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ABSTRACT This paper investigates an innovative approach to enable Joint Communication and
Positioning (JCAP) in 5G Non-Terrestrial Networks (NTN) using Low Earth Orbit (LEO) multi-beam
satellite systems. The integration of communication and navigation services is achieved by aggregating
a Direct-Sequence Spread Spectrum (DSSS) as a navigation signal with a 5G Orthogonal Frequency-
Division Multiplexing (OFDM) waveform for communication services. Two models are proposed for
resource allocation and signal aggregation, referred to as the shared beam model, where communication
and navigation signals are aggregated prior to Digital Beamforming (DBF) within the same beam; and
the independent beam model, which employs separate beams for communication and navigation, with the
navigation beam designed to be significantly wider than the communication beams, resulting in overlap
between the two. The performance of these models is assessed using as Key Performance Indicators
(KPI) the Cramer-Rao Lower Bound (CRLB) for range estimation used in navigation and the spectral
efficiency for the broadband service. The study formulates and addresses a multi-objective optimization
problem to derive the Pareto front, highlighting the trade-off between communication and navigation
performance. Extensive simulations demonstrate the efficacy of the proposed models in terms of spectral
efficiency and accuracy in range estimation, and results have been compared with those obtained from
the current 5G positioning system. The models have been evaluated in two distinct scenarios: one without
frequency reuse between beams and another incorporating a three-color frequency reuse scheme. The
results indicate that the independent beams model outperforms the shared beams model by reducing
inter-beam interference in both scenarios. The proposed solution maintains backward compatibility with
existing 5G NTN, facilitating uninterrupted positioning and communication services in GNSS-denied
environments. Furthermore, the combination of DSSS and OFDM enhances the reliability of the data
service by utilizing the DSSS sequence as a digital signature for the waveform. This work establishes a
foundation for robust and efficient JCAP implementations, addressing challenges related to multi-beam
interference and resource optimization.

INDEX TERMS Joint communication and positioning, 5SG NTN, DSSS, digital beamforming, LEO
satellite, LEO-PNT, GNSS-free NTN operation.

. INTRODUCTION
IN THE fifth generation (5G) new radio (NR) non-
terrestrial network (NTN) scenario utilizing satellites as
next generation base station (gNB), it is essential for the
user terminal to incorporate a global navigation satellite
system (GNSS) receiver to ensure synchronization with the
satellites and to maintain a common time reference [1], [2].
Consequently, the service offered by the satellite network

operator relies on a third party, the GNSS, which is beyond
its control. therefore, in areas where GNSS is unavailable,
network operators are unable to provide their services as
users cannot synchronize with the satellites. These GNSS
denied areas are regions where connectivity in line of sigh
(LOS) with the satellites is available but, with the GNSS
service being unavailable, for instance, due to jamming
or spoofing attacks. Another scenario in which GNSS is

(© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/

4384

VOLUME 6, 2025


HTTPS://ORCID.ORG/0009-0003-5654-1041
HTTPS://ORCID.ORG/0000-0002-8500-5534
HTTPS://ORCID.ORG/0000-0002-1298-6159
HTTPS://ORCID.ORG/0000-0001-5122-0001

‘IEEES IEEE Open Journal of the
Comdoc communications Society

unavailable involves large-scale Internet of Things (IoT),
as incorporating a GNSS receiver into each device could
undermine the business model due to the additional costs
associated with its inclusion.

A. STATE OF THE ART ON JCAP

An alternative to the use of GNSS for synchronization is
to integrate communication services and navigation services
within the same satellite infrastructure. This can be achieved
by using the pilots in the satellite downlink communication
signal. These methodologies are referenced in the litera-
ture by various terms, such as integrated communications
and localization (ICAL) [3] or joint communication and
positioning (JCAP) [4], [5], [6], [7]. The pilots embedded
within the data are employed to estimate the user’s local-
ization. Although there is no consensus on the acronym,
the fundamental concept remains unchanged: to combine
communication and navigation services within the same
infrastructure.

Some authors utilize communication pilots for positioning
in an opportunistic manner, where the systems were not
specifically designed for localization purposes [8], [9],
[10], [11]. These systems should not be confused with a
JCAP system, as the latter was developed specifically for
communication purposes. In this work, we propose a JCAP
system that is designed to provide both services without
adopting an opportunistic approach.

In order to establish a JCAP system, data and navigation
signals must share resources during transmission, including
time, frequency, or space. In a multi-beam satellite scenario,
the designer must meticulously plan the system parameters
to minimize interference between beams and services. This
planning is critical for ensuring efficient communication,
maximizing system capacity, and providing precise position-
ing services [12]. The following outlines how interference
is managed in actual systems and the techniques employed
in multi-beam satellites:

o Frequency reuse with spatial isolation [13]. Adjacent
beams often use different carrier frequencies to min-
imize interference with typical values of 18-25 dB
reduction. This is similar to how terrestrial cellular
networks operate, where frequencies are reused in non-
adjacent cells [14].

e Beam Shaping and directional antennas [15]. The
satellite uses a high-gain and narrow beams focus-
ing the signal energy toward specific areas, reducing
spillover into adjacent beams. Another alternative is
by using adaptive beamforming that adjusts antenna
patterns dynamically to optimize coverage and minimize
interference with other beams [16] the isolation typical
values are about 18-25 dB.

o Coordinated Beam Scheduling [12], [17]. The system
switches beams on and off in a controlled manner
to serve different areas at different times, reducing
simultaneous interference. This also includes traffic
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management by prioritizing and scheduling transmis-
sions based on demand and interference conditions. In
this case, the aggregate interference levels can rise to
25-30 dB.

In the previous interference management techniques, each
beam carries a single service defined by the transmitted
waveform, while interference between services is managed
at beam level, independent of the waveform utilized. At this
moment, when the network operator wants to offer both
services, communications and navigation, the technique for
JCAP is based on the inclusion of pilot sequences within
the orthogonal frequency-division multiplexing (OFDM) grid
for localization purposes [3], [6], [18], [19]. Therefore, the
maximum throughput is compromised due to the overhead
associated with navigation (pilots).

To reduce the overhead on the OFDM transmission, there
is another technique known as superimposed pilots [20],
[21], [22], [23]. In this approach, the pilots are combined
with the data symbols prior to the OFDM modulation,
thereby eliminating the overhead associated with the nav-
igation service. The primary drawback of superimposed
pilots is that it requires the receiver to demodulate the
signal in order to estimate the channel using these pilots.
Furthermore, to successfully demodulate an OFDM sig-
nal, coarse synchronization must be performed a priori;
typically, this is achieved through the use of train-
ing sequence such as the primary synchronization signal
(PSS) and secondary synchronization signal (SSS) in 5G
NTN [24].

In addition, other works have also considered the integra-
tion of direct-sequence spread spectrum (DSSS) and OFDM
within the same waveform [25], [26]. The fundamental
distinction between these approaches and our proposal lies
in the modulation architecture. In the aforementioned works,
the data is first modulated using DSSS and subsequently
mapped onto the OFDM resource grid. Consequently, the
receiver must demodulate the OFDM signal first and then
recover the DSSS signal in a cascaded manner. In contrast,
our approach adopts a different strategy: the communication
data is modulated directly using OFDM, while the navigation
component is derived from a DSSS spreading process,
thereby enabling concurrent and decoupled processing of
both services.

Furthermore, there are some works related in the indus-
try [27], [28], [29]. However, these works provide only
navigation services from low earth orbit (LEO) satellites
while other works [30], [31] provide navigation services
through communication satellites but adopt an opportunistic
approach.

Besides, there exists a standardized JCAP system designed
by China mobile multimedia broadcasting (CMMB) [32] for
terrestrial video broadcasting services. This system use an
OFDM waveform for video broadcasting, and additionally,
incorporates a navigation signal for localization purposes.
The work presented in [33] discusses the aggregation of the
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TABLE 1. waveform comparison for joint communication and positioning systems.

Waveform Reference Accuracy Spectral Efficiency | Robustness Complexity
OFDM [36], [37] Moderate (m-level) High Moderate-to-Low Moderate
DSSS [37] High (cm-level) Moderate-to-Low Very High High
DSSS-OFDM Hybrid | This work and [34] | High (sub-m-level) | Moderate-to-High High High
TC-OFDM [38], [33] Moderate-to-High Moderate-to-High Moderate Moderate
CSS [39], [40] High (cm-level) Low-to-Moderate Very High (Doppler, Multipath) | Moderate-to-High
FHSS [41] Moderate Low-to-Moderate High (Interference) Moderate-to-Low
OTFS [42] Moderate High High High
DFT-s-OFDM [43] Moderate moderate High High
OFDM signal with the navigation signal, assuming a power As a final overview, Table 1 synthesizes the key

level difference of 18 dB between the two signals. Other
recent research [34] proposes a similar strategy to deliver
navigation and data services by aggregating a DSSS signal
onto the OFDM signal; in this case, the author employs
a power ratio of 16 dB between the data and navigation
signals.

