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ABSTRACT
One promising area of wireless body area networks is re-
motely diagnosing human health by implanting bio-medical
sensors on or inside of a human body. Despite the ben-
efit of such networks, one key challenge is that it should
not cause harm at any time. Although the material of bio-
medical sensors are made to be harmless, the heat produced
from sensing and communicating between sensors can still
harm the surrounding human tissues. Therefore, unlike tra-
ditional wireless sensor networks, any operations performed
in this network must be aware of this issue.
In this paper, our goal is to route a packet along a cool path
towards a coordinator node which is responsible for commu-
nication with the outside the world. Our approach is for-
mulating this thermal routing problem as an artificial intel-
ligence search problem. We use a temperature gradient as
a cost function and select neighboring sensors that offer a
cooler gradient value. Our approach is loosely based on the
fringe search which avoids the overhead of sorting the nodes
on every iteration of the search. We perform simulations
and compare our proposed scheme with other existing well
known schemes.

Categories and Subject Descriptors
C.2.2 [Network Protocols]: Routing protocols; D.0 [Software]:
General; I.6.0 [Simulation and Modeling]: General
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1. INTRODUCTION
Body Area Networks (BANs) are considered as key build-
ing blocks for emerging applications of wearable technology
as well as the Internet of Things. Starting from traditional
network scenarios to today’s advanced network infrastruc-
ture, BANs have played a significant role in developing the
bio-medical sector. Presently, we have two types of BANs.
One is an in-body area network [1] which implants sensors
inside a human body and allows communication between
invasive/implanted sensors. The other is on-body area net-
work [1] which allows communication between non-invasive
and wearable devices. The sensors used in both types of
BANs cause some harmful effects on the surrounding body
tissues and organs due to increase in the temperature of
the sensors. While designing a routing protocol for in-body
area networks, one must be aware of this operational tem-
perature requirement unlike typical BANs. For example,
invivo-sensor [2] is a special type of sensor that detects phys-
iological changes inside the body environment. It senses the
vital body data and transmits the information to a controller
device, known as the coordinator node exploiting wireless
communication. During the communication, the tissues in-
side the body absorb the radiation energy and convert it to
heat [3]. Therefore, it is imperative that the operating tem-
perature of sensors must remain low such that they do not
harm the human being.
Energy is another issue related to BANs. In BAN, a direct
communication between the invivo-sensors and the coordi-
nator node is often not possible since the propagation loss
around the human body is very high [4] and low transmission
power of the radio is required to save the available energy in
the sensors. In such a case multi-hop routing is used where,
sensor nodes also relay data from their neighboring sensor
nodes towards the coordinator node. In this network, there
exist more than one path from the source sensor to the co-
ordinator node. Unlike traditional routing protocol where
paths are selected based on energy efficiency or maximizing
throughput, we propose a thermal-aware routing approach.
This approach optimizes the search for a cool path for packet
transmission, thereby avoiding already heated up nodes.
Our approach is loosely based on fringe search [5] for path
finding. We first define a cost function that is based on
a temperature gradient and this is used to select the next
forwarding node. Basically, forwarding nodes in cooler gra-
dient areas are queued for immediate expansion, whereas,



forwarding nodes in hotter gradient areas need to pass a
threshold condition to be expanded. All other nodes are ex-
panded later (explained in section 3). Based on this iterative
methodology, a path is selected to let packet generation take
place.

