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Abstract—The effect of an arbitrary indoor infrastructure
environment on the performance of a wireless multihop network
is investigated. To this end, an accurate channel modeling tool
based on 3D ray tracing is used first to evaluate the signal
strength in different areas of the environment. Then, a discrete
event simulator is applied to examine the performance of the
network with two classes of routing protocols: traditional vs.
opportunistic. It is shown that for an indoor environment,
opportunistic routing performs better based on the obtained
results, with respect to throughput, delay and delivery ratio.

I. INTRODUCTION
Wireless multihop networks have attracted much attention
due to their flexibility and connectivity possibilities. In an
indoor environment, such as buildings, the deployment of such
a network is relatively straightforward, and with low cost.
A wireless multihop network consists of spatially distributed
autonomous nodes for data acquisition. Typical applications
include monitoring of physical or environmental conditions.
One of the main challenges of these networks in indoor environments, such as building, is the non-light-of-sight (NLOS)
problem. In indoor environments, the light-of-sight (LOS) path
can be blocked and the communications are conducted through
reflections and diffractions.
This work investigates the effect of the infrastructure of
an arbitrary indoor environment on the performance of a
wireless network. First, a deterministic channel modeling tool
is used to evaluate the signal strength in different areas of
the environment. Then, based on these results, a discrete
event simulator is applied to examine the performance of the
network with two different routing protocols: traditional vs.
opportunistic routing.
This approach, consisting of a judicious combination of the
two modeling and analytical tools, permits an accurate and
practical evaluation of the performance benefits due to improved routing mechanisms. In particular, the channel model
utilized is not only based on mathematical abstraction, but
also endowed with experimental characteristics as measured
from a corresponding physical environment. This means that
the obtained simulation results should have excellent correspondence to actual behaviors in the physical application
scenario. Furthermore, the discrete event simulator allows for a
comprehensive evaluation of the benefits of intelligent routing
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in a network. Indeed, the value of opportunistic routing, which
can adapt rapidly to changes of the network conditions, is
manifested in a number of perspectives: throughput, delay and
delivery ratio. These enhanced characteristics are achievable
due to the strategy of selecting the optimal path between the
source and the destination for each packet transmission, based
on the network conditions at that particular time.
The rest of this paper is organized as follows. In Section
II, the related works are reviewed. The design and the routing
protocols are presented in Section III while channel model is
described in Section IV. In Section V, performance analysis
and simulation results are presented, followed by conclusions
in Section VI.
II. RELATED WORKS
During the last decade, a number of opportunistic protocols
have been developed. The first opportunistic routing method
is introduced in [1]. Extremely Opportunistic Routing (ExOR)
selects the next relay node by a slotted ACK (acknowledge)
mechanism. Having successfully received a data packet, the
node calculates a priority level, which is inversely proportional
to the expected transmission count metric (ETX) [2], defined
based on the distance between the node and the destination.
The shorter the distance, the higher the priority. The node
with the highest priority will then be selected as the next
relay node. The main drawback of ExOR is that it prevents
spatial reuse because it needs global coordination among the
candidate nodes. Candidate nodes transmit in order, only one
node is allowed to transmit at any given time while all the other
candidate nodes attempt to overhear the transmission in order
to learn which node will be the next relay node. Moreover, the
simple priority criteria that it uses, ETX distance, may lead
packets toward the destination through low-quality routes. To
overcome this problem, Opportunistic Any-Path Forwarding
(OAPF) [3] introduces an expected any-path count (EAX)
metric. This approach can calculate the near-optimal candidate
set at each potential relay node to reach the destination.
However, it needs more state information about the network
and it has high computational complexity.
ExOR ties the MAC with routing, imposing a strict schedule
on routers access to the medium. The scheduler goes in rounds.
MAC-Independent Opportunistic Routing and Encoding Protocol (MORE) [4] tries to enhance ExOR. MORE uses the
concept of innovative packets in order to avoid duplicate
packets which might occur in ExOR.
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In [5], [6] a Geographic Random Forwarding (GeRaF) technique was proposed. In GeRaF each packet carries the location
of the sender and the destination, so that the prioritization of
the candidates nodes is based on location information. This
technique is simple to be implemented, but requires location
information for all the nodes in the network. Hybrid ARQBased Intercluster Geographic Relaying (HARBINGER) [7]
is a combination of GeRaF with hybrid automatic repeat
request(ARQ). In GeRaF, when there is no forwarder within
the range of the sender node, everything must start over
again, while in HARBINGER hybrid ARQ is used for a
receiver to combine the information accumulated over multiple
transmissions from the same sender.
A number of other opportunistic routing protocols have
been proposed [8]–[12]. Coding-Aware Opportunistic Routing
Mechanism (CORE) [8] is an integration of localized interflow
network coding and opportunistic routing. By integrating localized network coding and opportunistic forwarding, CORE
enables a packet holder to forward a packet to the next hop
that leads to the most coding changes among its forwarder
set. Opportunistic Routing in Dynamic Ad Hoc Networks
(OPRAH) [9] builds a braid multipath set between source and
destination via on-demand routing to support opportunistic
forwarding. For this purpose, OPRAH allows intermediate
nodes to record more subpaths back to the source and also
those subpaths downstream to the destination via received
Route Request and Route Replies.
III. DESIGN AND ROUTING PROTOCOLS
In this section, the network address and transmission process are described, followed by a description of two routing
protocols.
A. Network address
Network address is related to the context and is subjected
to a “cost of delivery” criterion. Given a node address 𝑛
and the destination address 𝑑 of a data packet, this “cost of
delivery” 𝑐𝑛,𝑑 should be locally obtained. This could indicate
the average or the approximate cost of delivering a packet
from the node 𝑛 toward the destination 𝑑, independent of
any dynamic change in the network. Usually, in large-scale
wireless sensor networks 𝑐𝑛,𝑑 is correlated with the distance
between the two nodes.
Initially, the destination node broadcasts a number of identity advertisement packets and every nodes thereon flood the
packet to the network. On the reception of a packet, a node
can count the smallest number of hops from the destination
and use it as “cost of delivery” criteria, 𝑐𝑛,𝑑 . Whenever a
new node joins the network, it can estimate its logic address
by acquiring the logic address of its neighbor nodes. If the
destination node changes, the procedure should start from the
beginning. When the source node changes there is no need to
repeat the procedure. If a node leaves the network, it will not
take part in the selection process.