1) WAVEFORMS COMPARISONS

Here we present a qualitative analysis of different waveforms
used in the literature for JCAP services. Starting to compare
our proposal with the use of the positioning reference
signal (PRS) in 5G. Positioning accuracy is governed
primarily by the received signal-to-interference plus noise
ratio (SINR) and the effective signal bandwidth as seen in
the Cramer-Rao lower bound (CRLB) [35]. In 5G PRS, the
comb-size parameter (with a minimum value of 2) dictates
that up to half of the nominal subcarriers carry the PRS
sequence, so the actual PRS bandwidth is at most 50%
of the allocated bandwidth. Because our DSSS+OFDM
approach uses the full bandwidth continuously, a head-to-
head accuracy comparison under equal bandwidth conditions
would be inherently unfair. Similar to compare the overhead
between our proposal and using 5G PRS, PRS transmissions
are managed by the 5G Location Management Function
(LMF) and occur in dedicated slots that cannot carry
any other data or control information. Consequently, the
“overhead” is the fraction of time-slots scheduled for PRS,
which varies dynamically with network configuration rather
than being a fixed parameter, making it difficult to assign a
single overhead value for comparison. Regarding robustness
under NTN impairments, both the proposed DSSS+OFDM
waveform and the 5G NTN data waveform share the same
OFDM structure. The only difference is that our DSSS
navigation signal appears as in-band interference to data
receivers, effectively capping the maximum SINR depending
on the p parameter. Below that SINR threshold, however,
both schemes exhibit identical performance in the face of
Doppler, multipath, and other impairments as the DSSS
interference to the OFDM is alike to receiver noise as it is
Gaussian.
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performance trade-offs of the principal waveforms investi-
gated in the literature for JCAP. It compares each waveform
in terms of achievable ranging accuracy, spectral efficiency,
resilience to channel impairments and implementation com-
plexity, and it cites representative works where their design
and performance are detailed.

In this comparison, DSSS-OFDM hybrids achieve the
finest ranging accuracy at the cost of greater implementation
complexity, while conventional OFDM and time-coded
orthogonal frequency division multiplexing (TC-OFDM)
offer high spectral efficiency with only moderate positioning
performance. chirp spread spectrum (CSS) and DSSS both
provide centimeter-level accuracy and strong robustness
against multipath and Doppler effects, though they sacri-
fices some spectral efficiency. frequency hopping spread
spectrum (FHSS) delivers moderate accuracy and robustness
with relatively high complexity. And finally orthogonal
time frequency space (OTFS) modulation offer a moderate
accuracy while the others key performance indicator (KPI)
are high.

B. OUR CONTRIBUTIONS
From the previous analysis of the state of the art, we identify
some gaps that need to be addressed in order to develop a
JCAP system for a multi-beam LEO satellite. Each beam in
a satellite typically serves a single service; consequently, a
user illuminated by this beam can only receive one service
at a time. Most existing JCAP systems based on OFDM
suffer from performance degradation due to pilot overhead.
In cases involving superimposed pilots, the receiver must
first demodulate the received signal. Another limitation of
utilizing pilots from OFDM for JCAP is that their application
in the NTN scenario may result in reduced accuracy. This
reduction appears from the loss of orthogonality between
subcarriers, which arises from the significant differential
delay and differential Doppler effects characteristic of the
satellite environment [44]. Additionally, the standardized
CMMB is designed for terrestrial broadcast services, and
there is a lack of analysis concerning the power ratio between
the broadcast and navigation signals.

To address the previously identified challenges, the main
contributions of this paper are outlined as follows:
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1) Description and comparison of two different archi-
tectures of multi-beam satellite digital beamforming
(DBF) to provide a JCAP services. Our first archi-
tecture follows a similar approach to the CMMB,
aggregating both services within the same transmis-
sion. Our second architecture, has a similar approach
with the recent work [34].

2) Compare an actual JCAP systems as the 5G PRS with
our architectures and discuss the trade-offs of each.

3) Analysis of the proposed waveform based on CMMB
TC-OFDM and adapted to the actual 5G NR NTN in
a LEO satellite by aggregating a DSSS waveform for
localization services.

4) Description on how both signals are time aligned
improving the communications service. The navigation
signal can be used to detect the start of the OFDM
symbol instead of classic algorithms such as [45].
Besides, the communication service can be used
for dissemination of the navigation and corrections
messages at much higher rate as in assisted GNSS
systems.

5) Optimization of the power ratio between the communi-
cation and navigation KPIs in order to maximize both
services simultaneously by solving the optimization as
a Pareto front between both KPIs.

The work presented in this paper uses the communication
signal in 5G NR NTN and aggregates a navigation signal
based on DSSS similar to the one used in GNSS. Figure 1
shows a representation of the combination of 5G and DSSS
aligned with the OFDM symbols. This waveform aggregation
presents several benefits to the actual JCAP systems:

« Depending on the user equipment (UE), it can use the
baseband processing chain already designed for 5G,
other for DSSS, or a combination of both.

o The network operator can offer their communication
service in GNSS denial areas by enabling the navigation
service.

« Tracking loops in the receiver such as delay locked loop
(DLL), frequency locked loop (FLL) and phase-locked
loop (PLL) can maintain the lock to the navigation
signal more easily compared to burst transmissions, as
in the case of OFDM pilots, where not all symbols
carry a pilot [46].

C. PAPER ORGANIZATION AND NOTATION USED

This paper is organized into five sections. We begin with this
introduction to the problem, followed by Section II where
we describe two models of multi-beam satellites, including
the channel models, signal models, and SINR models. Next,
in Section III we define the KPI for the multi-objective
optimization problem and present the details of the Pareto
front associated with each model. Section IV presents the
simulations conducted to evaluate the performance of the
models. Finally, in Section V we summarize the conclusions
and outline topics for future research.
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1 OFDM Frame

Subframe 1 | Subframe 2 Subframe 10
OFDM | OFDM OFDM
Symbol 0 | Symbol 1 Symbol N

Navigation code

1 ms

FIGURE 1. OFDM+DSSS combining data transfer and a navigation signal using the
5G Frame structure.

This paper extensively employs mathematical notation,
with matrices and vectors represented by boldface uppercase
and lowercase letters, respectively. C™*" represents the
m x n dimension unitary space. ® denotes the Kronecker
product. o denotes the element-wise product. exp{-} denotes
the exponential operator. [A|B] represents a matrix composed
of two submatrices A and B concatenated, where the number
of rows is the same. (1) represents the transpose of a matrix.
Finally, diag{-} denotes a diagonal matrix.

Il. SYSTEM MODEL

In this section, we present two architectures, referred to as
“Shared beam” (“A” for the mathematical notation) for the
model who share the beam for both services, this model is
a superposition of both waveforms in baseband. The second
model called “Independent” (“B” for the mathematical
notation) for the model where the communication and
navigation services are at independent beams, but the beams
share most of the common illuminated area. In this model,
both signals are aggregated at RF, known as over-the-air
(OTA).

We begin by presenting the architecture of each model.
Then, we provide a detailed description of the channel model,
as well as the signals models for both transmission and
reception, and the SINR models.

A general assumption is that the beams are intended to be
in a fixed angle of departure (AoD), known in the literature
as Earth moving beams [47].

A. BEAMFORMING NETWORK
We begin by assuming that each model employs a DBF,
where the signals for data and navigation can be aggregated
in two distinct ways, depending on the model. This DBF
control an uniform planar array (UPA) that is oriented always
to the subsatellite point (SSP) on the ground. This UPA
has N; = NEPA X NEPA isotropic radiating elements, where,
NBPA and N)[,JPA are the number of elements on the x and
y axis of the UPA. For the sake of simplicity, we assume a
square UPA NP4 = NUPA. The elements are separated by
A/2, with A the wavelength of the transmitted signal.

The UPA response is characterized by the steering vectors
a9, ¢), where the pair [0, ¢] represents the AoD of the
signal, determined by the azimuth 6 € [0,27) and the
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elevation angle ¢ € [0, 7/2] from the UPA plane [3]. The
steering vector is defined by a(@, ¢) = a*(0, ¢) ® a¥(0, ¢)
as the Kronecker product between the array response in the
x axis and the array response in the y axis. Each axis n-th
element response is defined as:

a3(0.8) = i exp{ e (1)
X
1
a2 (0, ¢) = ex {'nnu } 2
7(6.9) \/@ pJmnuy (2)
where u, = sin(0)cos (¢), uy = sin(d)sin(¢) and n €
{0,...,+/N; — 1} is the number of elements per row or

column in the UPA.

