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ABSTRACT Positioning, Navigation, and Timing (PNT) systems are vital in both military and civilian
domains to provide essential support for navigation, situational awareness, and coordinated operations.
However, in GPS-denied environments, such as contested military zones or disaster areas, existing PNT
solutions face significant limitations, such as signal interference and jamming. To address these challenges,
we propose the PANTHER framework, which combines matching theory, coalition game models, and
power optimization techniques to deliver a ground-based PNT solution tailored for dynamic and complex
operational scenarios. The PANTHER framework introduces a novel ground-based solution designed to
support search-and-rescue missions and military operations by using ad-hoc developed anchor nodes to
assist the targets’ positioning when GPS signals are unavailable. Initially, we develop the Approximate
PANTHER (A-PANTHER) framework, utilizing matching theory to enable the anchor node selection
for targets located at a Forward Operating Base (FOB). For operations extending beyond the FOB,
we present the Accurate PANTHER (Acc-PANTHER) framework, which leverages the coalition game
theory to facilitate collaborative selection of anchor nodes by targets, with proven convergence of Nash-
individually stable coalitions. Additionally, we optimize the anchor nodes’ transmission power using a
non-cooperative game-theoretic approach, maximizing their utility with respect to the PNT services, while
improving positioning errors for the targets. The existence and uniqueness of a Pure Nash Equilibrium for
power levels are demonstrated. Through extensive simulations, the PANTHER framework demonstrates
scalability and effectiveness across various military formations, such as line, echelon, column, and wedge,
providing a practical and reliable PNT solution for mission-critical scenarios.

INDEX TERMS Positioning, navigation, and timing, power control, matching theory, coalitional game
theory, public safety.

. INTRODUCTION
ITH the rapid evolution of technology, warfare is
increasingly shifting towards an era characterized by
information dominance and intelligent systems [1]. In this
context of future warfare, where information dominance is
key, the ability to accurately assess and comprehend the
battlefield environment becomes important in order to ensure

security and safety. To protect military assets and personnel,
precise Positioning, Navigation, and Timing (PNT) systems
are essential. The Global Navigation Satellite System
(GNSS), particularly the Global Positioning System (GPS),
currently serves as the primary PNT solution. However,
GPS faces vulnerabilities such as signal interference and
jamming, which can result in unreliable or compromised
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services [2]. Therefore, developing alternative ground-based
PNT solutions is critical [3].

This paper presents a novel ground-based PNT system,
named PANTHER. This system integrates matching theory,
coalition game models, and power optimization techniques to
enhance the secure navigation support during rescue missions
and military operations, particularly in environments where
GPS is unavailable. PANTHER is designed for practical
operational scenarios, incorporating anchor nodes and targets
in GPS-denied settings. The PANTHER system has two
primary components: the Approximate PANTHER frame-
work, which uses the principles of matching game theory
to determine the anchor nodes for each target located at a
Forward Operating Base (FOB), i.e., a temporary military
encampment in or near an operational area, and the Accurate
PANTHER framework, which applies coalition game theory
to facilitate the collaborative anchor node selection during
rescue missions. Additionally, aiming at improving the
operational efficiency of the PANTHER framework, a power
optimization model is incorporated to set the transmission
power levels of the anchor nodes in order to ensure both
high efficiency and reliability in delivering PNT services.

A. RELATED WORK

The challenge of creating precise alternative PNT solutions
has gained significant attention from numerous nations,
driven by the need to enhance both civilian and military
functionalities. These solutions are critical for various
sectors, such as transportation [4], energy management,
emergency response, and military surveillance [5], among
others. A framework for enhancing multirobot autonomy
through semantic maps is proposed in [6] enabling complex
collaborative missions in outdoor environments, particularly
in GPS-denied settings. The authors in [7] demonstrate
the feasibility of integrating joint localization and imaging
functions in future mobile systems using radio reference
signals in order to enhance the accuracy and target dis-
tinction for economic surveillance solutions at airports. An
extrinsic information-aided fingerprint localization algorithm
is introduced in [8] targeting at enhancing the vehicle local-
ization accuracy. An improved particle swarm optimization
method for Unmanned Aerial Vehicles (UAVs) localiza-
tion is presented in [9] that reduces the complexity and
localization error in GPS-denied environments. Similarly, a
UAV localization method is analyzed in [10] that effectively
matches oblique UAV images with ortho-photograph satellite
imagery to enhance the robustness and precision under
varying conditions. A terrain-aided simultaneous localization
and mapping (SLAM) algorithm that enables accurate real-
time optical navigation of planetary UAVs in GPS-denied
environments is designed in [11].

Furthermore, the authors in [12] quantitatively analyze
the impact of system time delay on localization accuracy in
a multi-antenna very high frequency radiation observation
system and introduce a correction method that significantly
reduces localization errors caused by this delay. A minimum
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Quality of Experience maximization scheme for location-
dependent augmented reality services in metaverse systems
is designed in [13] to address the localization errors and
resource management challenges in order to enhance the
user fairness and performance. An asynchronous localization
method for Integrated Sensing and Communication (ISAC)
networks is analyzed in [14] to address the challenges of
propagation delay and node mobility towards enhancing the
autonomous underwater vehicles’ localization accuracy.

Recent alternative PNT solutions have explored physical
layer processing approaches for localization purposes. An
adaptive square-root cubature Kalman filter-based low-cost
positioning system is proposed in [37] that combines IMU,
ultra-wideband (UWB), and an adaptive noise model to
achieve high-precision autonomous inspection in GPS-denied
environments. A similar method is presented in [38] by jointly
exploiting IMU, stereo camera, GPS, and LiDAR data to
enhance accuracy and robustness in both GPS-denied and
GPS-enabled environments. The IMU and UWB data are
also used in [39] based on a finite-time adaptive relative
localization scheme for multi-robot systems in GPS-denied
environments. Also, a high-precision indoor localization
scheme for autonomous drones is discussed in [40] that uses
ultrasonic acoustic signals and a three-stage process to achieve
centimeter-level accuracy in GPS-denied environments.

Recent advances in artificial intelligence and next-
generation networking technologies have introduced
sophisticated tools that significantly improve the design and
implementation of terrestrial PNT solutions. A convolutional
neural network for accurately estimating the users’ position
and orientation in mobile scenarios using received signal
strength (RSS) data is designed in [20]. A two-stage
low-complexity method for joint 3D localization and
synchronization is described in [21] using multiple RISs. A
robust localization scheme for unmanned ground vehicles
in GPS-denied environments is analyzed in [22] utilizing
multisensor fusion with 3D lidar and inertial measurement
unit (IMU) data to enhance positional accuracy under
a point-cloud map. A sparse motion removal model is
proposed in [23] to enhance the visual localization accuracy
in dynamic environments by effectively detecting and
eliminating dynamic regions from input frames.