B. Transmission Process
A node in the network can transmit packets to all the
neighbor nodes that are in its transmission range. Every
packet transmission process is subjected to a Packet Error
Rate (𝑃 𝐸𝑅). We assume that a number of packets can be
transmitted in one time slot. Every damaged or lost packet
will be retransmitted in the next assigned slot. If we use BPSK
without channel coding, the Packet Error Rate, 𝑃 𝐸𝑅(𝑖), can
be written as [13],
(

𝑃 𝐸𝑅(𝑖) = 1 − 1 − 𝑄

(

√

ˆ ))𝐹𝑑
2𝑃𝑡 (𝑖) ⋅ 𝐺(𝑖)
,
𝜎𝑛2

(1)

where 𝑃𝑡 is the transmission power, 𝐹𝑑 is∫ the length of the
2
∞
data, 𝜎𝑛2 is the noise power, 𝑄(𝑥) = √1𝜋 ⋅ √𝑥 𝑒−𝑡 𝑑𝑡 and
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ˆ 𝑠 (𝑖) is the distance between the
where 𝐴 is a constant and 𝐷
sender node 𝑠 and the next node 𝑖, and 𝑛 is wireless channel
path loss component.
C. Traditional Routing
Traditional routing has an initialization phase. During this
phase, each node in the network calculates the 𝑃 𝐸𝑅 for all
the links with its neighbor nodes. Next, it picks the most
reliable link for packet transmission, i.e., the link with the
smallest 𝑃 𝐸𝑅. After this initialization phase, every node
keeps transmitting all the packets through the most reliable
link. If a packet is lost or damaged, the node will continue
trying to retransmit the packet through that link.
This approach of traditional routing enhances the reliability
of the network. The 𝑃 𝐸𝑅 between the transmitting nodes is
small and in each time slot, packets are transmitted between
neighbor nodes. In an indoor environment, such as buildings,
this approach will avoid retransmissions caused from lost or
damaged packets, and deliver all the packets to the destination.
D. Opportunistic Routing
Opportunistic routing follows a similar approach to [14].
It uses four types of packets: Request To Send (RTS), Clear
To Send (CTS), DATA and ACK. RTS/CTS are used during
the handshake process between neighbor nodes while ACKs
are used for verification of DATA delivery. All the packets
transmissions are subjected to 𝑃 𝐸𝑅.
When a node 𝑠 has to transmit a packet, it first broadcasts a
RTS packet, which includes its own address and the destination
address, 𝑑. Then node 𝑠 keeps listening. If a neighbor node,
𝑛, receives the RTS packet, it calculates the cost of delivery
between the sender node and the destination, 𝑐𝑠,𝑑 and compare
it with the cost of delivery between the current node 𝑛 and
the destination, 𝑐𝑛,𝑑 .
If the neighbor node is closer to the destination than the
sender node, (𝑐𝑛,𝑑 < 𝑐𝑠,𝑑 ), it will initialize a timer, with
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Fig. 1: Building model and network topology.

