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Resource Allocation for Multi-Satellite
Asynchronous Transmission in Integrated
Communication and Navigation Networks

Mingyi Wang, Ruisong Wang, Ruofei Ma, Member, IEEE, Wenjing Kang, Gongliang Liu, Member, IEEE, and
Weixiao Meng, Senior Member, IEEE

Abstract—The advantages of Low Earth Orbit (LEO) satel-
lite navigation in addressing the increasing demand for high-
precision and universally accessible positioning have garnered
widespread attention. Our work builds upon our previous de-
velopment of the Zadoff-Chu non-orthogonal multiple access
(ZC-NOMA) waveform for integrated communication and nav-
igation (ICAN). Expanding on this foundation, we conceive the
ICAN:-oriented multi-satellite asynchronous transmission (ICAN-
MSAT) framework, which allows users to concurrently receive
communication and navigation signals from multiple satellites
without synchronization, thus increasing communication flex-
ibility and leveraging the geometric distribution and robust
signals of LEO satellite constellations to enhance navigation
performance. Within the ICAN-MSAT framework, we propose a
novel multi-satellite asynchronous transmission oriented subcar-
rier and power allocation (MSASP) algorithm to manage mutual
interference between communication and navigation components
and inter-satellite interference (INSI) caused by asynchronous
transmission, with the latter often overlooked in most existing
work. Simulation results demonstrate that the proposed algo-
rithm meets the performance requirements of both navigation
and communication, achieving higher communication rates under
the same navigation accuracy constraints compared to current
benchmarks.

Index Terms—Integrated communication and navigation
(ICAN); LEO satellite navigation; Asynchronous transmission;
Resource allocation.

I. INTRODUCTION

The Global Navigation Satellite System (GNSS), a cor-
nerstone of modern space infrastructure, is instrumental in
delivering global positioning services across various sectors.
Operating predominantly at altitudes between 19,000 and
35,000 kilometers, GNSS satellites encounter significant signal
strength attenuation during Earth-bound transmission, typi-
cally ranging from -133 dB to -122 dB [1]. This distance-
induced weakening of signals is further exacerbated in urban
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and indoor environments. Factors such as multipath reflections
and non-line-of-sight (NLOS) propagation, combined with
low carrier-to-noise ratios, severely impair the reliability and
accuracy of GNSS [2].

This situation necessitates the exploration of augmentative
technologies to strengthen GNSS performance [3]-[5]. One
such promising approach involves integrating Low Earth Orbit
(LEO) satellites into the existing GNSS framework [6]—[8].
Orbiting closer to Earth, LEO satellites not only markedly
improve signal reception strength, but also offer enhanced
geometric accuracy [7] and faster convergence times [9],
thereby providing a robust solution to enhance the accuracy
and reliability of GNSS services, especially in environments
where traditional GNSS faces challenges. However, the de-
ployment of a dedicated LEO navigation constellation with
global coverage would not only entail substantial logistical
and infrastructural investment but also require a significant
time commitment. Meanwhile, LEO broadband communica-
tion constellations are rapidly expanding. The total number
of satellites, including those already operational and those
planned, is expected to reach tens of thousands [10].

Consequently, the concept of integrated communication and
navigation (ICAN) has emerged, aiming to integrate commu-
nication and navigation functionalities into a unified system
[11], [12], thereby reducing deployment costs. It also seeks
to leverage synergies between navigation and communication,
e.g., time advance (TA) estimation [13], ephemeris transmis-
sion [7], and precise orbit determination [14].

Current research on ICAN primarily focuses on waveform
design [15]-[18] and resource allocation within individual
satellites [19]. However, there is a notable gap in studies
addressing cooperative strategies among multiple satellites
providing ICAN services, particularly under conditions of
asynchronous transmission, i.e., the time difference of signals
received by users from different satellites surpasses the cyclic
prefix (CP) duration of orthogonal frequency division mul-
tiplexing (OFDM), which will cause a loss of orthogonality
between the OFDM subcarriers, leading to out-of-band emis-
sion (OoBE) and resulting in severe inter-carrier interference
(ICI) and inter-symbol interference (ISI) [20], [21].

In light of these considerations, we have developed
the ICAN-oriented multi-satellite asynchronous transmission
(ICAN-MSAT) system for LEO networks. This system enables
communication user terminals (CUTs) to form concurrent,
asynchronous connections with multiple satellites, ensuring
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flexible and reliable communication. Navigation user terminals
(NUTSs) can use ICAN waveforms from these satellites for
positioning, requiring connections with at least four satellites.
To efficiently manage resources and control interference, we
introduce a novel multi-satellite asynchronous transmission
oriented subcarrier and power allocation (MSASP) algorithm.
This algorithm mitigates mutual interference between naviga-
tion and communication components, as well as inter-satellite
interference (INSI) due to asynchronous transmission, opti-
mizing system sum rate while ensuring positioning accuracy.
To the best of our knowledge, this is the first work to explore
multi-satellite cooperative strategies for ICAN, especially in
scenarios involving asynchronous transmission. The main con-
tributions of our work can be summarized as follows:

o We conceptualize an ICAN-MSAT system based on the
ZC-NOMA waveform, introduced in our previous work
[22], for an ICAN network. This architecture enables
multiple satellites to simultaneously provide navigation
and communication services to NUTs and CUTs within
a covered region. We propose a subcarrier and power
allocation problem that aims to maximize the sum rate of
CUTs while ensuring the positioning accuracy for NUTs
and meeting the throughput demands for each CUT, all
within the bounds of maximum permissible transmission
power.

e« We provide a comprehensive analysis of the various
types of interference present in the ICAN-MSAT system,
including mutual interference between communication
and navigation signals, as well as INSI caused by asyn-
chronous transmission. This analysis forms the founda-
tion for proposing effective mitigation strategies to ensure
stable communication throughput and accurate navigation
performance in asynchronous transmission scenarios.

e We develop an MSASP algorithm for the ICAN-MSAT
system, which decomposes the original problem into
two sub-problems: power allocation (PA) and subcarrier
assignment (SA). For power allocation, we apply the
difference of concave (D.C.) functions approximation
method [23] to transform the non-convex problem into a
solvable convex one. For subcarrier assignment, we intro-
duce a dual-stage adaptive matching for subcarrier assign-
ment (DAMSA) algorithm. The first stage ensures stable
matching, while the second stage resolves unmatched
situations through a suboptimal algorithm. The proposed
MSASP algorithm effectively balances the throughput
needs of CUTs with the positioning accuracy demands
of NUTSs, confirming its suitability for the ICAN-MSAT
system.

A. Related Works

LEO Navigation — The integration of LEO satellite con-
stellations with GNSS is gaining significant attention due to
the unique advantages of LEO constellations, such as stronger
signals [7] and enhanced anti-jamming capabilities [24]. These
developments promise to advance satellite navigation beyond
traditional GNSS systems. The European Kepler Project [25]
aims for centimeter-level orbit accuracy and rapid Precise

