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ABSTRACT The integration of satellite systems within the 5G new radio (NR) framework, designated
as non-terrestrial networks (NTNs), relies on global navigation satellite systems (GNSS) to achieve
precise synchronization. However, dependence on GNSS presents significant vulnerabilities in scenarios
involving signal degradation, jamming, or spoofing, alongside increased cost and power consumption
issues, particularly in extensive Internet of Things (IoT) deployments. To address these challenges, this
paper proposes an innovative joint communication and positioning (JCAP) receiver architecture, which
integrates direct sequence spread spectrum (DSSS) signals into the 5G orthogonal frequency division
multiplexing (OFDM) waveform, enabling GNSS-free synchronization and positioning capabilities without
embedded pilot overhead. The proposed hybrid architecture jointly exploits DSSS for robust channel
parameter estimation and OFDM for high-throughput communication, thereby reducing the pilots signals
traditionally required for synchronization and channel estimation. Comprehensive evaluations demonstrate
that the proposed JCAP receiver achieves reliable detection and accurate estimation of delay and Doppler
parameters, maintaining low bit error rates (BER) under realistic signal-to-interference ratios (SIR). The
findings underscore the feasibility and effectiveness of the proposed hybrid scheme, paving the way for
resilient GNSS-free operations in 5G NTN environments.

INDEX TERMS Joint communication and positioning, 5G NTN, extended Kalman filter.

I. INTRODUCTION

THE INTEGRATION of satellite communication systems
into the fifth generation (5G) new radio (NR) archi-

tecture, termed non-terrestrial networks (NTNs), enables
satellites to function as next generation base stations (gNBs).
This architecture inherently requires user equipment (UE)
to incorporate a global navigation satellite system (GNSS)
receiver to maintain precise synchronization with satellite
gNB and ensure a coherent system-wide timing reference [1].
While this integration facilitates synchronization, it intro-
duces a critical vulnerability: service continuity becomes
dependent on an external, third-party system (the GNSS),
whose operational integrity lies beyond the satellite network
operator’s control.

Consequently, scenarios characterized by degraded or
intentionally denied GNSS signals, such as through jamming
or spoofing [2], result in compromised network reliability,
despite potentially direct line of sight (LOS) connectivity
to satellites. Furthermore, for extensive Internet of Things
(IoT) deployments, embedding GNSS receivers into each
device presents significant economic and energy-efficiency
barriers due to increased hardware costs and substantial
power consumption of GNSS chips.
Addressing these constraints necessitates alternative

synchronization approaches independent of GNSS, as rec-
ognized by the 3rd generation partnership project (3GPP)
through the conceptualization of GNSS-free operations [3].
Achieving effective GNSS-free synchronization at the
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physical layer poses substantial waveform design chal-
lenges [4]. Our approach maintain back compatibility with
5G.
The joint communication and positioning (JCAP)

approach has been increasingly proposed as a viable strat-
egy for providing integrated navigation services without
exclusive reliance on GNSS, simultaneously supporting
communication functionality [5], [6], [7], [8], [9]. However,
within actual 5G terrestrial systems, localization typically
relies on embedding dedicated pilot signals, such as posi-
tioning reference signal (PRS), into the communication
waveform to facilitate observables estimation and subse-
quent user localization [10], [11]. Such approaches introduce
significant overhead to the communication system as the
resources dedicated to positioning, navigation, and timing
(PNT) are not dedicated to communications and the business
model for the network operators came from the communica-
tion service, not the navigation service. Also, the terrestrial
approach does not scale well as the use of the PRS requires
the UE to be connected to the network, and in NTN scenarios
the UE position is required prior the network connection.
Therefore, including the PRS for PNT services in NTN does
not solve the problem for the UE initial access.
There is also a recent work in [12] where they show

a JCAP system from low earth orbit (LEO) satellites, this
work present a similar waveform used here called time coded
(TC)-orthogonal frequency-division multiplexing (OFDM).
A similar waveform has been also presented and evaluated
in a previous work [13]. This hybrid waveform can be seen
as an extension to the 5G downlink waveform, as it is
transparent to the 5G system, if the UE has capabilities to
exploit this hybrid waveform, it can benefit from it, and
those UE who do not have these capabilities can work with
only the 5G signal being completely transparent to the UE.
Novel advancements in this domain include approaches

such as augmenting the 5G downlink waveform with
direct-sequence spread spectrum (DSSS) signals, enabling
simultaneous navigation functionality [13]. This hybridiza-
tion not only allows to serve a JCAP services, it can also
benefit the communication services as an authentication
method for the communication signal as presented in [14].
The work [14] employs an overlap DSSS as a physical-layer
watermark for authentication/security. Its DSSS component
serves a verification role and is not used to derive navigation
observables.
In the recent work [15] the author analysed the communi-

cation performance of a JCAP receiver comprising distinct
navigation and communication modules interconnected pri-
marily through data exchange for satellite ephemeris used
in the navigation block. However, the architecture proposed
in [15] segregates navigation and communication functions,
operated in parallel without architectural feedback from
the navigation chain into the communication demodulator,
limiting mutual enhancements at the physical layer.
To bridge this research gap, the current work proposes

an innovative hybrid JCAP receiver architecture that fully

integrates navigation and communication processes. This
integration is done by using the channel parameters estima-
tions using the DSSS component to enhance the signal used
for the communication service. The key contributions of this
paper are:

• The introduction of a hybrid JCAP receiver architecture
that employs the DSSS component for accurate estima-
tion of channel parameters, subsequently utilizing these
estimates for signal compensation and OFDM demodu-
lation, thereby eliminating the need for dedicated pilot
signals.