1) SHARED BEAM MODEL

This model also serves as a reference, as the CMMB uses
the same approach to combine both signals before their
transmission. We have called it shared beam model, and it
is described in Figure 2. The rationale for this model lies in
its compatibility with existing designs, as no modifications
are required in the DBF. It can work even as a single beam
system.

In this first model, the aggregation of communication and
navigation signals is done before the DBF. Consequently,
the coverage of the data and navigation service will share
the same beam because the aggregated signal uses the
same transmission chain (see Figure 2(b)). Additionally, both
services experience identical hardware impairments at the
transmitter side. This solution facilitates the possibility of
having distinct DSSS sequences in the navigation waveform,
with one sequence allocated per beam. Moreover, it is cost-
effective, as the DBF do not require any dedicated input port
for the navigation signal.

The input for the beam k in the DBF can be defined as
seln] = [/p - 2Pl + T —=p - Z[n]] € C, where p € [0, 1]
is the relative power level between the data z®[n] and the
navigation z[n] signal. We collect all K beams inputs side-
by-side into an array sa[n] = [s1[nl, s2[nl, ..., sk[nl)¥ €
(CK ><1'

Each of the N; antennas transmits a linear combination of
the K input signals, which is defined in matrix form as

x[n] = WWs,[n] € CNx1) (3)

where WA e CV*K s the steering matrix of the beamform-
ing network (BFN) used to preserve the phase alignment
at the reference point of the beams. We choose WA =
A* as the conjugate of the UPA response for K beams in
predefined directions [0k, ¢¢], with k € {1, ..., K} defined as
A =|[ay,...,ag] € CN>K Here, we simplify the notation of
the array response to a (6, #r) = a; € CV*! by removing
the angle dependencies, as each beam k can be distinctly
identified solely by the beam number.

2) INDEPENDENT BEAM MODEL

This model follows a similar scheme designed in [34]. This
second model is called independent beams model. In contrast
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Data & PNT beam k

(a) K beams sharing data and navigation service. They all have the same
color as all of them transmit the same waveform composed by the DSSS and
OFDM.

DATA | ()
beam 1 \/—Ep

( ) S1
NAV Z
beam 1

DBF

UPA

DATA | 25)
beam K

NAV z

beam K T—»

(b) System diagram for K beams. Each beam share a communication (green
color) and a navigation (blue color) service as each beam transmission chain
is composed by the same elements. The color after the waveforms aggregation

represent the combination of green and blue color.

FIGURE 2. Shared beam model.

to the shared beam model, it uses an additional input at
the DBF for the navigation service while maintaining the
same N; elements at the UPA. Within this model, the
beam designated for the navigation service is considerably
wider than the communication beams, with the intent of
illuminating as much area as possible. This design choice
also indicates that the power received on the ground will
be less than that of a spot beam. However, the processing
gain of DSSS is very high for sequences like the ones used
in GNSS [48]. By leveraging this characteristic the receiver
can effectively use the navigation signal even with very low
values of SINR.
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(a) K different beams for data and a single beam for navigation service.

DATA S1
beam 1
DATA S92
beam 2
x[n]
DBF > UPA

DATA SK
beam K

NAV
waveform

VAR}

(b) System Diagram. Each data beam is independent and only
one beam for navigation services that is independent from the

data beams.

FIGURE 3. Independent beam model.

Figure 3 illustrates the independent beam model. In this
scenario, the signals are transmitted across distinct beams
(refer to Figure 3(a)), and the aggregation is considered done
OTA, as both waveforms still share the same resources (time,
frequency, and space).

The independent beam model generates K + 1 beams, K
for the communication service and 1 extra for the navigation
service. In this work, we assume that the navigation beam
and the central beam for communication (the beam aimed
at the SSP) has the same AoD [0, ¢1] = [ONnav, dNav]-
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The rationale behind this assumption is our objective to
maximize the coverage area for the navigation beam, and
pointing towards the SSP will provide the largest field of
view (FOV) from the satellite’s perspective. However, each
of these services have a different beamwidth.

By using different spatial distributions in the UPA, we can
customize the shape and width of the beam, even when both
beams point in the same direction. Consequently, a narrow
beam can be produced by utilizing the full aperture with a
uniform amplitude distribution, whereas a wider beam can
be generated by modifying the amplitude distribution across
the array. There are two methods to accomplish this:

o Tapering [49], [50]: Apply an amplitude taper (e.g.,

a Hamming or Kaiser window) that progressively
reduces the amplitude towards the edges of the array.
This reduces the effective aperture in a soft manner,
broadening the main lobe.

o Subaperture Use [51], [52]: Another approach is to
effectively use only a central subset of elements to
reduce the effective aperture size. A smaller effective
aperture leads to a wider beam.

For the design of the steering matrix W® e CNxK+1
we use the conjugate of the array response, similar to
the shared beams model W® = A* Then, for this
model we choose the subaperture use method for the
navigation beam, as it generally provides better overall
high power amplifier (HPA) efficiency, allowing subar-
ray’s amplifiers to run closer to saturation [53], [54].
Therefore, the steering matrix W® can be defined as W =
[Wi, ..., Wk, WNav ], Where each w, € CNi<1 gre the weights
for each beam. The navigation beam is now defined as
wrnay = [0, .., Wy, W1, o Wy - 017, where most
of the elements are be 0, except for the subset U of j < N;
radiating elements used for the wide beam.

Then, as the navigation beam intentionally interferes with
the communication beam, different power levels should be
applied to each beam to control this intentional interference
between services. Here, we assume that each beam transmits
sufficient power to achieve a specific SINR at the more
distant receiver, which is considered the worst-case scenario
that needs to be addressed. Therefore, the DBF is defined
as W8 = [p1wi, ..., pgWk, pnavWwaay] € CVEFL where
ok is the relative power for beam k such that ZkKLl Pk =
1 (including pnav). The notation is simplified as W® =
p oW, where p = [pparalonay] € RYEF is the matrix
with the relative power for each beam and the elements of
each column are equal.

The aggregation of both waveforms is done by adding a
new port to the DBF input for the navigation signal wnav;
therefore, for the input to the DBF we collect them side-by-
side into a matrix sg[n] = [si[n], s2[nl, ..., sg[n], S[n]]7 €
CE+Dx1

Each of the N; antennas transmits a linear combination of
the K 4 1 input signals, in matrix form is defined as

x[n] = W®Bsg[n] € CV >, 4)
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3) MODEL COMPARISON AND CHALLENGES

In this subsection, we present a comparison and the trade-
offs for each architecture. We begin with the common
benefits, then we describe each architecture particularities
and challenges to implement them and finalizing with the
trade-offs.

One of the benefits from the aggregation of the DSSS and
the OFDM waveforms is the time alignment of both signals,
as seen in Figure 1. The receiver can exploit this alignment
to detect the start of the OFDM symbol. Classic algorithms
such as [45] are widely used to detect the symbol start by
using the cyclix prefix (CP) of the OFDM symbol. However,
the duration of the CP is usually kept very short to avoid
inefficiencies in the transmission, and this short correlation
is not reliable in scenarios with low SINR [55]. Therefore,
by adding a DSSS aligned with the symbol start, a much
larger sequence can be used to find the beginning of the
OFDM symbol, improving detection in low-SINR scenarios
such as satellite links.

Any multi-beam model can result in frequent handovers
since each beam covers a small area and the satellite’s
motion quickly pushes users from one beam to another [56].
The downside of the shared beam is the potential need to
re-acquire or adjust to the new navigation signal, which
increases the reacquisition time. Therefore, the independent-
beam model provides a wide-area beam for navigation that
remains available across multiple spot beams [57]. This
can enhance robustness during communication handover.
When a user switches communication beams, the broad
synchronization beam overlaps and provides a continuous
reference, seamlessly transferring their timing lock and
facilitating “make-before-break” handovers [57].

As a LEO satellite passes, the path loss and link geometry
change constantly. When the satellite is low on the horizon,
the range is longer and the signal may pass through more
atmosphere. As it comes overhead, the range shortens. These
variations can be on the order of dozens of dB over a
pass [58]. Additionally, users might experience blockage at
low angles. Beamforming networks are often designed for
the worst-case (edge of beam, lowest elevation) and ensure
“each beam transmits sufficient power to achieve a certain
SINR at the most distant receiver” [57]. But with digital
control, one can do better than a fixed worst-case design:
beams can borrow power or resources from others if needed.
This is related to coordinated scheduling; if one beam’s link
is temporarily bad (e.g., heavy rain or low elevation), the
system might allocate it more time slots or concentrate array
gain there, while neighboring beams back off [59].