Point Positioning (PPP) convergence by combining LEO and
Medium Earth Orbit (MEO) satellites. Similarly, the American
Pulsar Service by Xona [26] and the Chinese Centispace-1
project [27] are leading efforts in high-precision positioning
services with advanced small satellite technology. They focus
on rapid PPP convergence and integrating broadband commu-
nication. Key challenges in LEO navigation, such as global
coverage, ephemeris design, and clock synchronization, were
discussed in [8], [28], [29], with [29] focusing on ephemeris
design and [8], [28] providing an overview of these challenges.
ICAN - The importance of co-locating communication
and navigation payloads on a single satellite platform was
highlighted in [30], optimizing resource sharing like time,
frequency, and beam resources. ICAN’s role in enhancing
TA estimation for maintaining OFDM uplink orthogonality
and reducing ICI in LEO satellites was detailed in [13].
Reid et al. [7] and Racelis et al. [31] showed how ICAN
aids navigation through rapid ephemeris transmission and
addressing clock deviation issues in traditional GNSS systems.
Wolf [14] discussed orbit determination, demonstrating how
ICAN improves satellite tracking accuracy and timeliness. For
waveform design, Ma et al. [15] and Davarian ef al. [16]
focused on integrating pilot and communication channels
within ICAN. Zou et al. [17] presented the optimization of
cyclic code shift keying (CCSK) signals, and Huang et al. [18]
discussed using Multi-Carrier BOC (MC-BOC) modulation for
efficient data transmission in bandwidth-limited conditions.
Asynchronous Access Interference — Even with a beam
footprint diameter of just 10 km, the maximum delay differ-
ence in satellite communications can reach 28.9 s, at least 5
times longer than the CP length in 5G NR. To eliminate ISI
and ICI from asynchronous transmission delays, the CP length
must be extended, significantly reducing frame efficiency. To
address this, recent research on Filtered Orthogonal Frequency
Division Multiplexing (F-OFDM) highlights its potential for
asynchronous transmission and flexible sub-band settings [20],
[32]. This approach relaxes synchronization requirements,
simplifying hardware and algorithm design, and streamlining
transceiver processing [33]. However, synchronization errors
in F-OFDM can cause OoBE and altered interference distribu-
tion, increasing analytical complexity. Existing research [20],
[21] mainly focuses on F-OFDM’s sensitivity to synchro-
nization errors but often lacks quantitative results. Zhang et
al. [34] addressed this gap with a mathematical model for
F-OFDM, outlining conditions for interference-free one-tap
channel equalization and providing analytical expressions for
IST and ICI. Extending these findings, Chen et al. [35] exam-
ined uplink interference in F-OFDM systems under non-ideal
synchronization, considering carrier frequency offset (CFO)
and timing offset (TO). Chen et al. [36] further explored uplink
interference under non-ideal synchronization conditions.

B. Organization

The rest of this paper is outlined as follows. Section II
presents the ICAN-MSAT system model for LEO networks,
focusing on the communication and navigation components,
and formulates an optimization problem to balance these
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Fig. 1. Network structure of the ICAN-MSAT system.

two aspects. Section III introduces our proposed approach
for solving the optimization problem, where the PA and SA
problems are addressed. The simulation results are discussed
in Section IV, followed by conclusions in Section V.

C. Notations

Boldface letters denote matrices or column vectors. The
symbol £ defines the term on its left by the expression on its
right. The operators exp{-} and log{-} represent exponential
and logarithmic functions, respectively. The transpose of a
matrix is indicated by (-)” and the complex conjugate by (-)*.
The notation | - | represents cardinality when applied to a set
and absolute value when applied to a number. The notation
[A]arx N specifies that matrix or vector A has dimensions of
M rows by N columns. The set difference I\ {k} denotes all
indices in C excluding k. Expectation and trace operations are
denoted by E{-} and Tr{-}, respectively. Finally, the ¢3-norm
of a vector is expressed as || - ||2 and the indicator function
1(-) equals 1 if the condition inside the parentheses is true,
and O otherwise.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

Consider an ICAN-MSAT system featuring joint multi-
satellite transmission, as shown in Fig. 1. This system includes
multiple satellites, denoted by s = {s1, 82, -, Sk}, where
K is the number of satellites. On the ground, the system
serves J NUTs, represented as u’ = {uf,ul, .- uf}
with J = {1,2,---,J}, and I CUTs, denoted by u® =
{uf,us, -, uf} with T = {1,2,---,I}. The position
vectors the kth satellite, the ith CUT, and the jth NUT are

c c ,C C)T’andu;\f:

— T —
Sk = (sr,bsy,kvsz,k) > Uy = (uw,ﬂuy,i’uz,i

(ulY i» uff i ul j)T, respectively. In the downlink scenario, ev-
ery NUT receives ICAN signals from all visible satellites
for navigation, while each CUT associates with at least one
satellite for communication. Unique to the proposed ICAN-
MSAT system, CUTs can dynamically select their access
satellites and subcarriers, enhancing communication flexibility
and redundancy.

In this system, the ICAN waveform transmitted by LEO
satellites is Zadoff-Chu Non-Orthogonal Multiple Access (ZC-
NOMA) proposed in our previous work [22], and its time-
frequency structure with X' = 4 and N subcarriers is shown in
Fig. 2, with N = {1,2,--- , N} denoting the set of subcarrier
indices.

Subcarriers allocated

to Satl for COM Safeguard band
A — 47,;
Power - —— —————
COM{ Satl n Sat2 Sat3 Sat4
TSy
NAV
OFDM symbol
Subcarriers>

Time offest

SCy,8Csy, -+ ,9CN-1,SCnN

Fig. 2. Time-frequency structure of ZC-NOMA. “NAV” refers to navigation
resource block and “COM” refers to communication resource block.

Fig. 2 illustrates signals from four satellites using four
distinct colors. Taking s; as an example, its communication
component occupies a dedicated sub-band S By, composed of
subcarriers {SCh,,SCh, 11, ,SCn,+N,—1}, where SC,
represents the nth subcarrier, ny is the starting index of the
subcarriers, and N; denotes the number of carriers included
in SBy. Sub-bands allocated to different satellites are inde-
pendent, with a guard band (GB) between them. To suppress
OoBE and effectively reduce INSI during asynchronous multi-
satellite access by CUTs, a filtering process similar to that
implemented in F-OFDM [20], [32] is applied before signal
transmission. This process is complemented by corresponding
matched filtering at the receiver, allowing different satellites
to transmit ICAN signals at any time without synchronization.
In contrast, the navigation component of sy is distinct from
its communication counterpart. Each satellite’s navigation
component utilizes all subcarriers, while the communication
component occupies only a portion. The navigation sequence
of satellite sy, is a Zadoff-Chu (ZC) sequence of length N with
a unique initial root px, used to distinguish different satellites.
This ZC sequence occupies all N subcarriers and maintains
a uniform power. Navigation signals x,, (n) are time-domain
waveforms formed by applying the N-point Inverse Discrete
Fourier Transform (IDFT) to the ZC sequence with initial root
pr. The cross-correlation of navigation signals with different
initial roots is approximately zero, i.e.,

N-1
Ry (1) = Y @y (n)z, (n =) =0, for py, # pu, (1)
n=0

thereby suppressing mutual interference between the naviga-
tion signals of different satellites.

At the user end, NUTs perform time delay estimation and
positioning according to the navigation signal z,,, (n), treating
the communication component as interference. Conversely,
CUTs rely on the embedded navigation signals within ZC-
NOMA for synchronization. Once synchronized, the known
navigation signal can assist the Matching Interference Cancel-
lation (MIC), mitigating the impact of navigation components
on communication components. The interference cancellation
capability of uf against navigation components from sy is
quantified by the interference cancellation coefficient ay, ;.

We define k', as the channel coefficient from sy, to u$’ on

the nth subcarrier, given by h{, , = g¢,8¢, ,GLGS"", where
gkci represents the large-scale fading dependent on distance,
By ;. represents the small-scale fading effects, G% is the

Authorized licensed use limited to: Politecnico di Torino. Downloaded on April 14,2025 at 13:39:08 UTC from IEEE Xplore. Restrictions apply.

© 2025 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2025.3526154

transmit antenna gain of sy, and GZC"r is the receive antenna
gain of u{’. For NUTSs, the channel coefficient is analogously
defined as hy, . = gp’;Br, Gl GNT, with g, and By, N7
representing the large-scale and small scale fading for wu;
and ijr as the receive antenna gain for uN In addrtron
we define the subcarrier-to-user association coefﬁc1ent set
as 0 = {0kn,il0kn: € {0,1},Vk,n,i}, where d;pn,; = 1
indicates that the nth subcarrier of sj, is associated with uic,
and dy . ; = 0 indicates they are not associated.