2. RELATED WORK
Due to growing interest in WBAN and its harmful effect on
human tissue, several temperature aware algorithms have
recently been proposed. They are broadly divided into dis-
tributed routing and centralized routing.
Distributed routing requires exchange of local temperature
of neighboring nodes and their hop distance to the destina-
tion node. Thermal-aware routing algorithm [6] (TARA) is
a good example of this type. It basically collects hop count
and the next hop for a particular destination from its own
neighbors list. When packets need to be forwarded, it se-
lects the coolest node in its neighbors list as the next hop.
If it senses a hot spot in its path, the packet is buffered
until the system cools down. The packet is discarded from
buffer if it remains in excess of a time period. The hot spots
are detected based on each node listening to its neighbor’s
activities (thereby indirectly assessing the temperature). If
no activity takes place for a period of time, a sensor that
has been marked as a hot spot, would be removed from
the hot spot list as its temperature cools down to a thresh-
old temperature. There maybe certain cases in which the
a node cannot forward a packet to any of its neighbor as
they are all in the hot spot region. In this case, a with-
drawal strategy is used [3, 6]. The packet is sent back to the
previous node. Whenever the system cools down and hot
spot temperature falls below the threshold temperature the
current node informs the previous node of this change. As
the TARA protocol routes the packets away from the vicin-
ity of the heated nodes, it adds a lot to the delay in packet
arrival and thereby increasing the amount of data communi-
cation with the nodes. Least temperature routing algorithm
(LTR) is another distributed routing algorithm. Similar to
TARA, it forwards packets to its coolest neighbor. However,
different from TARA, it forwards the packet to the second
coolest node if the coolest node has received a packet re-
cently. This way it prevents a cool node suddenly becoming
a hot spot. Although both TARA and LTR uses hop count
for selecting a forwarding node, it does not consider a short
path towards the destination node. Adaptive least temper-
ature routing protocol (ALTR) is an improvement over the
LTR protocol wherein, a node which has generated a packet
checks for the number hops to the destination node, if the
number of hops is less than MAX HOPS ADAPTIVE, it fol-
lows the LTR algorithm otherwise it follows the shortest hop
routing algorithm[3]. Hot spot Preventing Routing (HPR)
[7] is another distributed approach which is seen as an im-
provement over LTR and ALTR. However, unlike LTR and
ALTR, a hot spot is determined based on the average tem-
perature of the neighboring nodes as well the temperature of
the current node. It still suffers higher packet delivery delay
as it drops packets when the number of hops go beyond the
MAX HOPS threshold.
One problem in above mentioned distributed methods is that
they often result in sub-optimal solutions. Since prevent-
ing sensors from harming human tissue is the most critical
requirement, this sub-optimal solution is not sufficient for
most cases. Takahashi et al[8] proposed least total route

temperature algorithm. This is a centralized algorithm in
which the least temperature path is chosen from all possible
routes. LTRT[8] approaches temperature-aware routing as
a graph problem and calculates a single source shortest path
(Using Dijikstra’s algorithm etc.)for route calculation [8].
To formulate the thermal routing problem as a graph prob-
lem the protocol assigns the temperature of each sensor node
as a weight of that node and during route calculation, the
concept of transfer weight is used [8]. It can be seen that
LTRT algorithm is a hybrid of SHR and LTR. While LTRT
maintains the average temperature rise as a metric, there
may be certain nodes in the network that have exceeded
the safe temperature level and can be hazardous to human
health [3].TSHR or Thermal-Aware Shortest Hop Routing
[9] is an improvement over the HPR. It is very similar to
HPR in both the setup and the routing phases. It consists
of two thresholds a fixed threshold and a dynamic thresh-
old [3, 9]. The dynamic threshold is used to mark a node
as a hot spot and the fixed threshold is used to keep the
temperature of the next hop node below a maximum tem-
perature value. TSHR protocol enables lesser temperature
rise as compared to HPR but a higher packet delivery delay
since it does not employ any packet drop mechanism.

3. TEMPERATURE GRADIENT SEARCH
In this section we provide the details of our thermal-aware
routing algorithm named as Temperature Gradient Search
(TGS). TGS follows LTRT [8] in regards to handling the
routing decision on an end to end basis. It constructs a
coolest-path with minimum hops by using a cost function.
Then, it considers the average temperature of the neigh-
boring nodes like HPR and TSHR. Here, we assume the
temperature of node and its surrounding region has been
transmitted to their neighbors periodically in beacon sig-
nals.

1. A data exchange takes place between all the nodes in
the network and each node stores its hop count to its
desired destination node. This is known as the data-
gathering phase.

2. The next step is the path generation phase. Where the
source node calculates a Cthresh threshold value. This
value is given by the following equation :
Cthresh = Tnode + k ∗ Tavg

Here, Cthresh is the optimistic threshold value, which
accepts a neighbor with a hotter temperature as long
as the neighboring node is closer to the destination
node as compared to the current best neighbor node.
Tavg is the average temperature of a node’s neighbors
and k is the normalizing coefficient that ranges be-
tween 0-1. This coefficient decides how much of a fac-
tor the temperature of the neighboring nodes play. A
very high value of k indicates a higher temperature
neighbor being chosen for routing decision. A very low
value of k indicates that the immediate next hop nodes
are not factored for route calculation. The ideal value
for this coefficient is 0.5. Tmax represents a critical
temperature that is just below the actual temperature
that can cause damage to the tissue.

3. A single double-ended list L is maintained. For the
nodes that have to be explored immediately, they are



added to the front of L. All other nodes are added to
back of L. This is decided based on the Cthresh and
the temperature gradient parameters explained below.

4. A route to the destination node is planned by iterating
through L. Before expanding a sensor node’s neigh-
bors, the sensor node’s temperature is always checked
with the Tmax value. If it does not fall below this value,
this sensor node will be rejected and the next node in
the fringe is queued for expansion.