Data analytics techniques have also contributed to the
design of alternative PNT solutions. A fusion model is
designed in [24] leveraging odometer and ranging measure-
ments for anchor-free localization in multi-target systems.
A probabilistic method for passive pedestrian detection
and localization in visible light communication systems is
proposed in [25] by leveraging blockage status of line-
of-sight links and achieving high accuracy in estimating
pedestrian size and position. The authors in [26] introduce a
two-stage channel estimation model for mm-wave commu-
nications that enables centimeter-level localization accuracy
using compressed sensing and few-bit analog to digital
converters. A cross-view geo-localization method is proposed
in [27] by utilizing contrastive attributes mining and
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position-aware partitioning. A dual-layer planning approach
with pose SLAM is proposed in [28] for autonomous robot
exploration in GPS-denied environments, combining local
and global planners to enhance exploration efficiency and
localization accuracy. A clustering-based cooperative relative
localization scheme for UAV swarms is designed in [29]
utilizing a coalition formation game model to enhance
localization accuracy and efficiency in satellite-denied envi-
ronments. A voxel-based localization and mapping system
is developed in [30] for multi-robot operations in GPS-
denied environments, significantly enhancing computational
efficiency and reducing communication bandwidth.

B. CONTRIBUTIONS AND OUTLINE

Despite the advancements in alternative PNT solutions, there
remains a significant gap in integrating robust theoretical
frameworks with practical applications in GPS-denied envi-
ronments, particularly during rescue missions and military
operations. Many existing approaches primarily focus on
individual localization techniques without addressing the
collaborative identification of anchor nodes and their uti-
lization based on real-time operational needs. Additionally,
while some studies emphasize the use of advanced technolo-
gies such as artificial intelligence and 6G communication
technologies, there is limited research on their combined
application in enhancing the targets’ positioning and power
optimization for ground-based PNT systems. Our proposed
PANTHER system aims to fill these gaps by jointly
leveraging the matching theory, coalition game models, and
power optimization techniques to provide a comprehensive
solution tailored for dynamic and challenging operational
scenarios. The key contributions of this research work are
summarized as follows.

1) A novel PNT solution for GPS-denied environments,
named PANTHER, is introduced by developing a
ground-based system for search-and-rescue and mil-
itary operations, using anchor nodes to support the
targets’ positioning in GPS-denied settings.

2) Initially, the Approximate PANTHER (A-PANTHER)
framework is introduced based on the matching theory,
for targets residing at a Forward Operating Base (FOB)
to select anchor nodes for precise and reliable PNT
services.

3) For extended operations outside the FOB, the Accurate
PANTHER (Acc-PANTHER) framework is developed
based on the coalition game theory to enable the
collaborative selection of anchor nodes by the targets.
The existence of Nash-individually stable coalitions
and their convergence are proven.

4) Then, the transmission power of the anchor nodes
is optimized using a non-cooperative game-theoretic
model, maximizing the anchor nodes’ utility while
mitigating the targets’ positioning errors. The existence
and uniqueness of a Pure Nash Equilibrium for the
anchor nodes’ power levels are demonstrated.
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TABLE 1. Summary of key notations.

[ Notation [ Description |

S, N Set of anchor nodes, and targets, respectively

S, N Total number of anchor nodes, and targets, respectively

X Location and timing of anchor node s

Xn Location and timing of target n

B [bits] Size of beacon signal

W [Hz] Bandwidth

P [W] Transmission power of anchor node s

P_,[W] Transmission power of all other anchor nodes except s

P [W] Maximum transmission power of anchor node s

ds n [m] Distance between anchor node s and target n

Gs.n Channel gain between anchor node s and target n

ts,n [s] Total delay for target n to receive each beacon signal from
anchor node s

c 2] Speed of light

Ny [%] Power spectral density of ambient noise

Io [W] Ambient noise level

on Constellation of anchor nodes chosen by target n

o_n Constellation of anchor nodes chosen by all other targets
except n

K Set of constellations

K Total number of constellations

> ds,n [m] Sum of distances from the target n to each anchor node in

an On

> Gsn Sum of channel gains between the target n and each anchor

on node in o,

> ts,n [s] Sum of total delays between the target 7 and each anchor

on node in o,

Uy, Uy Approximate and accurate utilities of target n respectively

Us,Us Approximate and accurate utilities of anchor node s

w1, Wa Weights of the denominator of Eq. 2

A Balancing parameter for precise PNT service and associated
power expenditure

N Group of targets handled by anchor node s

Nmax Maximum capacity of targets served by each constellation

fe [Hz] Carrier frequency of the beacon signal

M(n) Constellation k € K that is related to target n € N

M (k) Set of targets assigned to the constellation k € K

<n Preference relation for each specific target n

<k Preference relation for each specific constellation k

C Set of coalitions

N Group of targets in coalition ¢

U(c) Utility of coalition ¢

Ps Strategy set of anchor node s

P* Strategy vector of transmission powers of anchor nodes

G Non-cooperative game among the anchor nodes

I,,ITE Number of iterations for the Acc-PANTHER algorithm and
the power control algorithm to converge, respectively

n Efficiency factor

5) Performance analysis through simulations and real-
world testing validates the scalability and effectiveness
of the PANTHER solution across various target for-
mations (line, echelon, column, wedge) as derived by
the Ranger Handbook [31], and provides insights for
practical application in mission-critical scenarios.

The remainder of the paper is organized as follows. The

ground-based PNT system model is presented in Section II.
The A-PANTHER and Acc-PANTHER frameworks are
presented in Sections III and IV, respectively. The anchor
nodes’ power optimization model is analyzed in Section V,
while detailed experiments are presented in Section VI.
Section VII concludes the paper.

Il. GROUND-BASED PNT SYSTEM MODEL

We analyze a practical operational scenario following the
principles provided in the Ranger Handbook [31]. This
scenario includes a group of dynamically established anchor
nodes, denoted as S = {1,...,s,...,S}, and a set of
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targets, represented by A" = {1, ..., n, ..., N}. The locations
and timing of the anchor nodes are indicated by X; =
(x5, ¥s, 25, Ats), while tl}e corresponding variables for the
targets are expressed as X,, = (X, Yu, Zn> At,). The positions
and timings of the anchor nodes (i.e., anchor nodes) are
assumed to be known. Each target must decode the signals
from four specific beacon transmissions, each of which
corresponds to one of four unknowns, i.e., (X, Y, Zn, Atn).
The four beacon signals are transmitted from a set of
four anchor nodes. This decoding enables the target to
determine its own position and time using the multilateration
technique [32]. The beacon signals have a size of B [bits],
are sent with a constant transmission power P [Watts], and
utilize an industrial, scientific, and medical (ISM) band with
a bandwidth of W Hz. The total delay for the target to
receive each beacon signal, including both the transmission
and propagation delays, is calculated as:

B + ds,n

Ps'Gs,n
w. 10g2[1 + _Z.r’#x P, -Gy n+10:| ¢

ey

ts,n =

with d; , [m] representing the distance between anchor node
s and the target n, and G, denoting the corresponding
channel gain. Also, ¢ [%] stands for the speed of light,
and Ip = W - Ny [W] with No = —175 [92], refers
to the ambient noise level. Eq. (1) models the complete
delay for each beacon signal by combining the effects of
both the channel capacity, which is limited by the signal-
to-interference-plus-noise ratio (SINR), i.e., first term of
Eq. (1), and the physical propagation delay, i.e., second term
of Eq. (1). This delay directly impacts the accuracy and
reliability of the multilateration technique that is used to
determine the target’s position, as it affects the time that
the target needs in order to decode each signal. Also, the
interference modeling inherently includes the contributions
of signals from all transmitting anchor nodes ;. Py,
regardless of their constellation membership relative to
the target device. Specifically, SINR captures interference
from all simultaneously transmitting anchors in the system,
reflecting the cumulative effect of intra-constellation and
inter-constellation interference.