B. Signal Model

1) Communication Model: Let iy, ,; denote the signal-
to-interference-plus-noise ratio (SINR) for ulc on the nth
subcarrier when receiving a signal from sg, expressed as

com

Py, n, z5k n L|hknz k(n)‘2|Fzr(n)|2

Skn ) (Ulgnz')z ’

where pi; is the power allocated to uf by s, on subcarrier
SC,. F! ( ) denotes the frequency response of the transmit
filter used by s, on SC,, and F} (n) signifies the frequency
response of the matched receive filter at u{ on SC,,. The
corresponding impulse responses are represented by f}.(h) and
£ (h), respectively. The noise power in the system is given by
(akcm-)2 = Ny x Af, where Ny is the noise power spectral
density and A f is the subcarrier spacing. Additionally, the to-
tal interference experienced by u$ during the communication
with s;, on SC,, is denoted by S¢ =891 4 892 where

k,n, z k,n,i°
S,fn , specifically addresses the 1nterference arising from the

navigation signals of all satellites and Sk . describes the INSI
caused by OoBE due to the asynchronous transmrssrons of

Vknyi = 2

kn,d T

different satellites to users. Among them, i k., 18 given by
Skoti = O P Wil I P(1 = o),
K ek 3)

VkeK,icI,neN,

where P[ denotes the power allocated to the navigation
component on each subcarrier for sy .

For Skcf ;» [36] introduced a multiphase analysis method
enhanced by a time-frequency transformation to tackle the
challenges of interference analysis amidst imperfect synchro-
nization. Based on [36], we solely consider the impact of TO
caused by asynchronous transmission while disregarding the
influence of CFO. Consequently, the expression for INSI can

be given as

Simi= 22 2, D Pse,,

k'eK/kn'eN /n o€

’I’L n/7A};kl) . (4)

Define ¢ = {‘pre’, ‘mid’, ‘post’}, where the three elements
corresponds to three types of interference, i.e., pre-, mid-,
and post-interference. Pre-interference affects the beginning
of a transmission block due to signal overlapping from previ-
ous transmissions by other satellites. Mid-interference occurs
in the middle of a transmission block, typically caused by
the current transmission block from other satellites. Post-
interference impacts the end of a transmission block, resulting
from signal overlap with subsequent transmissions by other

satellites. Prsrf_kk/ (n,n’, A,,) represents the interference of

type o on uf while receiving a signal on SC,, from sy, due
to the signal transmitted on SC,,s from s/. Its mathematical
representation can be generalized as [36], i.e.,

Nz Z Z |7, ]

€T 1,=0 &)
. 2
F (U8 N3 |

,(u) is further detailed as

D / i
Pre (n,n', M)

pk’ /6k:’ n’ i’

,n,n’’

: 2,0
The function Qk,k' o

O (1) = B ) F (935, 03N,
X .F(Clg,?)]\ﬂu—,?,n'),

where Ff(u) = S 3Nt fi(h)e=72muh/3N In this context,
f}é(h) is obtained by zero-padding the original sequence
f}(h) to a length of 3N. Following the same procedure, the
transformed sequence F}(u) can be derived from f7(h). The
vectors d, are specific to each INSI interference component

(6)

and can be constructed as dpye £10,---,1,0,---,0];x3n and
. N
dimidpost} = [1,---,1,0,---,0]1x3n. Here, Lcp denotes
——
N+Lcp

the length of the cyclic prefix, and the function ohe Ry (9)
is defined as

U (9) 2 F (€584 Non) )

where {Z’lf, (Iy) & F~1 (FT 3N, Iy + L8 — g). The spe-
cific length parameters Ly, is given by LyPe = 2N +
2Lcp — Aby, Lt = LyPT — N and L2 = 0. Here,
AL |tik — ti x| denotes the time difference in signal
reception between s and sy’ by uC The term ¢; ;, represents
the Time of Arrival (TOA) of the srgnal from sj, to uc defined
as t;, = 1|uf — si||2, where c is the speed of llght.
It should be noted that the function
N-1
F(v,N,m) £ Y " w(k)e 72mkm/N ®)
k=0
defines the N-point Discrete Fourier Transform (DFT) of
vector v, while its counterpart

N—

élz

m=0

FYV,N,k) )eI2mhm/N ©)

specifies the corresponding N-point IDFT.
To simplify the representation of INSI, (4) is reconstructed

by introducing a term ",j_’ﬁk,, which encapsulates the aggre-

gate interference contributions. The simplified one for e
is thus given by

Z Z Zpk/ n’ z’ak’ n’, z/Fz k—>k’

k'eK/kn'eN /ni' €L

_ N—-1 ~i,0 .
where Ff;;”k, = 32 Xoco ou0 % nn (w), which quan-
tifies the interference transfer factor representing the impact
on u{ while receiving a signal on SC,, from sy, due to the
signal transmitted on SC,,; from sy/.

knz

knzi

(10)
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The communication rate of u¢
determined by

Tkn,i = Af . 10g2 (1 + ¢k7n7i) . (11)

The sum communication rate for all CUTs within the system
can thus be formulated as

TeY Y S

keKk neN i€T

served by s on SC, is

(12)
Furthermore, the individual communication rate for each

CUT is given by

C; = Z Z Tkon,is Vi e 1.

keK neN

(13)

2) Navigation Model: The NUT ujv determines its posi-
tion by simultaneously receiving signals from multiple satel-
lites, treating the signals from each satellite independently
due to the uncorrelated nature of TOA measurement errors.
This independence allows for straightforward combination of
satellite-derived ranging data. According to [37], the Squared
Position Error Bound (SPEB) acts as the TOA positioning’s
Mean Squared Error (MSE) lower bound for u , which is
mathematically expressed as

P ) 2 { (1 ()} <E{|la) —uM|}, a4

where J (uév ) = Dkexc Ik (wN ) represents the Fisher In-
formation Matrix (FIM) for u;", encapsulating the aggregate

positioning information from K satellites. E { Hu — uN H }
denotes the expected squared Euclidean distance between the
estimated and actual positions of uév .

The contribution of each satellite s; to the FIM is captured
by Jk (ujv ) which is influenced by signal strength and the
geometry of the satellite-user link, defined as [37]

1
T (u5') = 51565 690 (15)
where g;, is a unit direction vector from ujv towards sy,
characterized by

. . T
g,k = (cos ¢j 1, cos b ., cos ¢ 1 sin b i, sin ;1) (16)

The azimuth 6; and elevation ¢;; angles, determining the
orientation of g; 3, are given by

N
U, » — Sy.k
, Y,
0;,5 = arctan | — ,
Uz,j — Szik

N
Uzj — Szk

\/ (= spp)” + (u, = s,)°
17)

Furthermore, the scalar f; ), representing the Equivalent
Fisher Information Matrix (EFIM) of the time delay for the
ranging signal from s; to ujv , encapsulates the combined
effects of transmission power, channel conditions, interference

levels, and bandwidth [38]. It is quantitatively expressed as

M| B B
(Uk n ]) + S

¢, = arctan

47T2Pnav

ke = ; (18)

neN k.n,j

where P;'*Y signifies the consistent navigation power across
all subcarriers for sj, and (a,]gfnd-)2 = Np x Af denotes the
noise power. The mean-squared bandwidth fy, ,,, reflecting the
pulse shaping function, is defined as

o oo PRl HIPdf Af?
S Pea(f)2df 3w

assuming a typical rectangular shaping function pre.(t) in
OFDM systems with duration Tieeq = 1/Af, where P (f) is
its corresponding Fourier transform. Moreover, S ,]CV n,j accounts
for the interference experienced by uév from s, on SC,,
with a significant portion arising from the communication
component on the same carrier. Given the unique properties
of ZC sequences, particularly their negligible cross-correlation
for distinct i, interference from navigation signals employing
different ZC sequences can be considered negligible. Conse-

quently, the interference term for u? is simplified to

J
Skn,j = Z Zéknlpiogbl

k'eKi' el

Bk,n

19)

|Fi(n |. (20)

knJ|

C. Problem Formulation

Our work aims to maximize the sum rate of all CUTs in the
proposed ICAN-MSAT system. This objective is achieved by
efficiently managing power of communication and navigation
components and allocating subcarriers to CUTs. Let P, =
{ppe*\Vk € K} and Peom = {pi2;IVk € K,n € Nji € I},
we formulate the following optimization problem to enhance
sum communication rates while ensuring robust positioning

accuracy, as follows

max Y (21a)
Pnalr7Pcom75
st. P(u))) < P"(u}), Vied, (21b)
C;>C™" Viel, (2lc)
ST kmiPemi + N x PP < P Vk € K, (21d)
neN i€l
Opni €{0,1}, Viel jeJ,kek, (21e)
DD Okmi<1l, VneN, 210
keK iel
Pkni >0, VEeK,neN,iel, (21g)
P’ >0, Vkek, (21h)
> bkmi <NF, Viel, (21i)
keK neN
wik >0 Vkek. 21j)

