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ABSTRACT Localization, essential in WSN applications, enables sensor nodes to determine their physical
positions by referencing anchor nodes. We evaluate broadcast and unicast packet transmissions at the
data-link layer for their impact on localization performance. Implemented on the Contiki-NG operating
system, the study examines how anchor node density and antenna range affect localization success and
the number of required anchor nodes between broadcast-based and unicast-based localization propagation
in protocol stack. Results using Cooja simulator, demonstrate the trade-offs between unicast and broadcast
transmission approaches, particularly in terms of network overhead, energy consumption and localization
performance. For instance, with an antenna range of 20 meters, achieving a localization ratio of over 90%
requires only 20% anchor density with broadcast transmission, whereas unicast transmission requires a
60% anchor density to achieve the same ratio. This demonstrates that broadcast localization can lead to
approximately a 33% reduction in hardware costs, offering significant efficiency gains. These findings
provide insights into optimal propagation techniques and highlight the advantages of broadcasting in
resource-constrained WSN deployments.

INDEX TERMS Broadcast, Internet of Things (IoT), localization, radio message propogation types, unicast,
wireless sensor networks (WSNs).

I. INTRODUCTION
Wireless Sensor Networks (WSNs) comprise devices with
limited resources that possess the capability to monitor
and collect data across various environments [1]. The node
devices constituting the network have the ability to operate
without reliance on any pre-existing network infrastructure.
Consequently, their utilization for environmental sensing and
data acquisition is increasingly prevalent in sectors such as
industry, transportation, wildlife conservation and agriculture
particularly in areas devoid of established infrastructures of
land.

The associate editor coordinating the review of this manuscript and

approving it for publication was Sangsoon Lim .

Examples of data collected by nodes within a network
can include parameters such as humidity, pressure, pH levels
and location information. Among these, location data holds
critical importance in applications ranging from structural
element tracking in the construction industry to mechanical
component monitoring in industrial facilities, as well as
wildlife observations. A node within a WSN can ascertain
its position either by statically embedding its coordinates
into the source code prior to firmware compilation or by
utilizing a Global Positioning System (GPS) module or
similar hardware. Additionally, for mobile nodes within
the network, periodic updating of their current positions is
essential. To mitigate the costs associated with equipping
every node with a GPS-like module, the number of anchor
nodes—those with known locations either through GPS or
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FIGURE 1. Mobile nodes (represented in yellow) utilize anchor nodes
(depicted in green) to acquire positional information.

other methods—is limited. Moreover, in certain applications
especially indoor environments, satellite-based localization
techniques prove insufficient, necessitating a lower degree
of deviation compared to these methods. As illustrated in
Figure 1, mobile nodes without location data, indicated by
yellow labels are capable of estimating their own positions
by referencing nearby anchor nodes, denoted by green labels,
through localization techniques. This estimation process is
commonly referred to as localization [2].

A typical WSNs localization process unfolds in three
primary phases. Initially, anchor nodes with known positions
transmit their location information to unknown nodes. In our
study, nodes with known locations are referred to as ‘‘anchor
nodes’’, a recognized term we use because these nodes
are static. Some researchers refer to nodes with known
locations as ‘‘landmark nodes’’ a term that applies whether
the nodes are static or mobile [3]. In the second localization
phase, these unknown nodes not only record the received
location information but also capture various network metrics
during the transmission. The metrics that can be produced
depend on the hardware of the node device and the standard
of the network protocol used and may vary accordingly.
These metrics include Received Signal Strength (RSSI),
Link Quality Indicator (LQI), Time of Arrival (ToA), Time
Difference of Arrival (TDoA), Angle of Arrival (AoA), Phase
of Arrival (PoA), Channel State Information (CSI) and Hop
Count (HC) etc. In brief, the RSSI value is the power of
the incoming radio signal measured at the receiver antenna.
Nowadays, most radio components measure this by default
during signal reception and record it in the relevant register.
The CSI parameter on the other hand, is commonly used
in the Wi-Fi standard [4]. CSI data contains RSSI, rate,
modulation&coding scheme, bandwidth. Each entry consists
of real and imaginary values, which represent the amplitude
and phase of the signal at each subcarrier. Producing the
CSI metric is more computationally costly than the RSSI
parameter. The HC metric can be generated in scenarios with
network topologies such as mesh. LQI is the buffered or
filtered version of RSSI, intended to remove instantaneous
noise. PoA is another localization technique that estimates
the distance between a transmitter and receiver by analyzing

the phase difference of the received signal based on signal
phase shifts. Nowadays, it is possible to find commercial
development boards on the market for under $150 [5].
These metrics are then converted into relative distance
values using estimation techniques, with the necessity for
specific conversion methods being assessed based on the
context. In the final phase, unknown nodes utilize these
relative distances and position values to compute their
own locations using mathematical localization techniques
such as clustering, lateration, angulation, weighted mean or
machine learning etc. Figure 2 illustrates the various stages of
localization process and the principal techniques employed at
each stage.

If we take a closer look at the first phase of localization,
three distinct communication techniques are available—
unicast, multicast and broadcast—for transmitting reference
location information by anchor nodes. Intrinsically, the
wireless communication medium possesses a broadcast
nature due to the propagation of radio waves through the
environment. Therefore, unicast and multicast methods are
indirectly implemented through control mechanisms that
discard packets received by unintended nodes. Control
mechanisms for discarding packets at different protocol stack
layers will be discussed in subsequent sections. The choice of
radio message transportation techniques may vary depending
on several factors such as the number of recipients that need to
receive the message, channel occupancy at the network level,
device battery management policies, among others. In the
localization scenarios, the ability of each mobile node to
receive signals from a greater number of anchor nodes within
its transmission range can enhance the accuracy and precision
of position estimation. Consequently, it can be posited that
the inherent characteristics of localization applications are
more amenable to either multicast or broadcast approaches
rather than unicasting. This is because a localization packet
disseminated by an anchor node would be beneficial to all
unknown nodes within its transmission range. Therefore, the
collapse of a localization packet sent by an anchor node
may affect all unknown nodes that would benefit from it.
Once a successful transmission occurs and if it is determined
that the unknown nodes have reached saturation in receiving
localization packets from anchor nodes, they should cease
receiving further packets to reduce energy consumption in
the radio. Furthermore, each broadcast transmission requires
other nodes in the network to delay their packet transmissions
to prevent packet collision thereby restricting resource usage
within the radius of the radio range. Possible solutions to
this congestion caused by broadcasting will be examined in a
subsequent section.

This study investigates the appropriate type of radio
message transportation and its limitations for localization
applications in WNSs operating on the IEEE 802.15.4
protocol stack, which require the transmission of numerous
packets [6]. The suitability of each transmission method
based on the rate of packet sending has been demon-
strated through simulation studies. Measurements were also
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FIGURE 2. Throughout the stages of localization, network metrics and
corresponding mathematical methods are employed.

conducted on real devices to illustrate the accuracy of metric
values for localization applications with a small number of
nodes. To the best of our knowledge, in WSNs, the type
of radio message transportation that can be preferred for
transmitting localization packets is unique in terms of:
• Its adaptability across different localization techniques,
• Its performance relative to different radio message
transportation techniques,

• Its examination of packet collisions, localization rate,
localization system outage and battery usage.