• A thorough evaluation of navigation receiver tracking
loops performance in terms of estimation accuracy,
explicitly considering the coexisting OFDM waveform
as interference. Performance assessment of the proposed
communication system by analyzing the uncoded bit
error rate (BER) under different DSSS interference
conditions.

The remainder of the paper is organized as follows.
Section II describes the mathematical models underpinning
the proposed system. Section III elaborates on the proposed
hybrid receiver architecture. In Section IV, we present
a detailed performance evaluation, discussing simulation
outcomes. Finally, Section V summarizes our findings and
outlines future research directions.
Throughout this paper, vectors are denoted by boldface

lowercase letters (a), matrices by boldface uppercase letters
(A), the complex conjugate by (·)∗, the Kronecker product
by ⊗, complex Gaussian random variables with zero mean
and variance σ 2 as CN (0, σ 2), a uniform random variable
in the range [a, b] is defined as U(a, b), expectation as E{·},
transpose by (·)T, Hermitian (conjugate transpose) by (·)H

and phase wrapping as wrap{·} confines the argument (angle)
to (−π, π ].

II. SYSTEM MODEL
In this section, we introduce the mathematical models
utilized in this work. First, we present the antenna beam-
forming model implemented by the LEO satellite payload.
Subsequently, we describe the channel model and justify
the adopted parameters based on realistic assumptions for
satellite scenarios. Next, we derive the received signal
model, followed by the definition of the hybrid transmitted
waveform. Finally, we provide the analytical expressions
for the signal-to-interference plus noise ratio (SINR) of the
communication and navigation services.

A. ANTENNA AND BEAMFORMING
We consider a satellite payload equipped with a square
uniform planar array (UPA) consisting of Nt = NxNy
antenna elements arranged with half-wavelength spacing.
The normalized steering vectors along the x and y axes are
expressed respectively as:

ax = [
ax,0(θ, φ), . . . , ax,px(θ, φ), . . . , ax,Nx−1(θ, φ)

]T
, (1)
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ay = [
ay,0(θ, φ), . . . , ay,py(θ, φ), . . . , ay,Ny−1(θ, φ)

]T
, (2)

where each element of these vectors is defined as:

ax,px(θ, φ) = 1√
Nx
ejπpxux , ux = sin θ cos φ, (3)

ay,py(θ, φ) = 1
√
Ny
ejπpyuy , uy = sin θ sin φ, (4)

with indices px ∈ {0, . . . ,Nx − 1}, py ∈ {0, . . . ,Ny − 1},
and angles (θ , φ) representing the elevation and azimuth
angles from the satellite antenna array towards the UE. The
complete two-dimensional array response vector is obtained
as:

a(θ, φ) = ax ⊗ ay ∈ C
Nt×1. (5)

The payload from satellite q implements a fixed digital
beamforming (DBF) defined by Wq = [wq,1, . . . ,wq,K],
where each column vector wq,k = a∗(θk, φk) defines the
beamforming weights corresponding to the wide area beam k
pointing to a predefined direction (θk, φk). This configuration
corresponds to the moving-cells scenario standardized by
3GPP in [16]. In this scenario, each beam cover an area to
serve several users, where due to the satellite movement, the
area of coverage moves with it.

B. CHANNEL MODEL
Assuming a narrowband signal that B/fc � 1 with B being
the signal bandwidth, and fc the carrier frequency, we adopt
in (6), shown at the bottom of the next page, a discrete
M-tap delay line model for the channel response of path
m from satellite q of beam k sampled at Ts samples per
second. Where αq,k,m = |αq,k,m| exp (jϕq,k,m) ∈ C denotes
the complex channel gain, νq,k,m is the Doppler frequency
from path m for satellite q and beam k, dq,k,m represents
the delay, and (θ

(rx)
q,k,m, φ

(rx)
q,k,m) are the angles of departure for

path m from beam k towards the UE.
Considering a LOS-dominated propagation scenario, typ-

ical for satellite-to-ground communications with elevation
angles exceeding 30◦, and a UE with an antenna with a
radiation pattern similar to those found in GNSS anten-
nas [17], the channel can be simplified substantially. The
UE antenna is primarily a spatial filter to elevate the
signal-to-noise ratio (SNR) of LOS signals from satellites,
by suppressing multipath from ground. Due to the high
reduction of multipath components by using these type
of antenna in the UE [17], [18], and limited angular
spread of the ground reflections [19], the LOS component
overwhelmingly dominates, leading to:

|hH
q,k,0wq,k| 	 |hH

q,k,mwq,k|, m > 0, (7)

where the subindex m is to denote the different multipaths of
the same signal. Therefore, this work reasonably adopts the
simplified assumption of a single-tap LOS channel model
(M = 1), which remains valid given the primary focus on
JCAP performance analysis under LOS conditions. To reduce
notation, we remove the subindex m from the channel model.

FIGURE 1. Transmitter architecture for satellite q integrating DSSS and OFDM
waveforms for JCAP services.