Constraint (21b) ensures that the SPEB for NUT uN re-
mains below the threshold Pth( N for accurate posmonlng
Constraint (21¢) requires the commumcatlon rates for uC to
exceed C!*" to meet quality of service (QoS) requirements.
Constraint (21d) limits the total power allocated by sy, to its
capacity Pj. Constraints (21e) and (21f) ensure the binary
nature and exclusivity of subcarrier allocation, while (21g) and
(21h) ensure positive power values. Constraint (21i) limits the
number of subcarriers for each u¢ to a maximum of N to
ensure balanced resource distribution. Lastly, Constraint (21j)
requires the navigation signal strength received by u; from sy,
to be above the capture threshold O;.
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III. POWER AND SUBCARRIER ALLOCATION ALGORITHM

The original optimization problem poses significant chal-
lenges due to its non-convex and non-linear nature, making
it difficult to find an optimal solution. To address this, we
introduce the MSASP Algorithm. The proposed algorithm
iteratively solves the independent subproblems of PA and
SA until convergence is reached, thereby approximating the
optimal solution through successive iterations. The process at
the ¢th iteration can be illustrated as

Iteration ¢
1y Plo 5
- & Prob; (8°71) =2 Proby (P, P,,) &
PA of MSASP SA of MSASP

The PA subproblem is formulated as

max Y (22a)
P’VLG/U 7PCOTTL
s.t.  (21b),(21¢),(21d), (21g), (21h), (21j). (22b)
Meanwhile, the SA subproblem is described as
mgtx T (23a)
s.t.  (2lc), (21e), (211), (21i). (23b)

Despite the decomposition into subproblems, the inher-
ent non-linearity and non-convex characteristics of each still
present considerable computational difficulties. In response,
we have developed tailored algorithms for both the PA and
SA subproblems to effectively solve these challenges.

A. PA within the MSASP Algorithm

The power allocation subproblem is addressed subse-
quent to obtaining the subcarrier assignment results from
the previous iteration. Given the non-convex nature of
both the objective function and the constraints, we em-
ploy the D.C. approximation method [23], which reformu-
lates the PA problem into a tractable one by transform-
ing the objective function into a concave minus concave
form. Specifically, by jointly considering (2), (11), and
(12), the objective function can be wr1tten 1n a format of

T = A Vper Snew Sier 082140,/ Vio, ;) which can
be further split into a format of logarithmlc term minus loga-

rithmic term, ie., T = Af >, oD cnr D icr 10gy ,(612” —
A he 2onen 2aict 1082 1/1,(3711 where the expressions of
,(617)1 , and wl(ffl , are given by (27) and (28), respectively.
Hence, the revised objective function for PA can be expressed

as
T= T(Pcomm me) -

G(Peom, Prav) (24)

where T'(P.om, Prav) and G(Prom, Ppay) denote two con-
cave functions defined by

T(Pcomapnav) = Z Z ZAf logQ( 1(57)1,1) (25)
keEK neN i€
and
G(Peom, Paav) = Y > O Aflogy(wi0) ), (26)

keK neN €T

respectively. The terms w,ﬂfi , and ’(/J](f}l , encapsulate the
composite power and interference terms, contributing to the
SINR, and are given by

i = wmakmhkm\ |[FL )| |7 ()]
+ Z — Qg g nav|hk’nz| |F1T(n)|2
kek @7
+ Z Z Z P]S/O,n/Ldkl n’ 1/1—‘1 k/—ﬂﬁ}
k' eK\{k} €T n'eN
+ (O'Ig:n,i>2
and
=S (= aw )P b E )
ke
+ Z Z Z Py T‘sk/n Z’Fz k’ak (28)

k' eR\{k} /€I n'eN
C 2
+ (Gk,7z,i) .

Given the composition of (24) as the difference between
two concave functions, it does not exhibit a strictly concave
characteristic [23]. To overcome this challenge, we employ the
first-order Taylor expansion to linearize G(P), thereby sim-
plifying the optimization process. G (Peomy Prav) is linearized
around the point (P 1 Pi—1) as follows

com? nav

G(Peom, Paaw) = G (PLyt PiLY)

+ v;romGY (Pctoniv Prtzavl) ’ (Pcom PctmrlL) (29)
+ VIM)G (Pctoniv Priavl) : (Pnav P:Lavl) .
Here, the gradient vectors V!, and V!, represent the partial

derivatives of G with respect to P,,,, and P,,, transposed
to row vectors.
The gradient components are computed as

Z 6k n, 2 n ’
aG(Pcoma Pna'u) _ Z Z Z f’LEI b k_>k
o U In(2)
)7 k'el\{k} n'eN V'€ k' \n’ i’
(30)
and
aG(Pconu nav Z Z Z ak,i/)|hkcn’ i"
nav f 2 —
OF; kekKi'eIn'eN l(c’,)n’,i’ In(2) 1)

Consequently, the optimization problem originally presented
in (24) is reformulated to

T T( com Pnav) - @(Pcomv Pnav)~ (32)
The same strategy is applied to constraint (21c) to handle
the non-convexity. Specifically, we reformulate the constraint

as

T2,i (PCO'HL) Pna'u) G2 N ( coms Pnau) > Oith7Vi S I7 (33)

where

T2,1( com n(w Z ZAf logQ (

) Viel (34)
keK neN
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and
G,i(Peom, Paav) = Ga,i (Plot, Pha))
+VeomG2i (Piom: Pray) - (Peom = Pegm)  (35)
+ VaawGai (Pigm: Pray ) (Prav — Pigy)
with
G2,i(Peom, Paav)=)_ Y Aflogy (wl(f?)”) VieI. (36
keK neN
Differentiating G2 ; (Prom, Pnav) With respect to Py and
Pl%Y, we obtain
0G i(Peom, Pnav)
v
% S, T2 (37)
k’eICZ\{k} n%\/Af %532)7” In(2) ek
and
0G2,i(Peom; Prav) _
oppy
g 2PV
k'eKn'eN k' ! i In(2)

Thus, constraint (21c) has been successfully transformed into
a convex constraint shown in (33).

It is observed that constraints (21b) and (21j) remain non-
convex.

Lemma 1: Constraint (21b) and (21j) is inherently non-
convex.

Proof: The convexity of P(uév ) with respect to the FIM
J(u}) is evident [39], as is the linearity of J(u}') in terms
of p; 1. However, the relationship between i, and the power
allocation variables pi®“ and pj°™". is inherently non-linear
due to the fractional nature of this relationship. This leads
to the non-convexity of ;) with respect to pp®” and pi7";.
Consequently, constraint (21b) and (21j), when considered as
a function of the power allocation variables, is non-convex. ll

To address the non-convex constraints, for (18), an equiv-
alent treatment is conducted by separating the numerator and
denominator of each ratio term via a quadratic transformation
[40]. Let

nav 2 2
Apn g =4 PP by FE)] Be (39)
d
o N N 2
B = Sini+ (00n;) - (40)
At this point,
Apon
g =y o @1)
neN k.n,j

Let y n ; be the auxiliary variable that is iteratively up-
dated with Ay, ; and By, ;. The closed form for yy ., ; is
considered as [40]

AV Ak,n,j

. 42)
Bk,nhj

* —
Yen,j =

;
Consequently, constraint (21b) is reformulated as
{7 ()} <P ) e @)
Here,
T W) =" 2uf 0V Ak
keK neN (44)
~(Win ;) Brin) x4 1, Vi € T
Similarly, constraint (21j) is rewritten as
* / % 2
Z <2yk,n,j Ak,n,j - (yk,n,j) Bk,n,j)
neN (45)

ardy > 0;,VkeK,jeJ.