Furthermore, both shared-beam and independent-beam
models face common implementation challenges, but they
manifest in slightly different ways:

o Hardware & Complexity: Shared beams keep hardware
count lower (fewer total RF-chains/DACs). Independent
beams use an extra beamformer chain increasing the
hardware requirements yet offering design flexibility
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(different beam shapes, separate optimization per ser-
vice). Mitigation for both lies in advanced DBF, and
modular array architectures to manage complexity [60].

o Power Usage: Fully digital payloads strain the power
budget; shared beams risk extra inefficiency due to
multi-signal HPA back-off, whereas independent beams
need an additional amplifier but can optimize each
beam’s power independently. The independent model
showed advantages in HPA efficiency by tailoring the
nav beam transmission. Mitigation strategies include
digital pre-distortion and power control to improve
amplifier performance, and intelligent power sharing
across beams (whichever model is used) to meet but
not far exceed link requirements [61].

o Synchronization: Both models must tackle Doppler and
timing, a challenge unique to fast LEO orbits. Shared
beams deliver per-beam sync, meaning users always get
a timing signal from their current beam. Independent
beams can broadcast a common nav signal across the
coverage, simplifying UE beam handover, but large
differential Doppler must still be pre-compensated [57].

o Interference: In shared beams, interference is primarily
inter-beams as in any multi-beam system. In inde-
pendent beams, inter-service interference becomes an
inter-beam issue. Notably, independent beams has a
reduced interference, yielding better accuracy for the
navigation service. Traditional interference countermea-
sures (frequency reuse patterns, polarization isolation)
benefit both models [59].

o Dynamics & Robustness: The moving satellite scenario
stresses both models. Shared beams concentrate all
functions in one link, more complex handover [56].
Independent beams distribute functions, which can
improve robustness (e.g., continuous nav coverage
during comm handover) but adds complexity in time
alignment. The independent model’s wider beam inher-
ently cover more area, which can be an advantage for
providing consistent coverage during beams transitions.

Fully digital beamforming is a double-edged sword for

LEO constellations [62]: it provides the tools to address LEO
challenges, yet it introduces its own challenges in hardware,
power, and design complexity. The shared-beam model leans
toward simpler payloads, it piggybacks multiple signals in
one beam, but must carefully balance their interaction and
might sacrifice some performance to interference and less
flexible resource allocation. The independent-beam model
grants more freedom, each beam can be optimized and
interference between services is reduced, yielding better
overall performance at the expense of additional payload
resources and coordination of parallel beams.

Finally, Table 2 summarizes the advantages and disadvan-

tages of each model.

B. CHANNEL MODEL
For the channel model we start by assuming that the
user’s position and velocity remain constant throughout the
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TABLE 2. Comparison of shared beam model and independent beam model for joint communication and PNT services.

KPI Shared beams | Independent beams | Rationale

Cost v X 1 Less DACs and HPAs in the BFN

Flexibility X v The navigation beam can have a different shape regardless of the data beams
Compatibility v X It can work with actual payloads without adding new hardware

Performance X v The aggregated interference created by the navigation beam sidelobes is smaller.
Channel estimation v X Shared beam transmissions share the effect of the channel for both services.
Reacqusition latency X v Smaller beams require more re-aquisition of the navigation signal.

measurement interval (1 ms per OFDM subframe in 5G).
The parameters driving this model between the UPA and the
user are the complex channel gain g, = +/L,&/ composed
by the path loss VL and ¢ € U(,2r). Besides, the
channel includes a delay d ~ |7/Ts + 0.5], Doppler v, and
the array factor a(6,, ¢,) where (6, ¢,) are the direction
angles between the UPA and the receiver u from the UPA
perspective. To simplify the notation we define a’ (6,, ¢,) =
a,{. The channel model h[n] € C*M is described for each

antenna in the UPA by
h,[n] = g, V"S5 [n — d,Ja]. (5)

C. SIGNAL MIODELS
1) COMMUNICATION SERVICE

The waveform used for the communication service is the
CP-OFDM used in 5G NTN, with a bandwidth of BW Hz,
divided in Ngc subcarriers. The subcarrier spacing is fses
and the symbol duration is Ty = ﬁ + T¢p, where T, is the
duration of the CP. Each OFDM subframe, depending on
the numerology used in 5G, will have different number of
OFDM symbols. However, the duration of the subframe is
fixed to 1 ms. The OFDM carry only user data, modeled
as a Complex Gaussian Random Variable with 0 mean
and UCZ)FDM variance. We define {Z;k) };V;CO_I the frequency-
domain data symbols (e.g., QAM symbols) assigned to each
subcarrier f for the beam k. The discrete-time OFDM signal
z® of length Norpm for beam k is then given by the
inverse discrete Fourier transform (IDFT) of the frequency-
domain vector Z;k) as 7¥ [z(()k),z(lk), ...,zl(\lfzwfl]T €
CNerrxl | Then, it has appended the CP at the beginning
of the signal, and considering a rectangular window as
pulse shaping, the discrete time data signal is defined

k (k) (k) _(k) (k) T
as z°© = [ZNFFT*NCP"”’ZNFFT—I’ZO 2Z] e NFFT—l] S
CNoromx1 - Finally, the complete input to the BFN for
all beams can be written as Z = [z0,z!,...,2K 11T ¢
CKxNorpm

2) NAVIGATION SERVICE

Now, the waveform used for the navigation service is a
DSSS, composed by a low data rate service b, a spread code
T and a pulse shaping function &. The low data rate service
bitstream can be modeled as a uniform random variable,
defined as b = [bo, b1, . .., by,—117 € RN=1x1 where N, is
the number of bits of the navigation message. The spreading
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code is generated by a Gold sequence, similar to GNSS. It is
defined as a block code matrix Y € CNoNexNb wwhere each
column «; corresponds to the spread code for bit i. As the
spreading code is fixed for all bits (each satellite or beam has
its own code), T is constructed by repeating the spreading
code along the diagonal. Let ¥k = [Ko,Kl,...,KM,l]T €
RNe—1 the spreading code for one bit, with N, — 1 as the
length of the code, the block diagonal matrix is defined as
Y = diag{x} € RNsNexNs

The model for the DSSS waveform is Zz =
CNsNe x1_

Tbé €

3) CONSIDERATIONS FOR THE SIGNAL AGGREGATION

Something to take into account before the aggregation of the
OFDM and DSSS signals, is that we must ensure that they
are compatible in terms of:

o Sampling rate The sampling rate should be aligned at
baseband, we define the sampling rate f; oppm for the
OFDM signal, and f; psss for the navigation signal. It
is possible to combine both signals by resampling at
the maximum common divisor of (f; oFDM, f5,DSSS)-

o Signal length (duration) We design the signal in such
a way that the duration of a DSSS sequence and the
duration of an 5G OFDM sub-frame are the same;
therefore, after the upsampling both signals have the
same number of samples.

o Time alignment (starting point of the signals) This
is designed so that the start of the 5G sub-frame
corresponds to the start of a DSSS sequence. Therefore,
finding the beginning of one, the receiver knows the
start of the other.

In order to have both signal synchronised and aligned,
we choose as minimum time unit the 5G Time Unit or
T.. Besides, using the concept of 7. defined in TS 38.211
Section 4.1, we define the duration of a navigation chip as a
multiple of this Tehip = N * T, in this way both waveforms
are synchronized at sample level.

Furthermore, we want to make both waveforms compatible
in terms of the length, therefore we choose the duration
of the navigation sequence the same as the 5G subframe
Tseq = Tsubframe = NchipTChip = NchichTu = lms, where
Nchip are the number of chips in the sequence and N are
the number of T.. The value of this two parameters Nchip
and N; should be calculate in such way that also comply
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with the bandwidth of the DSSS waveform as [48]

2(1 +a)
BWpsss ~ NI (6)
ctc

4) RECEIVED SIGNAL MODEL

The UPA transmission has been defined as x[n] =
WMODPEL)g[1] - where W e CM*K js the DBF steering
matrix, and s[n] € CK*! are the K or K + 1 data streams
depending on the model.

We assume that the receiver has a single antenna,
therefore, no beamforming from the UE side, as expected
by 3rd generation partnership project (3GPP) in its NTN
scenario [63]. The received signal for user u can be modeled
as

yMin] = g, Ul TITwM My — g1+ w,[n], (7)

where w,[n] € N (0, 02) is the receiver noise. The received
signal model in (7) depends on the model used (M in (7)),
it can be the shared beams or the independent beams as
the steering matrix W) and the modulated signal s are
different.