In this system, we utilize CDMA (Code Division Multiple
Access) as a practical and cost-effective solution that is
compatible with existing low-cost hardware that is suitable
to be used in military operations and allows for efficient
deployment without requiring specialized frequency alloca-
tion for each anchor node. CDMA enables each anchor to
transmit simultaneously in the same ISM band while using
distinct codes, which makes it possible for the target to
differentiate among the signals transmitted from different
anchors. Furthermore, the beacon signals serve a dual role
in our system. In addition to being used in order for the
anchor nodes to estimate the communication links’ channel
gain conditions, these signals also function as pilot signals
for localization purposes, as we further elaborate in the rest
of the paper. By decoding these beacon signals, the target
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can estimate the channel gains for each anchor node, which
enhances the accuracy of its position determination. This
dual-use approach optimizes the system by leveraging the
same set of signals to both estimate the communication and
provide the necessary information for precise localization,
thus, avoiding additional signaling overhead.

Regarding the interaction and interference among the codes,
Eq. (1) incorporates the SINR in the calculation of total delay,
capturing the impact of both inter-anchor interference and
ambient noise. The SINR-based channel capacity reflects how
interference among anchor signals is managed, leveraging
the orthogonality of the codes to maintain a high signal-to-
noise ratio. We also recognize the importance of geometric
factors, such as the spatial distribution of anchors and devices.
These factors are directly addressed in our target constellation
selection mechanism. The proposed system ensures that each
target chooses a set of four anchor nodes from its vicinity,
and prioritizes strong channel conditions and minimal latency.
This approach inherently considers the geometric arrangement
of anchors relative to the target, as well as the associated
channel gains, which are estimated through the decoding of
the beacon signals.

The objective of each target is to choose a constellation
0, = {8, 8j, Sk, Sm}, where i # j # k # m and all elements
Si, Sj, Sk, Sm belong to the set S. This constellation must be
located near the target, provide strong channel conditions
for the receiving signals, and minimize the total latency.
Thus, the utility for the target, in relation to obtaining PNT
services from its chosen constellation o,, is expressed as
follows:

Zan Gs.n
o TSR
n(Opn, 0 _p) = Y fon S, dn
w1 n +wy n
max [ Za” fs.n }Vne/\[ max { Z”” ds.n ]Vne./\/
)

with wi +wy = 1,wi,wy > 0, and the set of potential
constellations for the remainder of the analysis is represented
by K ={l,...,k,...,K}, where, K = ﬁ. The physical
meaning of Eq. (2) captures the core requirements for
effective PNT by balancing the following factors: (i) channel
quality: The term Za” G;., represents the aggregate channel
gain from the selected constellation and quantifies the
overall quality of the signals received from the anchor
nodes. Thus, maximizing this sum ensures that the target
has a strong and stable connection to the selected anchor
nodes, which is essential for accurate signal decoding
and position estimation; (ii) latency: The term Za,, sn
denotes the total delay, i.e., transmission and propagation
latency from each anchor node in the chosen constellation.
Thus, lower latency contributes to timely and responsive
PNT services, particularly in dynamic or time-sensitive
environments which are critical for military applications; and
(iii) spatial proximity: The term Zan dy , represents the sum
of distances from the target to each anchor node in o, and
it is beneficial for the target’s PNT services to choose nearby
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FIGURE 1. File formation within the FOB and Line, Echelon, Column, and Wedge formations during reconnaissance — soldier colors represent preferences for the anchor
nodes based on proximity, and black-colored soldiers act as placeholders, illustrating how formation geometry affects the anchor selection.

anchor nodes in order to minimize the effects of path loss and
potential interference, which improves signal reliability and
reduces the likelihood of errors in the localization process.

The primary goal is to enhance the PNT services provided
by the anchor nodes to their designated targets. Each
constellation is structured to optimize the benefit delivered to
the targets, primarily by ensuring high transmission power,
which guarantees a strong received signal and, therefore,
accurate positioning and timing services. However, the
power efficiency is also critical, especially since the anchor
nodes often rely on limited, self-sustaining power sources
(such as batteries or solar cells). In this setup, the anchor
nodes operate in a power-saving mode unless chosen by a
target. This approach conserves the anchor nodes’ energy by
prioritizing active, high-power transmission only for selected
constellations. Thus, the utility of an anchor node in offering
PNT services to its associated targets can be described as
follows:

Us(@. Py, P_) = > Un(04.0_y) — APy 3)
VneNj

where A > O represents the balance between the advantage
of transmitting at higher power for precise PNT services
and the associated power expenditure, where N captures
the group of targets being handled by anchor node s.

lll. APPROXIMATE PANTHER BASED ON MATCHING
GAMES

In realistic search-and-rescue and military operations, before
launching the rescue or patrol missions, the targets are
tactically arranged in a file formation near the Forward
Operating Base (FOB) and positioned close to the anchor
nodes (Fig. 1). Each target seeks to optimize its utility
(Eqg. (2)) by intelligently selecting a constellation o, aiming
to enhance its received PNT services. However, each
constellation has a maximum capacity of serving Npax
targets to prevent overloading and maintain the quality of
PNT services. Although the anchor nodes could, in theory,
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broadcast signals (e.g., using spread-spectrum techniques) to
all the targets, the capacity limitations are implemented to
manage the power resources efficiently and avoid excessive
load on communication channels, which can degrade the
signal’s quality in high-density deployments. It is noted
that spread-spectrum techniques allow for broadcasting to
multiple targets, however, excessive load degrades the SINR
and reduces the effectiveness of the spread spectrum,
especially in interference-heavy environments, such as the
ones examined in the PANTHER framework. Thus, the
targets extend pairing invitations to the anchor nodes, while
the latter ones accept them or not under the criterion of
maximizing their achieved utility. This scenario can be
appropriately modeled using the principles of matching
theory, by designing a many-to-one matching framework.

Definition 1 (Matching Game): Consider two disjoint
sets: a set of targets N and a set of constellations K, and
M (n) representing the constellation k € KC that is related to
target n € N and M (k) capturing the set of targets assigned
to the constellation k¥ € K. A match M is defined as a
mapping from A to K, satisfying the following constraints:
(C): IM(m)] < 1,¥n € N (C): IM(K)| < Nmax, Yk € K
(C3): M(n) € K if and only if M(k) € N; and (Cy): n €
M(k) <& M(n) = k. The size of the match M(-) is denoted
as |[M(-)|. If M(n) = @, the target n has no constellation,
and similarly, if M(k) = @, then no target is assigned to
constellation k.