The remainder of the paper is organized as follows:
Section II provides the background of the problem, including
its emergence during our research and the primary study
that inspired our perspective on evaluating the problem.
Additionally, research gaps in similar networks identified
in the literature are discussed. Section III offers a brief
taxonomic analysis of localization algorithms and discusses
the message propagation types suitable for these algorithms.
Section IV focuses on the characteristics and differences of
message propagation types, namely unicast and broadcast,
based on the OSI layer in which they are implemented.
Furthermore, it provides insights into the medium access
control (MAC) policies that directly impact message prop-
agation performance. Section V outlines the methods and
technology stack used in the study. Section VI presents
and discusses the results obtained from real devices and
simulations. Section VII summarizes the findings, highlights
the implications of the study and outlines potential directions
for future research.

A. ABBREVIATIONS
Table 1 lists the abbreviations used throughout this paper.

II. BACKGROUND AND RELATED WORKS
Before diving into previous work on the analysis of transmis-
sion types for packets carrying location information inWSNs,
a brief explanation will be provided on how localization
packets propagate through the network.

Network-assisted localization applications, rely on dis-
tance estimation obtained using the network infrastructure

TABLE 1. List of abbreviations.

rather than external sensors. As explained in the Section I,
unknown nodes receive static location information from
anchor nodes while simultaneously recording specific met-
rics based on the hardware capabilities (e.g., RSSI, LQI,
PoA, ToA). These metrics are later converted by the unknown
nodes into relative distance values. Essentially, anchor
nodes send identical packets to all unknown nodes, but the
measurements recorded by each node differ. On the other
hand, an increase in anchor nodes leads to packet collisions,
forming the main motivation for this study. We aim to
investigate the transmission of localization packets using
either unicast or broadcast approaches to address this issue.
While addressing localization, it is important to consider
that the traffic flow of localization packets varies depending
on the metric and technique used. For instance, certain
techniques can achieve an average localization error around
20 centimeters by receiving localization packets from only
2-3 anchors (e.g., PoA), while others may require 36 nodes
to achieve an average error of less than 50 centimeters [7],
[8]. Alternatively, by receiving approximately 60 localization
beacons from a single mobile anchor, an average error of
around 1.5 meters can be achieved [9]. Therefore, the type
of localization packet propagation must be analyzed with
consideration of the chosen localizationmetric and technique.
A gap in the literature is evident in this regard. This topic will
be further detailed in Section IV.
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Several studies in the literature have compared the
performance of unicast versus broadcast transmission for
various challenges in WSNs. Similar to localization packets,
other types of data also need to reach multiple nodes within
the network. For example, in security, the transmission
of key material for key management has been evaluated,
comparing unicast and multicast transmission methods.
In group-based networks with multihop communication, key
registration distribution has been assessed in terms of delay,
energy consumption and the average number of link-layer
frames for both unicast and multicast transmissions. The
researchers performed the comparison using ContikiOS
sensor node OS in the Cooja environment, as we did (We
are using the newer version, referred to as Contiki-NG,
whereas previous researchers have utilized the older version
known as ContikiOS.) [10]. This study, which analyzes the
distribution of key management packets across the network
using different transmission methods (unicast/multicast),
has inspired our approach, as we examine localization
packets in a similar manner. During our previous localization
research, we often questioned which propagation type—
unicast or broadcast—would be more suitable and this
curiosity significantly shaped the direction of the current
study.

When message propagation techniques in WSNs are
examined, it is generally observed that research focuses
on broadcasting methods operating at the network layer or
above [11], [12], [13]. Due to WSNs’ networking-oriented
nature, these studies primarily emphasize how a sender can
broadcast to all nodes, whether within or beyond its coverage
area [14], [15]. The main challenge here is preventing distant
nodes from receiving the same broadcast packet multiple
times from different neighboring nodes. Variousmechanisms,
such as region-based or hierarchical controls, have been
proposed to address this issue [16], [17], [18], [19]. The
worst-case scenario for this redundancy, which leads to
unnecessary energy consumption in the network, occurs
when all neighboring nodes forward the broadcast packets.
This situation is referred to as flooding. Unfortunately, this
approach is unsuitable for most localization techniques,
where the unknown node must directly receive packets from
the anchor node for distance measurement. Here, we exclude
hop-count-based localization techniques, as networking-
based transmissions are typically required to construct
distance vectors using hop counts [20], [21]. Excluding hop-
count-based localization techniques, it has been identified
in the literature that localization messages have not been
studied with hardware-based or MAC-layer filtering-based
broadcasting propagation types.

For location-critical networks such as VANETs (Vehicular
Ad-hoc Networks), localization applications often utilize
broadcast or multicast transmission techniques. One such
study proposed a vehicle localization scheme for roadside
areas, where periodic beacon messages were disseminated
using the broadcasting method by static roadside units,
adhering to the IEEE 802.11p standard [22]. The study

evaluated the success of this method under varying traffic
densities and vehicle speeds, employing the intersection of
transmission circles as the localization approach. The find-
ings emphasized that adopting a broadcast-based localization
message type rendered the method independent of unknown
node density in heavy traffic and vehicle speed. However,
the study did not address the implications of differences
between the broadcasting layer and other transmission
methods. In another VANET study, researchers selected
the next hop within the identified area by broadcasting
location information during the creation of a self-organized
ad-hoc network among moving nodes (vehicles) [23]. They
emphasized the importance of broadcast message frequency
in accommodating the increasing number of nodes. The study
demonstrated that packet delivery ratio (PDR) decreases as
vehicle speeds increase, while it improves with a higher num-
ber of vehicles. This behavior is assumed to be related to the
formation of hops within the network. In our WSN scenario,
where nodes are predominantly stationary, we predict that
a high number of nodes transmitting within a common area
will lead to a decrease in PDR due to MAC contention. This
raises the question of determining the broadcasting anchor
limits under MAC conditions. In another VANET study that
employs the Weighted Centroid Localization (WCL) method
for location estimation, fuzzy logic was used to determine
the weight values of the anchors [24]. The study utilized
the broadcast method for packet transmission, raising the
question of whether other message propagation types could
be more effective.