D. SIGNAL TO INTERFERENCE PLUS NOISE RATIO
From (7) we can split the received signal into three terms,
the signal of interest for user u# as the beam k with the
better performance as y, x; the rest of the beams sidelobes
are treated as interference as y, . and the receiver noise wy.
Therefore, we rewrite the expression from (7) as

MOPED (1] = y,, 4[] + yu,.[n] + wuln] @®)
where the signal of interest defined as
Yuxln] = guelrvalnTs] (azt"wl((MODEL))S]({MODEL) n—d,].

€))

and the interference term are the rest of the beams defined
as

Y

K
Vu: = greTU T Z<35Wk>5k[n —dil.

k=1
k#u

(10)

Assuming E{|s4|?} = P, as the transmitted signal power

from beam u, the signal power received is then
E{lyuxln]l*} = Lulay wi[*Pu, (an

the interference from all other beams (assuming that the
signals are uncorrelated)

K
E{lyu:*} = Lu Y lal wil*Px,

(12)
k=1
k#u
and the noise power E{|w[n]|*} = o%.
The SINR received is
Ly,|alw,|>P
SINR, = uly Wl Pu (13)

© .
L, Zi:l lal'wi|>Py + o2
#u
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Now, depending on the signal of interest such as data,
or navigation, and the model used, the expressions for the
SINR can be further simplified.

1) SINR FOR SHARED BEAMS MODEL

This model is characterized by the input signal to the DBF
as s§ = (W 7ZF + /T = p - Z]. Assuming that both signals
are normalized before applying the relative weight p. If
our interest is the communication service, P, = p and the
navigation signal is an extra interference to the previous
SINR definition. Therefore, the SINR for the communication
service using this model is
pLulaZ;Wu|2

Lyjalw,[2(1 = p) + pLy Z%I lalwi|> + o2’

(14)

SINR;data) —

The SINR for the navigation service follows a similar
definition

- p)Lu|agwu|2

SINR(™) = 1 3
oLy Zk:l la, wi|© + o

15)

2) SINR FOR INDEPENDENT BEAMS MODEL

For this model, the definition of the SINR for each service,
assuming that all signal are normalized at the input to the
DBF P; = 1, is just the previous definition done in (13),
as the navigation beam is in a different beam than the
communication beams.

The definition of the SINR for the communications or the
navigation beams is:

(service)
Ly| aZWu | 2

K (service) ?
L,y i alwy, 12 4+ 02
k#u

S INR[&service) — ( 1 6)

In this case, the weights for each service are within the
respective column w; at the steering matrix W®,

lll. SYSTEM OPTIMIZATION

As described in the previous section, to aggregate both
services, we apply different weights to each waveform,
resulting in (14), (15), (16) for the SINR. The primary
challenge addressed in this work is to determine the optimal
values of the signals relative power p while maintaining a
specific level of quality of service (QoS) for both services
and then compare both systems.

In this section, we will formulate the KPI to evaluate,
outline the optimization problem formulation, specify the
constraints that the solution must satisfy, and present the
multi-objective optimization problem by finding the Pareto
front.

A. SPECTRAL EFFICIENCY FOR DATA SERVICE

For the communication service, we utilize spectral efficiency
as a key metric for optimizing the system. In this context, we
consider the navigation signal and the other beams signals
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to be an external source of interference. We use the spectral
efficiency as defined by Shannon:

1 = logy (1 + SINRG) a7

While spectral efficiency provides a system-level metric
that is agnostic to the specific receiver implementation, it is
important to note that the SINR can also be used to estimate
the bit error rate (BER) for a given modulation and coding
scheme. In particular, standard analytical expressions exist
that relate SINR to BER under idealized channel models,
such as additive white Gaussian noise (AWGN) or Rayleigh
fading, for common modulation formats (e.g., BPSK, QPSK,
QAM). These mappings are widely used in link-level
evaluations and provide a means to approximate BER from
SINR. However, actual BER performance is also influenced
by receiver design aspects such as synchronization, channel
estimation, and decoding algorithms, which are not addressed
in this system-level analysis. Therefore, while SINR-to-
BER relationships are well known and could be used for
approximate BER estimation, we focus on spectral efficiency
in this study as it offers a more general and receiver-
independent performance measure.

B. RANGE ESTIMATION ACCURACY FOR NAVIGATION
SERVICE

For the navigation service, the receiver must first estimate
the delay 7 from the received signal, and later convert it to
range. To evaluate its performance, the utilized metric is the
CRLB. Following the development on [64], the CRLB for
the DSSS received waveform is defined as follows:

2
3Tchipc

CRLBrange = o s
2712Tseq(1 ~ Ha2y 3a2) SINR ")

(18)

where Tepip is the duration of a chip, Teq is the duration of
the DSSS, and c is the speed of light.

C. PROBLEM FORMULATION

This work aims to design optimal values for two distinct
services utilizing two different metrics: communication
and navigation. To address this problem, we define a
multi-objective function in which spectral efficiency is
maximized while CRLB is minimized. Consequently, the
multi-objective function is represented as f:x — RZ, f(p) =
[ — 7, CRLBrange], where x denotes the feasible solution
space, p € x represents the valid solutions (i.e., Pareto
optimal solutions), and f(p) is the multi-objective function to
be optimized simultaneously. The negative sign in 1 indicates
that we are interested in minimize it.

If one observes the metrics in (17) and (18) the reader
can see that the optimization parameters depend solely
on the SINR of the service. Therefore, we can simplify
the objective function by directly maximizing the SINR
of the communication and navigation services simulta-
neously. We redefine the objective function as f:x' —
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]Rz’f/ (10) — [SINthMODEL’DATA), SINRLMODEL’NAV)],
wherein “MODEL” is employed to distinguish the

expressions for the SINR relevant to the shared beam model
or the independent beam model. Our optimization problem
is defined as follows:

p = argmaxf’(p), (19)
PEX
where the constraints associated with this problem are 0 <
p <1 and n > 1 as a smaller value of n does not makes
sense in modern broadband communication systems.
Later for the visualization of the results, we change back
to the original KPI, the spectral efficiency and the CRLB.

D. PARETO FRONT DEFINITION

The Pareto front represent the tradeoff between both KPIs,
where there is no room for improvement of one KPI while
decreasing the quality of the other. From the problem formu-
lation in (19), we use the definitions of the SINR for each
model. Then, we describe the Pareto front for each model
as the optimal solution. Furthermore, to reduce the notation,
we define the following parameters, A = Lu|a5wu|2, E =
L. Zlﬁiil lalwy |2, and ® = L, YN | |al'wy|2.

1) SHARED BEAM MODEL

By substituting the expressions (14) and (15) into (19), and
using the notation of the previous paragraph, the Pareto curve
is defined as,

A(l = p)
p®+a2 |

0 € [0, 1]}.
(20)

| =t
Al —p)+pE+o?

The expression in (20) correspond to a Pareto front, where
there is no room to improvement to one service while
decreasing the quality of the other. This indicates that once
the minimum SINR is established for one service (either
communications or navigation), the maximum achievable
SINR, and consequently the performance, for the other
service is upper-bounded. Therefore, a trade-off must be
determined by the system designer based on the use case
requirements to meet.

2) INDEPENDENT BEAM MODEL

The Pareto front for the independent beam model is defined
similarly to (20) in (21), where we substitute the SINR
functions from (16) with those of the independent beam
model.
{[ Apata
EpaTa + 02’

ANav i|
Enav + 02

0 €0, 1]], Q1)

where the subindex DATA or NAV correspond to the steering
matrix for the data or navigation beam.

To have a common way to compare both models, we use
the parameter p to weight the power for each service as it
is done in the shared beam model. In in the independent
beam model we have the steering weights w;, therefore, we
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can extract a parameter p from each weight such that w; =
piwi¥i € {1,..., K + 1} in such way that ) ; p; = 1 and
choose the navigation weight as wnay = (1 _Z,K: 1 PI)WNAV.
This way we can compare the performance of each model
using only one parameter.

3) PARETO FRONTS DESCRIPTION

Previously, we described the joint expressions for the optimal
SINR for both services. These expressions define a Pareto
front dependent on a single power allocation parameter,
p, which determines the performance balance between
communication (spectral efficiency) and navigation (range
estimation accuracy). While p is often arbitrarily selected in
the literature, not all values are practical. For instance, values
of p that yield n < 1 result in very inefficient communication
services.
By definition, 0 < p < 1, with:
o Higher values of p favor communication by allocating
more power to the CP-OFDM signal.
« Lower values of p favor navigation by allocating more
power to the DSSS signal.

Although p can theoretically be tuned continuously,
practical system constraints impose bounds on its feasible
range:
o Link budget constraints: The navigation signal requires
a minimum power to maintain lock, limiting how high
o can be.

o Service-level agreements: A minimum required data
throughput sets a lower bound on p.

o Payload limitations: In LEO satellites, limited transmit
power restricts extreme values of p that might starve
one service entirely, violating QoS requirements.