For each target n, the preferred constellation is the one
that maximizes its utility (Eq. (2)). The utility of target n
depends not only on its chosen constellation o, but also
on the constellation selections of other targets o _,, through
the factor P_s(o_,) due to the interference stemming from
the transmissions of the other anchor nodes. It is noted
that P_g;(o_,) denotes the transmission power of all the
anchor nodes that do not belong in the constellation chosen
by target n. This dependence stems from the transmission
power settings of all the anchor nodes, which are influenced
by the collective constellation choices of the targets. This
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phenomenon, known as externality in matching theory, plays a
key role in the decision-making process of the targets in terms
of selecting anchor nodes. In the initial phase of the matching
process, when the targets are within the FOB, we employ the
Approximate PANTHER algorithm to pair the targets with
constellations, assuming no externalities are present during
this matching phase, i.e., the interference stemming from
the other anchor nodes is neglected for the initial matching
process (as captured in the #;, factor of Eq. (4)). Thus, the
target’s utility can be reformulated as follows.

Un(o,)
Zgn Gs,n
_ max{Yy, Genl,,
d
Y, — B 45
( 7 Wlogy <1+ Psz)s,n ) ¢ S don
w1 +

w2
max{zgn tm] max{zan d”'}\/n

VYneN eN

“4)

Thus, the utility function of the anchor nodes can be
reformulated as follows: f]s(a, Py) = ZVneM f]n(an) —APy.

Definition 2 (Preference Relation): A preference relation
represented as < denotes a binary relationship involving
elements from sets A and K. This relation is both exhaustive
and transitive, thus, establishing a hierarchy of preferences
among these elements. The preference relation <, for each
specific target n can be expressed as follows:

k>n k' & Uyk) > U, (K) (5)

Additionally, the preference relation <y for each specific
constellation k is evaluated through the following criteria:

n>yn &
Yo > Uwk=ap>3 Y Uwk)—apy
k vn"eN,U{n) k vn"eN;u{n'}
(6)

where k = s;, 8j, Sk, Sm-

Based on the criteria specified in Definition 2, the
preference rankings for both constellations and targets
are established. These rankings are then utilized to form
mutually beneficial pairings between the constellations and
the targets. The process of matching is encapsulated in the
Approximate PANTHER (A-PANTHER) Algorithm 1.

The core concepts of the A-PANTHER algorithm are
described as follows. Initially, all the targets remain unpaired
and are free to connect with any constellation that is
available. Unmatched targets generate pairing invitations
directed towards their preferred constellations. If a constel-
lation can accommodate the targets, it will continuously
select its preferred targets for pairing from those who have
expressed interest. If a target extends a pairing invitation
to a constellation that does not accept it, this prompts the
constellation to seek a more preferable target, resulting in
the rejection of the initial target. Thus, the targets will avoid
sending additional invitations to constellations that show
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Algorithm 1 Approximate PANTHER (A-PANTHER)
Algorithm

1: Input: K, NV, S, {Gs,n} vses s {ts.n) vses {ds,n} vses.,
- VneN VneN Vne

{Pshvses, B, W, lo, ¢, &

2: Output: M

3: Imitialization: N* <« N, K, < {k|Vs € S,Vk €
K}, Vne N

4: while N* £ (¢ and K, # 0,3n € N* do

5. for n e N* do
Target n chooses its preferred constellation from
the available ones and initiates a pairing request by
sending a pair invitation (based on Eq. (5)).

end for

for k € K do
if (JM(k)| < Nmax) A (k received pair invitation)
then

10: Constellation k chooses its preferred targets
for pairing from the pool of targets that
have extended partnership invitations (based on
Eq. (6)).

11: Eliminate constellation & from the alternate
options considered by targets that extended invi-
tations but did not receive acceptance.

12: end if

13:  end for

14: end while

a

no interest in order to optimize their time management.
The A-PANTHER algorithm concludes when either all the
constellations are at full capacity or every target has already
been successfully paired.

IV. ACCURATE PANTHER BASED ON COALITION GAMES
Given the stable matching pair through the A-PANTHER
framework, the targets can effectively utilize the PNT
services while remaining within the FOB. However, when the
targets extend their operations beyond the FOB for search-
and-rescue missions, they adopt various tactical formations
(see Fig. 1). Moreover, as discussed in Section III, the
outcomes generated by the A-PANTHER algorithm only
approximate stable solutions due to the externalities. Thus,
a coalition game framework is developed to enhance the
matching results, building on the A-PANTHER algorithm’s
findings while addressing the complications introduced by
externalities and the varied formations of the targets beyond
the FOB.

Definition 3 (Coalition Game): A coalition game is for-
mally denoted as (N, C,U), where N represents the set of
targets, and C denotes the set of coalitions. Each coalition ¢
corresponds to a configuration selected by a specific group

of targets N = {1,...,n,...,N}. Every target selects a
single coalition. The utility for coalition c is given by U(c) =
e, Un(©).

Definition 4 (Switching Operations): The coalition game
includes various forms of switching operations (SO).
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‘IEEES IEEE Open Journal of the
Comdoc communications Society

Algorithm 2 Accurate PANTHER
Algorithm
1: Input: Cipitia) from A-PANTHER, same inputs as in A-
PANTHER

2: Output: Coalition Formation C*

(Acc-PANTHER)

3: Initialization: Targets move from Xinitial o Xfinal apq
calculate U, (Eq. (2)) using Cinitia) from the outcome of
the A-PANTHER algorithm.

4: repeat
5:  Randomly select a target n and its coalition ¢
6:  if n does not belong to any coalition then
7: ¢ = argmax{(U(c* U {n}) — U(")|U(* U {n}) —
C*
UCE) 2 D) A (N +1 = N))
: C={C\{n}} U{cU{n}}
9: else
10: Another coalition ¢/, ¢’ # ¢ is randomly selected
11: if No 4+ 1 < Npax then
12: if U(c\ {n}) +U U {n}) > U(c) +U() then
13: C={C\{c,NUfc\{n}} U{c U{n}}
14: end if
15: else
16: Randomly select a target n’ of coalition ¢’
17: if U((c\ {nh) U 'Y +U(\ ') U{n}) >
U(c) +U() then
18: C = {C\{c, HU{c\ {nhU{n' }U{(\{n'HU
{n}}
19: end if
20: end if
21:  end if

22:  Update c¢ to the current coalition of n
23:  if U(c\ {n}) > U(c) then

24: C={C\{cHU{c\ {n}

25:  end if

26: until no further updates of the targets

SO 1: A target n not currently in any coalition joins
coalition ¢ if 3¢ = arg max«cc{U(c* U {n}) —U(*)|U(* U
{n}) —U(c*) > 0}.

SO 2: For n € c¢,n leaves from c if U(c\ {n}) > U(c),
thus, C = {C\ {c}} U {c\ {n}}.

SO 3: For n € N, and coalition ¢/, n leaves from the
original coalition ¢ # ¢’ and joins another coalition ¢’ if
U\ {n}) + U U {n}) > U() + UK, thus, C = {C\
{e, B Ufe\ {n}}U{c U {n}}.

SO4: Forn € cand n' € ¢/,n # n/, n and n' switch
coalitions if U((c\ {nHU{n'}) +U((\ (WD U{n}) > U(c)+
U(), thus, C = {C\{c, HU{(\{nhU{n" BU{(c"\{n'HU{n}}.

Utilizing the switching operations outlined in Definition 4,
we develop the Accurate PANTHER (Acc-PANTHER) algo-
rithm, as demonstrated in Algorithm 2. The Acc-PANTHER
algorithm is responsible for forming stable coalitions among
targets and constellations and ensuring continuous access
to PNT services during their operational activities. In the
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following analysis, we show that the Acc-PANTHER algo-
rithm converges to a stable matching among the targets and
constellations, without experiencing blocking pairs, while the
determined matching concludes a Nash-Individually stable
coalition formation.