While broadcast-based transmission offers advantages,
it must also incorporate certain control mechanisms. One
of the most important of these is the need for intermediate
nodes to relay messages so that the sending node can reach
nodes outside its antenna range. However, this can lead to
flooding within the network as messages are relayed multiple
times. In the field of broadcast mechanisms, a study for
VANET networks was presented that uses fuzzy logic to
create a subset for relaying messages to nodes outside the
sender’s range during broadcast transmission [25]. Similarly,
it is necessary to investigate the performance of broadcasting
localization packets in WSN networks. In another study,
a method to prevent redundant packets during location-based
broadcasting in disaster scenarios, where IP addresses could
not be obtained, was developed for MANET networks [26].
Another study developed for ad-hoc sensor networks used
connected dominating set computation to determine which
packets would be relayed, reducing unnecessary relays
and thus saving energy within the network [27]. In the
final study we reviewed on broadcast optimization, the
researchers compared probabilistic, counter-based, distance-
based, location-based and cluster-based approaches to pre-
vent redundant relays in MANET networks. They found that
the simple counter-based approach performed well in dense
host distribution scenarios, while the location-based approach
excelled at preventing redundant broadcasts when GPS data
was available [28].
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Following our literature review, the motivation and
contribution of this study can be summarized as follows.
Carlier et al. [10] focused on the key distribution prob-
lem by examining different transmission techniques for
disseminating key data in WSNs, while also incorporating
new perspectives from the network architecture in which
the problem was implemented. This broader approach
provided a more comprehensive understanding of the key
distribution challenge [10]. We adopt a similar perspective
for the localization problem by examining the propagation
of reference location information. This perspective offers
critical insights into the selection of protocol stack policies
and their respective constraints, which are pertinent for
researchers investigating localization issues.

In the existing literature, almost all localization studies
that consider transmission techniques focus on optimizing
broadcast transmission. Moreover, these studies typically
utilize broadcast methods at the network and higher layers
of the Open Systems Interconnection (OSI) model. However,
since localization packets must be transmitted in a single
hop, our work emphasizes the need to examine broadcast
mechanisms at the Data Link Layer (DLL) and lower layers.
This topic is discussed in further detail in Section IV-A.

III. LOCALIZATION METHODS
Localization methods vary depending on the mathematical
technique used, the network protocol structure, the hard-
ware responsible for computations and the environmental
conditions of the target area. Numerous mathematical
techniques using absolute or relative distance values have
been developed and continue to be developed in the
literature [29]. Metrics can be calculated based on images,
light, sound, or radio signals. Since our study is conducted
within the concept of wireless network-assisted localization,
we will explain the primary localization algorithms that use
radio-based metrics in this section. Therefore, we categorize
localization algorithms into two main groups to examine the
perspective of message propagation types: range-free and
range-based. However from a broader perspective Han et al.
classified localization applications in WSNs into four main
categories based on combinations of unknown nodes being
either static or mobile and anchor nodes being either static or
mobile [3]. In range-based methods, distance information is
directly utilized within the technique. In range-free methods,
connections between nodes form the basis, though range-free
methods can indirectly use distance as well.

A. RANGE-BASED METHODS
In distance-based methods, unknown nodes must estimate
their distances to anchor nodes within range. The position
of an unknown node is typically calculated based on its
distances to anchors, often using geometric methods (such as
AoA, angulation, lateration, etc.). The main metrics used for
distance estimation via wireless networks are LQI, PoA and
ToA. Geometric methods that utilize distance values yield
successful results, as the conversion accuracy from these

metrics to distance is high. The RSSI metric, particularly
within the 2.4GHz spectrum, exhibits a notably low accuracy.
In Figure 3(a), the average RSSI values measured at specific
distances in a 90×90 m2 open area on our campus, as shown
in Figure 3(c), during a low-density period (outdoor area with
Line of Sight - LOS), have been fitted to a log-distance path-
loss model as shown in Equation 1.

PLdBm(d) = PL0 + 10 · α · log10

(
d
d0

)
+ NormalDist.(0, σ ) (1)

PLdBm(d) = −100+ 10 · (−0.986) · log10

(
d
d0

)
+N (0, 25.994) (2)

where d0 is the transmission range in meters, PL0 is the loss at
d0, (i.e. the Rx sensitivity, approximatelly equal to−100 dBm
as on the TI CC1352R System-on-Chip for IEEE 802.15.4
packets [30]), α is the path loss exponent and the σ is the
standard deviation of theAdditiveWhite GaussianNoise. The
values (PL0, α and σ ) in the mini RSSI-distance table we
constructed based on the measurements are substituted into
Equation 2.

When the resulting exponential function is given RSSI
information as input and queried for distance, the response
is compared to the actual distance values. The resulting
error is calculated to be 7.24 meters. In Figure 3(b), it is
shown that no solution set could be found in a range-based
localization calculation using the RSSI metric, which has
low accuracy. The potential issues that may arise when
range-based methods are used with metrics of low accuracy
are discussed in subsequent paragraphs.

Among range-based methods, the most well-known
approach is lateration, in which the distances between
the unknown node and anchor nodes are determined.
The unknown node searches for a solution set using the
positions and distance information of the anchors. As seen
in Figure 3(b), when the calculated distance values are
significantly lower than the actual values, no solution set is
found (red area); when the values are higher than the actual
distance, the solution set transforms into an area (green area).

In a two-dimensional space, a scenario with three anchor
nodes generates three distance equations. The corresponding
symbols in the equation are shown in Figure 4(a). In a
2D trilateration setup, we use three known points A(x1, y1),
B(x2, y2) and C(x3, y3) and their respective distances dA, dB
and dC from the unknown pointP(x, y) that wewant to locate.
The equations are derived from the distance formula:

d2A = (x − x1)2 + (y− y1)2 (3)

d2B = (x − x2)2 + (y− y2)2 (4)

d2C = (x − x3)2 + (y− y3)2 (5)

These sets of equations are typically referred to as
systems of nonlinear equations due to the squared terms.
The solution set of the system can be sought using various
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FIGURE 3. Range-based localization becomes infeasible when using
unsuitable metrics.

approaches. By subtracting Equation 3 from Equation 4,
the system can be linearized and a solution set can be
obtained. Another approach involves directly solving the
nonlinear system using numerical analysis techniques such as
the Newton-Raphson or Levenberg-Marquardt methods [31],
[32]. In cases where distance estimation is noisy, Least
Squares estimation can be employed to minimize the squared
error of each equation [33]. When the intersection of
circles forms an area, various approaches can be employed,
such as geometric intersection analysis, area inequality
representation, bounding box, grid search, Monte Carlo
sampling and center of region methods [34], [35], [36], [37],
[38], [39].

Another well-known range-based method, Angulation,
is based on the geometric Law of Sines. In a triangle
with known side lengths, the angles can be calculated. The
following relationship exists between the angle bisectors
and the angles of this triangle. Angulation involving three
points is referred to as triangulation. Two known points (e.g.,
A and B) with coordinates (x1, y1) and (x2, y2), respectively.
The corresponding symbols in the equation are shown in
Figure 4(b). The angles from these known points to an
unknown point P(x, y) are used to determine the position
of point P. Specifically, let θ1 be the angle from point A
to the unknown point P and let θ2 be the angle from point
B to the unknown point P. By using the law of sines or
other trigonometric relationships, the resulting equations are

FIGURE 4. Range-based localization methods that ends up with
non-linear equations.

expressed as follows:

sin(θ1)
a
=

sin(θ2)
b
=

sin(θ3)
d

(6)

here, d represents the distance between points A and B, a
and b represent the distances from point P to points A and
B, respectively, θ3 is the angle between segment AB and
either AP or BP. Equation 6 is typically solved using trigono-
metric identities or iterative numerical methods. Technique
utilizes angle-based equations, often involving trigonometric
functions (sine, cosine) to determine the coordinates of the
unknown point. Solving these linear equations with two
anchors determines two possible locations, P and P′, resolved
to one using the signal strength from a third anchor, C as
shown in Figure 4(b).
From the perspective of our study, when summarizing

range-based methods, having a small number of anchor
nodes makes the packets they transmit critical. Even when
the number of anchor nodes is limited, using the broadcast
method in scenarios with a large number of unknown nodes
can shorten the radio transmission time. However, managing
acknowledgment packets from unknown nodes that confirm
the receipt of localization packets becomes increasingly
challenging when using broadcasting. Therefore, we suggest
that the use of unicast is more manageable in range-based
methods.