The selection of p should start from target QoS thresholds,
such as:

« A minimum spectral efficiency for data service.
« A maximum allowable positioning error for navigation
service.

The optimal operating point lies on the Pareto front, where
any deviation degrades at least one service. In real systems, p
can be dynamically adapted based on mission requirements
or user needs. For example:

o In GNSS-denied environments, the network can com-
mand a lower p to boost navigation.

o During data-intensive periods, p can be increased to
favor communication.

Concrete use cases include:

o Communications-priority mode: A high p — 1.0 pri-
oritizes data throughput, reducing positioning accuracy.
This is acceptable in typical broadband services.

o Navigation-priority mode: A low p improves posi-
tioning, as needed in emergency or search-and-rescue
operations, accepting lower data rates.

To implement this trade-off in real-time, the system can
adopt adaptive power allocation strategies:
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« The satellite’s beamforming network applies weights to
the composite waveform based on optimized p values.
o Telemetry and feedback from users allow the network
to update p periodically to match current demands.
Additional considerations include:

o Granularity of adjustment: LEO dynamics require rapid
adaptation, but onboard processing is limited.

o Lookup table approach: A pre-computed table of
Pareto-optimal p values indexed by channel/SINR
conditions can reduce computation burden.

o Navigation continuity: A minimum DSSS power must
always be guaranteed for stable tracking, imposing a
lower limit on p.

In summary, the parameter p acts as a control knob
navigating the trade-off between communication and navi-
gation. Its optimal value slides along the Pareto front and
can be adjusted in real time to meet mission-specific QoS
requirements under practical system constraints.

IV. SIMULATIONS

We begin the simulations with a visualization of the SINR for
the optimal beam within a defined coverage area. Then we
show also the complementary cumulative density function
(CCDF) for the same setup but different values of p to
evaluate its performance. Finally, we find the pareto fronts
for different scenario by taking the best SINR (other values
of SINR are suboptimal) and evaluating the KPIs.

The simulations will make use of the 3GPP 5G NTN
framework, by using the parameters in their document 7S
38.821 Solutions for NR to support non-terrestrial networks
(NTN) (Release 16). For the satellite parameters we use the
set-2 LEO-600, where we change this model antenna pattern
for an UPA. For the UE, we use the handheld model.

We compare two reference scenarios, defined by 3GPP
in its document TR 38.821 as Scenario 24 (SC24) and
Scenario 25 (SC25), the main difference between them is
that in Scenario 24 the satellite use full frequency re-use
(FFR) between the beams (all beams use the same carrier
frequency) and in Scenario 25 the satellite use frequency
re-use factor 3 (FR3) (the operator bandwidth is divided in
three subchannels to avoid that contiguous beams transmit at
the same carrier). To distinguish them easily instead of using
SC24 or SC25 we will denote them by FFR and FR3. The
details of this system are provided in the following Table 3.

From the 3GPP framework in Tables 3, we can obtain:

o Number of radiating elements. N; pata = 16 x 16.
« Angular separation of 6 surround beams. 8 = 7.66°, ¢ €
[0, 60, ..., 300]°.

Table 4 shows the different scenarios with the signal
bandwidth where we have evaluated both models. The
rationale for these values is twofold, the larger bandwidth
(30 MHz) correspond to the scenarios defined by 3GPP in its
document TS 38.821, and the lower BW values correspond
to the proposed work [34] as having 30 MHz, as operator,
in the n256 NTN band is quite challenging in terms of
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TABLE 3. Scenario details.

Description Symbol Value
Satellite altitude h 600 km
Area of observation A 15° x 15°
Carrier frequency fe n256 (2.2 GHz)
Satellite EIRP density op 28 dBW/MHz
3GPP Scenario 2
Number of beams generated K 7(+1)
UPA Gain Gsar 24 dBi
Beam spacing in UV plane 0.1334
Number of radiating elements NAV. Independent beam model only N Nav 2% 2
Radiating elements distance [da, dy] %
Data beams separation [0k, dr] | @ =0.1334 in uv plane ¢, € {0,60,...,300}
Power ratio p 0,...,1
Total Signal bandwidth BW 5-15-30 MHz
UE Noise Figure NF 7 dB
UE Rx Gain GRrx 0 dBi
Duration of the sequence Teq 1 ms
5G Time unit Te 0.504 ns
DSSS pulse shaping roll-off « 0.20
Frequency re-use factor FRF Option 1:1 FFR and Option 2:3 FR3

TABLE 4. Scenarios bandwidth.

Scenario | BW data | BW NAV | Number of 5G Time units per chip N | Number of chips per sequence Nepip | Tehip = NeTe
FFR 30 MHz 30 MHz 160 12288 81.44 ns
FFR 5 MHz 5 MHz 960 2066 483 ns
FR3 10 MHz 30 MHz 160 12288 81.44 ns
FR3 5 MHz 15 MHz 320 6200 161 ns

licensing. Therefore in the FFR mode, the bandwidth for
the data service and navigation is the same, while in the
FR3 mode the navigation signal use the total bandwidth and
the data is divided between the beams. The main impact
in the results is that the noise power levels of the receiver
will be different for each scenario and service. This Table
also includes the parameters to generate the DSSS signal
for different bandwidth, this values are obtained to meet
Tseq ~ NenipTchip and Tepip ~ 2/BW (the 2 in the formula
is because the DSSS sequence is real).

A. FULL FREQUENCY RE-USE SCENARIO

Based on the 3GPP Scenario 24 in TS 38.821, below
are the simulation results for the performance of the joint
communication and navigation signal using the parameters
in Table 3 for each payload model. In this scenario, there is
FFR, therefore all beams transmit a signal using the 30 MHz
of bandwidth. This scenario is known as single frequency
network (SFN), and it is normally used as a broadcasting
system [65].

1) SHARED BEAM MODEL

We start with two reference simulations, Figure 4 shows
one when p = 1, there is no navigation signal. Therefore,
this system is the standardized by 3GPP as Scenario 24
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FIGURE 4. FFR. Shared beam model. SINR [dB] reference for the Data beams.

where there is FFR in the beams; and a second simulation
in Figure 5 with p = 0, when only the navigation signal is
transmitted through this model. As the system is symmetric
from (20), both Figures 4 and 5 are the same.

Then, to evaluate the performance with different values
of p, Figure 6 shows the CCDF of the SINR in the area
of coverage of the beams for different values of p. This
CCDF represent the percentage of users with a SINR higher
than a certain value. We have selected the areas with a
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FIGURE 5. FFR. Shared beam model. SINR [dB] reference for the Navigation beams.
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FIGURE 6. FFR. Shared beam model. Complementary Cumulative Density Function
of the SINR in the area of interest for different values of p.

SINR > —7 dB as is the minimum value to work with before
the channel coding gain. Furthermore for the navigation part
we have added the correlation gain, that for the sequence
length used is 30 dB. It is interesting to see how the
CCDF for the data beams remain almost the same for the
different values of p, while the navigation beams shows an
improvement while decreasing p.

The improvement in the navigation SINR decreasing the
value of p can be seen in Figure 6 from the shape of the
Pareto front from (20).

2) INDEPENDENT BEAM MODEL

The analysis done for the independent beam model is similar
to the analysis done for the shared beam model, it differs
as now the navigation beam is much wider and this single
wide beam generates interference in all data beams.

Figure 7 shows one when p = 1, there is no navigation
signal. Therefore, this system is the standardized by 3GPP
as Scenario 24 where there is FFR in the beams; and a
second simulation in Figure 8 with p = 0, when only the
navigation signal is transmitted through this model. As the
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FIGURE 7. FFR. Independent beam model. SINR [dB] reference for the Data beams.
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FIGURE 8. FFR. Independent beam model. SINR [dB] reference for the Navigation
beams.

system is asymmetric from (21), both Figures 7 and 8 are
the now different showing each service a different coverage
area.

Then, to evaluate the performance with different values of
o, Figure 9 shows the CCDF of the SINR in the evaluated
area for different values of p. It is interesting to see how the
CCDF for the data beams remain almost the same for the
different values of p, while the navigation beams shows an
improvement while decreasing p. They have a lower SINR
than Figure 6 as the surface covered by large power of the
navigation beam is larger than in the shared beam model.
This can be solved in a future research by designing a isoflux
beam for navigation, similar to the ones used by GNSS [66].

The improvement in the navigation SINR decreasing the
value of p can be seen in Figure 9 from the shape of the
Pareto front from (21).