Definition 5 (Blocking Pairs): If In € N, Fk € K
satisfying M(n) + k, k >, M(n), and n >, n’ € M(k) in
matching M, then (n, k) is a blocking pair.

Definition 6 (Stable Match): A match M is a stable match
if there are no blocking pairs in the match.

Theorem 1: Acc-PANTHER algorithm will converge to a
stable match in a finite number of iterations.

Proof: The target’s preference list is finite, allowing each
target to send an invitation to each constellation at most
once. The constellations can only either accept or reject
these invitations. Therefore, the Acc-PANTHER algorithm
converges in the worst-case scenario, where all constellations
reject the target. Assuming that the final match is not stable,
there must exist at least one blocking pair (n, k) such that
M) # k, k >, M(n), and n >, n' € M(k). During the
matching process, each target sends an invitation to its most
preferred constellation based on its preference list. If it is the
case that k >, M(n), the target must have sent the invitation
to k prior to being paired. The condition M(n) # k implies
that k prefers n’ (M(n') = k) over n. Therefore, k has no
desire to break up the current matching with n’ in favor of
pairing with n, meaning that n >4 n’ € M(k) does not hold
true. As a result, there can be no blocking pair in the final
match, which confirms that the final match is stable, and the
Acc-PANTHER algorithm converges in a finite number of
iterations. |

Definition 7 (Nash-Individually Stable Coalition
Formation): A coalition formation C* is a Nash-Individually
Stable Coalition if no target of the coalition can increase its
utility by switching coalitions.

Theorem 2 (Existence of a Nash-Individually Stable
Coalition Formation): The Acc-PANTHER algorithm iden-
tifies a Nash-Individually stable coalition formation C*.

Proof: Assuming initially that the coalition formation C
produced by the Acc-PANTHER algorithm is not Nash-
Individually stable. In this scenario, at least one of the
following conditions must hold:

1) 3n ¢ C, 3c = argmax{U (c*U{n}) —U(c*)|U(c*U{n})—

U(c*) > 0} e

2) 3n € c, satisfying U(c \ {n}) > U(c);

3) dn€c, 3, c #, satisfying U(c\ {n}) +U (' U{n}) >
U(c) +U(); and

4) 3n € c, In' € ¢, and ¢ # ¢, satisfying U((c \ {n}) U
(') +U\ (7D U {n}) > U(c) +U(C).

If any of these conditions are met, the targets will
execute the appropriate switching operations as defined
in Definition 4. Therefore, the coalition formation cannot
be final, as the targets would continue to engage in
switching operations, contradicting our initial assumption.
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Thus, the Acc-PANTHER algorithm must converge to a
Nash-Individually stable coalition formation. |

Theorem 3 (Convergence): ~Acc-PANTHER algorithm
converges in a finite number of iterations to a Nash-
Individually Stable Coalition Formation.

Proof: The coalition game involves a sequence of tran-
sitions between different target coalitions, where each
transition occurs only if it results in an improved coalition
utility. Since each constellation has a limit Npyax on the
number of targets it can accommodate, and the utility
of any coalition is capped at a certain maximum, the
total number of possible transitions is bounded. Therefore,
the Acc-PANTHER algorithm converges in a finite num-
ber of iterations to a Nash-Individually Stable Coalition
Formation. |

To dynamically update the PANTHER system in real
time as the users and anchor nodes move, the PANTHER
framework can be executed in a periodic manner using
periodic execution intervals. In this setup, the framework
could operate based on scheduled, time-driven updates where
each anchor recalibrates and reassesses target-anchor asso-
ciations at fixed intervals. This periodic approach reduces
the computational load and mitigates the need for complex
synchronization protocols by relying on each anchor’s
updates.

V. ANCHOR NODES’ POWER OPTIMIZATION

Based on the Acc-PANTHER algorithm, each target has
selected the set of anchor nodes to optimize its PNT service.
However, each anchor node also needs to optimize the
transmission power of its beacon signals in order to optimize
the PNT service offered to the targets. Given that in realistic
ground-based PNT systems, the coordination among the
anchor nodes may not be feasible and it can introduce
additional overhead (both computational and interference-
related overhead), we formulate a non-cooperative game
among the anchor nodes to determine their transmission
power level. The corresponding optimization problem for
each anchor node is defined as follows:

ITIPaX US(G7 PS9 P—S) (7a)

s.t. 0 <Py < PP (7b)

where o denotes the selected constellation vector of all
the targets, Py is the transmission power of the anchor
node s, P_; is the transmission power vector of all other
anchor nodes, and P{"** is the maximum transmission power
of the anchor node. Please note that in common ground-
based PNT solutions, the anchor nodes are mobile ad-hoc
developed access points with limited energy availability,
thus, their maximum transmission power is constrained.
Additionally, these power allocations are important in terms
of managing the interference across different targets, as they
directly impact the interference levels experienced within the
network.

The non-cooperative game is defined as follows: G =
[S, {Pshvses, {Ustvses], where S = {1, ...,s,..., S} is the
set of anchor nodes, i.e., anchor nodes, Py = [0, Py'™] is
the strategy set, and Ug(o, Ps, P_;) is the utility function of
the anchor nodes.

Definition 8 (Pure Nash Equilibrium): A strategy vector
P*=[P,....P}, ..., P;] is a PNE of the non-cooperative
game G =[S, {Ps}vses, {Uslvses] if for every anchor node
s the following condition holds true:

Us(PY,PE)) = Us(Ps, P—s"), VP € P,

Our goal is to determine the transmission power of each
anchor node in order to maximize its utility, while achieving
the converge to a unique PNE.

Theorem 4 (Existence of PNE): A PNE P* =
[P},.... P, ..., Pg] exists for the non-cooperative game
G =[S, {Pslvses: {Ushvses]-

Proof: To prove the existence of a PNE, we need to
demonstrate that the non-cooperative game G qualifies as
a concave n-person game [33]. This requires satisfying two
main conditions: (i) the strategy set P; must be convex,
closed, and bounded; and (ii) the payoff function Us(P,, P_y)
should be continuous in P and concave in Ps. The first
condition is met, given the structure of the anchor node’s
strategy set Ps, while continuity in P is guaranteed by
the utility function based on Eq. (3). Next, we proceed to
show the concavity of Ug(Ps, P_g) with respect to Ps. For

on Gs,n

simplicity in the notation, we set: o = a3y, Gonl® B =

Zn n dx,n

2max(y,, dsa)’ and we derive the

w and y = wy

1
max{zan ton}

AU, B In2 Gy ay
- w PG ’ : ' ol ®)
8Ps VreN, w ln2<1 + %) Zs/;és Ps’Gs’,n + IO + PsGs,n (y Zan ts.n + ‘B)
92U, 9A B ar 2 A
,j:Z( BI' + —AT + AB ):ZABZF - o — 1+ <0
9P; VneN; 9P 0P 9P VneN; ln<1 + m) (V Zﬂn Is.n + /3)
)
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first order derivative in Eq. (8), shown at the bottom of the

page.
For simplicity in the notation, we set:
In2
A= 2 PG
ln <1 + Z.r’#s Ps’és’,n-"_lo)
5 Gyn
Zs’7és PS’GS’,n + 10 + PsGs,n
o
r= r
(7/ Za,, tsn+ :3)
and we determine the second-order deriva-
tive in Eq.(9), shown at the bottom of the
previous page which is  negative given that
B 1 < 1. As
W 1n<1+7zx/#: ;SSG-:,.” 73 o ts,n+ﬂ)(2+1n(l+7zx/#: ;SSG-:,.” )

a result, the utility function U(Py, P_g) is concave with
respect to P, indicating that the non-cooperative game G
is a concave n-person game, and ensures the existence of a
PNE. ]

