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Abstract Mobile sinks can be used to balance energy consumption for sensor nodes
in Wireless Sensor Networks (WSNs). Mobile sinks are required to inform sensor
nodes about their new location information whenever necessary. However, frequent
location updates from mobile sinks can lead to both rapid energy consumption of sen-
sor nodes and increased collisions in wireless transmissions. We propose a new so-
lution with adaptive location updates for mobile sinks to resolve this problem. When
a sink moves, it only needs to broadcast its location information within a local area
other than among the entire network. Both theoretical analysis and simulation studies
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show that this solution consumes less energy in each sensor node and also decreases
collisions in wireless transmissions, which can be used in large-scale WSNs.

Keywords Wireless sensor networks · Mobile sinks · Routing protocol · Location
update

1 Introduction

Recent advances in MEMS (Micro Electro Mechanical Systems)-based sensor tech-
nology, embedded computing, and low-power wireless communications have enabled
the development of low-cost, multi-functional sensors, which are equipped with sens-
ing, computation, and wireless communication units. Hundreds or even thousands of
such sensors form Wireless Sensor Networks (WSNs). WSNs consist of a large num-
ber of low-cost and low-power sensor nodes which can cooperatively monitor their
surrounding environments and these sensors send the sensed data to the data col-
lecting center, the sink, for further processing. It can be used for a wide range of
applications such as military surveillance, industry control, traffic control, and am-
bient conditions detection [1–3]. Being different from traditional wireless networks,
sensor nodes in WSNs are severely constrained in resources such as energy, computa-
tion, communication, and memory, so the data gathering and routing protocols must
be energy efficient in order to prolong the lifetime of the entire network [4–10].

At present, many routing protocols have been proposed for WSNs, most of which
are designed for static nodes, assuming that both the sensor nodes and the sink do
not change their location after deployment. Since geographic routing makes the rout-
ing decision at each node using only the location information of both the destination
node and the neighbors of the forwarding node, it is quite suitable for WSNs. Re-
cently, thanks to the advances in robotics [11], mobile sinks have been introduced
into WSNs due to two main reasons. In the first place, mobile sinks have been uti-
lized as mechanical data carriers to prolong the network lifetime. As we know that
in static WSNs, the sensor nodes close to the sink will deplete their energy quickly
because they have to forward messages originating from many other nodes, and thus
shorten the lifetime of the entire network [12]. If the sink can move, the sensor nodes
in the network can take turns to become the neighbors of the sink, and thus the energy
can be consumed evenly among all the sensor nodes, and consequently, the lifetime
of the entire network can be prolonged [13]. In the second place, some applications
need the support of mobile sinks. For example, consider a forest patrol that makes
periodic patrols in the forest. These patrols aim at preventing poaching and monitor-
ing endangered wildlife. However, their efficacy is limited because they cannot cover
the entire area assigned to them. This problem can be solved by deploying a wireless
sensor network with mobile sinks, where each mobile sink functions as a patrol (see
Fig. 1 for an illustration).

Generally speaking, sensor nodes do not have a priori knowledge of the location
information of the mobile sinks. A naive approach to addressing the problem of com-
municating with a mobile sink whose location information is unknown is through
flooding. While flooding ensures that the mobile sink receives data packets from
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Fig. 1 An application that uses the mobile sink

sensor nodes, the data rate that can be supported in the network may be very low
due to drastically increased collisions in transmitting flooding packets from sensor
nodes [14]. Another approach is for the sink to consecutively inform its new loca-
tion information to the sensors, such as DRP (Dynamic Routing Protocol) [15] and
GRAB (GRAdient Broadcast) [16]. DRP takes a data-centric naming approach to
enable intra-network data aggregation. GRAB targets at robust data delivery in an
extremely large sensor network consisting of highly unreliable nodes and it uses a
forwarding mesh instead of a single path, where the mesh’s width can be adjusted
on the fly for each data packet. But both DRP and GRAB require that the mobile
sink needs to continuously propagate its location information throughout the entire
network, so that all the sensor nodes get updated with the direction of sending future
data reports. However, frequent location updates from the sink can lead to both large
energy consumption of the sensor nodes and collisions in wireless transmissions [17].

