 and Nc1 have the same
mean and the same variance. According to our tests, 1− ρ1→0


is in the order of 1/100, thus the first part in the round function
is in the 1/100 order of the left side of the equation. To simplify
Equation (9), we can ignore the first part in the round function.
Nb1 is further deduced as follows


Nb1 ≈ N


2
+ round


(
δ0 + δ1
Δt0


)
(10)


Futhermore, beacon sequences in the multi-hops case can be
formulated as


Nbn ≈ N


2
+ round


(
n∑


i=0


(
δi
Δt0


))
(11)


Assume δ0 = δ1 = δ2 = · · · = δn = δ and Δt0 = Δt. Then
we can simplify Equation (11) as follows.


Nbn ≈ N


2
+ round


(
(n+ 1)δ


Δt


)
(12)


Now we deduce the cycle detection errors for the syn-
chronous method. According to Equation (1), the estimated
cycle by Node 1 is ΔT1 = Tc1 − Tl1 + (Nc0 −Nl0)Δt1. How-
ever, the actual cycle of Node 0 is ΔT0 = Tc0 − Tl0 + (Nc0 −
Nl0)Δt0. Also we suppose the propagation latency and coding
latency for the beacon transmission between two consecutive
frames are the same. Considering the measurement noise, the
one-hop cycle detection error can thus be formulated as the
following equation.


ζ1 = (Nl0 −Nc0) · (D1→0(Δt1)−Δt0) + δ0 + δ1 (13)


According to Equation (11), the beacon number in the
static stage is the rounded sum of Gaussian noises. Therefore,
Equation (13) can be further derived as


ζ1 =


(
round


(
2δ0 + 2δ1


Δt0


)
· (D1→0(Δt1)−Δt0) + δ0 + δ1


(14)


In the multi-hop case, the cycle detection error is simply the
sum of cycle detection errors over all hops. In order to add up
all the single-hop errors, the clock interval should be translated
into a unified clock before addition. We translate all the clocks
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Fig. 4. The eZ430-RF2500 platform.


measurement into the clock of Node 0. Then the total cycle
detection error on all hops is


ζn =


n∑
i=1


⎛⎝round


⎛⎝ 2


Δt


i∑
j=0


δj


⎞⎠
· (Di→0(Δt)−Di−1→0(Δt))


⎞⎠+


n∑
i=0


δi


=
n∑


i=1


⎛⎝round


⎛⎝ 2


Δt


i∑
j=0


δj


⎞⎠
·Δt ·


(
ρi→0 − ρ(i−1)→0


)⎞⎠+
n∑


i=0


δi


=


n∑
i=1


⎛⎝round


⎛⎝2


i∑
j=0


δj


⎞⎠
·
(
ρi→0 − ρ(i−1)→0


)⎞⎠+


n∑
i=0


δi (15)


where ρi→0 is the ratio between Clock i and Clock 0. To further
simplify the Equation (15), we assume δ0 = δ1 = δ2 = · · · =
δn = δ. Then we have


ζn =


n∑
i=1


(
round (2(i+ 1)δ) ·


(
ρi→0−ρ(i−1)→0


))
+ (n+ 1)δ


(16)


IV. EXPERIMENTAL RESULTS


In order to verify the formulated cycle error derived in
the previous section we conducted experimental tests and
compared the theoretical formulation against the experimental
results.


In the experimental tests, the eZ430-RF2500 platform
(Fig. 4) was chosen for our wireless nodes. In each node, a
timer is set as the local clock with a precision of about 50
milliseconds, corresponding to the clocks tick rate.


Our presented synchronous protocol is implemented in each
node. The nodes are synchronized one after another, forming a
chain topology as shown in Fig. 5.


Fig. 5. The chain topology.


Fig. 6. The clock difference calculation method.