B. RANGE-FREE METHODS
Range-free localization methods determine the location of
nodes without directlymeasuring physical distances or angles
between them. Unlike range-based methods, which calculate
exact distances, range-free methods rely on connectivity
or relative positioning information. They may also use
metrics indirectly, without depending on precise distance
measurements. These methods use information about which
nodes are within each other’s communication range, rather
than exact distances. For instance, the DV-Hop method uses
hop count to estimate the distance between nodes; as the hop
count increases, it is evident that nodes can be significantly
farther apart.
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There are various hop-based approaches depending on the
routing algorithm and its implementation. RPL, the de-facto
routing algorithm in WSNs, operates in two different modes:
storing mode and non-storing mode [40]. In storing mode,
a node maintains all neighborhood information related to
itself. However, in dense networks, this approach becomes
impractical because the device’s memory is consumed by
RPL layer neighbor information. In storing mode, the hop
count between nodes, which are relatively evenly distributed
in the region, provides a relative distance metric. For each
anchor node Ai, the average hop distance is computed as:

AvgHopDist i =

∑n
j=1 dij∑n
j=1 hij

(7)

dij is the Euclidean distance between anchor node Ai and
anchor node Aj, which can be selected as a fixed default
average node distance in the network; hij is the minimum hop
count betweenAi andAj; and n is the number of anchor nodes.

In RPL-Lite, which implements the non-storing mode,
each node maintains the route information to the border
router. In addition to the best-parent information, a node also
keeps an alternative parent that is one hop away (also possible
to keep all alternatives that are one hop away). To enable
hop-based distance estimation in this mode, when the route
information to the border router is transformed into a vector,
each node ni maintains a route vector Vi→R to the border
router R, which is composed of the intermediate nodes’
positions along the path:

Vi→R = {nodea1 , nodea2 , . . . , nodeak }, k = |Vi→R| (8)

here, Vi→R represents the route vector from nodeni to the
border router R. Each element nodeak corresponds to the ID
of a node along the path. The vector length k is a variable
and depends on the specific route taken. To compare two
nodes ni and nj, a route similarity metric can be defined
Sij, which compares their respective route vectors Vi→R and
Vj→R. This can be done using Jaccard Similarity, Longest
Common Subsequence (LCS), cosine similarity, Kendall Tau
Distance [41], [42], [43], [44].

In the range-free methods, considering the Centroid Local-
ization (CL) family, the unknown node takes the average
position of all anchors from which it receives localization
packets and assigns this as its own position as shown in
Equation 9 [45].

U (x, y) =
1
n

n∑
j=1

Aj(x, y) (9)

If a network-assisted metric is assigned as a weight to
the average, it results in Weighted Centroid Localization
(WCL) [46]. This serves as an example of range-free methods
not directly utilizing localization metrics as weights in
Equation 10.

U (x, y) =

∑n
j=1(wj.aj)∑n
j=1 wj

(10)

FIGURE 5. In Centroid methods, balanced anchor distribution around
unknown nodes enhances estimation accuracy.

When these weight values are adjusted based on criteria
such as distance, it leads Equation 10 with Equation 11 to
Weight Compensated WCL (WCWCL) in Equation 12 [47].

wi = d−gi (11)

U (x, y) =
Wj.ng.wj∑n
j=1Wj.ng.wj

.aj (12)

where n is the anchor count, Aj(x, y) are the anchor positions,
wj are the anchor weights, d is the distance value to
compensate weights and g is the degree that determines
the contribution of each anchor node in Equations 9, 10,
11 and 12. Figure 5(a) represents the CL method, while
Figure 5(b) illustrates the WCL and WCWCL methods
schematically.

In average-based methods such as CL and its variations,
localization accuracy improves with an increasing number
of anchor nodes contributing to the average. Similarly,
in fingerprinting methods, performance enhances as the
database of stored metrics for designated locations grows,
while in machine learning-based methods, the effectiveness
of the discriminative function improves with larger training
sets, provided overfitting is avoided. Each of these methods,
however, has saturation points. For instance, range-based
methods typically reach saturation with 3–4 nodes in a LOS
environment, while range-freemethodsmay require hundreds
of nodes and fingerprinting or machine learning-based
approaches may need thousands. These aspects are discussed
in Section II.
As demonstrated by the equations in this section, the

absence of localization packets from certain anchor nodes in
multi-anchor scenarios has a negligible impact on the average
localization error. Consequently, in range-free methods,
the reception of ACK packets in response to transmitted
localization packets can be disabled to avoidmanaging poten-
tially hundreds or thousands of ACKs. This is particularly
beneficial in large-scale, low-cost sensor networks where
exact positioning accuracy is less critical and connectivity
information is sufficient. Thus, broadcasting localization
packets proves to be more effective and practical in range-
free methods.
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FIGURE 6. Broadcasting reduces transmission count on the TX side.

IV. RADIO MESSAGE PROPAGATION TYPES
Radio communication is inherently broadcast by nature.
As shown in Figure 6(a), in the absence of control mecha-
nisms on the receiver side, all unicast or broadcast packets
reach the nodes within the transmission range. Enabling
radio communication specifically between selected devices,
such as in unicast or multicast scenarios, involves control
mechanisms like checking the destination address of received
packets and discarding (or dropping) them if they do not
match the intended target as shown in Figure 6(b). This
mechanism can be implemented at various levels of the
system, including different layers of the OSI model within
the kernel. Depending on the capability of the wireless
sensor node, energy efficiency may be achieved by dropping
packets during the radio reception phase itself, based on
header information. However, this mechanism requires the
chip core within the sensor node to be hardware-programmed
accordingly.

For instance, the documentation for the TI CC1352R node
device in our inventory specifies that its System-on-Chip
(SoC) supports this feature within its RX operations under
Section 25.5.4.1.1.1 Frame Filtering [48]. When the relevant
flags are configured, frame filtering facilitates selective
packet acceptance by analyzing the frame header directly
at the radio chip’s CPU level. In active frame filtering, the
Frame Control Field (FCF) is the primary field examined,
influencing the packet’s acceptance or rejection without
modifying the stored FCF in the reception (RX) queue.
As described in the IEEE 802.15.4 standard under third-level
filtering rules, the process begins with checking the frame
version; if incompatible, the frame is rejected. Subsequently,
the ReservedSubfield and ReservedMask bits are examined.
Finally, at the third level, the local PAN ID is checked and
the frame is accepted if the destination address is correct;
otherwise, it is rejected. The logical expression of this
three-levelmechanism, designed usingHardwareDescription
Language (HDL), can be represented as:

F_Acc = (Res_Chk == 0) ∧ Addr_Mtch ∧ PanID_Mtch

(13)

FIGURE 7. Message propagation types at different layers.