To address this problem, we propose an Adaptive Local Update-based Routing
Protocol (ALURP). When the sink node moves, it only needs to update its location
information within a local area other than among the entire network, so it consumes
less energy in each sensor node and also decreases the probability of collisions in
wireless transmissions, and thus it can be used in large-scale WSNs.

The remainder of the paper is organized as follows. The proposed protocol is pre-
sented in Sect. 2. Section 3 gives some theoretical analysis. Section 4 presents our
simulation studies. Section 5 concludes the paper.

2 Protocol design

As the ALURP protocol is an improvement of the LURP protocol which is our pre-
vious work [18], in this section, we first introduce LURP, and then propose ALURP.

2.1 Assumptions

(1) Sensors remain static but the sink can move freely in the network.
(2) Each node as well as the sink node knows the location of itself, the location of its

1-hop neighbors, by some localization algorithms [19].
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(3) The sink has no energy constraints, but the sensor nodes have severe constraints
on their energy supply. So, we only take the energy of the sensor nodes into
account. Compared with communications, the energy consumed in computations
is very little, so we only estimate the energy consumed in communications.

2.2 LURP protocol

When the network is deployed, the sink broadcasts its location information among
the entire network, and then the sensor nodes can send their data to the sink. A main
difference between the LURP protocol and the traditional geographic routing proto-
col is that the latter one directly forwards the data to the sink hop by hop. But in the
LURP protocol, the sensor nodes first forward the data to a small area near the sink,
more specifically, to a certain node in the small area and then this node forwards the
data to the sink. That is, the routing process is divided into two stages. At the first
stage, data packets are forwarded from the sensors to a destination area. At the second
stage, the data packets are forwarded to the sink in the destination area.

Figure 2 shows these two stages with an example. The rectangular area represents
the monitored field. S represents a sensor node. At the beginning, the sink resides in
the Virtual Center (VC). When S has a data packet to be sent, it first forwards the
data packet to a certain node in the small area centered by VC according to some

Fig. 2 Two stages of the LURP protocol
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geocasting protocols, such as GFG [20], which is a protocol to forward data packet
from one node to the nodes in a destination area. In this figure, that node is Dissem-
ination Node (DNA, where the subscript letter A denotes area A). When the data
packet reaches DNA, the second routing stage begins. The data packet is forwarded
to the sink by some topology-based routing protocol instead of being flooded to the
destination area as in GFG. More specifically, when the sink moves, as long as it is
still within the destination area, it only needs to broadcast its location information
within the destination area. During the broadcasting process, each sensor node in the
area considers the node that sends the location information of the sink to itself as the
next-hop node to the sink. After that, all the sensors in the area have built the routes
to the sink.

As shown in Fig. 3, when the sink moves out of area A, it needs to broadcast its
location information among the entire network, and accordingly, the new destination
area, here area B , is built and the routing process repeats the way mentioned above.
For example, node S will route the data packet along the new path shown in Fig. 4.
There are three merits for doing so. First, when the sink moves, the sensors can keep
continuous communications with the sink. Secondly, most of the time, the update
of the sink’s location information is restricted within a local area other than among
the entire network, so it reduces the energy consumption in the network. Thirdly,

Fig. 3 Switch between two destination areas
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Fig. 4 The new routing path after the sink switches from area A to area B

it greatly decreases the collisions in wireless transmissions through confining the
network area for updating the sink’s location information.

In addition, when the sink moves out of a destination area, it rebuilds a new des-
tination area and broadcasts its location information among the entire network. For
example, as shown in Fig. 3, when the sink moves out of destination area A, it rebuilds
a new destination area B . But, if we take the delay of broadcasting into account, some
sensors which are far away from the sink may not receive the updated location infor-
mation of the sink immediately. In this case, these sensors will still send their data
packets to DNA and then DNA forwards the data packets to the sink as it is aware of
the new location information of the sink. The pseudo code of the LURP protocol is
shown in Fig. 5.