Definition 9 (Diagonal Strict Concavity): Let G be a non-
cooperative game with a pseudogradient denoted by A(P, r):

ViU (P)
AP, T) = :

rsVsUs(P)
where P = [Py,...,Ps] and r = [ry, ..., rg]. The function
oP,r) = Zle rsUg(P), where r > 0, is said to be
diagonally strictly concave for P € R and a fixed r > 0,
if for any two points P’, P! € R, the following inequality
holds:

(P! = PO) 2 (P x) + (PO~ ') 1(P'x) > 0.

Theorem 5: The function representing the weighted sum
of the anchor nodes’ utilities, given as o(P,r) =
Zle rsUs(P), exhibits diagonal strict concavity for a par-
ticular weight vector r > 0.

Proof: Let us denote with A(P, r) the Jacobian matrix of
A(P, ). To prove this theorem, it suffices to show that the
symmetric matrix A(P, ) + A’(P, F) is negative definite for
all P € R, in accordance with [33, Th. 6]. Referring to the
Lemma in [34], proving that A(P, ) + A’(P, T) is negative
definite requires verifying the following: (C1) Us(Pg, P_y)
is strictly concave in Py, (C2) Us(Ps, P_y) is convex in P_g,
and (C3) there exists some r > 0 such that o (P, r) is concave
in P. The first condition, (C1), holds as demonstrated in
Theorem 2. To prove (C2), we determine the second-order
derivative g;[,@ in Eq. (10), shown at the bottom of the

next page. Thus, the condition (C2) holds true. Similarly,
by appropriately choosing r > 0, we derive that o (P, r) is
concave in P. |

Theorem 6 (Existence of a Unique PNE): The non-
cooperative game G possesses exactly one PNE.

Proof: According to [33, Th. 2], if o(P,r) is a diago-
nally strictly concave function for some r > 0, then the
equilibrium point is the unique PNE of the game G. u
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Algorithm 3 Acc-PANTHER Power Control Algorithm

1: Input: C* from Acc-PANTHER, same inputs as in Acc-
PANTHER, {P;}vses

2: Output: Unique NE P* =[P}, ..., P}, ..., P§]

3: Imitialization: ite = 0, Convergence = 0, P|je—0

4: while Convergence == 0 do

5: ite=ite+1

6: K,=0,VseS

7. for s=1to S do

8: P} lite = argmaxp Us(o, Py, P_glise—1)

9: Calculate Us(0, Pglite, P—slize—1) (based on Eq. (3))

10: if (1Us(0, Pslite, P_slite—1) -
Us(0, Pslite—1, P—slire—2)| < €) A (ite # 1) then

11: K,=1

12: end if

13:  end for

14: if )y g Ky == S then
15: Convergence = 1

16:  end if

17: end while

To find the unique PNE in this non-cooperative game G, a
best response dynamics approach can be utilized [35]. Based
on this analysis, the transmission power of the anchor nodes
is derived to maximize their utility and further contribute to
the mitigation of the targets’ positioning error.

Theorem 7 (Complexity): The computational complexity
of the overall framework in the worst-case scenario is O((I1+
ITE)-N-S) , where I} and ITE are the number of iterations
for the Acc-PANTHER algorithm and the power control
algorithm to converge, respectively.

Proof: Each target sends invitations to each constellation,
thus, the complexity of this operation in the worst case
scenario is: O(N - S - K). If the Acc-PANTHER algorithm
needs [; iterations to converge, then, its complexity is:
Oy - N -S-K). If the power control algorithm, follow-
ing the principles of best response dynamics, needs ITE
iterations to converge, then, its complexity is: O(TE -
N - 8). Thus, the complexity of the overall framework is
O(y -K+1ITE) - N - 5). ]

The algorithm to determine the transmission powers of
the anchor nodes is presented in Algorithm 3.

VI. EVALUATION AND RESULTS

In this section, we introduce a simulation-based assessment
to illustrate the operational attributes of the A-PANTHER
and Acc-PANTHER algorithms, along with their advantages
in facilitating PNT services within the operational contexts
of search and rescue and military operations. Specifically,
Section VI-A presents the fundamental operation and
performance characteristics of the A-PANTHER and Acc-
PANTHER algorithms across various target formations in
the operational field. Section VI-B addresses the scalability
aspect, and Section VI-C offers a comparative evaluation of
the Acc-PANTHER algorithm in relation to alternative PNT
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solutions. We analyze different formations for a squad of
15 members departing from an FOB, where initially they
are organized in a “file” formation, and they proceed on
a reconnaissance mission, organized in “line”, “echelon”,
“column”, and “wedge” formations under different patrolling
circumstances. In all these formations, three fireteams are
established, each consisting of 5 members, with a 5 m
separation between fireteam members and a 10 m gap
between fireteams. The following simulation parameters have
been used: § = 10, radius of FOB: 75 [m], N = 15, Njpax = 3
Vk € K, W = 0.25 [GHz], f. = 24.125 [GHz] B = 1500
[bits], Py = 10 [W], No = —175 [dl%”] with [p = W - Ng =
7.91- 10713 [W], » = 0.5, w; = 0.9, w, = 0.1, and the
channel gain G;, follows the 3GPP standard considering
the worst case scenario of an urban micro street canyon
environment [36], unless otherwise explicitly stated. The
choice of 1500 bits as the signal size reflects the minimal
data required for the PNT services, as the targets primarily
receive pilot/beacon signals with only essential information,
i.e., anchor ID and anchor node’s position coordinates. Also,
a Monte Carlo analysis of 1,000 executions of the overall
model has been performed to derive all the presented results.