C. RECEIVED SIGNAL MODEL
The discrete-time received baseband signal, sampled at Ts
samples per second, can be expressed as the contributions
from the Q satellites in LOS and the K beams from each
satellite as

r[n] =
Q∑

q=1

K∑

k=1

rq,k[n] + w[n], (8)

where rq,k[n] = hT
q,k[n]wq,ksq,k[n−dq,k] represent the signal

received from satellite q and beam k, wq,k is the steering
vector for beam k at satellite q, sq,k is the downlink stream
from satellite q and beam k, and w[n] ∼ CN (0, σ 2

n ) is
additive Gaussian noise at the receiver.

D. HYBRID DOWNLINK WAVEFORM
The hybrid transmitter consists of the input bitstream from
the upper layers, which are then subsequently mapped into
the physical downlink shared channel (PDSCH) and mod-
ulated using OFDM according to the 3GPP specifications.
Concurrently, a DSSS signal is generated and combined
with the OFDM waveform, ensuring a predefined signal-
to-interference ratio (SIR) SIRDSSS = ρ (where the signal
is the communication service and the interference is the
DSSS). Here we assume the value of ρ is the same for
all satellites. The aggregation is performed by aligning the
beginning of the DSSS waveform with the start of the
5G subframe, resulting in identical durations (1 ms) and
sampling frequencies fs for both waveforms. Finally, the
aggregated waveform is processed through the DBF matrix.
The channel model described by (6) is then applied to the

transmitted waveform to emulate the channel impairments
and generate the received signal r[n]. The overall transmitter
architecture, including the channel response h for each
beam, is depicted in Fig. 1. Where each beam k in Fig. 1
simultaneously transmits the hybrid waveform at a sampling
frequency fs = 1/Ts, defined as

sq,k[n] = √
1 − ρ zq,k[n] + √

ρ z̃q[n], 0 ≤ ρ ≤ 1, (9)

where zq,k[n] is the time-domain 5G OFDM signal from
beam k and satellite q with E{|zq,k[n]|2} = 1, and z̃q[n]
represents a DSSS sequence from satellite q of length Lc
with E{|z̃q|2} = 1.

The time-domain OFDM signal zq,k[n] has a length (in
samples) that depends on the resource block (RB) used. The
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FIGURE 2. OFDM+DSSS combining data transfer and a navigation signal using the
5G Frame structure.

number of RB defined as NRB, are blocks of 12 subcarriers
and define the bandwidth of the signal. This also defined
the length of the DSSS as they are synchronized to have
the same length in samples. Both signals share a common
sampling clock at fs rate, thus ensuring coherent alignment
at sample-level as illustrated in Fig. 2.
This hybrid waveform corresponds to the shared beam

model under the frequency re-use factor 3 (FRF3) scenario
discussed in [13]. The choice of this waveform structure
is motivated by its minimal impact on the satellite payload
architecture, specifically avoiding modifications to the estab-
lished DBF configuration, and its backward compatibility
with non-JCAP receivers, enabling straightforward deploy-
ment in existing software-defined payloads via firmware
updates [20], [21].

E. SIGNAL TO INTERFERENCE PLUS NOISE RATIO
ANALYSIS
We can split (8) in terms of the signal of interest rg,i[n] from
satellite g and beam i, and treat the rest of satellites and
beams as interference plus the receiver noise. This model is
as follows

r[n] = rg,i[n] +
K∑

k �=i
rg,k[n] +

Q∑

q=1

K∑

k=1

rq,k[n] + w[n]. (10)

We define the effective scalar channel gain for beam k
from satellite q assuming a stationary channel over the time
of observation, and considering only the LOS path (as seen
in the channel model subsection), we define the following

hq,k � E{|hT
q,k[n]wq,k|2}

= E{|αq,k|2}|aT
(
θ
(rx)
q,k , φ

(rx)
q,k

)
wq,k|2

= |μq|2|aT
(
θ
(rx)
q,k , φ

(rx)
q,k

)
wq,k|2, (11)

where μq represent the path loss due to the distance between
the UE and the different satellites q.
By using the definition of hq,k as an scalar that represent

the power loss due to the channel at the UE for the different

elements in the system, we define the following quantities
to analyze the SINR

E

{∣
∣∣hT
g,i[n]wg,i

√
1 − ρzg,i

[
n− dg,i

]∣∣∣
2
}

= (1 − ρ)hg,i, (12)

E

{∣∣
∣hT
g,i[n]wg,i

√
ρ z̃

[
n− dg,i

]∣∣
∣
2
}

= ρhg,i, (13)

E

⎧
⎪⎨

⎪⎩

∣∣∣
∣∣
∣

K∑

k �=i
hT
g,k[n]wg,ksg,k

[
n− dg,k

]
∣∣∣
∣∣
∣

2
⎫
⎪⎬

⎪⎭
= RK, (14)

E

⎧
⎪⎨

⎪⎩

∣
∣∣
∣∣∣

Q∑

q �=g

K∑

k=1

hT
g,k[n]wg,ksg,k

[
n− dg,k

]
∣
∣∣
∣∣∣

2
⎫
⎪⎬

⎪⎭
= RQ. (15)

The resulting SINR for the 5G waveform component from
satellite g and beam i can thus be expressed as

γz,g,i = (1 − ρ) hg,i
ρhg,i + RK + RQ + σ 2

n
, (16)

and similarly, the SINR for the DSSS waveform component
from the same satellite and beam is given by

γz̃,g,i = ρhg,i
(1 − ρ)hg,i + RK + RQ + σ 2

n
. (17)

These expressions form the analytical basis for the eval-
uation of communication performance within the proposed
JCAP system. It can be seen that the impact the other beams
RK or satellites RQ is the same for both services.