5. When a sensor node’s neighbors are explored, a cost
between the sensor and its neighbors are calculated
from the cost function below.

cost = diff temp(nodei, nodej)/distance(nodei, nodej)

Here nodei is the sensor node that is currently ex-
panded and nodej is one of its neighbors. This equa-
tion calculates the change in temperature over a dis-
tance which is denoted as temperature gradient. At
this juncture, the algorithm branches into three cases:

(a) If a neighboring node’s temperature gradient is a
positive change or a cooler transition, if its neigh-
bor’s temperature gradient is higher than the current-
best cost value then this neighbor is added to the
front of the list and the current best cost value is
updated with this neighbor’s temperature gradi-
ent value.

(b) If a neighboring node’s temperature gradient is
not a cooler transition, but has a hop-count to
the destination node better than the current-best
neighbor node’s hop-count to the destination node,
as long as its temperature value is less than Cthresh,
this neighbor is added to the front of L.

6. If the above conditions are not satisfied by the cur-
rently iterating neighbor, the neighboring node is added
to the back of L.

7. In any case, if the next hop node is the coordina-
tor node (or destination node), this node is automati-
cally chosen and the packet generation starts with the
planned path.

8. The planned path is obtained by using a parent pointer
to backtrack from the destination to the source. If no
path to the coordinator is found, the packet is dropped.

4. EXPERIMENTS
In this research we focus on the network temperature, nodal
temperature and packet success rate as points of interest for
determining which algorithm offers a better solution. We
chose a mesh topology such that each node can send pack-
ets to any other node via multi hopping. In order to keep
up with our research goal, we tested the following metrics -
average temperature rise of the network, maximum temper-
ature reached by any node in the network per simulation,
the number of packets dropped per simulation and the per-
centage of hot spots passed by packet per simulation. We
wrote a discrete event simulation program in Java. Our sim-
ulation model consists of data gathering, packet generation,
route planning and packet transmit for a given topology. In-
stead of fixing one node as a coordinator and transmitting

packets from multiple source nodes, we generate a random
source and a random destination node per iteration thus, ef-
fectively handling different types of node-node interactions1.
We iterate for a total of 2000 time units and every iteration
consists of one new packet being generated by the randomly
selected source node. We vary the packet generation rate
from 0.25 packets per time unit to 3.0 packets per time unit
for all metrics. This kind of a model enables to identify
how each algorithm performs from low to high traffic con-
ditions and its effect on temperature and successful packet
delivery. Each sensor node is given a base temperature of
1.0 before the start of the simulation.We assumed that the
temperature of a node increases by 1.0 when it receives a
packet and when it transmits a packet. We assumed a cool-
ing value of 1.0 for every 40 iterations [8, 10]. This can
be identified as the cooling of sensor nodes by convection
in a real life scenario. We followed the simulation setup in
[8, 10] for setting up of various parameters for the simula-
tion of the other algorithms.For the ALTR algorithm the
MAX HOPS ADAPTIVE value is used to change the al-
gorithm to SHR if a certain number of hops have passed
and the destination is not found. This value is set to 10
[8]. The normalizing coefficient k for TGS is set to 0.5 such
that the influence of neighboring nodes is exactly half. In
case of HPR, the MAX HOPS parameter is set 40[7], this
means that once 40 hops have reached and no path is found,
then that packet is dropped. For TSHR and TGS, the fixed
threshold has to be set before the simulation. The fixed
threshold value for both these algorithms are assumed to be
1002. To test the scalability of the algorithm we varied the
number of sensor nodes from 20 (a 2x10 mesh topology) to
100 (a 10x10 mesh topology) and obtained similar results
for all the metrics. We present the results of our simula-
tions for a 5x10 mesh topology for which we calculated the
aforementioned metrics.

4.1 Average temperature rise versus packet gen-
eration rate

Figure 1 represents the average temperature rise of the net-
work with the packet generation rate. While ALTR focuses
just on the node’s temperature rather than the destination
the packets tend to roam around the network causing a tem-
perature rise. Also, when the threshold condition is reached,
ALTR switches to SHR and hence routes packets through
hot spots as well. LTRT uses the node’s temperature as
weights and uses Dijikstra’s shortest path algorithm to get
the coolest route to the destination. HPR tends to send the
packet to the coolest next hop node in the shortest path,
this leads to overall temperature increase of all the nodes
in the network. TSHR uses a fixed threshold and hence
the temperature rise is constant and could be said to be
well within the norms. TGS always attempts to optimize
the path as it uses temperature gradient and hop count.
But, since the Cthresh condition accepts hotter temperature
nodes, the overall network temperature does not rise much
as other cooler nodes do not get heated up if a shorter path
can be found. Furthermore the Tmax parameter ensures that
the temperature of the selected node is within the safety
margin. So, TGS performs better than ALTR, LTRT and

1Sensor-Sensor and Sensor-Coordinator.
2This value does not reflect on the real world temperature
values in Celsius or Fahrenheit.