The equation abbreviations are as follows: FrameAc-
cepted (F_Acc), ReservedCheck (Res_Chk), AddressMatch
(Addr_Mtch) and PanIDMatch (PanID_Mtch). If FrameAc-
cepted evaluates to true, the frame passes all filters. Frame
filtering is critical in frequency bands such as the Industrial,
Scientific and Medical (ISM) public band, which are utilized
by multiple protocols, to effectively reject frames originating
from external protocols. Even if a packet successfully passes
the reception process, it may still be dropped at the data link
layer by comparing it with the device’s MAC address.

DLL frame-dropping mechanism conserves energy across
the network by preventing unnecessary delivery of frames
to higher layers in the protocol stack, such as the network
layer and beyond. While hardware-programmed frame filter-
ing effectively eliminates frames originating from external
protocols and networks, filtering at the DLL (typically
implemented within the Operating System (OS) kernel) is
where unicast and multicast communication between nodes
within the network is realized. As shown in Figure 7(b), when
DLL broadcasting is used, the broadcaster node (e.g. node 1)
transmits only to nodes within its range, such as nodes 5,
6 and 4.

In the open source wireless node OS Contiki-NG used
in our study, this filtering mechanism is applied to
every frame received by the device’s radio and passed
to the data link layer, as implemented in the source file
contiki-ng/os/net/mac/csma/csma.c [49].
In the IPv6 (Internet Protocol version 6) routing layer,

a similar control mechanism is applied. As shown in
Figure 7(b), the only way for a node to transmit beyond
its communication range is by relying on neighboring
nodes to forward the packet. Consequently, for a node
to perform unicast, multicast, or broadcast communication
beyond its range, similar filtering mechanisms must also be
implemented at the routing layer and above. In Figure 7(a),
it is demonstrated that network-layer broadcasting enables
broadcast packets to reach beyond the range of nodes 1,
2 and 3. The same figure also addresses one of the primary
challenges of network-layer broadcasting, namely flooding.
This is exemplified by a packet originating from node 5,
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which is forwarded by nodes 11 and 12 and subsequently
returns to node 5.

In Contiki-NG, this filtering mechanism is applied to
every frame received from the data link layer and passed
to the network layer, as implemented in the source file
contiki-ng/os/net/ipv6/uip6.c [50].
To summarize the types of radio message propagation, the

selection of the transmissionmethod depends on themetric(s)
used in the chosen localization technique:

• If the metric(s) require direct communication between
the anchor and unknown node (e.g., RSSI, LQI, ToF,
PoA), methods involving network-layer-below trans-
mission should be preferred, as they rely on single-hop
communication with nodes within the transmission
range.

• Conversely, if the metric(s) do not require direct com-
munication between the anchor and unknown node (e.g.,
hop count, connectivity, neighbor matrices), methods
involving network-layer-and-above transmission are
more suitable.

Based on our literature review, we propose that such
a classification should be included in the taxonomic
representation of network-assisted localization algorithms.
Existing classifications are primarily localization-focused,
typically combining criteria such as range-based/range-free
and mobile/static. However, when considering the wireless
mesh network running the localization application, a classifi-
cation distinguishing between null-network-transmission and
network-transmission approaches should also be introduced.

A. CSMA-MAC ALGORITHM
One of the most critical functions of the DLL, which is the
second layer in the network protocol stack, is to define the
MAC policy for devices. In Section III, it was highlighted
that in range-free localization methods, each unknown node
requires localization packets from a large number of anchors.
Since localization packets are sent by anchors, preventing
simultaneous transmissions of these packets, especially when
the number of anchors is high, falls under the scope of MAC
policies in the protocol stack.

The wireless device OS used in this study, Contiki-
NG, employs Carrier-Sense Multiple Access (CSMA) as its
default MAC policy. To reduce the time the receiver radio
stays active, prevent frame collisions and cope with multipath
fading, a time and channel-sharing-based MAC mechanism
known as Time-Slotted Channel Hopping (TSCH) was
introduced in 2012 as an extension to the IEEE 802.15.4
standard IEEE 802.15.4e [51]. Researchers can use two
open-source projects (OpenWSN and Contiki-NG’s TSCH
mode) that support this protocol and can be flashed onto
minimal off-the-shelf hardware [52], [53]. However, due to
these projects not yet supporting the number of devices
required for range-free methods, the default CSMA-MAC
was preferred in this work.

Algorithm 1 Transmission scheduling in CSMA

delay← 0
backoff_exp← min(num_collisions +

CSMA_MIN_BE, CSMA_MAX_BE)
// Compute max delay as per IEEE

802.15.4: 2BE − 1 backoff periods
delay← ((1 << backoff_exp)− 1)×
backoff_period()
if delay > 0 then

// Pick a time for next transmission
delay← rand() % delay

end if
message("scheduling transmission in
{delay} ticks, NB={num_collisions},
BE={backoff_exp}")
timer_set(num_collisions,delay,
transmit_from_queue, n

Contiki-NG’ s CSMA-MAC follows traditional carrier-
sense principles, requiring a sender to check if the channel
is idle before transmission. As shown in Algorithm 1,
if the channel is busy, the sender applies exponential
backoff, calculating a random delay based on the number
of collisions (num_collisions), setting a backoff exponent
(BE), and computing the wait time as 2BE − 1 backoff
periods. A random value is then chosen within this range and
timer_set() schedules the transmission to minimize collisions
and optimize energy efficiency.

If the channel is idle, the sender waits for a random backoff
time before transmitting. This backoff mechanism helps
mitigate simultaneous transmissions from multiple senders
that detect the channel as idle at the same time. However,
as the number of senders increases, the likelihood of collision
still rises, even with backoff. If the channel remains busy, the
sender defers its transmission and rechecks the channel after
another random delay.

The adjustable parameters in CSMA-MAC include:
(1) random delay, (2) random backoff, (3) maximum
retransmission count, (4) maximum ACK waiting time and
(5) the duty cycle period of the radio in receive mode.
For localization applications, parameters such as delay and
maximum ACK waiting time directly affect the overall
network localization completion time; backoff influences
collision probability and subsequent retransmissions; and
the duty cycle period determines the device lifetime and
localization speed of unknown nodes. As illustrated in
Figure 8, backoff periods of two nodes sensing the channel as
idle can overlap, leading to collisions. node2 detects that the
channel is idle at t2, earlier than node3. While node2 waits for
its calculated backoff (n2 back_off ) period to elapse, node3
senses the channel as idle at t3 and begins its own backoff
period (n3 back_off ). However, their backoff completion
times overlap, resulting in a collision. The likelihood of such
collisions increases with the number of transmitting anchor
nodes.