Considering the non-convex nature of (43) caused by the
term /Ay, ;, we introduce a set of auxiliary variables
t = {tyn;|Vk € K,;n € N,j € J} to serve as the proxy
for \/ Ay n,j, through which we reformulate (44) as

T W) =" (205 jthn —

keK neN

Yk n3) " Brn ) @51 1>

(46)
subject to the constraint
thnj < VAknj, VkeK,jeTJ,neN. (47)

Lemma 2: Under the constraint (47), (43) is a convex
constraint, and there is an equivalence transformation between
it and (21b).

Proof: Given yj , ., the term 2y | -tk nj— (Uf ;) Bon,j
is affine in terms of Py, Phay, and t. Considering that
\/Akn,; is concave and non-decreasing, the introduction of
the constraint ¢, ; < \/Agn,; in (47) effectively bounds
tin,j bY \/Akn,;, thereby preserving the equivalence of
the transformation. Moreover, the function f = tr{(-)"'}
is convex [39, p. 4], and with the bound imposed by (47),
the reformulated constraint in (43) maintains convexity, estab-
lishing a bound-based transformation relationship with (21b).
Consequently, at the optimal point denoted by y*, the first-
order conditions of (21b) and (43) are coincident, ensuring
that the iterative process designed for (43) will converge to
the same solution as that of (21b). |

Finally, the PA problem is reformulated into a solvable
convex formulation, as specified from (48a) to (48d). This
problem can now be tackled by using standard convex opti-
mization solvers, thereby finding the optimum of the original
non-convex problem effectively.

max T(P)—G(P) (48a)
Pc(wnapnav 7t
st (21d),(21g), (21h), (33), (47), (48b)

-1
Tr { ( > 2 (2 ithng — (ylz,n,j)2Bk¢n,j)qJﬁkq]7':k) }

keK neN
< PM(uy),Vje J, (48¢)
* * 2
Z (ka,n,jtk,n,j - (ykn_}) Bk’,n,j)
neN
qkg, > 0;,VkeK,jeJ. (48d)

The complete PA algorithm is shown in Algorithm 1.

Authorized licensed use limited to: Politecnico di Torino. Downloaded on April 14,2025 at 13:39:08 UTC from IEEE Xplore. Restrictions apply.

© 2025 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2025.3526154

Algorithm 1 The Proposed PA Algorithm.

Algorithm 2 DAMSA-I

Step 1:
1: Convert Equation (24) to (32)
2: Convert Equation (21c) to (33)
3: Transform (21b) to (48c) with quadratic transformation
(44)
4: Substitute \/ Ay,  ; in (44) with ¢, ,, ; to get (46), and add
constraint (47)
Step 2:
5: Initialize variables p}™, pp’;, and ¢k, j within the fea-
sible domain
Repeat:
Update G(P) with (29)
Update G%(P) with (35)
Update yy ,, ; with (42)
For fixed yy, ,, ;, update p3™ , pi°";, and ¢ 5 ; by solving
problem (48a)
Until: Convergence criterion is reached or maximum
number of iterations is achieved

0© 2 3

B. SA within the MSASP Algorithm

To address the SA problem as formulated in (23a)-(23b),
we introduce the DAMSA algorithm. The non-convexity of
the SA problem arises due to the binary nature of the decision
variables in equation (21e). To tackle this, DAMSA dynami-
cally pairs each CUT with an optimal set of subcarriers, while
adhering to the constraint in (21i) that limits u{ to a maximum
of N subcarriers. The DAMSA algorithm operates in two
sequential phases: DAMSA-I, which seeks a stable match
between subcarriers and CUTs within the outlined constraints,
and DAMSA-II, which is invoked to find a feasible solu-
tion when DAMSA-I cannot ensure stability. By employing
this heuristic approach, we can effectively handle the non-
convexity introduced by the binary variables in subcarrier
allocation.

While the Gale-Shapley algorithm [41] performs well in
establishing stable matches, its application is limited under
conditions with specific bounds, such as those appearing in the
SA problem, including QoS requirements for each CUT and
the upper bound on the number of subcarriers that each CUT
can access. Inspired by [42], DAMSA-I is designed to over-
come these limitations through a polynomial-time approach
that attempts to establish stable matches between subcarriers
and CUTs.

In the proposed SA algorithm, participants on both sides
(i.e., subcarriers and CUTs) first evaluate potential matches.
CUTs rank subcarriers based on achievable communication
rates determined by channel state information (CSI) and
power allocation results from the PA algorithm to form their
preference lists, i.e., U ELIST; for ulc Similarly, subcarriers
rank CUTs to form their preference lists SCLIST,, for SC,,.
DAMSA-T’s operation is characterized by allowing subcar-
riers to propose to their most preferred CUTs, which then
assess these proposals against specific criteria detailed in (21c¢)
and (21i), ensuring that each CUT’s subcarrier capacity is
considered and preventing over-allocation.

1: Initialization: Vi € I, AC(i) := C!" and v; = ;
2: while there exists a subcarrier SC, unassigned and it has
not been rejected by all CUTs in SCLIST,, do
3: Subcarrier SCn proposes to the highest ranking u$
who has not been proposed so far in SCLIST,;
v == v;U{C; (n)} > u$ accepts SC,, provisionally;
if |v;| < N then

AC(i) :== AC(i) — C; (n) > SC, can be
matched with u$ directly;
else
Let the lowest ranking subcarrier with UELIST;
in v; be a;4;
9: vi :=v; \ Ci(a;t) > uf rejects subcarrier SCy,. ;
10: AC3) := AC(i) — C; (n) + C; (ait);
11: goto Step 3;
12: end if

13: end while
14: if there exists a CUT u$ with AC(i) > 0 then

15: Report “There is no stable match”;

16: else

17: Return the outcome v = {v;|Vi € I}, which is a
stable match.

18: end if

A key innovation within DAMSA-I is the introduction of
deficiency capacity AC(i), quantifying the difference between
the current data rate achieved by u$ with its matched subcar-
riers and its QoS requirement C''. The deficiency capacity,
alongside a pivotal invariant, ensures algorithmic stability and
adherence to constraints (21c) and (21i):

Invariant A: |v;| < NY, VielZ, (49)
where the set v; = {(Ci(ail),@i(aig), S 7(Ci(ai]\,{i)} repre-
sents the data rates for SC,,  matched with uZC Here, a;,,
signifies the index of the mth subcarrier that has been matched
with uLC , and M, indicates the total number of subcarriers
currently paired with u{.

Invariant A ensures that the number of subcarriers matched
to u$ does not exceed N . The dynamic update of AC(i) en-
ables DAMSA-I to continuously optimize subcarrier allocation
to meet the QoS requirements. The pseudocode in Algorithm
2 outlines this process in detail.

If DAMSA-I fails to achieve stable matching, DAMSA-
IT is performed as a heuristic alternative. Unlike DAMSA-
I, DAMSA-II prioritizes meeting the minimum QoS require-
ments for all CUTs. It stops allocating resources to a CUT
once its QoS requirement is met, ensuring fair resource
distribution across all CUTs.