III. RECEIVER ARCHITECTURE
In this section, we detail the proposed hybrid receiver
architecture. This receiver is designed to jointly inte-
grate navigation and communication functionalities within
a single receiver structure. Leveraging mutual interactions
between both services, the proposed architecture aims to
enhance overall performance by exploiting the complemen-
tary information provided by each subsystem.

A. NAVIGATION RECEIVER
It is required at least 4 parallel channels as a minimum of
4 satellites are needed for an estimation of the UE state
[x, y, z, tsat]. In this section we show the details of one of
these channels, as the only difference between each channel
is the local copy of the DSSS. Each channel consists of
several processing stages as detailed below and presented in
Fig. 3.
The navigation receiver architecture is inspired by the

work in [22]. Fig. 3 shows a single channel for a navigation
receiver, and as part of a navigation receiver, the observables
to fed the PNT engine estimated in this block are:

• Noise estimation Pin,g,i.
• Delay estimation d̂g,i.

hq,k,m[n] = αq,k,m e
jνq,k,mnTsa

(
θ
(rx)
q,k,m, φ

(rx)
q,k,m

)
δ
[
n− dq,k,m

]
(6)
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FIGURE 3. Single channel navigation receiver architecture. The complete navigation
receiver is composed by several channels running in parallel, each for a different
DSSS.

• Doppler estimation ν̂g,i = ν̂(CA) + ν̂p.
• Phase estimation ϕ̂g,i.
There are several PNT engines in the literature such as

the ones found in [23]. Depending how the PNT engine is
implemented, it will make use of some of the observables
or all of them. However, this PNT engine implementation is
outside the scope of this paper and we will leave for future
work.
Furthermore, the output of this navigation block is the

received signal after compensating for the channel impair-
ments ready for its demodulation as ŝk[n].

1) SIGNAL SWITCH

This initial switch is used to route the received signal
between different steps in a similar to the architecture
designed in [22] for the 5G signals. The main rationale
to use this switch is that the initial coarse acquisition is
required only once, at the beginning of the reception. Then,
the tracking loops enter into action for the small adjustments
of the estimations. However, if the tracking loops lost the
track of the signal, the switch is then changed back to its
initial position.
The input signal switch (1) is managed by the action of the

DSSS detector. Initially, when the DSSS is undetected, the
input is routed through (1)-A, enabling coarse estimation of
delay and Doppler parameters (τ̂q, ν̂q). Upon detection of the
DSSS waveform, the connection switches to (1)-B and stay
in this state while the tracking loops keep the signal track.

2) DSSS MATCHED FILTER

The DSSS matched filter performs coherent correla-
tions over Nν Doppler bins defined in the interval
[−νDMAX , . . . , νDMAX ], where νDMAX is the maximum
Doppler shift expected and it will depends on the orbit
altitude and fc. Besides, the correlation is done for integer
delay lags d = 0, . . . ,Lc−1, with Lc the length of the DSSS.
Therefore, the matching filter is defined as

Rr,z̃[d, ν] = 1√
1 − ρ

Lc−1∑

n=0

r[n+ d]z̃∗[n]ej2πνnTs . (18)

Expanding (18) using (10) can be approximated to (19),
shown at the bottom of the next page.
Where to reduce notation we have defined the following

terms:

Xz[d, ν] =
√

ρ√
1 − ρ

Lc−1∑

n=0

hT
g,i[n+ d]wg,i ×

zg,i
[
n+ d − dg,i

]
z̃∗[n]ej2πνnTs , (20)

XK [d, ν] = 1√
1 − ρ

Lc−1∑

n=0

K∑

k �=i
rg,k[n+ d]z̃∗[n]ej2πνnTs , (21)

XQ[d, ν] = 1√
1 − ρ

Lc−1∑

n=0

Q∑

q �=g

K∑

k=1

rq,k[n+ d]z̃∗[n]ej2πνnTs , (22)

Xw′ [d, ν] = 1√
1 − ρ

Lc−1∑

n=0

wq,k[n+ d]z̃∗[n]ej2πνnTs . (23)

These residual terms can be approximated as a random
Gaussian variable {Xz,XK,XQ,Xw} ∼ CN (0, σ 2), the value
of σ 2 will be different for each residual term. The residuals
represent the interference after the matched filter from the
data service in: the same beam and satellite (as Xz); the
interference from other beams in the same satellite (as XK);
the interference from other beams from satellites (as XQ);
and the receiver noise contribution (as Xw). All of them are
independent of the delay d and the Doppler ν, and the σ 2

for each contribution is

σ 2
z = 1 − ρ

ρ
hg,i, (24)

σ 2
K = RK

ρ
, (25)

σ 2
Q = RQ

ρ
, (26)

σ 2
w′ = σ 2

wLc
ρ

. (27)

These values of σ show that the closer ρ is to 0, the
higher the contribution of the OFDM and the other signals
to the DSSS of interest.