A. PURE OPERATION OF PANTHER FRAMEWORK

Fig. 2(a)-2(d), Fig. 3(a)-3(d), and Fig. 4(a)-4(d) show the
targets’ accurate utility (Eq. (2)), the anchor nodes’ accurate
utility (computed using Eq. (3)), and the total delay of each
target (Eq. (1)), respectively, as initially derived from the
outcome of the A-PANTHER algorithm, while the targets
were residing within the FOB in the file formation (the
normalization in Eq. (2) was performed with respect to the
real targets’ formations in the field), and the final achieved
values after the power optimization, when the targets are
organized in line, echelon, column, and wedge formation
in the operational field, respectively. In Fig. 2(a)-2(d), a
higher target accurate utility is ideally desirable for all
the targets and the overall trend observed reveals that the

targets in close proximity to the anchor nodes, achieve
higher target accurate utilities. Also, in Fig. 3(a)-3(d), a
higher accurate utility is desirable for all the anchor nodes
which have been selected by the plethora of targets. And,
in Fig. 4(a)-4(d), a lower total delay for reception of the
beacon signals is ideally desirable among all the targets
and their associated anchor nodes. Also, it is noted that
the shape/distribution of the target accurate utilities, anchor
nodes’ accurate utilities, and the total delays in Fig. 2(a)-
4(d) characterize a corresponding formation. In fact, the
results show that targets in closer proximity to the FOB
experience increased accurate utility when employing the
Acc-PANTHER algorithm compared to the outcomes derived
from the A-PANTHER approach (Fig. 2(e)). Furthermore,
the results illustrate that the proposed Acc-PANTHER algo-
rithm combined with the Acc-PANTHER Power algorithm
results in only a marginal reduction in the accurate utility
for the targets undertaking patrols in the field, even for those
located at significant distances from the anchor nodes (i.e.,
large ID targets across all formations). Also, the results show
that the anchor nodes’ accurate utility improves through the
switching operations and the power optimization (Fig. 3(e)).
Moreover, the anchor nodes serving a larger number of
targets experience an increase in their experienced utility, as
the first term in Eq. (3) is increased with a higher target
count. Thus, the overall effect is an increase in the anchor
nodes’ utility when serving a greater number of targets.
Moreover, it is observed that through the power optimization,
each anchor node on average lowers the power level because
of the associated cost of transmitting at higher power levels
(the second term in Eq. (3)). Since most of the anchor nodes
transmit with lower power, there is a reduction in the mutual
interference which improves the transmission delay for each
target (Fig. 4(e)).

Fig. 5(a)-5(d) depict the constellation average utility
(Definition 3), total execution time for A-PANTHER, Acc-
PANTHER and Acc-PANTHER Power algorithms, average

92U,

_ Z ay yBIn2Gy ,PsGy
2 3 PsGy.n
aPs/ VneN, (y Zan ts,n + 18) W1n2(1 + m) (Zs’#s PX’GS/,n + I() + PSG&n) (Zs’#s Px/Gs/,n + IO)
BIn2Gy PGy
PSGA'H
W In? (1 v m) (ZS/# PyGyn+1Io+ PSGM) (Z#s PyGy o+ 10)
n ay BIn2Gy PG,y
2 2
(]/ Zan tyn + ﬂ) W[lnz(l + %) (2517&3 PyGy p+ 1o+ PsGs,n) (Zsr7és PyGy p + ]O)]
PSGS n PSGS n
Gy ,In[1+ . —2PGspn +In| 1 + : PyGy n+1o
PSGS n
+In| 1+ : PyGy , + 1o + PsGs >0 (10)
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FIGURE 2. Targets’ accurate utility (Eq. (2)) under different targets’ formations in the operational field.

. 250 . 50 < 250 N
= Formation Type: LINE BN nitial = (b) Formation Type: ECHELON gy | itic) = (c) Formation Type: COLUMN gy |itial = (d) Formation Type: WEDGE gy | 1itial
§ I Final g 200 I Final g 200 I Final g 200 N Final
2 2 2 2
e g g g
;3 g 150 g 150 ;3 150
H £ 100 100 £ 100
2 2 2 2
5 5 5 5
s € 50 S 50 € 50
2 H 2 2
< < < <
3 4 5 0 3 a 5 0 3 4 5 0 1 2 3 4 5 6 7
Anchor Nodes' ID Anchor Nodes' ID Anchor Nodes' ID Anchor Nodes' ID
FIGURE 3. Anchor nodes’ accurate utility (Eq. (3)) under different targets’ formations in the operational field.
30 N 30 N 0 N 30 3
(a) Formation Type: LINE B initial (b) Formation Type: ECHELON B Initial (c) Formation Type: COLUMN B Initial (d) Formation Type: WEDGE Bl Initial
F I Final 7 I Final 7 N Final 7 I Final
) o ) )
=20 =20 =20 =20
= = = =
e} ] ] ]
210 I l |I 210 S10 S10
5 ] ] ]
s s ] k]
o 0 Iliii. " t,|-|- IlllLL..llll-l o LI-IIL
123456 789101112131415 1234567 8 9101112131415 123456 7 8 9101112131415 123456 7 8 9101112131415
Targets' ID Targets' ID Targets' ID Targets' ID
FIGURE 4. Targets’ total delay (Eq. (1)) under different targets’ formations in the operational field.
25 2.6 107 4
z g) ® Initial (b) . () (d)
= . - [
Z2 @® Final % ° ?E 8 °
o o5 ,°_
2 |0 Eza zs g3
15 < ® Wl 6 &
E] 2 Q= >
® s s § g
< El 2.2 e
S10 ® 8 2% 4 g L] °
& ° ° 522 5E E2
E E 25 -
g5 ° ° e <=2 .
S
0 @ 1
" LINE ECHELON COLUMN WEDGE LINE ECHELON COLUMN WEDGE v LINE ECHELON  COLUMN WEDGE LINE ECHELON COLUMN WEDGE
Formations Formations Formations Formations

FIGURE 5. Average constellation utility, total execution time, average transmission power of the anchor nodes, and efficiency factor under different targets’ formations in the

operational field.

transmission power of the anchor nodes, and the efficiency
factor (Eq. (11)) under the four examined formations in
the operational field, respectively. The efficiency factor is
defined as follows:

ZVCEC Z/{(C)

IC|

Z neN Zan Is.n

(S

n= (1)

where, T is the total execution time.

The results demonstrate that the constellation utility
improves on average for each formation considering also the
power optimization, compared to the average utility when
the targets were arranged in a “file” formation within the
FOB (Fig. 5). It is highlighted that the “line” formation
achieves the highest constellation average utility and the
lowest total execution time. This observation stems from
the uniform distribution of the targets across the operational

VOLUME 6, 2025

field under the “line” formation which enables a near-
uniform association of the targets with the anchor nodes.
In this case, the distances between each target and its
assigned anchor node are almost equal which results in
higher constellation’s average utility. Additionally, the “line”
formation is characterized by the shortest total execution
time, as the primary factor influencing the execution time is
the duration required for the power algorithm (Algorithm 3),
which is minimized in this formation. Specifically, as shown
in Fig. 5(c), the transmission power of the anchor nodes,
on average, is higher when the targets are organized in
the “line” formation. This is because the anchor nodes,
serving a similar number of targets, converge more rapidly
to similar transmission power levels. In contrast, in the
“echelon” formation, higher-ID targets are farther from the
anchor nodes, and they require more time to converge to
their power levels. In summary, the “line” formation is the
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FIGURE 6. Scalability Analysis.

most efficient for patrolling and providing PNT services,
as it results in the highest constellation utility, the shortest
execution time, and the lowest average total delay.

B. SCALABILITY ANALYSIS

In this section, a scalability analysis is performed to
demonstrate the adaptability of the PANTHER framework in
cases of large-scale operations in the field, both in terms of
a large number of targets and anchor nodes. Fig. 6(a)-6(d)
depict the targets’ accurate utilities, constellation utilities,
total execution time, and efficiency factor of the PANTHER
framework averaged over all the formations to observe
the general trends for an increasing number of targets
(considering 10 anchor nodes) and an increasing number of
anchor nodes (considering 15 targets), respectively.