2.3 Remark on the size of the destination area

The size of the destination area can be expressed by its radius R, which is an im-
portant parameter in this protocol. On the one hand, if it is too small and the sink
continuously switches from one destination area to another, the sink has to frequently
update its location information among the entire network, so it will consume too
much energy of the sensor nodes. On the other hand, if it is too large, the local update
cost of the sink’s location information will increase. It is easy to understand that the



Adaptive location updates for mobile sinks in wireless sensor networks 133

The pseudo code from the sink perspective

(1) Construct a destination area using the sink itself as the Virtual Center (VC)
and broadcast its location information to all the sensor nodes in the entire
network. At the same time, sensor nodes in the destination area build the
routes to the sink.

(2) Periodically check the routing topology at the sink until it changes due to
mobility of the sink.

(3) if the sink is still within the destination area then
(3.1) The sink broadcasts its location information in the destination area;
(3.2) The sensor nodes in the destination area rebuild the routes to the sink;
(3.3) goto (2)

else goto (1). //The sink is outside the destination area

The pseudo code from the sensor nodes perspective

1) The packets from a data source are routed towards the point VC using the
geographic routing protocol until a certain dissemination node DN is met in
the destination area;

2) The packets are forwarded from DN to the sink using the topology-based rout-
ing in the destination area.

Fig. 5 The pseudo code of the LURP protocol

value of R is relevant to the size of the network. R should be set larger as the size of
the network increases because the value of R determines the ratio between the times
of updating the sink’s location information among the entire network, and the times
of updating the sink’s location information within a local area. As the size of the net-
work becomes larger, the cost of updating the location information among the entire
network increases. In this case, the value of R should be set large enough to decrease
the probability of flooding the sink’s location information among the entire network.

2.4 ALURP protocol

The LURP protocol can save a large amount of energy through restricting the update
range of the sink’s location information compared with those protocols that need to
flood the location information in the entire network. But once the radius R of the
destination area has been set, the sink has to flood its location information to all
the nodes in that area which may be not necessary most of the time. As shown in
Fig. 6, area A is the destination area. When the sink moves within that area, it can
further restrict the update range of its location information. The area can be reduced
to a circle area using VC as its center and the distance between VC and the sink
as its radius. We call this reduced area “adaptive area” because its radius can vary
as the sink moves. In Fig. 6, the adaptive area is denoted by area B . We call the
improved protocol with adaptive area Adaptive Local Update-based Routing Protocol
(ALURP).
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Fig. 6 An example of ALURP protocol

Initially, the sink is at the point VC and the radius of the adaptive area can be
regarded as 0. As the sink moves farther away from the point VC, the radius of the
adaptive area increases and the sink just needs to update its location information in
this adaptive area when it changes routing topology due to its mobility. The data
source can send the packet toward the point VC until the packet meets any node in
the adaptive area who knows where the sink is. We also call that node Dissemination
Node (DN) as defined in LURP. After that, the node DN forwards the packet to the
sink.

However, when the sink moves in the direction closer toward the point VC, that
is, when the radius of the adaptive area shrinks, a problem arises. The problem is
that when the adaptive area is reduced, the nodes in the former adaptive area, which
is bigger than the current one, but not in the current one still keeps the location in-
formation of the sink which has become obsolete. The reason is that the location of
the sink has been changed but it does not inform the nodes outside the current adap-
tive area. So the data source will still send the packet to the former DN which will
route the packet to a wrong place since the sink has moved to another place. Tak-
ing Fig. 7 as an illustration, before the sink moves closer toward the point VC, the
adaptive area is area B and the node DNB is the DN of area B . But after the sink’s
movement, the adaptive area has been reduced which is denoted by area C. Then the
sink only updates its location information in area C while from the perspective of
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Fig. 7 The problem occurs
when the sink moves closer
towards VC

node DNB , it does not know the new location of the sink and will route the packet to
the location it reserved formerly. To resolve this problem, the sink has to inform the
nodes in the former adaptive area, but not those in the current adaptive area to flush
the location information of the sink. Compared with LURP, which needs to update
the location information of the sink into the whole destination area, this mechanism
further decreases the update range and it will further reduce the energy consumption.
The pseudo code of the ALURP protocol is shown in Fig. 8.