3) DSSS DETECTOR

The detection stage employs a cell average (CA)-constant
false alarm rate (CFAR) algorithm, as described in [24],
to ascertain the presence of the DSSS signal. The detector
evaluates the correlation peak max(|Rr,z̃[d, ν]|) against a
dynamically computed threshold η = βPin. The β is obtained
from the probability of false alarm Pfa parameter as

β = MdMν

(
P

−1
MdMν

fa − 1

)
. (28)

where Md is the number of training samples for the noise
estimation in the time axis and Mν the number of training
samples in the Doppler bins axis.
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The noise estimation Pin used in the threshold calculation
is computed as the power of the signal within the subset
of the acquisition samples centered in the position of
< d0, ν0 >= argmaxd,ν(|Rr,z̃[d, ν]|) defined by

IMd [d0] =
{
d0 − Md

2
, . . . , d0, . . . , d0 + Md

2

}
, (29)

IMν
[ν0] =

{
ν0 − Mν

2
, . . . , ν0, . . . , ν0 + Mν

2

}
. (30)

Another set is defined for the guard area as

IGd [d0] =
{
d0 − Gd

2
, . . . , d0, . . . , d0 + Gd

2

}
, (31)

IGν
[ν0] =

{
ν0 − Gν

2
, . . . , ν0, . . . , ν0 + Gν

2

}
. (32)

With these 4 sets defined, the noise estimation is the
average power within the training set excluding the guard
set as

Pin = 1

MdMν

∑

d∈IMd
m/∈IGd

∑

ν∈IMν
ν /∈IGν

|Rr,z̃[d, ν]|2. (33)

Finally, for the detection test, first it is needed to
compare the peak of the matched filter output < d0, ν0 >=
arg maxd,ν |Rx,y[d, ν]|. with the threshold η as

O =
⎧
⎨

⎩

1, |Rr,z̃
[
d̂(CA), ν̂(CA)

]
|2 > η

0, |Rr,z̃
[
d̂(CA), ν̂(CA)

]
|2 ≤ η

(34)

If detection succeeds O = 1, the switch configuration
transitions from (1)-A to (1)-B; otherwise, the receiver
continues in this step until a detection happens.

4) COARSE ACQUISITION

Upon successful detection O = 1, the coarse estimates for
delay and Doppler are extracted directly from the peak
correlation value as used in the detection test d̂(CA) = d0
and ν̂(CA) = ν0.

5) TIMING SYNCHRONIZATION

The estimated coarse delay d̂(CA) is used to compensate
timing via r[n′] = r[n− d̂(CA)]. This delay has a resolution
of a sample. Later, an extended kalman filter (EKF) tracking
loop is used to refine this coarse estimation by adjusting the
phase ϕ of the signal.

6) FINE DOPPLER ESTIMATION

The fine Doppler frequency offset refinement is per-
formed using the phase difference across successive DSSS
sequences. We assume the Doppler does not change signifi-
cantly for the duration of 2 subframes. Therefore, the phase

change between these two subframes follows a linear model
φ[n] = (2πνTs)n+w with w ∼ N (0, σ 2) and correspond to
the phase rotation generated by the Doppler in Nc samples
as

ν̂(FA) =
∠

(
Rr,z̃

[
d̂(CA), ν̂(CA)

]
R∗
r,z̃

[
d̂(CA) + Lc, ν̂(CA)

])

2πLcTs
. (35)

7) DOPPLER COMPENSATION

Combining coarse and fine Doppler estimates, the signal is
compensated as:

rcomp
[
n′] = r

[
n′]e−j2π

(
ν̂(CA)+ν̂(FA)

)
n′Ts . (36)

8) EXTENDED KALMAN FILTER

The previous steps does not remove all the impairments from
the channel, therefore it includes an EKF to estimate the ϕ̂

phase of the signal and the residual of the Doppler ν̂(FA). The
inclusion of an EKF rationale is because the performance is
higher compared with other tracking loops such as phase-
locked loop (PLL) [25].
The state of the system at instant p is defined by the

phase ϕp of the signal and the Doppler νp, where the
subindex p represent the DSSS index block of one subframe
duration. We assume that the Doppler is constant over the
measurement period, as the change in Doppler for such small
period can be assumed negligible [25]. This measurement
period correspond to the length of a DSSS sequence Lc×Ts.
Therefore, the update model xp = [ϕp, νp]T is defined as

xp+1 = Dxp + vp, (37)

D =
[

1 2πLcTs
0 1

]
, (38)

vp ∼ N
(
0, Q

)
, (39)

where the process–noise covariance is Q = diag(σ 2
ϕ , σ 2

ν ),
representing unavoidable perturbations on phase and
frequency.
For every DSSS sequence called p, the base-band samples

rcomp[n′] are correlated with a local replica of the PRN code
z̃[n]. This correlation includes an a-priori estimation of the
Doppler based on the previous estimation (νp|p−1),

cp =
Lc−1∑

n=0

rcomp
[
n′ + p

]
z̃∗[n]e−j 2πνp|p−1 nTs . (40)

Then, the phase of cp is a noisy observation of ϕp:

up = wrap
[
∠

(
cp

) − π
] = g(x) + vp, (41)

where g(x) = ϕp, and vp ∼ N (0, σ 2
u ) is the measurement

noise.
The Jacobian required by the EKF is

Gp = ∂g

∂x

∣
∣∣
xp|p−1

= [
1 0

]
. (42)

Rr,z̃[d, ν] ≈ LchT
g,i

[
dg,i

]
wg,iδ

[
d − dg,i

]
δ
[
ν − νg,i

] + Xz[d, ν] + XK[d, ν] + XQ[d, ν] + Xw′ [d, ν]. (19)
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FIGURE 4. 5G OFDM receiver architecture.

a) Step-by-Step EKF Algorithm: The following are the steps
used by the EKF to estimate the phase and Doppler of the
signal.