Figure 1: Average temperature rise versus packet
generation rate.Simulation results of ALTR versus
LTRT from Takahashi et al([8]).

Figure 2: Maximum Temperature rise versus packet
generation rate.

HPR and is on par with TSHR in this metric.

4.2 Maximum temperature rise versus packet
generation rate

Figure 2 represents the maximum temperature rise versus
the packet generation rate. For this setup, ALTR algorithm
can be avoided as the average temperature rise for it was
very high. For both TSHR and TGS, the maximum temper-
ature rise does not go beyond their respective fixed threshold
values. However, LTRT does indeed show a maximum tem-
perature rise comparatively as only the overall path temper-
ature is taken into account by this algorithm. While HPR
has a dynamic threshold for hot spot detection, the maxi-
mum temperature rise is more than both TSHR and TGS
algorithms as it routes the packets through the coolest next
hop node and uniformly increases the temperature of all the
available cool nodes.

4.3 Average hop count per packet versus packet
generation rate

Figure 3 shows the average hop count per packet versus the
packet generation rate. The hop count is defined as the
minimum number of hops taken for a given source and a
destination node. So, an average hop count is taken for

Figure 3: Average hop count per packet versus
packet generation rate.

each iteration. The hop count metric can be useful for an-
alyzing the time taken for a packet to reach a destination
node. More the hop count, longer the packet takes. LTRT
which provides an end-to-end solution maintains a constant
average hop count value, while TSHR, HPR and TGS start
with a low hop count value for smaller packet generation
rates and they gradually increase. HPR is the best among
the three as HPR uses the coolest next hop node for packet
transmission and does not withdraw. However it drops the
packet when the MAX HOPS parameter is exceeded. Sim-
ilarly, if TGS is not able to find the destination node from
the nodes available in the fringe, then packets are dropped.
TSHR buffers the packets until a cool node becomes avail-
able. So, when the overall temperature of the system is very
high and causes considerable delay in packet delivery rate.

4.4 Packets dropped versus packet generation
rate

Figure 4 shows the number of packets dropped versus packet
generation rate. As both ALTR and TSHR have no packet
disregarding mechanism their packet dropped rate is 0. LTRT
uses a routing decision based on shortest path and always
finds a destination node.So, LTRT also has packet rate of
0. HPR on the other hand, drops packets when the number
of hops exceed the MAX HOPS threshold. Initially, lesser
number of hotspots are encountered and there is lesser de-
touring that takes place. For TGS, initially the nodes are
cool so a lot of cooler gradients appear in the routing process.
Once the packet generation increases the optimistic thresh-
old comes into play and a neighboring node with lesser hop
count to the destination takes precedence. But, since there
is Tmax threshold for node selection lots of neighbor nodes
are not selected for routing and hence there is a considerable
packet drop.

4.5 Percentage of hot spots passed versus packet
generation rate

Figure 5 shows the percentage of hot spots passed versus
packet generation rate. In our experimentation we assumed
a hot spot to have a temperature greater than 100 units. As
the average temperature rise of the network becomes very
high for ALTR, the number of hot spots passed by packets in
the ALTR algorithm, drastically increases as the packet gen-



Figure 4: Packets dropped versus packet generation
rate.

Figure 5: Percentage of hot spots passed versus
packet generation rate

eration rate increases. LTRT produces less number of hops
and lower average temperature rise (lesser than 150). But
from our simulations, we observed as there is no threshold
to particularly determine a hot spot for this algorithm and
as a result packets under the LTRT algorithm pass through
hot spots. HPR has zero hot spot passing till the packet
generation rate increases. TGS and TSHR have zero hot
spots being passed as the fixed threshold for each of these
algorithms was assumed to be 100.

5. CONCLUSION
This paper presents thermal-aware routing approach for BANs.
The proposed routing algorithm combines the end-to-end
nature of the LTRT algorithm with the neighborhood based
threshold calculation like the HPR and TSHR algorithms.
Our routing algorithm keeps the temperature of the sensor
node as the main priority. Therefore it can be observed
from our simulation results that it maintains a low average
network temperature, avoids hot spots, and has a very low
maximum temperature rise compared to other algorithms.
It also has a modest packet delivery delay as compared to
other algorithms and a packet drop rate that increases with
the packet generation rate. For our future work, we plan to
run the proposed algorithm for different topologies and re-
duce the packet drop rate. We would also like to look at the
energy consumption of this model and perhaps bring about

an efficient sleep cycle process associated with this model.
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