3 Performance analysis

3.1 Analysis model

In this section, we evaluate the performance of ALURP through mathematical analy-
sis. Similar to the analysis model in [17], we consider a squared sensing field whose
side length is L and in which N sensor nodes are randomly distributed and the sen-
sors send their sensed data to the sink. Assume that the velocity of the sink is v and its
location will change m times during the period of time T . The radius of the destina-
tion area is denoted by R and the period of time consumed by the sink to move out of
a destination area is denoted by t . We also assume that the communication overhead
to flood within an area is proportional to the number of sensor nodes in the area.

3.2 Cost of updating the location information of the sink

During the period of time T , assume that node S has data packets to be sent to the
sink. As the sink’s location has changed m times, the maximum location update cost
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The pseudo code from the sink perspective

(1) Construct a destination area using the sink itself as the Virtual Center (VC)
and broadcast its location information to all the nodes in the entire network.
At the same time, the nodes in the destination area build the routes to the sink.

(2) Periodically check the routing topology at the sink until it changes due to
mobility of the sink.

(3) if the sink moves out of the destination area then

goto (1);

(4) Construct a new adaptive area and broadcast its location to the nodes in the
adaptive area and the nodes in the adaptive area rebuild the routes to the sink;

(5) if the sink moves in the direction closer toward the point VC then

The sink informs the nodes in the former adaptive area but not in the current
adaptive area to flush the topology information of the sink;

(6) goto (2). //The sink is still within the destination area

The pseudo code from the sensor nodes perspective

(1) The packets from a data source are routed toward the point VC using the
geographic routing protocol until a certain dissemination node DN is met in
the adaptive area;

(2) The packets are forwarded from DN to the sink using the topology-based
routing in the destination area.

Fig. 8 The pseudo code of the ALURP protocol

is:

E1 = mnh +
(

T

t

)
× Nh, (1)

where n is the total number of sensors in the destination area and it can be calculated
by the formula below:

n = πR2 × N

L2
. (2)

N

L2 in (2) denotes the density of the network. In (1), nh is the maximum local update
cost of the sink’s location information as actually the sink just needs to update the
location information to the nodes in the adaptive area where the nodes in that area is
less than n. Besides the local update cost, the total cost for updating the sink’s location
information includes ( T

t
) × Nh which is the cost for updating the sink’s location

information among the entire network as the sink switches from one destination area
to another for ( T

t
) times. When putting (2) into (1), we derive (3):

E1 = m
πR2

L2
× Nh +

(
T

t

)
× Nh. (3)
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It is easy to know that the value of t is related to the size of the destination area which
is denoted by R and the velocity of the sink which is denoted by v. The larger the
destination area is and the smaller the sink’s velocity is, the longer period of time the
sink takes to move out of a destination area. And the value of m is related to the value
of T and the value of v. The larger the values of T and v are, the larger the value
of m is. For the simplicity of analysis, we assume that the value of t is proportional
to the value of R and is inverse proportional to the value of v, and the value of m

is proportional to the values of T and v. Based on these considerations, we have (4)
and (5):

t = α × R

v
, (4)

m = β × T v, (5)

where α and β are two constants. When putting (4) and (5) into (3), we get (6):

E1 = NhT v

(
βπR2

L2
+ 1

αR

)
. (6)

It is easy to get that when:

R = 3

√
L2

2παβ
, (7)

E1 reaches the minimum, which is consistent with the remark in Sect. 2.3. It shows
that there exists an appropriate value of R that can minimize the location update cost.
We can also conclude that the larger the size of the network is, the larger the value
of R is. On the other hand, for the Flooding-based Location Update Protocol (FLUP)
[15, 16], as every time the location of the sink changes, the sink needs to broadcast its
location information to all the sensors among the entire network, so the total update
cost for FLUP is set as:

E2 = mNh. (8)

This is so because its location changes m times during the period of time T and every
time the overhead is Nh. While replacing m of (5) into (8), we have:

E2 = βT vNh. (9)

To compare ALURP with FLUP when putting (7) into (3), we have:

E1

E2
= (

21/3 + 2−2/3)( π

L2α2β2

)1/3

. (10)

As π , α and β are all constants, let α and β are equal to 1 for a simple numeri-
cal illustration. Table 1 demonstrates that the cost for the mobile sink to update the
location information using ALURP is much less compared with FLUP and the larger
the value of L is, the smaller the value of E1

E2
is. Therefore, we can draw a conclusion

that ALURP greatly decreases the energy cost in large-scale networks compared with
FLUP.
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Table 1 A numerical
illustration of E1

E2
L (m) 10 50 100 500

E1
E2

0.596 0.204 0.128 0.0439

Table 2 The simulation
parameters Communication radius 30 m

Density of the network 0.003/m2

Velocity of the mobile sink 10 m/s

Size of the data packet 525 Bytes

Eelec 50 nj/bit

εfs 10 pj/bit/m2

4 Simulation studies

From the performance analysis in Sect. 3, it is clear that the cost for the mobile sink
to update the location information using ALURP is decreased compared with FLUP.
However, the two-stages routing mechanism used by ALURP makes its path length
a little longer than that of FLUP. When the destination area becomes smaller, the
path length using ALURP is relatively shorter; while the destination area gets larger,
it will be longer. Meanwhile, the size of the destination area is related to the factor
mentioned in Sect. 2.3. In this section, we compare the energy consumption among
ALURP, LURP, and FLUP, and the effect of the values of R and v in ALURP through
simulations.

4.1 Simulation model

We compare ALURP with FLUP and LURP in simulations using C++. The simula-
tion scenario is within a squared sensing field of side length L, in which N sensor
nodes are randomly placed, and a mobile sink moves with fixed velocity to one of its
neighboring nodes at random. After arriving at the node, the sink randomly chooses
another neighboring node toward which it moves. There are some sensor nodes that
send data packets to the sink. To simplify the model, we suppose that the length of
a data packet is equal to that of the packet for updating the sink’s location informa-
tion. The energy consumed by communications obeys the First Order Radio energy
model [5]. The simulation parameters in the model are shown in Table 2.

4.2 Simulation results

Figure 9 shows the average energy consumption of a data packet sent to the sink
using ALURP, LURP, and FLUP, respectively, considering only the communication
cost instead of that of updating the location information of the sink, when R is 100 m
(which is the same in Fig. 10 and Fig. 11). It is clear that when the size of the network
is enlarged from 1000 m × 1000 m to 5000 m × 5000 m, the energy consumption
using ALURP and LURP are both slightly more than that of FLUP, although it is not
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Fig. 9 The comparison of
communication energy

Fig. 10 Energy comparison of
updating the location
information of the mobile sink

very notable. The reason is that the length of the path of ALURP is a little longer than
that of FLUP.

Figure 9 compares the energy consumption for updating the location information
of the sink among ALURP, LURP, and FLUP, during the period of time from the
sink’s construction of a new destination area moving out of the area. As pointed out
in Sect. 3.2, updating the location information of the sink using ALURP consumes
much less energy compared with that using FLUP. This becomes more significant as
the size of the network increases. Compared with LURP, ALURP also consumes less
energy since the update area becomes smaller.

Figure 11 shows the comparison of energy consumption when the cost of com-
munications and the cost of updating the location information of the sink are both
considered. It can be seen that when the size of the network is enlarged from
1000 m × 1000 m to 5000 m × 5000 m, the energy consumption of these three solu-
tions tend to increase because of the increase of the average distance between sensor
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Fig. 11 The total energy
comparison among ALURP,
LURP and FLUP

Fig. 12 Energy consumption over the velocity of the mobile sink

nodes and the sink. However, it is obvious that the energy consumption using ALURP
is less than that using either LURP or FLUP with the same size of the network.