timeout period as 𝑇𝑖 , which is inversely proportional to the
difference 𝑐𝑠,𝑑 − 𝑐𝑖,𝑑 and can be determined as:
𝑇𝑖 =

𝐶0
+ 𝑆𝐼𝐹 𝑆, 𝑖 ∕= 𝑑
𝑐𝑠,𝑑 − 𝑐𝑖,𝑑

(3)

where 𝐶0 is a constant and SIFS is the smallest time interval
between the RTS and CTS.
After the timeout period, it will reply with an CTS packet.
The sender node will transmit the DATA to the neighbor node
that replies first with A CTS packet.
In this way, the node that is closer to the destination will
try to reply first. However, because of the 𝑃 𝐸𝑅, which is
increased as the distance between the sender and the receiver
increased, the RTS and/or the CTS packet might get lost or
damaged. In every packet transmission the sender node selects
the next node dynamically according to the channel condition
in that time slot. As a result, the routing path between the
source and the destination is not predefined as in traditional
routing but change dynamically.
IV. CHANNEL MODEL
In this section, the channel model is presented. For channel
modeling Volcano Lab has been used. A wireless network
is analyzed in a realistic environment. Radio nodes are distributed over an area, for example a building.
Our approach consists of modeling the indoor wireless
channels based on an accurate ray-based simulator [15]. This
propagation prediction tool computes the radio links between
each node. Thus the full space-time channel behavior is
available for each link: radio signal strength, delay spread,
and angular spread.
The most sophisticated deterministic solutions, such as the
predictor used in this paper, to model multi-floor indoor
propagation are generally based on 3D ray-tracing [16]. The
trajectory of the reflected, transmitted and diffracted rays is

constructed by 3D ray-tracing from the image theory. The
ray-tracing technique allows a fine accuracy in the calculation
of the multi-path trajectories. Multiple contributions between
radio nodes are thus constructed by reflections, transmissions
and diffractions on the building structures. Each interaction
will create attenuated rays. The simulator outputs are, for
each radio node, a set of time-delayed attenuated rays. The
combination of these attenuated rays yields to the radio
signal strength prediction. The field strength, which is usually
expressed in terms of received power in 𝑑𝐵𝑚, is given by the
UTD theory. A post-processing of these multiple ray set of
predictions gives estimated angular and delay spreads.
The simulations are based on a 3D Digital Building Model
(DBM) where the floors, the walls, the windows, the doors
and any other kinds of partition are precisely represented.
The location of these partitions, their width and the material
characteristics are obtained from architect plans which may
be corrected using recent pictures taken in the field. Figure
1 gives the layout of the building under consideration in the
paper, and the topology of the radio nodes. The 3D DBM are
available either on paper or in CAD files. The location and
width of all partitions are generally given with high accuracy,
on the order of a few centimeters.
Figure 1 also depicts the building layout with the exterior
and internal walls represented here by segments. A nature of
material and a width are assigned to any segment.
V. PERFORMANCE ANALYSIS AND SIMULATION
RESULTS
In this section, we will compare traditional routing and
opportunistic routing with respect to throughput, delay and
delivery ratio.
We utilized simulation tools to study the performance of the
proposed schemes. The network simulation was performed via
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+𝐷𝐴𝑇 𝐴𝑇 𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
Parameter
𝑛
𝐴
2
𝜎𝑛