1) State prediction

x̂p|p−1 = Dx̂p−1|p−1, (43)

Pp|p−1 = DPp−1|p−1FT + Q. (44)

2) Measurement innovation

ũp = wrap
[
up − ϕ̂p|p−1

]
, (45)

Sp = GpPp|p−1GT
p + σ 2

u . (46)

3) Kalman gain update

Kp = Pp|p−1GT
pS

−1
p . (47)

4) State estimation update

x̂p|p = x̂p|p−1 + Kp ũp, (48)

Pp|p = (
I − KpGp

)
Pp|p−1. (49)

Once the EKF has finished its update estimation, its output
is the new state of the system, x̂p|p, with the new value of
the phase and Doppler. These values of phase and Doppler
are considered constant for the duration of the DSSS, and
they are used to compensate the received signal as

ŝk[n] = rcomp
[
n′]e−j

(
2πν̂(FA)nTs+ϕ̂

)
, (50)

where ŝk[n] is the input to the communications block.

B. 5G COMMUNICATIONS RECEIVER
For this hybrid receiver, the communication part follows an
approach similar to the architecture used in 5G. Fig. 4 shows
the block of the receiver dedicated to the communication
part, that has as input the signal compensated from the
navigation part.

1) OFDM DEMODULATION

In the OFDM demodulation, the receiver remove the cyclix
prefix (CP) as ẑk[n] = ẑk[n+ s(NFFT + NCP) + NCP], where
NFFT are the fast Fourier transform (FFT) points and NCP is
the CP length.
Then, the OFDM demodulation as the FFT of Ẑk[l] =

FFT{ẑk[n]}, and extract the bits transmitted.

2) PDSCH DE-MAPPING

Finally, the PDSCH de-mapping extract the bits from the
resource elements (REs) within the resource grid (RG)
dedicated to the PDSCH.

ZPDSCH = {Ẑ[l, k]|(l, k) ∈ Rsubcarrier × Tsymbol} (51)

where Rsubcarrier, Tsymbol are the indices for the subcarriers
and symbols within the RG dedicated to the PDSCH.
Once extracted the PDSCH elements, the receiver demod-

ulate the symbols and generate the bitstream. In this work we
did not include any channel coding as it is outside the scope
of the work, therefore the final key performance indicator
(KPI) for the communication block is the uncoded BER.

IV. PERFORMANCE EVALUATION
In order to evaluate the performance of the proposed JCAP
receiver, we use the following metrics:

1) The error vector magnitude (EVM): This metric
quantifies the degradation of the OFDM signal caused
by the aggregation of the DSSS for different values
of SIR between the OFDM and DSSS signal. We use
the SIR between the DSSS (as signal of interest) and
the OFDM (as interference for the navigation service).
This metric provides insight into the effect of the
aggregation of the DSSS waveform in the OFDM, prior
to the channel and receiver effects.

2) The receiver operating characteristic (ROC) curve for
the receiver. We compare the probability of false alarm
Pfa detection with the probability of detection Pd for
discrete values of SIR. Also, we show the probability
of detection PD of the DSSS signal for continuous
values of DSSS SIR.

3) The accuracy of the observables estimators in the
different steps in the receiver.

4) Finally we evaluate the uncoded BER of the system
for different values of OFDM SIR. We include as
benchmark the best scenario, the uncoded BER when
there is no DSSS and only additive white Gaussian
noise (AWGN) as channel.

Table 1 summarizes the simulation parameters and
their corresponding values used along with a reference
where it was used, they are based on typical values
found in the literature for GNSS and 5G communication
systems.
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TABLE 1. Simulations parameters.

A. OFDM DEGRADATION AFTER INCLUDING THE DSSS
The first metric used is the EVM for different values of
SIRDSSS[dB] of the JCAP waveform. The EVM is defined
as

EVMRMS =
√∑

n |s[n] − zk[n]|2
∑

n |zk[n]|2 , (52)

where zk[n] is the signal without DSSS and s[n] is the signal
that includes the DSSS.
This metric is evaluated in Fig. 5 and provides insights on

how the receiver perform ideally (without channel effects)
when including the DSSS. Fig. 5 includes also the EVM
reference thresholds defined by 3GPP for 5G systems,
serving as a benchmark for acceptable signal quality.
Fig. 5 shows that a value of SIR for the limits to reach

the maximum level of EVM for QPSK up to 256QAM. We
use different values of RB to evaluate the EVM. We use
the: minimum allowable number of RB as 1; the RB needed
for the synchronization signal block (SSB) as 20; and the
maximum number of RB allowed for frequency region 1
(FR1) as 273.
The observed non-linear decrease of EVM with the num-

ber of RBs is expected from the way the DSSS component
is distributed in time/frequency as the occupied bandwidth
grows. In our model, OFDM and DSSS share the same
sampling clock and 1-ms subframe; hence the DSSS length in

FIGURE 5. EVM for different 5G signals. From the minimum RB of 1, the number of
RB for the SSB as 20 and the maximum RB in FR1 as 273. It includes the EVM limits
for different modulations as required by 3GPP.

samples is Lc = fs×1 ms, which increases with NRB because
NRB defines the occupied bandwidth and thus the sampling
rate fs. As NRB increases, the same DSSS/OFDM SIR ρ

is spread over more time-domain samples and FFT bins,
lowering the in-band interference power spectral density
(PSD) per resource element and therefore the EVM. This
dilution is strongest from 1 → 20 RBs (bandwidth increase
×20) and smaller from 20 → 273 RBs (bandwidth increase
×13.65), hence the smaller incremental EVM improvement
in the latter step.