VOLUME 13, 2025 37681



I. H. Turan et al.: Analyzing the Impact of Transmission Strategies on Localization Performance

FIGURE 8. The increase in the number of transmitting nodes pushes the
limits of the MAC policy, leading to collisions between nodes such as
node2 and node3.

In summary, this section emphasizes the importance
of MAC policies, particularly in range-free localization
methods. MAC parameters directly influence the localization
completion time across the network, the number of packets
transmitted by anchor nodes and the maximum number of
anchors supported in the network. While most studies in
the literature focus on improving MAC performance using
location information, there are very few studies aimed at
enhancing localization performance using MAC policies.

V. MATERIALS AND METHODS
In this study, the Cooja tool was used to simulate a network of
multiple nodes while emulating the firmware to be deployed
on physical nodes like the TICC1352R Sensortag [54]. The
developed system was integrated into the firmware to be
installed on these devices, with the Contiki-NG open-source
IoT OS selected as the node firmware [40]. Thanks to
Contiki-NG, transmission functions at different OSI layers,
as described in Section IV, are accessible. The developed
application sends and receives localization packets using
DLL transmission methods. By choosing DLL unicast and
broadcast transmissions, packet forwarding is prevented.
These single-hop packets are crucial for enabling distance
measurement between two nodes; otherwise, if packets
were forwarded, the measurement would occur between
the forwarding node and the receiver rather than between
the sender and receiver nodes, yielding inaccurate results.
Another critical reason for using DLL transmission is to
prevent flooding by ensuring that nodes receiving a broadcast
do not forward the packet to the neighbors. All details
regarding the configuration of our simulation study are
presented in Table 2.

Figure 9 shows 100 nodes randomly placed in an area of
90 × 90 = 1800m2 using a random placement algorithm.
Among these 100 nodes, simulations were conducted for
six different anchor densities (10%, 20%, . . . 60%). The
selection of which nodes would serve as anchors was also
determined by a random algorithm. Six scenarios were run

TABLE 2. Configured COOJA simulator parameters and MSPSIM emulator
environments.

FIGURE 9. Anchor nodes are distributed using random node positioning
in the Cooja simulator.

for each of six different antenna ranges (10m, 20m, . . . 60m).
The performance of a total of 36 scenario combinations
was evaluated using both broadcast and unicast propagation
methods.

In our study, the criterion we define for localization
researchers to evaluate techniques and metrics suitable for
their specific conditions from a network perspective is the
localization ratio. It refers to the proportion of unknown
nodes in a network that successfully determine their positions
during the localization process. This is a key metric for
assessing the performance of localization algorithms in
WSNs or similar systems:

Loc.
Ratio

=
Numb. of successfully localized nodes

Total numb. of unknown nodes
(14)

The parameter Number of successfully localized nodes in
Equation 14 is directly related to whether the unknown node
receives a sufficient number of localization packets. This,
in turn, is influenced by PDR or packet collisions occurring
within the network.
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FIGURE 10. Localization ratio vs. transmission range (10 to 60 meters)
with varying anchor densities.

VI. RESULTS AND DISCUSSION
This section examines the results of the study conducted
using the Cooja simulator and emulator tool. Section VI-A
focuses on the effect of message transmission techniques on
the number of nodes that can be localized in the network
(localization ratio), independent of the localization algorithm.
Section VI-B discusses the overall energy cost across the
network.

A. LOCALIZATION RATIO
The graph for unicast transmission localization ratio, shown
in Figure 10(a), provides insight into how varying transmis-
sion ranges and anchor node densities impact localization
performance. At a transmission range of 10 meters, unicast
localization ratios are generally low across all anchor den-
sities. For instance, at 10% anchor density, the localization
ratio is particularly low, around 30%. Even at higher
densities, such as 50% and 60%, the localization ratio
only reaches approximately 60%. This suggests that lower
anchor densities result in fewer unknown nodes receiving
localization packets, as the likelihood of an anchor node
being within range is reduced. However, as anchor density
increases, the localization ratio also improves, although the
risk of packet collision rises due to the increased traffic. The
reason for the low localization ratio will become clearer in the

following paragraphs when localization ratios are compared
for the same anchor density values.

At longer transmission ranges (40 meters and beyond),
the localization ratio in low-density networks approaches
100%, indicating that unicast can still be effective in sparse
networks when the transmission range is sufficiently large.
For moderate anchor densities (30% and 40%), unicast
transmission shows a steady increase in performance as the
transmission range expands. At a range of 20 meters, the
localization ratio improves to approximately 80% to 90% and
by 30 meters, near-perfect localization is achieved. These
results suggest that unicast transmission is well-suited for
moderate-density networks, particularly when the transmis-
sion range is extended to ensure broader coverage of unknown
nodes.

The localization ratio (%) for broadcast transmission
across varying transmission ranges and anchor node densi-
ties, as shown in Figure 10(b), allows for a detailed discussion
of how these factors impact the performance of broadcast-
based localization. At a transmission range of 10 meters,
the localization ratio is relatively low, particularly for lower
anchor densities. For example, at 10% anchor density, the
localization ratio is around 27%, while for 60% anchor
density, it improves to approximately 82%.

In Figure 9, the number of unknown nodes within the range
of randomly selected anchor nodes (for antenna ranges from
10m to 60m) is calculated for all anchor density values (from
10% to 60%). As a result of these calculations, the total
transmission load on the anchors when unicast transmission is
used has been determined as shown in Figure 11. For instance,
in the simulation scenario with the highest anchor density
(60 anchor nodes) and the largest antenna range (60m), the
potential number of transmissions required to achieve a 100%
localization ratio reaches 3142.

FIGURE 11. Increased traffic with unicast localization transmissions
across varying anchor node densities and antenna ranges.

Calculating the number of packets to be transmitted
for broadcast transmission is straightforward. The number
of packets corresponds to the number of anchors. For
example, in a scenario with 60% anchor density, there are
60 anchors. Regardless of antenna range (from 10m to
60m), the number of packets to be transmitted remains 60.
According to Figure 9, however, the number of packets for
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unicast transmission varies with antenna range, amounting
to 484, 990, 1532, 2072, 2667 and 3142 respectively.
For comparison, with a 10% anchor density, broadcast
transmission requires 10 packets for all antenna ranges, while
for unicast transmission, the numbers are 33, 70, 111, 144,
178 and 216 respectively.

The performance of unicast and broadcast message
transmission techniques for sending localization packets in a
100-node-WSN was compared, as illustrated in Figure 12.
The results were evaluated across varying anchor node den-
sities, ranging from 10% to 60% and included transmission
ranges from 10 to 60 meters.