DAMSA-II starts with every u{ proposing their preferred
subcarriers on their UFELIST;. Then, subcarriers already
matched consider switching to better proposals. For each
CUT, the subcarrier matching will end when the CUT’s QoS
threshold is met. The entire allocation process will terminate
while all CUTs are adequately served or all subcarriers are
allocated. Finally, the remaining subcarriers (if any) will be
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Algorithm 3 DAMSA-II
1: Inmitialization: Mgco(SC,) =
Mu(ulc) = @,Vi el
Step 1:
2: while there are unmatched subcarriers and unsatisfied
CUTs do
3 For u{ with C; < C! and My (uf)| < NE, select
the first element SC,, in UELIST; and remove it from
the list
4: if Msc(SC,,) # 0 then compare u$ with the current
matched CUT in SCLIST,, and update Mgc(SC,,) if
u$ ranks the subcarrier higher
5; else Directly add u$ to Msc(SC,,)
: end if
7: end while
Step 2: Remove allocated subcarriers and generate new
UFELIST;
8: while UZ-I:1 UELIST; # @ and 3 € Z with
My (uf)| < Nf do
9:  for each uf € u® with My (uf)| < N¢ do
10: select the first element SC,, in UELIST; and
remove it from the list and repeat Steps 4-6
11: end for
12: end while
13: Return matching results Mg

0,vyn € W,

and

allocated to maximize the total communication rate, similar to
the strategy in DAMSA-I.

The detailed operation process of DAMSA-II is depicted by
Algorithm 3, where Msc(SC,,) and My (uf) represent the
matching lists of SC,, and u¢, respectively.

Next, we delve into the stability and complexity of DAMSA,
starting with discussions on what constitutes a stable match.

Definition 1: A match v is considered to be blocked by
an individual u¢, if u{ would prefer to reject the currently
matched subcarrier due to the violation of Invariant A or
seeks a new pairing partner SC,, when the the QoS require-
ment C!" is not met [42, p. 6].

Definition 2: A pair (SC,,uf) is defined as forming a
blocking pair if, given other choices, both SC,, and u$ would
mutually prefer to be matched with each rather than their
respective partners in the current match v. Furthermore, a
match between SC,, and u{ is considered to be superior if
it yields a higher rate for both parties compared to the rates
they can achieve with their assigned partners in the existing
match v.

Definition 3: A match v is considered to be stable if there is
no individual subcarrier/CUT or subcarrier-CUT pair thereof
having the desire or incentive to change their current pairing
partner within the matching context v [42, p. 7].

Based on Definitions 1, 2, and 3, the stabilities and com-
plexities of DAMSA-I and DAMSA-II are further analyzed as
follows.

Theorem 1: The DAMSA-I algorithm is capable of produc-
ing stable match or conforming its absence with a complexity
of O(N xI). Should a stable match not be feasible, DAMSA-
IT provides a viable alternative within the same complexity.

Proof: The DAMSA-I algorithm is operated by letting a
CUT accept the pairing proposals from all subcarriers with
Invariant A being assured. When the number of subcarriers
allocated to CUT u{ reaches the maximum value NZ, u¢
checks all the subcarriers matched with it according to its
preference list. It tries to replace the least favorite one of
its matched subcarriers with those subcarriers that want to
match with it but have not matched with it in a one-by-one
manner. If such a replacement can further improve the CUT’s
overall data rate, the new subcarrier will be added into the
subcarrier matching list of the CUT and the least favorite one
will be removed. Otherwise, the least favorite subcarrier will
still be kept in the matching list. This process continues until
the subcarrier matching list of CUT u{ does not change. If
a subcarrier SC,, is rejected by all of its preferable CUTs,
it indicates that those CUTs have been matched with more
favorite subcarriers and no blocking pair exists.

Furthermore, upon completion of the algorithm, if all CUTs
have met their minimum QoS requirements, it indicates that
there are no individual blockers, which means that the condi-
tions for a stable match are satisfied as defined. Conversely, if
there exists any CUT that does not meet the QoS requirements,
it indicates the existence of individual blockers, which prevents
DAMSA-I algorithm from achieving a stable match.

The complexity of DAMSA-I is primarily determined by
the number of performed pairing operations. Each subcarrier
proposes pairing requests to CUTs according to its preference
list and CUTs decide whether to accept these pairing proposals
or not. Since each subcarrier proposes pairing request to each
CUT for only once, i.e., the pairing attempt for each subcarrier
and each CUT is only performed once, checking the preference
lists of all subcarriers, the total performed pairing operations
(attempts) will be O(N x I). In the situations that a CUT has
matched with the allowed maximum number of subcarriers,
the CUT considers to replace only the least favorite one of its
matching subcarriers with each of the subcarriers that have
not matched with it. For a CUT, each replacement check
between any two subcarriers is performed only once, thus the
algorithm’s overall complexity will be kept the same when
such situations are involved. It is worth noting the iterative
replacement process for CUTs is constrained by the limit
NZC of the allowed number of subcarriers, which ensures that
the total number of comparisons remains bounded and does
not exceed the order of O(N x I). Therefore, the overall
complexity of DAMSA-I can be considered as O(N x I).

Analyzing the operation of DAMSA-II, we can iden-
tify that its matching process actually is similar to that of
DAMSA-I. Each CUT tries to pair with each subcarrier for
only once in both Step 1 and Step 2 of DAMSA-II, leading to
the its overall complexity kept also at O(N x I). In addition,
DAMSA-II leverages the QoS constraints to terminate the
matching process for each CUT once its minimum require-
ments are met, which helps maintain efficiency even under
high-dimensional input conditions. ]

In contrast, an exhaustive searching approach, which eval-
uates every possible combination of up to NZ-C subcarriers for
each CUT to find the highest-rate combination, corresponds
to very high complexity. This approach requires assessing
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TABLE 1

MAJOR PARAMETERS USED IN SIMULATIONS

Parameter Value

Carrier frequency (fe) 12 GHz

Speed of light (c) 3 x 108 m/s
Number of OFDM subcarriers (N) {16, 20, 24, 28}
OFDM carrier spacing (A f) 15 KHz
Boltzmann constant (k) 1.38 x 10~23 J/K
The noise temperature (Tr,) 290 K [44]
Cyclic prefix length in OFDM (Lp) N/4

Antenna gain (G%, GiC’T, G’;.V’T) 14, 0, 0 dBi
Orbit altitude (Hs) 500 km

Radius of Earth (R.) 6371 km
Radius of satellites distribution plane (Rs) 600 km
Number of satellites (K) 4

Satellite transmit power (Pg)
Elevation angle (o)

Navigation capture threshold (©;)

{46, 48, 50, 52, 54} dBm
10°
-10 dB

Max subcarriers per CUT (V. ZC ) 5

C
fo’:o (N ) combinations for each CUT, leading to an overall

n'
complexity of O (ZIEZ ij}‘io (g)) This comparison un-
derscores the computation efficiency of the proposed DAMSA
algorithm in solving the SA problem. The significant reduction
from combinatorial growth to linear complexity highlights the
practical scalability of DAMSA-I and DAMSA-II, particu-
larly for systems with a large number of subcarriers and CUTs.

IV. PERFORMANCE EVALUATION

In this section, the efficiency of MSASP algorithm for the
ICAN-MSAT system is evaluated via simulations. We assume
a satellite network scenario involving four LEO satellites (i.e.,
K = 4) deployed with a same orbit altitude of 500 km. To
ensure visibility, the elevation angle ¢y of each satellite is
set no less than 10 degrees. The entire system is assumed to
work on Ku-band [43]. Other major parameters used in the
simulations are listed in Table I. As it requires that at least
four satellites should be simultaneously visible for a ground
user to perform navigation and positioning, we assume that all
CUTs and NUTs are deployed in an area concurrently covered
by the four satellites.

The radius of a LEO satellite’s ground coverage area, i.e.,
Ry, can be expressed as [45]:

Ry = sin(90° — arcsin(

coseg) — e0)Re,  (50)

R. + H;
where R, denotes the Earth radius and H, denotes the altitude
of a LEO satellite. According to (50), when €9 = 10°, Ry is
1547 km.