Figure 12 shows the average energy consumption of a data packet sent to the
sink (including energy of communication and updating the location information
of the sink), as the velocity of the mobile sink varies, in the network size of
2000 m × 2000 m. It can be seen that the energy consumption of all of the proto-
cols tends to increase as the velocity of the sink increases. The reason is that the
frequency of updating the location information of the sink increases as the veloc-
ity of the sink increases. That can also be seen in formulae (6) and (9) in Sect. 3,
which show that the energy consumption is in proportion to the velocity of the sink.
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Fig. 13 Energy consumption
over the radius of the destination
area

However, energy consumed in FLUP obviously exceeds that of ALURP and LURP.
Compared with LURP, the energy consumed by ALURP is also smaller than that of
LURP. So, ALURP is more effective in the environments where the velocity of the
sink is high compared with FLUP.

Figure 13 shows the average energy consumption of a data packet sent to the sink
as R varies in the network size of 2000 m × 2000 m. When R increases gradually
from 60 m, energy consumption tends to decrease. And when R is around 105 m, the
energy consumption in ALURP reaches the minimum. After that, it starts to increase
as R becomes larger. The reason is that when the value of R is very small, the sink will
quickly move out of the destination area, resulting in the sink’s location information
being updated among the entire network. On the other hand, if the value of R is too
large, the cost of updating the location information of the sink within a local area is
larger. So as analyzed in Sect. 2.3, there exists a balanced point of the value of R,
which is 105 m as shown in Fig. 13.

Figure 14 shows the comparison between ALURP and LURP. Before making the
comparison, we first give the definition of “sojourn-hops.” The “sojourn-hops” de-
notes how many hops the sink needs to move out of the destination area. For exam-
ple, when the sojourn-hops are 10, it means that when a new destination area has been
built, the sink has to visit at least 10 nodes in that area and then move out of the area.
To do this, we simply modify the moving pattern of the sink. We set a counter on
the sink. When a new destination area is built, the value of the counter is set to be 0.
When the sink arrives at a node, the value will be added by 1. If the value does not ex-
ceed the value of sojourn-hops, the sink only selects the nodes in the destination area
as the next moving target. From the figure, we can see that energy consumption using
ALURP is less than that using LURP and when the value of sojourn-hops becomes
larger, the differences between them become more obvious. The reason is that the
value of sojourn-hops implies the “stabilization” of the sink. There are some applica-
tions where the moving pattern of the sink is “relatively” stable, i.e., the sink keeps
moving but its track is in a relatively small range for a long time. As the example
shows in Fig. 1, the patrol will always do some local manipulations such as searching
for poachers. In this circumstance, the patrol will sojourn in a small area for a long
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Fig. 14 Energy consumption over the sojourn-hops

time. So the ALURP is more effective than LURP especially in the circumstance
where the moving pattern of the sink is relative stable.

5 Conclusions

In this paper, we proposed an adaptive local update-based routing protocol in wire-
less sensor networks with a mobile sink. The proposed protocol, ALURP, greatly
saves the energy for wireless sensor networks and makes the sink keep continuous
communications with sensor nodes by confining the destination area within a local
area for updating the sink’ location information as the sink moves. Compared with
protocols that need to continuously propagate the sink’s location information among
the entire network, ALURP greatly decreases the cost of updating the sink’s location
information and decreases the collisions in wireless transmissions. In addition, when
the sink moves out of its destination area, those sensors which are far away from
the sink can still communicate with the sink without receiving the new location in-
formation of the sink. Therefore, the proposed protocol reduces the delay and energy
consumption, and thus it is suitable for large-scale and delay-sensitive wireless sensor
networks. Theoretical analysis and simulation studies show that ALURP is efficient
in resolving the above issues.

Our future work is to consider multiple mobile sinks in wireless sensor networks.
According to different applications, it can be further divided into two scenarios. Un-
der the first scenario, the sensors only need to disseminate their data packets to any
one of the mobile sinks and we will consider how to balance the energy consumption
among the mobile sinks. Under the second scenario, the sensors need to disseminate
their data packets to all the sinks, and we will consider how to efficiently construct
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the data dissemination tree when the sensors send their data packets to various mobile
sinks.
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