B. RECEIVER OPERATING CURVE
The ROC curves in Fig. 6 are plots of the probability of
detection (Pd) versus the probability of false alarm (Pfa) for
a given DSSS SIR [26]. This Fig. 6 shows how the detector
perform in different configurations, useful for the designer
when evaluating the link budget analysis (LBA) and the
expected Pfa.
The Fig. 7 shows what are the SINR limits to properly

detect the DSSS when it has interference from the OFDM
signal and AWGN noise for a given Pfa. We compare in
Fig. 7 the effect of the 5G RG size by evaluating the
probability of detection. The values used for the RG are the
minimum value possible and the same RG used for the SSB.
In CA-CFAR, the threshold η = β(Pfa,MdMν)Pin links Pfa
and Pd through a common control parameter, hence, for
fixed SIR, increasing Pfa (i.e., lowering η) monotonically
increases Pd, producing the standard rising ROC curves in
Fig. 7.
From Fig. 7 it is clear that the RBs affect the SINR level

to reach 100% detection. Therefore, a system designer could
set a limit in the SINR to detect the DSSS signal within the
LBA. Besides, linking this result with the previous result, a
SIR for the DSSS around −20 dB will be always detected and
the EVM small enough to reach up to 64QAM modulation.
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FIGURE 6. Receiver operating curve for different values of DSSS SIR for a signal
with RB=1.

FIGURE 7. Comparison of the RB to detect the DSSS for different values of
interference from OFDM and receiver noise.

It should be mentioned that the acquisition/detection steps
are based on a single DSSS. Here, we evaluate the worst case
of a single DSSS, while a coherent integration of more DSSS
will increase its energy and the detection SINR threshold
can go lower. In the following evaluations we assume the
minimum SIR for the DSSS is enough for being always
detectable, therefore, from Fig. 7 we set this minimum to
−20 dB.

C. OBSERVABLE ESTIMATION
Once the signal is detected, we continue with the evaluation
of the accuracy of the observable estimation by evaluating
the variance of the estimator. We evaluate each estimator
used in Fig. 3 separately in the following subsections.

1) COARSE DELAY ESTIMATION

We start by evaluating the variance of the delay estimation
defined in (III-A.4). This estimator has a resolution of
one sample or [−Ts/2,+Ts/2], therefore, the error can
be modeled as a uniform random variable within these

limits χd(CA) ∼ U(−Ts/2,Ts/2). Therefore, the variance of
this estimator can be obtained analytically as σ 2(d̂(CA)) =
1/(12f 2

s ).

2) COARSE DOPPLER ESTIMATION

From the coarse acquisition the accuracy on the Doppler
estimation is directly related with the number of bins used
and the maximum range of expected Doppler. There is a
trade-off between processing time and accuracy, as a larger
number of bins increase the resolution but at the same time
the processing time. In our simulation we use a similar value
used in GNSS application to reach 500Hz of resolution per
beam [23] give the maximum Doppler expected.

3) FINE DOPPLER ESTIMATION

Then, for the fine Doppler estimation, the phase change of
two consecutive DSSS is due to the Doppler shift, modeled
as �ϕ = 2πνLcTs + ε, where ε ∼ N (0, σ 2

ε ) represent
the phase noise due to the interference and receiver noise.
In this work we do not have included the phase noise of
the oscillators at the transmitter and receiver as the only
impairment of interest is the external interference and the
receiver noise. Therefore, we assume a σε = 0.1 rad as a
typical value found in the literature [27], [28]. The estimator
in (35) achieve an accuracy on the fine Doppler estimation
as σν̂(FA) = σε/(2πLcTs) = 15.92Hz.

4) EXTENDED KALMAN FILTER

Up to now the performance of the previous estimators
was done analytically as a block processing. However, to
further improve the estimation, we have included an EKF. To
evaluate its performance we use a simulation of the receiver
in Fig. 3. In this simulation we evaluate the following
parameters for the EKF block: the time to reach an error in
the estimation below a certain threshold, and once it reaches
a steady state, the accuracy achieved as the absolute error
between the Doppler estimation and the real value of the
Doppler.
The first parameter to evaluate is the time, in epochs or

DSSS sequences, that the EKF takes to reach an error in
the estimation below 1Hz. Depending on the value of SIR,
the algorithm will require more or less time to reach the
threshold. In Fig. 8 we show the number of epochs required
to reach and maintain the 1Hz threshold for different values
of SIR of the DSSS.
Now, we show some examples of the convergency of the

EKF to reach as close as possible 0Hz of error. In Fig. 9
and 10 the EKF algorithm reach an error very close to 0Hz.

Finally, in Fig. 11 is evaluated the accuracy of the steady
state of the tracking loop, after the initial epochs where there
are some bouncing on the estimation, as seen in Fig. 9 or
Fig. 10. This steady state is defined as the last epoch the
error in the Doppler estimation passes the 1 Hz threshold,
and we compute the mean value of this error within the
steady state. This evaluation is done for several values of
SIR.
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FIGURE 8. Number of epochs to reach an error in the Doppler estimation below 1 Hz
for different values of SINR of the DSSS.