Unit
dB
𝑑𝐵𝑚

Value
2.5
−31
−92

TABLE I: Communication Parameters Setup
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the discrete event simulation system OMNeT++ with 30 nodes,
with radio transmission range 10 meters, uniformly randomly
distributed over an indoor environment. The communication
parameters were chosen based on IEEE 802.15.4, as listed in
Table I.
The channel modeling simulation was performed via the
network planning tool Volcano Lab [17]. We used the indoor
model, which is a building with a number of rooms. There
are wooden walls and doors, class and plasterboard. The
infrastructure of the network area, with the nodes and the
topology of the building can be seen in Figure 1.
The simulation were conducted in two steps: In the first step,
we used Volcano Lab to calculate the power of the received
signal between all the nodes in the network. In the second
step, the simulation results from Volcano Lab were used in
OMNeT++ to calculate the 𝑃 𝐸𝑅 of the different links and
apply the routing strategy of the two protocols.
Throughput: Throughput is the number of bits divided by
the time needed to transport the bits. From the source node
1000 packets were transmitted toward each of the 10 different
destinations ,𝑑1−𝑑10, in Figure 1. The packet size is 200𝑏𝑦𝑡𝑒𝑠
and the bit rate is 250𝑘𝑏𝑝𝑠, hence, the packet transmission time
is 6.4𝑚𝑠. The results can be seen in Figure 2.
Traditional routing follows the path that was discovered
during the initialization phase for all the packet transmission.
For the indoor environment of the simulation, traditional
routing is following paths around the different rooms, avoiding
the plasterboard.
Opportunistic routing tends to find the best available and
shorter path in each time slot toward the destination, leading
to better throughput compared with the traditional approach.
The path changes dynamically in each packet transmission
and it uses nodes that are not used from traditional routing.
As a result, the path for each packet might be different and
shorter than that of the traditional routing. In this manner, it
can achieve better performance in terms of throughput.
Delay: Delay of a packet in the network is the time it takes
the packet to reach the destination after leaving the source.
The source node sends 1000 packets toward each destination,
𝑑1 − 𝑑10, with transmission time is 6.4𝑚𝑠. The results can be
seen in Figure 3.
In traditional routing every packet transmission needs exactly the DATA transmission time to be transmitted between
any two nodes.
Opportunistic routing needs also the RTS/CTS handshake
hence, the time needed for one transmission between two
nodes is:
𝑇 𝑖𝑚𝑒 = 𝑅𝑇 𝑆𝑡𝑖𝑚𝑒 + 𝐵𝑎𝑐𝑘𝑜𝑓 𝑓 𝑇 𝑖𝑚𝑒 + 𝐶𝑇 𝑆𝑡𝑖𝑚𝑒
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where 𝑅𝑇 𝑆𝑡𝑖𝑚𝑒 and 𝐶𝑇 𝑆𝑡𝑖𝑚𝑒 are 0.1𝑚𝑠 while
𝐵𝑎𝑐𝑘𝑜𝑓 𝑓 𝑇 𝑖𝑚𝑒 can be derived from Equation 3 and is
inversely proportional to the distance between the sender and
the receiver node.
Traditional routing utilizes the same nodes for each packet
transmission. Every packet follows the same path toward the
destination and the delay for all the packets, to the same
destination, is the same.
Opportunistic routing tends to transmit toward nodes that
are closer to the destination in each time slot. Following this
routing strategy, opportunistic routing can find shorter paths
toward the destination and reduce the packet delay.
Delivery Ratio: Delivery ratio is the percentage of the
packets that successfully reaches the destination. The source
node sends 100 packets to each of the 10 destination nodes.
The results are the average delivery ratio toward all the
destinations. The source traffic rate was 3,5 and 7 packets
per slot, meaning that, during one simulation slot time 3,5,
or 7 packets were transmitted from the source node toward
the available neighbor nodes. Each node has a buffer to store
the packets. When the buffer of a node is full, the packet
is discarded. Figure 4 shows the results for traditional routing
and Figure 5 shows the results for opportunistic routing, under
different buffer sizes and packet frequencies.
Traditional routing has a predefined routing path. When the
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Fig. 5: Delivery ratio for Opportunistic routing.

source traffic rate is greater than the buffer size of a node, the
node starts discarding packets. When the traffic rate is same
or less than the size of the buffer, the delivery ratio is perfect.
Opportunistic routing performs better in terms of delivery
ratio. When the buffer of a node is full, this node does not
participate in the RTS/CTS handshake. The transmitter will
try to find an available node for data transmission. If all the
nodes have full buffer, or there are no more neighbor nodes,
the packet is discarded. As it can be inferred from Figure
5 even in high source traffic rates, opportunistic routing can
deliver almost all the packets.
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VI. CONCLUSION
In this work, we have studied the performance differences of
opportunistic and traditional routing in an indoor environment.
An accurate indoor channel model is adopted by considering
the walls and other structural impacts on RF propagation. In
the specific topology, it is shown that the opportunistic routing
can perform up to five times better than the upper bound of
a traditional scheme, in terms of throughput and end-to-end
delay. The opportunistic approach also shows much higher
delivery ratio when the buffer size per node is limited.
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