We use the following method to collect the clock differences
automatically. Considering the example in Fig. 6, Node 0
broadcasts its beacon periodically once every 100 clock units
of Clock 0. The sending time of the beacons from Node 0 is
recorded as s00, s10 and s20. Node 1 synchronized with Node
0 records the receiving times of the beacons sent by Node 0,
which are r01, r11 and r21. Node 1 also sends its own beacons
with a constant delay according to the times for receiving the
beacons of Node 0, and records the sending time s01, s11 and
s21. Similarly, Node 2 records the times for receiving beacons
from Node 1 as r02, r12 and r22. Using this method, we can
automatically collect the clock differences between adjacent
nodes at each cycle time. The clock difference ratio between
Node 0 and Node 1 in Cycle i can be calculated by the following
equation.


ρ1→0(i) =
si0 − s(i−1)0


ri1 − r(i−1)1
(17)


Similarly, the clock difference between Node 1 and Node 2
in Cycle i can be calculated by Equation (18),


ρ2→1(i) =
si1 − s(i−1)1


ri2 − r(i−1)2
(18)


Combining Equation (17) and Equation (18), we can have the
clock difference ratio between Node 0 and Node 2.


ρ2→0(i) = ρ2→1(i) · ρ1→0(i) (19)


In our experiments, this method is adopted for the clock
difference collection.


The cycle measurement noise is modeled as Gaussian noise
with zero mean. Its variance can be calculated by Equation (12)
using the collected received beacon numbers.


In the synchronous method, each node predicts the next cycle
by using Equation (1). Therefore, the actual cycle error is


εn = ρn→0 ·ΔTn −ΔT0 (20)







MA et al.: PERFORMANCE ANALYSIS OF A LOW-COMPLEXITY TIMING SYNCHRONIZATION METHOD FOR WSNs 4763


Fig. 7. The comparison between tested and theoretical variances.


Fig. 8. The comparison between tested and theoretical means.


where ρn→0 is the ratio between clock Clock N to clock
Clock 0, and ΔTn is the estimated cycle time by the syn-
chronous method. We compared the theoretical cycle estima-
tion error (16) with actual cycle estimation error (20) in terms
of the variance and mean in different hops, which are shown in
Figs. 7 and 8, respectively. Our proposed synchronous method
has zero zero-mean cycle estimation error no matter how many
hops it has. The variance of cycle estimation error from the
theoretical analysis equation result matches very well with the
test results.


Our mathematical equation provides an easier way for de-
signers to evaluate our synchronization method without im-
plementing it. How many hops a synchronization method can
support is an important concerning factor in applications of
wireless sensor network. According to our theoretical equation,
the synchronization error is increasing as the number of hops
increases. By using the theoretical equation, we can easily
calculate the synchronization error in particular number of hops
without implementing the whole synchronization method in the
actual sensor node. By comparing this synchronization error
with the maximal tolerance error of their application, designers


Fig. 9. The scheme of estimating the relative skew between node i and node j.


Fig. 10. The idea of the traditional synchronization method.


can predict the maximal number of hops that our synchroniza-
tion method can provide for their applications. Thus it will save
their time to determine whether our synchronization method is
suitable for their applications.


V. DISCUSSION


The main idea of the traditional synchronization method in
WSN is to modify the clock of each node according to both
the skew difference and the offset difference between its own
clock and a virtual clock [13], [19]. The most important part
of this modification is the skew modification. In this section,
we discuss the relationship between the idea of traditional
synchronization method and the idea of our synchronization
method, and make a comparison.


In the traditional synchronization method, which is shown in
Fig. 9, Node j tries to estimate the relative skews ρij between
Node j and Node i. Node i stores its local time τi(t1) in a
broadcast packet and then sends it out. Node j receives it and
immediately records its own local time τj(t1). Similarly, Node j
also receives another packet with Node i ’s local time τi(t2)
and records its own local time τj(t1). Without considering the
measurement error, the relative skew ρij can be calculated by
the following equation.


ρij =
τi(t2)− τi(t1)


τj(t2)− τj(t1)
(21)


In the traditional synchronization method, the skew of node’
clock is changed to the skew of a virtual clock, as illustrated
in Fig. 10.