Fig. 6(a)-6(b) show that as the number of targets increases,
the targets’ average accurate utilities decreases as the
mutual interference increases which increases the overall
transmission delay for each target. Since, the constellation
utility depends on the total accurate utilities of the targets
served by the constellation, the constellation utility corre-
spondingly decreases as the number of targets increases. In
this case, when the total number of targets in the system
are increasing, the number of anchor nodes remain constant.
So, for increasing number of targets, the same number of
anchor nodes have to serve the increased number of targets
which increases the time required for the power algorithm
(Algorithm 3) to converge and so, the average total execution
time of the system increases with the increasing number of
targets. Also, since the average constellation utility decreases,
and simultaneously, the average total execution time and
average transmission delay increases, the average efficiency
factor (Eq. (11)) of the overall system decreases with the
increasing number of targets.

Fig. 6(c)-6(d) reveal that as the number of anchor nodes in
the system increases (keeping the same number of targets),
the targets’ average accurate utilities increase as the targets
can exploit the higher diversity among the anchor nodes. In
other words, with the increasing number of anchor nodes,
the targets have more suitable options (anchor nodes in
closer proximity) to choose from and also, the instances,
where the constellation chosen by a target has already
reached its limit (Npyax), decrease. This means that each
target can be assigned a more suitable constellation in
terms of proximity which increases the targets’ average
accurate utilities and also the average constellation utilities.
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Furthermore, with the increasing number of anchor nodes,
the number of targets served by each anchor node reduces
which enables the anchor node to find a power more quickly
leading to a relatively slower increment in the average total
execution time for an increasing number of anchor nodes.
Finally, due to the increasing average constellation utility and
relatively slower increments in the average total execution
time, the efficiency factor of the overall system increases.
This analysis provides us a valuable insight that as the
number of targets in the system increases, the number of
anchor nodes should also be ideally increased to maintain
a balanced value of the efficiency factor for all the four
examined formations in the operational field.

C. COMPARATIVE SCENARIOS

In this section a comparative evaluation of the PANTHER
framework is performed against three comparative scenarios:
(i) ACC-PANTHER: the targets select constellations follow-
ing the Acc-PANTHER algorithm but does not execute the
Acc-PANTHER Power algorithm, (ii) MIN LATENCY: the
targets select constellations following the Acc-PANTHER
algorithm, where their accurate utility is captured as the
inverse of the overall delay to receive the beacon signals from
the anchor nodes; and (iii) RANDOM: the targets randomly
select constellations. Fig. 7(a)-7(d) present the constellation
average utility, total execution time, average total delay, and
efficiency factor for all the four examined formations in the
operational field.

Fig. 7 reveals that the average constellation utility
achieved is the highest for the PANTHER framework which
proves that the target accurate utilities improve most with
the PANTHER framework compared to other scenarios.
However, Fig. 7(b) shows that the total execution time of
PANTHER framework is higher than the AcC-PANTHER
scenario since in this scenario, the Acc-PANTHER Power
algorithm is not executed which dominates the total execu-
tion time and thus, resulting in the lowest total execution time
for the ACC-PANTHER scenario. Furthermore, it is observed
from Fig. 7(c) that the lowest average total delay is achieved
through the PANTHER framework since this framework is
jointly benefited by the Acc-PANTHER switching operations
(Algorithm 2) and the Acc-PANTHER Power algorithm
(Algorithm 3) leading to constellation selections by the
targets as well as transmission powers chosen by the anchor
nodes. Although the ACC-PANTHER scenario is benefited
by the Acc-PANTHER algorithm (Algorithm 2), it fails to
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FIGURE 8. Comparative Evaluation to the Iterative Least Squares Algorithm.

reduce the mutual interference and so, the average total
delay is highest. As all the other scenarios except scenario
(i) (Acc-PANTHER) utilizes the Acc-PANTHER Power
algorithm, they experience relatively lower average total
delay which further signifies the importance of the Acc-
PANTHER Power algorithm. Finally, Fig. 7(d) reveals that
the highest efficiency factor for all the four examined
formation is achieved under the PANTHER framework which
proves that the PANTHER framework is the most ideal
framework for providing fast and reliable PNT services to
the targets in patrol.

To evaluate the performance of the proposed PANTHER
approach in target localization, we compared it against a
state-of-the-art method referred to as SOTA, which has been
used in several existing research works, e.g., [42], [43], [44].
In the SOTA method, the targets utilize the beacon signals
received from all the nearby anchor nodes to calculate their
pseudoranges, which are then processed using the Iterative
Least Squares (ILS) algorithm to estimate their positions.
The ILS algorithm is widely recognized for its effectiveness
in localization tasks involving unknown coordinates [41].

Fig. 8(a)-8(d) illustrate the localization error, defined as
the absolute difference between the actual and predicted
target positions (including the clock offsets), for both the
PANTHER and SOTA approaches across various patrol
formations. Additionally, the horizontal lines in the figures
indicate the average localization error for each method. In
this simulation, the targets’ initial estimated positions were
assumed to be their locations at the Forward Operating Base
(FOB), corresponding to the file formation. The added noise
in the beacon signals was modeled as a function of the
SINR. Higher SINR values corresponded to lower noise
levels, reflecting the impact of anchor transmission power
and channel gain conditions.

For all the targets and formations, the localization error
observed with the PANTHER approach was consistently
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lower than that of the SOTA method. This improvement is
primarily attributed to the PANTHER algorithm’s ability to
select a limited subset of anchor nodes based on factors
such as relative distances, channel gains, and total delays
between anchors and targets. This selection process is
driven by advanced matching algorithms (A-PANTHER and
Acc-PANTHER). Furthermore, the Acc-PANTHER Power
Control mechanism optimizes anchor transmission power,
reducing the total delays, as demonstrated in Fig. 4(a)-4(d).
By improving the signal reception and minimizing the delays,
the PANTHER approach achieves a significant reduction in
localization error and provides superior accuracy for the
targets’ positioning.

VIl. CONCLUSION AND FUTURE WORK

In conclusion, in this paper, the PANTHER framework
is introduced to effectively address the challenges of
GPS-denied environments by integrating matching theory,
coalition game models, and power optimization techniques
to deliver a robust Position, Navigation, and Timing solution.
Through the introduction of the A-PANTHER and Acc-
PANTHER frameworks, our research presents innovative
methods for both initial and extended operations, enabling
the precise target positioning and anchor nodes’ selection in
dynamic scenarios. The system’s power optimization further
enhances the anchor nodes’ performance and ensures the
efficient resource utilization while minimizing positioning
errors. Comprehensive performance evaluations, including
simulations, are presented and confirm the scalability and
practical applicability of the PANTHER framework across
diverse target formations. Our experiments demonstrate
the PANTHER’s potential for critical search-and-rescue
and military operations in complex environments. Part of
our current and future work is the deployment of the
PANTHER framework in a featureless terrain with ad-
hoc developed anchor nodes and mobile targets to test
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PANTHER’s robustness under diverse mobility scenarios.
Also, we will explore adaptive anti-jamming strategies and
frequency-hopping techniques to enhance the PANTHER’s
resilience against signal interference in warfare environments
where the link quality can be compromised by intentional
jamming.
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