The findings indicate that the broadcast approach consis-
tently outperforms the unicast method in terms of localization
ratio, particularly at lower anchor densities (e.g., 10% to 30%
as shown in Figure 12(a), 12(b) and 12(c). This improved
performance can be attributed to the reduction in packet
collisions in broadcast mode, as anchor nodes are not required
to send point-to-point (P2P) localization packets to individual
unknown nodes. Instead, broadcast allows anchor nodes to
disseminate localization packets to all unknown nodes in
a single transmission. This is particularly advantageous at
higher anchor node densities, where fewer transmissions are
needed. As the transmission range increases, the performance
of both unicast and broadcast methods converges, with
localization ratios nearing 100% at ranges of 30 meters and
beyond.

At shorter ranges (e.g., 10 meters), the unicast method
demonstrates significantly lower localization ratios, espe-
cially in networks with sparse anchor node distributions.
In contrast, the broadcast method maintains higher local-
ization ratios under the same conditions. As anchor density
increases (e.g., 40% to 60%), the performance gap between
the twomethods diminishes, with both achieving near-perfect
localization at higher transmission ranges.

From MAC policy perspective, if we are to compare
unicast and broadcast achieve similar localization ratios at
a 10% anchor density and a 10m antenna range as shown
in Figure 12(a). However, as the anchor density increases
to 60% for the same 10m antenna range as shown in
Figure 12(f), the broadcast method achieves a localization
ratio exceeding 80%. This indicates that the performance
degradation in unicast transmission is not solely due to
antenna range but also the increased traffic caused by
unicast transmissions to each unknown node that received
localization packets via broadcast. This increase in traffic
results in a decline in the PDR. For instance, at a 10m antenna
range and 60% anchor density, approximately 40 out of every
100 packets are lost in unicast transmissions. As we progress
from Figure 12(a) to 12(f), the number of localization packets
lost due to the unicast approach (for anchor densities from
10% to 60%) increases to 9, 12, 21, 30 and 40 out of every
100 packets, respectively. Since the number of transmissions
is significantly lower in broadcast, its success rate is assumed
to be 100%. Therefore, the localization ratio values for
broadcast transmission in Figure 12 essentially represent the

FIGURE 12. Comparisons of unicast and broadcast transmissions at
specific anchor node densities.

number of unknown nodes within the range of anchors. For
example, in Figure 12(c), with a 10m antenna range, the
localization ratio for broadcast transmission is measured at
approximately 57%. This can be interpreted as the ratio of
the unknown nodes within the range of anchors to the total
number of unknown nodes.

In a scenario with 60% anchor density, where 60 out
of 100 nodes are anchors, it becomes apparent that the
simultaneous transmissions significantly increase, leading
to network congestion. Compared to unicast, the broadcast
method achieves much higher localization ratios, often
exceeding 70%, in scenarios with high anchor densities and
antenna ranges of 30m or less. These results underscore
the efficiency of broadcast transmission in achieving high
localization ratios, especially when the transmission range is
large enough to cover a broad area, thereby minimizing the
need for additional transmissions.

These results highlight the trade-offs between unicast
and broadcast transmission approaches, particularly in terms
of network overhead, energy consumption and localization
performance. For example, when the antenna range is set to
20 meters, achieving a localization ratio of over 90% requires
only 20% anchor density with broadcast transmission,
whereas unicast transmission requires 60% anchor density to
achieve the same ratio. This demonstrates that broadcasting
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can lead to approximately a 33% reduction in hardware costs,
offering significant efficiency gains.

B. ENERGY CONSUMPTION
The relative location information sent by anchor nodes
amounts to 26 bytes for the x and y coordinates, including
the sign bit with 13 bytes for each coordinate. Therefore,
26 bytes arrive at the application layer, which is the top layer
in the protocol stack. Payload values for the lower layers
(network, data-link, adaptation and physical) are calculated
to be approximately 30 bytes on average [6]. Consequently,
the size of localization packets is approximately 56 bytes.
While the localization application is executed in the network,
network control packets are also continuously transmitted.
In the energy calculation, only the approximate energy cost
of the localization process has been calculated. To calculate
the transmission time of a localization packet:

Transmission
Time

=
Packet Size (bits)

Data Rate (bits per second)
(15)

Given a data rate of 250 kbps, the transmission time for a
56 bytes (or 448 bits) packet is calculated as follows:

Transmission
Time

=
448 (bits)

250.000 (bps)
= 1.792 (ms) (16)

According to the CC1352R datasheet, the transmit current
at 0 dBm (for 2.4 GHz band) is 7.1 mA (used as the
typical current consumption) and the supply voltage (VDDS)
is assumed to be 3.0 V [30]. The energy consumed per
localization packet transmitted is calculated as:

P = V × I (17)

P = 3.0 V× 7.1 mA = 21.3 mW (18)

E = P× t (19)

Substituting the values:

E = 21.3 mW× 0.001792 s (20)

ETX ≈ 38.17× 10−6 J (or 38.17µJ) (21)

The receive current at 0 dBm (for 2.4 GHz band) is
5.6 mA (used as the typical current consumption) and the
supply voltage (VDDS) is assumed to be 3.0 V. The energy
consumed per packet received is calculated by substituting
the values into Equation 19 again:

P = 3.0 V× 5.6 mA = 16.8 mW (22)

E = 16.8 mW× 0.001792 s (23)

ERX ≈ 30.10× 10−6 J (or 30.10µJ) (24)

The energy consumption graphs of anchor and unknown
nodes over a 500 ms period, based on the Contiki-NG
CSMA algorithm described in Section IV-A, are presented
in Figure 13 and 14. The algorithm periodically performs
channel polling to check for incoming packets. During this
period, the anchor transmits one localization packet, while the
unknown node receives one localization packet. During the

remaining time, the TI CC1352R operates in its low-power
sleep mode, standby, consuming a current of 0.85 µA.
Figure 15 illustrates the slot duration of an anchor node and
Figure 16 presents the slot duration of an unknown node.

FIGURE 13. A 500 ms energy consumption profile for an anchor node.

FIGURE 14. A 500 ms energy consumption profile for an unknown node.

The energy expended by transmitting anchor nodes
and receiving unknown nodes for localization packets is
calculated as per anchor and unknown Equation 25 and 26.
It is important to note that the transmission range, one of the
simulation parameters, is not related to the antenna power
of the transmitting node. This parameter is determined by
the medium model used in the simulation, which imposes
a maximum range for transmitted packets considering
environmental noise effects. Therefore, for all range values
(from 10m to 60 m), the transmit power is fixed at 0 dBm
by default. However, in real device experiments, the TI
CC1352R model operating at the 2.4 GHz frequency band
supports a maximum transmission power of +5 dBm.
By default, both types of nodes check the channel 8 times

per second (once every 125 ms) to detect incoming packets.
In our study, a large number of nodes was selected to shed
light on range-free localization methods. In these methods,
a certain degree of packet loss from anchor nodes can be
tolerated. Therefore, the ACK procedure has been disabled
and a 3-way handshake is not implemented for localization
packets.

The average energy consumption of the anchor nodes
calculated in Equation 25, the energy expenditure of anchor
nodes for localization is the sum of the energy consumed
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FIGURE 15. The typical slot duration of an anchor node (It is not to scale).