Let the relative skew between Node 2 and the virtual node
be ρv2, the relative skew between Node 3 and Node 2 be ρ23.
Node 3 firstly calculates ρ23 by using Equation (21). Node 3
then requests ρv2 from Node 2 by sending a request packet.
Then Node 2 sends back ρv2. After obtaining both ρv2 and ρ23,
Node 3 calculates its relative skew with respect to the Node v
by the following equation,


ρv3 = ρv2ρ23 (22)
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Fig. 11. The idea of our synchronization method.


Then the skew of node 3 is changed to the skew of the virtual
node by multiplying its own skew with ρv3. Similarly, Node 2
and Node 1 follow the same procedure to modify their own
skew to the skew of Node v. As we can see, the estimation of
the traditional synchronization method is based on the serial
skew estimation. For example, the relative skew of Node 3 with
respect to Node v is


ρv3 = ρv1ρ12ρ23 (23)


Different from the traditional synchronization method, our
method does not modify the skew of a node. As Fig. 11 shows,
Node v periodically broadcast its packet with the interval Tv ,
Node 1 calculates this interval by its own clock according to the
two consecutive received packets from Node V. Let us denote
the interval calculated by Node 1 be T1. Similarly, Node 1
periodically broadcasts its packets with the interval T1 on its
own clock. Node 2 calculates this interval by its own clock. Let
this interval be T2. The same process is continued with Node 3.
Let the broadcast period of Node 2 calculated by Node 3 be T3.


As we can see from this process, every node measures the
same interval by its own clock. Then the relative skew between
Node 3 and Node v simply is


ρ̃v3 =
Tv


T3
(24)


In our synchronization method, Tv is predefined before the
network setup, thus it is a known constant for each node. As
long as the interval T3 is calculated, the relative skew between
Node 3 and virtual node can be obtained by Equation (24).
Without requesting the relative skew of a neighbor node with
respect to the virtual node, and without modifying the skew of
its own clock, the steps of our method is less than that of the
traditional synchronization method. Thus our synchronization
is more energy saving than the traditional synchronization
method, which is the major concern for applications in wireless
sensor network.


Also if we assume there is no measurement error in the
network, it is not hard to prove that ρ̃v3 in Equation (24) is
actually equal to ρv3 in Equation (23). Therefore, theoretically
they have the same result.


To sum up, our method has the same estimated result with
the traditional synchronization method when there is no mea-
surement error, but has much lower complexity. Thus it is more
energy saving than the traditional synchronization method.
We believe this attribute will make our synchronization method
more favorable in the applications of energy constrained
wireless sensor network than the traditional synchronization
method.


VI. CONCLUSION


Synchronous methods for time synchronization and MAC
access are very important for wireless sensor networks to
coordinate the nodes to communicate while maximizing energy
efficiency. In this paper we have presented a low-complexity
and high-precision synchronous method that is highly applica-
ble for ultra-low duty cycle MAC protocols in sensor networks.
Differently from other synchronous methods, it does not modify
the clocks in nodes into a unified clock by estimating the offset
and the skew. It makes use of two consecutive transmission
events to synchronize the sender and receiver. Theoretically, our
method has the same estimated accuracy with the traditional
synchronization method when the measurement error does not
exist. However, without requesting the neighbor’s estimated
skew with respect to the virtual node, and modifying the clock,
our method is simpler than the traditional synchronization
method. Thus it is more energy-saving than the traditional
synchronization method. We believe that this advantage makes
our synchronization method more favorable in energy con-
strained wireless sensor network applications than the tradi-
tional synchronization method.


Furthermore the theoretical analysis of this synchronous
method is performed. The closed form of the mathematical
expression of the error of the synchronous method was derived
and presented. The theoretical errors are only dependent on the
clock difference ratios and the cycle measurement noises. Also,
the correctness of the theoretical expression has been verified
using experimental test results.