B. FREQUENCY RE-USE FACTOR 3 SCENARIO

In this scenario 25, there is a three color frequency reuse or
FR3, therefore the total 30 MHz of the bandwidth is divided
in three blocks of 10 MHz according to the Option 2 from
TS 38.821. For the navigation signal, in the independent
beam model we still use the 30 MHz.4
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FIGURE 9. FFR. Independent beam model. Complementary Cumulative Density
Function of the SINR in the area of interest for different values of p.
Freq 1. Data. SINR [dB]

Freq 2. Data. SINR [dB] Freq 3. Data. SINR [dB]

=

10 10

Latitude [deg]
o

10

-10 0 10 -10 0 10 -10 0 10
Longitude [deg] Longitude [deg] Longitude [deg]
Freq 1. Nav. SINR [dB]

Freq 2. Nav. SINR [dB] Freq 3. Nav. SINR [dB]

-20

-22

24

Latitude [deg]

-26

-28

-10 0 10 -10 0 10 -10 0 10
Longitude [deg] Longitude [deg] Longitude [deg]

FIGURE 10. FR3. Shared beam model. SINR [dB] reference for the Data and
navigation beams.

1) SHARED BEAM MODEL

We start with a reference simulation, Figure 10 shows one
when p = 0.98. Therefore, this system is the standardized
by 3GPP as Scenario 25 where there is a FR3 in the beams.

Then, to evaluate the performance with different values of
p, Figure 11 shows the CCDF of the SINR in the evaluated
area for different values of p. It is interesting to see how
the CCDF for the data beams remain almost the same for
the different values of p, while the navigation beams shows
a larger improvement while decreasing p.

The improvement in the navigation SINR decreasing the
value of p can be seen in Figure 11.

2) INDEPENDENT BEAM MODEL

We start with a reference simulation, Figure 12 shows one
when p = 0.98. Therefore, this system is the standardized
by 3GPP as Scenario 25 where there is a FR3 in the beams.

Then, to evaluate the performance with different values of
p, Figure 13 shows the CCDF of the SINR in the evaluated
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FIGURE 12. FR3. Independent beam model. SINR [dB] reference for the Data and
navigation beams.

area for different values of p. It is interesting to see how
the CCDF for the data beams remain almost the same for
the different values of p, while the navigation beams shows
an improvement while decreasing p.

The improvement in the navigation SINR decreasing the
value of p can be seen in Figure 13.

C. RESULTS DISCUSSION, MODEL COMPARISON AND
NEXT STEPS TO VALIDATE THE MODELS

The previous simulations to generate Figures 4, 5, 7, 8, 10,
and 12 were performed utilizing specific values for p.
To conduct a comprehensive evaluation of the system, we
repeated the simulation with a range of values for p.

We use the best SINR obtained at the user terminal for
both services for each value of p to obtain the spectral
efficiency n and the CRLB for the range estimation using
the navigation signal. Figure 14 shows the results of the
simulation for each model, different values of p and the
scenario configurations from Table 4. It presents the best
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FIGURE 13. FR3. Independent beam model. Complementary Cumulative Density
Function of the SINR in the area of interest for different values of p.

spectral efficiency achieved for the data signal and the
best accuracy on the range estimation using the navigation
signals. This result provides insights into the impact of the
different parameters on system performance. Furthermore,
we have compared the performance with a JCAP system
that uses the PRS as a positioning pilots within 5G
communication service. The plots of the reference JCAP
system are generated by using the definition of spectral
efficiency n and the CRLB for the OFDM PRS system,
defined as n = (1 — %) log, (1 + SINR) where Npijors are
the subcarrier in a symbols dedicated to pilots and Ny are
the total number of subcarriers. Then for the range estimation
we use 0lp g = be where

87 2SINR Af2MNpitors Npilots—2) (Npilots—1)
c is the speed of light, AZ is the subcarrier spacing, and M is
the number of symbols with the PRS. We assume a subcarrier
spacing Af = 30 kHz (the one standardized for n256 NTN
band), and the number of subcarriers N = [165, 500, 1000]
for 5 MHz, 15 MHz and 30MHz.

The results in Figure 14 emphasizes that improving one
metric comes at a cost to the other. Solutions below the curve
are infeasible, they would require more power than available.
Solutions above the curve are sub-optimal. The goal of the
multi-objective optimizer is to output the Pareto front, so that
system designers can pick an operating point appropriate for
the mission (or even schedule different points at different
times). For instance, one end of the Pareto front corresponds
to maximum navigation accuracy (but poor data rate), and
the opposite end to maximum data rate (but poor accuracy).
Figure 14 shows this trade-off explicitly: spectral efficiency
vs. ranging CRLB is plot for various p and highlights how
one model or scenario dominates another in different regions.
Such Pareto front diagrams are invaluable for designers to
visually grasp the compromise and select p according to
current needs.

Furthermore, the results in Figure 14 only show the
values where 1 > 1, as values with a spectral efficiency
below 1 [bps/Hz] are hardly justifiable by design in modern
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TABLE 5. Minimum usable p to get at least 5 > 1 and the accuracy obtained in the
range estimation.

Scenario | Signal BW Model Prmin Orange[cm]
FFR 30/30 Shared beams 0.78 3.49
FFR 30/30 Independent beams 0.94 2.84
FFR 5/5 Shared beams 0.55 1.71
FFR 5/5 Independent beams | 0.875 1.61
FR3 30/10 Shared beams 0.59 2.36
FR3 30/10 Independent beams 0.88 2.10
FR3 15/5 Shared beams 0.54 1.90
FR3 15/5 Independent beams 0.87 1.77

broadband wireless communications systems. Table 5 shows
the minimum value for pp;, to achieve a minimum efficiency
of 1 [bps/Hz] and the CRLB achieved at that value of pmin.

Table 5 shows a summary of the results: for a FFR
scenario with 30 MHz signals (FFR 30/30), to maintain
at least 1 bps/Hz data efficiency the power split had to
be p =~ 0.78 (shared-beam model), resulting in a CRLB
implying about 3.5 cm range error. Pushing p any lower in
that scenario caused spectral efficiency to dip below 1 bps/Hz
(unacceptable for broadband service).

On the other hand, in a more benign interference scenario
(FR3 with 15 MHz data and 5 MHz nav), a balance
was found around p =~ 0.54 for the shared-beam case,
yielding 1.9 cm range accuracy at 1 bps/Hz. If ultra-high
accuracy were needed, p would be tuned even lower —
but then the spectral efficiency would drop below the
1 bps/Hz threshold. These numbers demonstrate the practical
performance variations: shifting p by a few tens of percent-
age points can swing the spectral efficiency from sub-1 to
over 2 bps/Hz. Operators can use such data to decide p
based on requirements: e.g., if a use-case demands < 1 m
accuracy, one must operate on the lower-p end of the Pareto
front (and tolerate the corresponding throughput reduction).

As the reader can observe in Figure 14 and Table 5 the
use of FR3 is outperforming FFR. This is expected as a FFR
mode has a large impact in the interference of nearby beams,
while FR3 reduces this interference. Now related to the use of
a shared or independent beams model, from Table 5 at equal
configuration, the independent model outperform the shared
beam model. Therefore, the independent model has a higher
spectral efficiency. This can be explained as in the shared
beam model, each beam transmit two signals, and the side
lobes of each beam aggregate reducing the SINR. However,
in the independent beam model, for the navigation service,
there is only one large beam that generate interference to
the data, and only seven beams of data that interfere with
the navigation, so the aggregation of the sidelobes signals is
much smaller, making this independent beam model a better
option for a JCAP system.

It is helpful to quantify how different choices of p affect
communication and positioning performance. Consider a
simplified case with one beam and a fixed total power. If
o = 0.8 (80% power to data), the communication SINR
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FIGURE 14. Spectral efficiency n and CRLB comparison between shared beam model and independent beams in the different scenarios from Table 4. Also for the large

bandwidth a comparison from using the 5G PRS as positioning signal.

might be quite high. For instance, plugging into the Shannon
formula gives a spectral efficiency on the order of 2 bps/Hz,
whereas the navigation SINR is relatively low, yielding a
high CRLB (poor accuracy). If we instead choose p = 0.2
(only 20% to data, 80% to nav), the roles reverse: spectral
efficiency drops to about 0.3 bps/Hz while the positioning
accuracy improves. This means the range error could be,
say, 2—4 times smaller when navigation is prioritized, at the
expense of an order-of-magnitude lower data rate.

This system can comply with the accuracy requirements
for several of the 5G positioning use cases from [29] and [67]
as detailed in Table 6.