Fig.3 shows the common coverage area of multiple satel-
lites. When K satellites are distributed within a plane with a
radius of Ry, the radius of the common coverage area is R,,.
The central projection points of the two planes overlap with
each other, yielding R, = Ry — Rs. Therefore, when CUTs
and NUTs are distributed within circular area with a radius R,

Fig. 3. Multi-satellite coverage area geometry.
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Fig. 4. Convergence performance vs. the number of iterations, where N =
16, I =6, J =6 P, = 48 dBm, o ; = 0.98, C£* = 100 kbps, and filter
type is Hamming.

of 947 km, each of them can connect to all the K satellites
simultaneously.

Assuming A f = 15 kHz, the number of CUTs is required
to be fewer than the number of subcarriers. In contrast, the
ICAN-MSAT system imposes no stringent limit on the number
of NUTSs, as navigation signals are broadcast in nature. The
noise power spectral density is Ny = kg1, = —174 dBm/Hz.

The average convergence performance of the proposed
MSASP is depicted in Fig. 4. The three curves in the figure
represent the convergence behaviors of the MSASP algorithm
with NUT location accuracies of 2 m, 10 m, and 18 m,
respectively. It is observable that the algorithm converges
rapidly within four iterations under various positioning ac-
curacies. From the simulation process, it can be concluded
that the major factors affecting the algorithm’s convergence
performance are the interference mitigation efficiency, the
satellites’ maximum transmit power, the number of users (i.e.,
CUTs and NUTs), and the communication and positioning
requirements. Typical approaches for optimization of these
conditions to speed up the algorithm’s convergence include
adaptive initialization method which use a well-designed ini-
tialization strategy select relatively optimal initial values to
reduce the overall iterations, dynamic parameter adjustment
method which can guide the algorithm toward a feasible
solution more quickly by gradually relaxing QoS and posi-
tioning accuracy constraints during the initial iterations, and
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Fig. 5. Performance of sum rate vs. maximum transmit power P}, where

N=16,1=6,J =6, th = 100 kbps, and filter type is Hamming..

parallel computing method which utilizes parallel processing
for tasks such as subcarrier assignment and power allocation to
reduce computational overhead. In this work, the first approach
is adopted to achieve faster algorithmic convergence. For
stricter navigation accuracy and communication constraints,
an appropriate initial value selection can ensure reliable and
faster algorithmic convergence.

Fig. 5 assesses the impact of the satellites’ maximum
transmit power P}, on the sum rate for CUTs. Specifically,
Fig. 5(a) demonstrates how the sum rate varies with P, under
different interference mitigation factors oy, ;, with two dashed
lines indicating the contrasting extreme situations of oy, ; = 0
and oy, ; = 1. In the situation where oy ; = 0, no interference
mitigation is applied to the navigation component, resulting
in significant interference on CUTs. Conversely, ap,; = 1
represents an ideal condition where complete interference
elimination from navigation signals is achieved, avoiding their
impact on CUTs. Fig. 5(a) reveals that at o ; = 0 with
P, = 48 dBm, the sum rate is as low as 0.58 Mbps, while at
ay,; = 1, it increases to 1.51 Mbps. Sum rate for intermediate
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Fig. 6. Sum rate vs. numbers of CUTs and NUTs, where P, = 48 dBm,

ag,; = 0.98, th =100 kbps, P** = 10 m, and filter type is Hamming.

values of ay ;, ranging from 0.97 Mbps to 0.99 Mbps, are
observed to fall between these two extremes. Under the same
P, a higher oy, ; indicates a stronger interference mitigation
capability for CUTs, resulting in an improved sum rate.

Fig. 5(b) explores the sum rate variability for CUTs with
satellites’ transmit power Py under different NUTSs positioning
accuracies P*". The four curves represent navigation accura-
cies ranging from 2 m to 26 m. With P, = 48 dBm and
P = 2 m, the sum rate is 1.26 Mbps, increasing to 1.36
Mbps for P = 10 m. As the accuracy extends to 18 m,
the sum rate gain is 0.03 Mbps, with a further 0.02 Mbps
gain at 26 m. These smaller increments indicate that benefits
in sum rate diminish as the required positioning accuracy
decreases. This trend is consistent across power levels from
46 dBm to 54 dBm, showing that lower navigation signal
power in areas with lower accuracy reduces interference for
CUTs. The performance under different power levels also
illustrates the robustness of the MSASP algorithm across
varying SNR conditions, as it consistently adapts to changes
in signal strength to optimize system performance.

In Fig. 6, the variation in the sum rate with different
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numbers of CUTs and NUTs are evaluated. Fig. 6(a) focuses
on the impact of CUTs, showing that the sum rate increases
significantly with the increase of N when the number of CUTs
is fixed. For N = 24 and N = 28, the sum rate contin-
uously rises as the number of CUTs increases, highlighting
the benefits of enhancing resource allocation flexibility. In
contrast, with NV = 20, the sum rate peaks at a specific user
number and then stabilizes, indicating the limitations set by
the QoS requirement th. For N = 16, the sum rate declines
when the number of CUTs exceeds 8, with the algorithm
failing to generate feasible solutions for more than 12 CUTs.
This trend emphasizes the MSASP algorithm’s mechanism
of creating a ‘guard interval’, preventing the assignment of
marginal subcarriers of sub-bands to CUTs. It also underscores
that under stringent C}", the ICAN-MSAT system can support
a fewer CUTs than the total number of available subcarriers.
Therefore, it is crucial to carefully balance the number of
CUTs and their QoS requirements to maintain system reli-
ability and performance.

Fig. 6(b) shows the sum rate variation for different numbers

Sum Rate (Mbps)
N
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The impact of filtering parameters on sum rate of CUTs, where I = 6, J = 6, a,; = 0.98, th = 100 kbps, and P*"* = 10 m.

of NUTs under various number of subcarrier. For a given N,
increasing the number of NUTS results in a gradual decrease
in the sum rate due to the trade-off between navigation and
communication performance. This performance degradation is
subtle, unlike the more pronounced changes seen in Fig. 6(a).
The subtle effect is due to the broadcast nature of navigation
signals from K satellites. Therefore, maintaining the same
positioning accuracy P while serving 2 to 10 NUTs does
not significantly affect the power used for navigation broad-
casting or the interference level to CUTs, resulting in minimal
variation in the sum rate.

The impact of different filter types and their parameters on
the sum rate under different numbers of subcarriers and trans-
mit powers are depicted in Fig. 7. These analysis involve two
window functions, the Hamming and Kaiser windows, as well
as Butterworth filters of third and tenth orders. Enhancements
in the sum rate are consistently observed with increases in
either N or Py, across all filters examined. Holding Pj and
N constant, the performance of the third-order Butterworth
filter ranks lowest, whereas the tenth-order Butterworth filter
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Fig. 9. Outage probability vs. satellites’ transmit power and QoS requirement
of CUTs, where I = 6, J = 6, ag; = 0.98, C* = 100 kbps, and
Pt =10 m.

exhibits the highest performance. The enhanced performance
of higher-order filters stems from their superior frequency
response characteristics. Nonetheless, these benefits must be
weighed against potential disadvantages such as increased
complexity, higher costs, greater group delay, and phase dis-
tortion in the design phase.

Another noteworthy observation is the different impact of
increasing Py on sum rate enhancements with different filters.
The third-order Butterworth filter, in particular, demonstrates
the slightest improvement, a situation ascribed to its less
favorable frequency response configuration. As a consequence,
elevations in Py do not translate into equivalent enhancements
in the sum rate for this filter. Contrarily, such increases
might even intensify interference with adjacent subcarriers,
potentially leading to a further degradation in performance.

Fig. 8 assesses how QoS requirements C/" affect the sum
rate under different numbers of CUTs I. Observations reveal
that with C!* = 105 kbps, increasing the number of CUTs

leads to a higher sum rate, attributable to a denser user
distribution that permits more flexible allocation strategies.
However, as QoS requirements become more stringent, the
sum rate decreases. This outcome is expected since strict
QoS requirements limit the flexibility of resource allocation.
Notably, at I = 8, unlike I = {4, 6}, a sharp sum rate decline
is observed with QoS requirement increasing. This implies that
for a fixed user density, there should be an upper limit of the
QoS requirement. If the QoS requirement becomes larger that
this limit, some communication links cannot be formed, which
finally results in significant decrease on the system-wise data
rate. When C*" is set larger than 135 kbps, due to stringent
QoS constraints, it becomes impossible to find a feasible so-
lution. This highlights the difficulty in meeting all constraints
under high QoS demands. These observations are consistent
with the analysis presented for Fig. 6, showing the significant
impact of QoS requirements on system performance.

To further research the impacts of satellites’ maximum
transmit power and QoS constraints on downlink transmissions
to CUTs, a concept of transmission outage is introduced as

Eoul:]-*%zl Z Zrk,n,iZC;h 3
i€T keK neN
which quantifies the probability that data rates for CUTs fall
below the QoS requirement C".

Fig. 9 shows the outage probabilities under different trans-
mit powers and QoS requirements. The results show that,
at a fixed power level, the outage probability increases with
C!" increasing. Moreover, a higher transmit power level is
found to be able to effectively reduce the outage probability.
Nevertheless, even with a satellite transmit power of 52 dBm,
there is still a significant outage probability, exceeding 10%,
under stringent QoS requirements.

To evaluate the system performance under different user
distribution scenarios, we consider the following five typical
user distributions:

1) Random Distribution — CUTs and NUTs are randomly
distributed across the coverage area.

2) Uniform Distribution — CUTs and NUTs are uniformly
distributed across the coverage area.

3) Edge Distribution — CUTs and NUTs are located at the
edge of the overlapping coverage area of the K satellites.

4) Single-Point Concentration — All CUTs and NUTs are
concentrated in a small region within the coverage area.

5) Multi-Point Concentration — Users are divided into sev-
eral small groups, each concentrated in a different region
within the coverage area.

&1V

Fig. 10 shows the system’s sum rate performance under
the five user distribution scenarios. It is seen that the user
distribution significantly affects system performance. The edge
distribution achieves the highest sum rate due to favorable
geometric positioning relative to the K satellites, minimiz-
ing the need for increased navigation power and avoiding
interference with communication signals. In contrast, single-
point and multi-point concentration scenarios show the lowest
performance, as concentrated users tend to connect to the same
satellite, limiting the benefits of multi-satellite access. Random
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m, and filter type is Hamming.

and uniform distributions perform between these extremes,
with more balanced results. In summary, avoiding concentrated
user distributions is key to maximizing the advantages of the
ICAN-MSAT system.

Fig. 11 presents a comparative analysis of the proposed
MSASP algorithm against some established benchmark algo-
rithms in this area. These benchmarks include:

1) Bio-inspired algorithm — It employs a discrete genetic
approach to iteratively solve the SA problem [46]. Its
parameters are empirically determined, and for equiva-
lence with MSASP, it solves the PA problem using a
DC approximation similar to MSASP’s methodology.

2) Equal power algorithm — It addresses the PA problem by
ensuring a baseline navigation power, obeying the con-
straints in (21a), and adopts equal power allocation over
communication subcarriers. The DAMSA algorithm, as
introduced in this paper, is used for subcarrier allocation.

3) Baseline random algorithm — It serves as a fundamental
benchmark that randomly performs power and subcar-
rier allocations to users without adherence to QoS or
positioning accuracy constraints.

The simulation results highlight the MSASP algorithm’s
superior performance on sum data rates, and such a superi-
ority is even more significant when the satellites’ maximum
transmit power is further increased. While the bio-inspired
algorithm is capable of addressing the SA problem, it does
not achieve the same level of optimization as MSASP. The
equal power algorithm’s simplistic uniform power distribution
is inadequate when compared to the MSASP’s strategy, par-
ticularly considering the prevalent INSI. The baseline random
scheme, which forgoes any strategic allocation, corresponds to
a performance that is significantly lagging behind, emphasiz-
ing the importance of designing efficient resource allocation
strategies with assurance of both the QoS and positioning
accuracy requirements. Additionally, the simulation results un-
der different filtering configurations, as presented in Table II,
further validate the adaptability and superiority of the proposed
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Fig. 11. Comparison of proposed MSASP scheme and existing benchmarks,

where N =16, I =6, J = 6, ay,; = 0.98, Ct* = 100 kbps, P = 10
m, and filter type is Hamming.

TABLE I
SUM RATE PERFORMANCE OF DIFFERENT ALGORITHMS WITH VARIOUS
FILTERING SCHEMES

Filtering scheme

(1) (2) 3) (4)

Algorithm

Proposed MSASP 1.36 1.48 1.18 2.09
Bio-inspired algorithm 1.23 1.32 1.04 1.93
Equal power algorithm 1.11 1.19 0.90 1.83
Baseline Random 0.71 0.84 0.62 0.92

Note: The unit of sum rate is Mbps. (1) denotes Hamming filter, (2)
denotes Kaiser filter, (3) denotes Butterworth filter (order = 3), and (4)
denotes Butterworth filter (order = 10).

MSASP algorithm. Meanwhile, it should be noted that to
ensure better performance, the proposed algorithm should be
efficiently executed to adapt the network dynamics caused
by user and satellite mobilities, i.e., the scheduler executing
the algorithm should be able to timely acquire the network
topology connection information and corresponding channel
state information. If these information can not be acquired
timely, the algorithms’s performance will decrease.

In practice, the deployment of ICAN-MSAT systems faces
significant hardware constraints and operational challenges.
The need for high-performance receivers capable of managing
asynchronous transmission, real-time interference mitigation,
and precise time-delay estimations introduces complexity in
hardware design and increases costs. The implementation of
the MSASP algorithm in a dynamic satellite environment im-
poses substantial computational demands, particularly for real-
time resource allocation. As the number of satellites, users,
and subcarriers increases, the computational complexity grows
significantly, potentially leading to slower convergence, in-
creased latency, and reduced responsiveness without advanced
parallel processing. Limited memory capacity and communica-
tion bandwidth may exacerbate these issues, impacting system
throughput and navigation accuracy, especially in dynamic
LEO environments where CSI changes rapidly. To address
these challenges, it is crucial to align hardware capabilities
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with system scale, optimize resource allocation processes,
and explore scalable hardware architectures to ensure the
system achieves the expected levels of efficiency and relia-
bility in large-scale deployments. Furthermore, security and
privacy are critical considerations in the [CAN-MSAT system.
Considering the sensitivity of communication and navigation
data, the ICAN-MSAT system could employ encryption tech-
niques to secure data transmission, utilize spread spectrum
and frequency hopping methods to enhance resilience against
interference, and adopt signal integrity verification mecha-
nisms to detect and mitigate spoofing attempts. To ensure
privacy, strategies such as data minimization, which limits
data collection to essential information, and anonymization,
which prevents the direct association of user identities with
the collected data, could also be explored.

V. CONCLUSIONS

In this paper, we developed an ICAN-MSAT framework
for LEO networks. We established the communication and
navigation models under a multi-satellite asynchronous trans-
mission scenario, based on which we formulate the involved
joint power and subcarrier allocation issue into a mathematical
optimization problem, aiming to design an efficient resource
allocation scheme to manage systemic interference to enable
simultaneous communication and navigation. We addressed
the non-convex optimization problem by decomposing it into
PA and SA subproblems. For PA, we employed D.C. program-
ming and quadratic transformations to convert the non-convex
problem into a convex one, facilitating optimal solutions.
For SA, we proposed a two-stage algorithm to seek stable
subcarrier-user matches and used a heuristic approach when a
stable match is unattainable. Numerical results validated that
our algorithm effectively supports both communication and
navigation with satisfactory performance, outperforming other
benchmark algorithms.
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