FIGURE 9. DSSS Doppler tracking using EKF. With a SIR of −10 dB.

This time, the error in the estimation is greatly reduced for
SIR levels compared to the detection in Fig. 7. This allows
to reach errors below 0.1 Hz on the estimation.

D. COMMUNICATION RECEIVER ASSISTED BY DSSS
The final evaluation of the system is the uncoded BER.
Fig. 12 shows the uncoded BER for different values of DSSS
SIR. It includes as a benchmark the case where there is
no DSSS and the channel is just AWGN. This benchmark
represent the best scenario possible. Therefore, one can see
that reducing the SIR, the BER improves as we remove
energy from the DSSS interference. However, this DSSS SIR
is bounded by the detection and tracking limits shown in
the previous results. If the DSSS cannot be detected, and
the delay and Doppler cannot be properly estimated, the
signal cannot be compensated for these impairments and the
demodulation is not possible. There is no plot with lower

FIGURE 10. DSSS Doppler tracking using EKF. With a SIR of −20 dB.

FIGURE 11. Absolute error for Doppler estimation from EKF using the DSSS as
reference for different values of SIR.

SIR of 16 dB as the navigation system perform poorly and
no demodulation is possible.
Something to take into account in this result is that there

is no channel estimation within the OFDM grid, in the
sense that there are no pilots embedded. The main rationale
for this is to reduce the overhead at the communication
block and reuse the estimation done at the navigation block
hybridization both receivers blocks.
All curves in Fig. 12 are single-satellite. Results from

multi-satellite JCAP configurations (e.g., [15]) are not
overlaid due to differing operating assumptions, which would
render the comparison non-commensurate.

E. RESULT DISCUSSION
In summary, the use of DSSS combined with OFDM for
navigation and channel estimation is a realizable system that
benefits from both waveforms.
The results indicate that with a DSSS duration of one

subframe a SIRDSSS ≈ −20 dB is recommended to maintain
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FIGURE 12. Uncoded BER for the PDSCH in 5G for different values of SIR between
the 5G OFDM signal and the DSSS pilots. The uncoded BER “Only AWGN” is our
benchmark where no DSSS is include, and the channel is only AWGN.

a stable detection and an acceptable accuracy estimation for
the Doppler and a low impact of DSSS on the uncoded BER.

V. CONCLUSION
The proposed hybrid OFDM–DSSS scheme demonstrate that
the number of pilots for channel estimation can be reduced
for a data service using OFDM. By reducing the pilots more
resource element can carry useful data. By substituting these
pilots by the DSSS it is easier to integrate a navigation block
that does not depend on the prior demodulation of the OFDM
signal. Across the entire SIR range studied, the hybrid
waveform delivers low BER with navigation capabilities,
showing the hybrid system’s advantage.
As future work, we plan to implement an over-the-air

(OTA) testbed in a controlled laboratory environment using
software defined radio (SDR) platforms to validate our
simulation findings, and we are under discussion for using
a transparent payload hosted in an actual satellite of the
O3B mPower constellation [29]. These OTA experiments
aim to evaluate the observables estimation for the navigation
service and BER under real-world propagation conditions.
This will provide direct confirmation of the performance
of the hybrid OFDM+DSSS scheme. By incorporating
hardware impairments and synchronization challenges into
the test scenarios, we will bridge the gap between simulation
and practical deployment, providing critical insights for
integrating this approach into future NTN JCAP systems.
Future research in this topic include the evaluation of

a DSSS duration of larger duration, for example at least
20 ms. This way it is possible to remove the ambiguity for
the estimation of the time of arrival (ToA) as the duration
of the code is larger than the maximum delay at 0 degrees
of elevation angle for a LEO satellite. The complexity to
acquire such large code, and the tradeoffs of using large
codes needs to be evaluated in this future work.

APPENDIX
ACRONYMS
This paper uses an extensive number of acronyms, and to
assist the reader, the following list presents all of them:
5G fifth generation
3GPP 3rd generation partnership project
AWGN additive white Gaussian noise
BER bit error rate
CA cell average
CFAR constant false alarm rate
CP cyclix prefix
DBF digital beamforming
DSSS direct-sequence spread spectrum
EKF extended kalman filter
EVM error vector magnitude
FFT fast Fourier transform
FR1 frequency region 1
FRF3 frequency re-use factor 3
gNB next generation base station
GNSS global navigation satellite system
IoT Internet of Things
JCAP joint communication and positioning
KPI key performance indicator
LBA link budget analysis
LEO low earth orbit
LOS line of sight
NR new radio
NTN non-terrestrial network
OFDM orthogonal frequency-division multiplexing
OTA over-the-air
PDSCH physical downlink shared channel
PLL phase-locked loop
PNT positioning, navigation, and timing
PRS positioning reference signal
PSD power spectral density
RB resource block
RE resource element
RG resource grid
ROC receiver operating characteristic
SDR software defined radio
SIR signal-to-interference ratio
SINR signal-to-interference plus noise ratio
SNR signal-to-noise ratio
SSB synchronization signal block
TC time coded
ToA time of arrival
UE user equipment
UPA uniform planar array
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