REFERENCES


[1] W. Ye, J. Heidemann, and D. Estrin, “An energy-efficient MAC protocol
for wireless sensor networks,” in Proc. IEEE INFOCOM, New York, NY,
USA, Jun. 2002, pp. 1567–1576.


[2] T. Van Dam and K. Langendoen, “An adaptive energy-efficient MAC
protocol for wireless sensor networks,” in Proc. 1st Int. Conf. Embedded
Netw. Sens. Syst., Los Angeles, CA, USA, Nov. 2003, pp. 171–180.


[3] W. Ye, F. Silva, and J. Heidemann, “Ultra-low duty cycle MAC with
scheduled channel polling,” in Proc. 4th Int. Conf. Embedded Netw. Sens.
Syst., New York, NY, USA, 2006, pp. 321–334.


[4] N. Burri, P. Von Rickenbach, and R. Wattenhofer, “Dozer: Ultra-low
power data gathering in sensor networks,” in Proc. 6th Int. Conf. Inf.
Process. Sens. Netw., Cambridge, MA, USA, 2007, pp. 450–459.


[5] U. M. Colesanti, S. Santini, and A. Vitaletti, “DISSense: An adaptive
ultralow-power communication protocol for wireless sensor networks,”
in Proc. Int. Conf. DCOSS, Barcelona, Spain, Jun. 2011, pp. 1–10.


[6] P. Huang and B. Krishnamachari, “Analysis of existing approaches and
a new hybrid strategy for synchronization in sensor networks,” in Proc.
3rd Workshop Embedded Netw. Sens., Cambridge, MA, USA, May 2006,
pp. 1–5.


[7] J. Elson, L. Girod, and D. Estrin, “Fine-grained time synchronization
using reference broadcasts,” in Proc. 5th Symp. Oper. Syst. Des. Imple-
mentation, Boston, MA, USA, Dec. 2002, pp. 147–163.


[8] S. Ganeriwal, R. Kumar, and M. B. Srivastava, “Timing-sync protocol
for sensor networks,” in Proc. 1st Int. Conf. Embedded Netw. SenSys,
Los Angeles, CA, USA, Nov. 2003, pp. 138–149.


[9] M. Maroti, B. Kusy, G. Simon, and A. Ledeczi, “The flooding time syn-
chronization protocol,” in Proc. 2nd Int. Conf. Embedded Netw. SenSys,
Baltimore, MD, USA, Nov. 2004, pp. 39–49.


[10] P. Yadav, N. Yadav, and S. Varma, “Cluster based hierarchical wire-
less sensor networks (CHWSN) and time synchronization in CHWSN,”
in Proc. Int. Symp. Commun. Inf. Technol., Sydney, N.S.W., Australia,
Oct. 2007, pp. 1149–1154.


[11] F. Sivrikaya and B. Yener, “Time synchronization in sensor networks:
A survey,” IEEE Netw., vol. 18, no. 4, pp. 45–50, Jul./Aug. 2004.


[12] Q. Li and D. Rus, “Global clock synchronization in sensor networks,” in
Proc. IEEE INFOCOM, Hong Kong, Mar. 2004, pp. 564–574.







MA et al.: PERFORMANCE ANALYSIS OF A LOW-COMPLEXITY TIMING SYNCHRONIZATION METHOD FOR WSNs 4765


[13] L. Schenato and G. Gamba, “A distributed consensus protocol for clock
synchronization in wireless sensor network,” in Proc. 46th IEEE Conf.
Decision Control, New Orleans, LA, USA, Dec. 2007, pp. 2289–2294.


[14] R. Solis, V. Borkar, and P. Kumar, “A new distributed time synchroniza-
tion protocol for multihop wireless networks,” in Proc. 45th IEEE Conf.
Decision Control, San Diego, CA, USA, Dec. 2006, pp. 2734–2739.


[15] W. Su and I. Akyildiz, “Time-diffusion synchronization protocol for wire-
less sensor network,” IEEE/ACM Trans. Netw., vol. 13, no. 2, pp. 384–
397, Apr. 2005.