1) FUTURE EXPERIMENTAL VALIDATION AND
PROTOTYPING STRATEGIES

The current work relies primarily on simulations to
demonstrate the feasibility and potential performance advan-
tages of the proposed JCAP scheme. While simulation
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provides essential initial insights, practical deployment
scenarios often present additional complexities not fully cap-
tured through simulation alone. Consequently, future work
should emphasize experimental validation and prototyping
to bridge this gap.

An effective initial step toward validation involves
laboratory testing using software defined radio (SDR)
to implement and evaluate the proposed DSSS-OFDM
aggregation. Such experiments could quantify actual hard-
ware impairments, signal processing delays, synchronization
accuracy, and robustness to practical channel conditions,
including interference and multipath propagation effects.

Subsequently, transitioning from simulation to a hardware-
in-the-loop (HIL) environment would enable rigorous
assessment of the JCAP solutions under controlled but
realistic operational parameters. This progression from the-
oretical and simulation-based validations toward practical
prototyping experimentation will significantly strengthen the
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TABLE 6. Use cases positioning accuracy requirements.

Use case Expected accuracy | Comply
Emergency Services (eCall) <1m v
Autonomous Driving <0.1m v
Industrial Automation <0.1-0.5m v
Vehicular Navigation <0.5m v
Augmented Reality <02m v
Drone Navigation <0.3m v
Precision Agriculture <0.5m v
Smart City Services <1lm v
Asset Tracking <1lm v
Network verification < 100m v

credibility of the proposed methods and better inform their
potential adoption in future satellite communication and
navigation systems.

Ultimately, conducting outdoor field trials would provide
deeper insights into the real-world performance under realis-
tic propagation and mobility scenarios characteristic of LEO
satellite deployments. Collaborations with satellite operators
or leveraging existing satellite testbeds would be particularly
beneficial for capturing authentic NTN conditions, such
as significant Doppler shifts, variable path losses, and
intermittent connectivity.

V. CONCLUSION AND FURTHER RESEARCH

In this work, we propose a joint communication and
navigation waveform that can be backward compatible with
5G NTN and remove the requirement in the receiver to
have a GNSS module. Therefore, the user terminal does
not rely on receiving GNSS to access a NTN. Besides, the
network operator does not depend on a third party such as
GNSS, enabling it to provide services in areas where no
GNSS service is available while also offering navigation
capabilities.

Through the extensive simulations carried out, we demon-
strated the capabilities of the joint waveform to provide a
data and a navigation service. The scenario with FFR, still
has some value if the receiver integrate some interference
cancellation algorithms to improve its SINR, while the
scenario with FR3 is more convenient to provide good values
for the SINR.

The advantages of this waveform extend beyond enhancing
the capabilities of providing JCAP services; the integration
of both services within a single receiver yields benefits for
each. The data service can leverage the constant navigation
signal for the tracking loops, while the navigation service can
take advantage of the high data rate of the communication
service to convey navigation messages and provide additional
assistance to enhance the navigation solution.

Another benefit is the reduction of the overhead in the
communications service by reducing the pilot transmissions,
as the navigation signal can be used to synchronize the
receiver without the need of pilots.
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From a standardization perspective, it is important to
clarify that the proposed use of DSSS is not intended
to replace the 5G waveform (CP-OFDM), but rather to
operate on top of it in a transparent manner. In this
sense, the DSSS signal can be designed as an overlay that
does not interfere with the 3GPP-compliant operation of
existing receivers. Therefore, this additional signaling could
be defined outside the 3GPP standard and still coexist with
standardized communication services, serving specific navi-
gation or authentication functions in a backward-compatible
way. The DSSS+OFDM combination aims to enable a
GNSS-free operation mode in 5G NTN systems, potentially
reducing reliance on third-party positioning systems while
maintaining compatibility with current and future 3GPP
infrastructures.

As part of future work will be the design of isoflux beams
for navigation similar to the ones in GNSS, and evaluate
the performance of the tracking loops of a receiver in this
framework. Another future work is to explore the feasibility
of this waveform combination not only on NTN scenarios,
but in terrestrial scenario as a way to integrate terrestrial
network (TN) and NTN for the future sixth generation (6G).

Another important direction for future research is the
interpretation of DSSS as a digital signature for OFDM
signals, as similar to [68]. In this framework, only users
possessing the pseudorandom sequence can authenticate the
transmitted data. Thus, in the presence of a man-in-the-
middle attack, a receiver can verify the integrity of the data,
as an attacker without knowledge of the sequence would be
unable to generate valid transmissions.

Therefore, the combination of DSSS and OFDM can offer
the best of a JCAP plus an increased trustiness on the
services.

APPENDIX

ACRONYMS

This paper uses an extensive number of acronyms, and to
assist the reader, the following list presents all of them:

3G third generation

4G fourth generation

5G fifth generation

6G sixth generation

3GPP 3rd generation partnership project
Al artificial intelligence

AMF access and mobility function
AoA angle of arrival

AoD angle of departure

AR augmented reality

ASIC application-specific integrated circuit
AWGN additive white Gaussian noise

BER bit error rate

BFN beamforming network

BO back-off

BW bandwidth

C/A civilian acquisition

CCDF complementary cumulative density function
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CMMB
CP
CRLB
CSS

CU
DAC
DBF
DFT
DL-AoD
DLL

DL-OTDoA downlink observed time difference of arrival

DSSS
DU
DVB
E-CID
ECDF
E-SMLC
EIRP
eNB
EVM
FHSS
FLL
FFT
FFR
FOV
FSPL
FR
FR3
GDOP
GPS
gNB
GNSS
GS
HAPS
HIL
HPA
IBO
ICAL
IDFT
IFFT
IoT
IIoT
ICI
IMU
ISI
JCAP
KPI
LCS
LEO
LMC
LMF
LNA
LOS
LPP
LPPa
LTE
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China mobile multimedia broadcasting
cyclix prefix

Cramer-Rao lower bound

chirp spread spectrum

centralized unit

digital to analog converter

digital beamforming

discrete Fourier transform

downlink angle of departure

delay locked loop

direct-sequence spread spectrum
distributed unit

digital video broadcasting

enhanced cell id

empirical cumulative density function
evolved serving mobile location center
equivalent isotropic radiated power
evolved nodeb

error vector magnitude

frequency hopping spread spectrum
frequency locked loop

fast Fourier transform

full frequency re-use

field of view

free space path loss

frequency region

frequency re-use factor 3
geometrical dilution of precision
global positioning system

next generation base station

global navigation satellite system
ground station

high-altitude platform systems
hardware-in-the-loop

high power amplifier

input back-off

integrated communications and localization
inverse discrete Fourier transform
inverse fast Fourier transform
Internet of Things

Industrial Internet of Things
inter-carrier interference

inertial measurement unit
inter-symbol interference

joint communication and positioning
key performance indicator
location-based services

low earth orbit

location management component
location management function

low noise amplifier

line of sigh

localization positioning protocol
localization positioning protocol annex
long term evolution

MCRB
ML
Multi-RTT
NF
NSGA-II
NGSO
NLOS
NR
NTN
OFDM
OTA
OTDoA
OTFS
PAPR
PLL
PNT
POD
PPP
PRN
PRS
PSD
PSS
QoS
RAN
RAT
RB

RE

RG
RedCap
RMSE
RTK
RRC
SBAS
SDR
SIB

SIC
SIR
SINR
SFN
SLA
SNR
So0
SoP
SRS
SRRC
SSP
SSS

TA
TC-OFDM

TDL
TN
ToA
ToF
TS
TR

modified Cramer Rao bound
machine learning

multi-cell round trip time

network function

non-dominated sorting genetic algorithm II
non geostationary satellite orbit
non-line of sight

new radio

non-terrestrial network

orthogonal frequency-division multiplexing
over-the-air

observed time differential of arrival
orthogonal time frequency space
peak-to-average power ratio
phase-locked loop

positioning, navigation, and timing
precise orbit determination

precise point positioning
pseudo-random noise

positioning reference signal

power spectral density

primary synchronization signal
quality of service

radio access network
radio-access-technology

resource block

resource element

resource grid

reduced capacity

root mean square error

real time kinematics

radio resource control

satellite based augmentation system
software defined radio

system information block
sequential interference cancellation
signal-to-interference ratio
signal-to-interference plus noise ratio
single frequency network

service level agreement
signal-to-noise ratio

signal of opportunity

signal of opportunity

sounding reference signal

square root raised cosine
subsatellite point

secondary synchronization signal
timing advance

time-coded orthogonal frequency division
multiplexing

tapped delay line

terrestrial network

time of arrival

time of flight

technical specification

technical report
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UAV unmanned aerial vehicle

UE user equipment

UL-AoA  uplink angle of arrival
UL-TDoA uplink time difference of arrival

UPA uniform planar array

VR virtual reality

WLAN wireless local area network

ZOH zero-order hold
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