FIGURE 16. The typical slot duration of an unknown node (It is not to
scale).

in the three radio modes of anchor of devices. First, the
energy consumed during the transmission of a 56-byte
localization packet, which corresponds to the first component
of Equation 25, is calculated based on Equation 21.
Due to the increase in the number of unknown nodes
reachable as the number of anchors and transmission range
increase, the energy consumption also rises accordingly.
The frequency of localization packet transmission is set
to one per second. In unicast transmission, the maximum
number of packets sent is determined to be 3142 when
the anchor density is 60% and the transmission range is
60 meters. Under this scenario, the completion of a 1-round
localization process across the network takes approximately
3142/60 ≈ 52minutes. Conversely, the minimum number
of packets sent is 33, observed when the anchor density is
10% and the transmission range is 10 meters. In this case, the
1-round localization process across the network is completed
in approximately 33/60 ≈ 0.50minutes (half a minute).

The second component of Equation 25 pertains to the
energy spent on channel polling, which is calculated for the
duration until the localization process is completed. For each
scenario, eight channel polling operations per second are
performed. In this mode, both anchor and unknown nodes
expend energy. The energy for channel polling corresponds
to the energy consumed by the device in receiver mode
until the header information of the IEEE 802.15.4 frame
(approximately 30 bytes) is received. Nodes that determine
from the header information that they are not the intended
recipient drop the frame. The third component of Equation 25
is the standby mode, which encompasses all time outside
of TX and polling activities until the localization process is
completed.

The average energy consumption of unknown nodes
calculated in Equation 26. The energy consumed by unknown
nodes, which are in receiver mode, is comprised of the three
components defined in Equation 26. The first component
is the energy consumed during the reception of a 56-byte
localization packet (Equation 24). The highest reception
occurs when the anchor density is 60% and the transmission
range is 60 meters. The second and third components of
Equation 26, corresponding to channel polling and standby
processes, are calculated in the sameway as for anchor nodes.

To clearly articulate the findings obtained in the study, the
total energy expenditure of unknown and anchor nodes during
broadcast and unicast transmissionswas calculated separately

and compared, as shown in Equation 27.

Eanchor = Ntx · Etx + Npolling · Epollling
+ Tstandby · Pstandby (25)

Eunknown = Nrx · Erx + Npolling · Epollling
+ Tstandby · Pstandby (26)

In the broadcast approach, since there is no clustering or
flooding mechanism (as MAC layer broadcasting is always
single-hop), the number of localization packets sent across
all transmission range scenarios is equal to the number
of anchor nodes. Anchor nodes transmit without verifying
successful reception. The transmission, independent of range.
According to Equation 25, the energy consumption for the
transmission of 60 localization packets at a 60% anchor
density includes the energy spent on channel polling by nodes
until the 1-round transmissions are complete, as well as the
energy consumed in the passive standby mode throughout the
1-round localization process.

On the receiving side for broadcasting, the number of
packets received by the unknown nodes does not change.
Therefore, the first component of Equation 26 remains
constant. However, since the total localization duration across
the network decreases, there is a slight reduction in energy
consumption due to fewer channel polling and standby mode
operations.While broadcasting is independent of range on the
transmission (TX) side, it affects the receiving (RX) side by
influencing the number of receiving nodes and packets.

To clearly articulate the findings obtained in the study, the
total energy expenditure of unknown and anchor nodes during
broadcast and unicast transmissionswas calculated separately
and compared, as shown in Equation 27, by combining
Equations 25 and 26.

Etotal = Eanchor + Eunknown (27)

When the total energy consumption of both types of
nodes in the network is summed up separately for each of
the unicast and broadcast approaches, the most challenging
scenario—60m antenna range and 60% anchor density—
shows that the broadcast approach consumes approximately
10 times less energy, as illustrated in Figures 17(a) and 17(b).
The primary factor contributing to this 10-fold difference
is the number of transmissions required when unicast
propagation is employed. The second significant factor is
the duration required to complete localization across the
network using unicast propagation, which is much longer
compared to broadcast. Consequently, the channel polling
operations in the unicast scenario are more frequent due to
the extended localization duration. This can be succinctly
referred to as channel polling during prolonged localization.
The third factor, standby duration, reflects the difference in
localization times between the two approaches, as it naturally
impacts the standby period. However, since the current
draw during standby is minimal, its influence in this study
is negligible. The impact of standby energy consumption
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FIGURE 17. The average energy consumed for localization by the network
in one round to achieve a 100% localization ratio.

becomes significant only when nodes are expected to operate
for many years.

VII. CONCLUSION
This paper has presented a comprehensive evaluation of
localization message propagation types in WSNs, com-
paring unicast and broadcast techniques implemented on
the Contiki-NG operating system. The findings reveal that
broadcast-based localization provides considerable advan-
tages in terms of localization ratio, energy efficiency and
network traffic, especially under scenarios with high anchor
densities for range-free localization techniques. In particu-
lar, broadcast propagation minimizes packet collisions and
the number of transmissions, which enhances the overall
efficiency of localization in densely deployed networks.
Conversely, while unicast offers a manageable transmission
approach in terms of packet acknowledgment which is vital
for range-based localization techniques since one packet
can couse 100% system outage, it faces challenges related
to increased traffic, leading to a drop in packet delivery
ratio under high anchor densities. Therefore, this study
suggests that broadcast-based localization is generally more
suitable for range-free methods, particularly for hardware,
communication standards and operating systems (OSs) that
produce less precise metrics. On the other hand, unicast-
based localization is more appropriate for range-based
methods, which typically rely on hardware, standards and OS
drivers capable of generating more precise metrics. Future
work will focus on exploring adaptive hybrid approaches that
combine both unicast and broadcast strategies for specific

localization algorithms, as well as investigating MAC layer
optimizations to improve localization accuracy across diverse
deployment scenarios.

A. FUTURE WORKS
Future researchwill continue exploring transmissionmethods
by evaluating the impact of node mobility (including both
anchor and unknown nodes), scalability (networks larger
than 100 nodes), and various path-loss effects. Implementing
and analyzing different path-loss models will provide deeper
insights into how environmental factors—such as indoor and
outdoor conditions—affect localization performance.

Building on the findings of this study, we aim to investigate
adaptive hybrid transmission approaches for UAV-based
transportation systems. By combining unicast and broadcast
strategies, localization algorithms can dynamically select
the most efficient transmission method based on network
conditions, potentially improving localization accuracy and
energy efficiency.

Additionally, two key aspects remain unaddressed due
to current resource limitations. First, TSCH-MAC has the
potential to be a game-changer in localization applica-
tions. However, an open-source TSCH implementation for
large-scale networks is not yet available, making exten-
sive evaluations challenging. Second, real-world validation
remains essential for ensuring practical applicability. While
comparing simulation results with hardware deployments is
crucial for understanding the impact of hardware constraints,
real-world noise, and physical obstacles, our research group
currently lacks access to a large number of sensor nodes for
large-scale experimentation.
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