[16] M. K. Maggs, S. G. O’Keefe, and D. V. Thiel, “Consensus clock synchro-
nization for wireless sensor networks,” IEEE Sensors J., vol. 12, no. 6,
pp. 2269–2277, Jun. 2012.


[17] T. Ma, M. Hempel, and H. Sharif, “New ultra-low energy consumption
communication protocol for wireless sensor networks,” in Proc. IWCMC,
Limassol, Cyprus, 2012, pp. 838–843.


[18] T. Ma, “An ultra-low power communication protocol for a self-powered
wireless sensor based animal monitoring system,” Ph.D dissertation,
Comput. Electron. Eng., Univ. Nebraska-Lincoln, Lincoln, NE, USA,
Dec. 2012, Ann Arbor: ProQuset/UMI.


[19] J. Chen, Q. Yu, Y. Zhang, H. H. Chen, and Y. Sun, “Feedback-based
clock synchronization in wireless sensor networks: A control theoretic
approach,” IEEE Trans. Veh. Technol., vol. 59, no. 6, pp. 2963–2973,
Jul. 2010.


Tao Ma (M’13) received the B.Sc. and M.Sc. de-
grees in electrical engineering from Xi’an Jiaotong
University, Xi’an, China, in 2005 and 2008, respec-
tively, and the Ph.D. degree from the University
of Nebraska-Lincoln, NE, USA. He is currently a
Lecturer with the State Key Laboratory on Inte-
grated Services Networks, Xidian University, Xi’an.
His research areas are cross-layer design for QoS
provisioning in wireless data networks, as well as
multi-media distribution, ultralow power sensor net-
work, and 4G network modeling and performance


evaluation.


Zhanqi Xu (M’12) received the Ph.D. degree in
communication and electronic system from Xidian
University, Xi’an, China, in 1997. He currently
serves as a Professor at Xidian University. His re-
search areas include optical network, communica-
tion network modeling, and performance evaluation.
Dr. Xu had a one-year postdoctoral study at Hong
Kong University of Science and Technology during
the turn of this century. He was a Senior Member of
China Institute of Communications.


Michael Hempel (M’07) received the Ph.D. de-
gree in computer engineering from the University
of Nebraska-Lincoln, NE, USA, in 2007. He is
currently a Research Assistant Professor with the
Department of Computer and Electronics Engineer-
ing, University of Nebraska-Lincoln. His research
interests include wireless communications networks
and multimedia communications.


Dongming Peng (M’04) received the B.A. and M.A.
degrees in electrical engineering from Beijing Uni-
versity of Aeronautics and Astronautics, Beijing,
China, in 1993 and 1996, respectively, and the Ph.D.
degree in computer engineering from Texas A&M
University, College Station, TX, USA, in 2003. From
1996 to 1997, he was a faculty member at Beijing
University. In 2002, he joined the University of
Nebraska-Lincoln, NE, USA, where he is currently
an Associate Professor. His research interests include
digital image processing, computer architectures,


parallel and distributed computing, and sensor network. He was one of the
recipients of the Best Paper Award at the IEEE WCNC 2008. He has also
served as a referee and Program Committee Member for several conferences
and journals.


Hamid Sharif (SM’06) is the Charles J. Vranek Pro-
fessor of the College of Engineering, University of
Nebraska-Lincoln, NE, USA. He is also the Director
of the Advanced Telecommunications Engineering
Laboratory, University of Nebraska-Lincoln. He has
published a large number of research articles in inter-
national journals and conferences and has been the
recipient of a number of best papers. He has served
on many IEEE and other international journal edi-
torial boards and is currently the Co-Editor-in-Chief
for Wiley’s Security and Communication Networks.


He has contributed to the IEEE in many roles, including the elected Chair of the
Nebraska Section, elected Chair of the Nebraska Computer Chapter, elected
Chair of the Nebraska Communication Chapter, and the Chapter Coordinator
for the IEEE Region 4 in USA.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




	ieee.org
	IEEE Xplore Full-Text PDF:


