
11 July 2024

POLITECNICO DI TORINO
Repository ISTITUZIONALE

5G NTN Primary Synchronization Signal: An Improved Detector for Handheld Devices / Tuninato, Riccardo; Garello,
Roberto. - In: IEEE OPEN JOURNAL OF THE COMMUNICATIONS SOCIETY. - ISSN 2644-125X. - ELETTRONICO. -
(2024), pp. 1-12. [10.1109/ojcoms.2024.3416554]

Original

5G NTN Primary Synchronization Signal: An Improved Detector for Handheld Devices

IEEE postprint/Author's Accepted Manuscript

Publisher:

Published
DOI:10.1109/ojcoms.2024.3416554

Terms of use:

Publisher copyright

©2024 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2990042 since: 2024-07-01T10:00:21Z

IEEE



Received XX Month, XXXX; revised XX Month, XXXX; accepted XX Month, XXXX; Date of publication XX Month, XXXX; date of
current version 19 February, 2024.

Digital Object Identifier 10.1109/OJCOMS.2024.011100

5G NTN Primary Synchronization
Signal: an Improved Detector for

Handheld Devices
RICCARDO TUNINATO1 (Graduate Student Member, IEEE), AND ROBERTO GARELLO1

(Senior Member, IEEE)
1Department of Electronics and Telecommunications, Politecnico di Torino, 10129 Italy

CORRESPONDING AUTHOR: Roberto Garello (e-mail: roberto.garello@polito.it).

ABSTRACT We consider a Low Earth Orbit (LEO) satellite hosting a 5G base station transmitting to
a handheld device in L-band or S-band. This link is critical because it is characterized by a very low
Signal-to-Noise Ratio and significant residual frequency offset due to imperfect Doppler compensation.
Usual methods adopted to detect the Primary Synchronization Signal (PSS) during Cell Search of terrestrial
networks may fail in these conditions. In this paper we present an improved method for PSS detection,
working in the frequency domain and exploiting the peculiar structure of the 5G PSS. We derive the
exact analytical model, taking into account the Orthogonal Frequency Division Multiplexing (OFDM)
InterCarrier Interference (ICI) and we obtain the corresponding optimal statistical test. We present a number
of results showing that the new detector achieves significant performance improvements for realistic 5G
Non-Terrestrial Network (NTN) scenarios.

INDEX TERMS Non-Terrestrial Networks, 5G New Radio, Cell Search, Primary Synchronization Signal,
Frame Synchronization.

I. INTRODUCTION

THE growing interest in 5G NTN stems from the need to
extend the capabilities of the fifth generation of wireless

mobile networks beyond the terrestrial boundaries. While
5G has already brought about significant improvements
in terms of speed, capacity, and latency on the ground,
it faces limitations when it comes to providing seamless
connectivity in remote, rural, or hard-to-reach areas. NTN
offers a promising solution by harnessing the power of LEO
satellite communication to ensure connectivity in previously
underserved regions. This technology not only promises to
bridge the digital divide, but also opens new avenues for
applications in disaster management, precision agriculture,
environmental monitoring, and more. The intersection of 5G
and NTN represents an exciting frontier in the world of
telecommunications and is poised to revolutionize the way
we stay connected.

3GPP has studied two frequency ranges for NTN, corre-
sponding to two types of devices:

• L-band (1.6 GHz) and S-band (2 GHz) for handheld de-
vices (regular smartphones, 23 dBm transmitted power).

• Ka-band (20/30 GHz) for high-gain devices with di-
rective antennas (Fixed Wireless Access and IoT Gate-
ways).

For handheld devices, the link budget is tight but still
good enough for outdoor use. Anyway, the same techniques
that work for terrestrial access must be modified when
the NTN link is considered. In addition to the very low
Signal-to-Noise Ratio (SNR) due to the long-range (600 km
of altitude or more) and non-directive antennas, the main
problem is the RFO. In fact, LEO satellites are characterized
by large values of Doppler shift and Doppler rate. Even
though devices can rely on a map of satellite ephemerides
and compute a Doppler estimation, imperfect estimation and
Doppler rate cause the presence of a significant RFO. These
two impairments have a very strong impact on 5G initial
access procedures.

In 5G New Radio (NR) the initial access is divided into the
Synchronization Procedure and the Random Access proce-
dure, sequentially organised. The synchronization procedure
aims to correctly align the handheld device to the time and
frequency grid reference and to provide key information on
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the Base Station, and it is often referred to as Cell Search
(CS).

5G NR Cell Search is based on the Synchronization
Signal Block (SSB), which contains both the Primary and
Secondary Synchronization Signals (PSS and SSS), plus
the Physical Broadcast Channel (PBCH), with its associ-
ated Demodulation Reference Signal (DMRS). While syn-
chronization signals are generated as pseudo-random noise
sequences, the physical channel contains polar encoded
data [1].

The PSS must be decoded first because it contains a key
portion of the cell’s Physical Cell Identity (PCID). In terres-
trial scenarios, frame synchronization is usually realized via
standard non-coherent correlation. The performance of this
method significantly degrades in the presence of an RFO due
to imperfect Doppler compensation. In 5G NTN, the idea is
to reuse the same SSB structure as NR [2].

In this paper, we present a new detector that, by working
in the frequency domain, exploits the peculiar structure of
the 5G PSS and a precise model of the frequency offset
(FO) effect, and is able to achieve significant performance
improvements in typical 5G NTN scenarios.

A. PREVIOUS LITERATURE
The literature on 5G terrestrial Cell Search is quite extensive.
A tutorial on CS evolution in 3G, 4G and 5G can be found
in [3] and [4] provides a comprehensive analysis of 5G
synchronization. In [5] the author analysed the 5G time and
frequency accuracy requirements of the user alignment with
the network resource grid. Authors in [6] introduced a novel
method for offloading the UE computational requirements
for CS to the BS.

Different works addressed 5G terrestrial PSS detection
in the literature. Yuexia He et al. [7] analyzed different
PSS design variants and evaluated their performance for
different subcarrier spacings (SCS). In [8] and [9], different
correlation-based techniques have been studied for PSS
detection, paying attention to the FO impact, whereas the
novel technique developed in [10] aims at improving the
detection with a refinement step via the triple autocorrelation
property of the m-sequences [11]. In [12] another version of
the PSS detection is developed based on the Cyclic Prefix
(CP) autocorrelation, whereas in [13] a reduced-complexity
approach is proposed, at the cost of some performance
losses. Authors in [14] adopted a Convolutional Neural
Network (CNN) solution to address the synchronization and
authors in [15] proposed an optimization algorithm for the
hardware resources consumption of PSS detection.

As for 5G satellite PSS detection, an interesting analysis
was presented by Cassiau et al. in [16]. Authors adopted a
PSS detection approach in the frequency domain, after time
synchronization through CP, in a study of the implemen-
tation of 5G physical layer for satellite transmissions. The
standard non-coherent cross-correlation was considered for
PSS detection. Synchronization for initial FO compensation

in NTN has been studied in [17], to deal with very large
Doppler shifts.

Some studies have been conducted also for the 3GPP
working groups. As an example, in [18] ZTE provided
results for SSB detection. The implementation details are
not disclosed, but they reported that the large initial FO is
treated with multi-branch detection (the detection is repeated,
or parallelized, for different possible values of large FO,
i.e., exceeding the subcarrier size). Huawei and HiSilicon,
in [19], reported results for PSS detection, where they
exploited two receiving antennas and time accumulation with
different periodicity. However, in this work we focus on
single-shot PSS detection.

Finally, a number of papers written by Chiani et al. for
frame synchronization studied the optimal estimator under
given circumstances: [20] for Additive White Gaussian Noise
(AWGN) channel, [21] in the presence of phase offset,
and [22] for a pattern surrounded by M -PSK symbols.

To summarize, even if a relevant number of works dealt
with synchronization in terrestrial 5G, only a few numbers
investigated it in NTN, that also requires a different channel
model than the terrestrial one. Moreover, they did not inves-
tigate the optimum metric for the particular SSB structure.

B. CONTRIBUTIONS
In this paper we present an enhanced PSS detector for 5G
NTN reception on handheld devices in L-band or S-band.
This scenario is characterized by low SNR and RFO due
to imperfect Doppler compensation. The new method works
in the frequency domain and exploits the knowledge of the
SSB actual structure.

The new detector is derived by taking into account:

• the exact analytical model of the ICI term due to the
RFO impact on OFDM sub-carriers;

• the M-PSK nature of the SSS and PBCH symbols
surrounding the PSS;

• the extended pattern including the zero guard band that
encompasses the PSS sequence.

The new detector is then analyzed under different NTN
scenarios including both the AWGN and the Land Mo-
bile Satellite (LMS) channel model, and compared against
traditional terrestrial solutions. Results show a significant
performance improvement with respect to usual detection
techniques for the SNR and RFO ranges typical of NTN
handheld solutions.

C. ORGANIZATION
The paper is organized as follows. Section II introduces the
5G NTN scenario under analysis and contains a detailed
description of the SSB and PSS. In Section III we present the
derivation of the new PSS detector. Section IV described the
LMS channel model. In Section V the simulation results for
different NTN scenarios are reported and discussed. Finally,
the conclusions are outlined in Section VI.
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II. 5G NTN
3GPP has issued Release 17 of the 5G NR standard, encom-
passing non-terrestrial networks (NTN) [23], broadening the
study on NR support for NTN in Release 15 [24]. Two types
of devices are planned, operating on different bands:

• Handheld devices (regular smartphones, 23 dBm trans-
mitted power), operating on L-band (1.6 GHz) and S-
band (2 GHz). 3GPP categorizes these bands as L-
band n255 and S-band n256, plus a mixed L-/S-band
n254 [25].

• High-gain devices with directive antennas (Fixed Wire-
less Access and IoT Gateways), operating on Ka-band
(20/30 GHz).

In this paper, we focus on this use case:

• NTN configuration: Direct Access
• NTN service: Enhanced Mobile Broadband
• Beam/cell type: Earth fixed
• Payload: Regenerative
• Orbit: LEO (600/1200 km)
• NTN terminal condition: outdoor, Line-of-Sight (LOS).

Some examples of the corresponding path loss for nominal
altitudes h for the different bands are reported in Table 1,
computed via Free Space Path Loss (FSPL) criteria in dB, as
in Eq. 6.6-2 of [24]. Some examples of the expected Doppler
shift and Doppler rate values are reported in Table 2, Figure 1
and Figure 2, characterizing the Doppler shift and rate for
LEO satellites as in [26].

TABLE 1. Path loss for different altitudes and different bands of NTN

satellites. The satellite elevation is fixed at 90◦.

L-band 1.6 GHz S-band 2 GHz Ka-band 20 GHz

h Path loss Path loss Path loss
[km] [dB] [dB] [dB]

600 152 154 174
1200 158 160 180

TABLE 2. Doppler shift and Doppler rate (maximum) for different altitudes

and different bands of NTN satellites.

L-band 1.6 GHz S-band 2 GHz Ka-band 20 GHz

h Doppler shift/rate Doppler shift/rate Doppler shift/rate
[km] [kHz]/[kHz/s] [kHz]/[kHz/s] [kHz]/[kHz/s]

600 36 / 0.46 46 / 0.58 460 / 5.8
1200 30 / 0.20 38 / 0.25 380 / 2.5

A. 5G SYNCHRONIZATION SIGNAL BLOCK
In 5G, the Synchronization Signal Block (SSB) assembles
PSS/SSS/PBCH into a single structure, periodically trans-
mitted on the downlink by each NR cell to perform the
synchronization procedure [27]. As shown in Figure 3, the

FIGURE 1. Doppler shift for L-band.

FIGURE 2. Doppler rate for L-band.

SSB occupies a total amount of 960 resource elements in
the OFDM grid: 4 OFDM symbols in the time domain
and 240 contiguous subcarriers (20 Resource Blocks) in the
frequency domain, for each OFDM symbol. Table 7.4.3.1-1
of [28] describes in detail the organization of the resources
of the SSB. The actual bandwidth and the time duration of
the SS-Block depends on the numerology µ adopted by the
network since the SCS is ∆f = 15 · 2µ kHz.

Different numerologies are possible for 5G NTN deploy-
ment for frequency bands below 6 GHz, i.e., µ = 0 (∆f =
15 kHz), µ = 1 (∆f = 30 kHz), µ = 2 (∆f = 60 kHz) and
µ = 3 (∆f = 120 kHz).

In this paper, we take as a reference a 5G NTN deployment
at L-band, with numerology µ = 1. The SCS is 30 kHz
and the OFDM symbol time length is Ts = 1/∆f = 33.33
µs. Thus, the SSB occupies 7.2 MHz and lasts 133.33 µs.
In [24], the use of both numerology 0 and 1 are considered
for below 6 GHz bands for link level simulations. However,
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a numerology of 2 is also suggested for increased SCS
and thus higher robustness against the Doppler shift. The
chosen numerology must respect the available bandwidth,
and bandwidths of 5, 10 and 15 MHz are specified at the
moment for S-/L-band [25]. A SCS of 15 kHz must be
applied if the Downlink bandwidth is less than the SSB band,
as in the case of 5 MHz bandwidth. The periodicity of the
SSB is flexible in 5G NR, but it is common to adopt an
interval of 20 ms. In the case of multiple beams, up to 8
SSBs can be transmitted in a 5 ms interval, and each SSB
is assigned to one beam. As shown in Figure 3, the SSB is
surrounded by PDSCH/PDCCH (Primary Downlink Shared
Channel/Primary Downlink Control Channel) data or control
symbols [29].

FIGURE 3. SSB allocation in the resource grid.

B. PRIMARY SYNCHRONIZATION SIGNAL
PSS and SSS signals permit the determination of the Physical
Cell Identity (PCID) of the cell. In 5G NR the PCID N cell

ID

can assume 1008 different values and it is given by

N cell
ID = 3N

(1)
ID +N

(2)
ID (1)

where the cell identity group index N (1)
ID (∈ {0, 1, ..., 335}),

is carried by the SSS and the sector identity N
(2)
ID

(∈ {0, 1, 2}) is carried by the PSS [28]. Other than providing
the N (2)

ID value, the PSS is used to acquire the initial symbol
alignment and the coarse frequency correction. The latter is
fundamental since the Doppler and UE oscillator inaccuracy
produces a mismatch with the carrier frequency of the
reference system.

NR PSS is generated in the frequency domain as a BPSK
maximal-length sequence (m-sequence) of 127 symbols, thus
occupying 127 subcarriers, out of the 240 of the SS-Block
frequency dimension. Differently from the SSS, all the
remaining SSB subcarriers in the same OFDM symbol are
reserved as guard bands, i.e. they are set to zero. There are
three different possible PSS sequences d(k) depending on
the three different values that k = N

(2)
ID can assume [28]

d(k)n = 1− 2xm 0 ≤ n ≤ 127

m = (n+ 43k) mod 127
(2)

where the polynomial x(i) is given by the recursive formula:

xi+7 = (xi+4 + xi) mod 2. (3)

Then, the three PSS sequences correspond to three cyclic
shifts of one m-sequence, generated by a Linear Feedback
Shift Register with seven cells and generator polynomial 1+
D4 +D7.

Note that also in LTE there were 3 possible PSSs, but
generated as Zadoff-Chu sequences with a length of 62.
The switch to m-sequences was motivated by the time and
frequency offset ambiguity affecting Zadoff-Chu sequences:
the correlation function outputs undesired periodical peaks
along the frequency axis, and side peaks along the time
axis [30]. 5G PSS allows the estimation of the FO in one-
shot, while in LTE the PSS detection would provide a set
of candidates, equally spaced in frequency. Doubling the
sequence length results also in a 3 dB larger processing gain,
due to the higher peak with respect to the correlation noise
floor.

For the application of our detector, it is important to note
that the SSS symbols (corresponding to Gold sequences)
are mapped into 2-PSK symbols, while the PBCH symbols
(that occupy most of the SSB) are mapped into 4-PSK
symbols [27].

C. INITIAL SYNCHRONIZATION
Some steps must be performed before starting PSS synchro-
nization.

As a realistic assumption for 5G NTN operations,
we suppose that the handheld device knows the satellite
ephemerides and computes a first Doppler estimation and
pre-compensation [24].

The second step is numerology detection. We know that
different numerologies are planned for 5G NTN. As men-
tioned in the previous section, there are different possible
values for numerology at L-band, from µ = 0 to µ = 3.
The numerology detection can be performed by running
four autocorrelation computations in parallel, one for each
numerology.

The third step is the alignment to the time grid. As ex-
plained in [16], a time-domain OFDM symbol synchroniza-
tion is performed by computing the 1-bit autocorrelations on
Cyclic Prefix-length windows. Since the Cyclic Prefix length
decreases with the numerology, consecutive autocorrelations
must be aggregated to achieve the same accuracy for each
µ, while remaining inside a one-frame duration.

The fourth step is a first estimation of the Carrier Fre-
quency Offset (CFO). This can be done by analyzing the
autocorrelation peak and deriving an estimation of the CFO
fractional part, which is then digitally compensated in the
time domain.

At this point, we can start the PSS detection in the
presence of an RFO in the frequency domain as explained
in the next sections.
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III. THE NEW IMPROVED PSS DETECTOR
In this section we analytically derive an enhanced detector
for the PSS. It is based on three steps:

• The first is to precisely derive the model that accounts
for the ICI caused by the loss of orthogonality of the
OFDM subcarriers due to the RFO.

• The second is to consider the optimal statistical test for
this model.

• The third is to adapt it to take into account the actual
structure of the SSB.

The three steps are addressed in the following.

A. EXACT MODEL FOR OFDM RECEIVED SYMBOLS IN
PRESENCE OF FREQUENCY OFFSET
Let us denote by X = (X0, . . . , Xm, . . . , XN−1) the vector
of N transmitted PSK/QAM complex symbols before OFDM
modulation (frequency domain).

The vector of N transmitted complex samples after OFDM
modulation (time domain) is x = (x0, . . . , xn, . . . , xN−1),
where

xn =
1

N

N−1∑
m=0

Xme
j2πnm/N .

The vector of N received complex samples (time do-
main) in case of line-of-sight link and FO ψ is y =
(y0, . . . , yn, . . . , yN−1), and its n-th sample yn is given by

yn =
1

N

N−1∑
m=0

hnXme
j2πn(m+∆F )/N + wn (4)

where ∆F = ψ/∆f is the FO normalized by the SCS,
h = (h0, . . . , hn, . . . , hN−1) is the vector containing the
channel realizations in time, and w = (w0, . . . , wn, . . . , wN )
is the vector containing the complex Gaussian noise samples
with zero mean and σ2 variance. The vector of N received
complex symbols after OFDM demodulation (frequency do-
main) is Y = (Y0, . . . , Ym, . . . , YN−1), where

Ym =

N−1∑
n=0

yne
−j2πnm/N .

By substituting the expression from Equation (4) and
solving the finite geometric series we obtain

Ym = Xmηm,m +
∑
i ̸=m

Xiηi,m +Wm (5)

where

ηm,m =
sin(π∆F )

N sin(π∆F/N)
ejπ∆F (N−1)/NHm

and

ηi,m =
sin(π∆F )

N sin(π(i−m+∆F )/N))
×

ejπ∆F (N−1)/N e−jπ(i−m)/NHi for i ̸= m.

The complex symbol Ym received on subcarrier number
m is made by three components. The first is the transmitted
symbol Xm subject to a reduction of amplitude and a phase
shift depending on the FO. The second term is the ICI caused
by the other transmitted symbols Xi, i ̸= m. The third term
is the noise complex Gaussian term Wm, with zero mean and
variance σ2

w, resulting from the Discrete Fourier Transform
(DFT) of the time domain w. The first two terms are
also affected by H = (H0, . . . ,Hm, . . . ,HN−1), the vector
containing the channel response after OFDM demodulation.

The effect of FO on QPSK received symbols can be seen
in Figure 4 and Figure 5, which appears as an additional
phase offset on the interested symbol, and as an additional
noise given by the surrounding symbols. Of particular inter-
est for our work is to analyze the impact of the FO (and
thus, the ICI) on the detection procedure.

FIGURE 4. Scatter plot of the received QPSK symbols, SNR = 100 dB

FIGURE 5. Scatter plot of the received QPSK symbols, SNR = 20 dB

Let us focus on the second term of Equation (5), the ICI
term:

WICI,m =
∑
i ̸=m

Xiηi,m

WICI,m is the sum of N − 1 i.i.d. random variables Xk

with k ∈ {1, . . . , N}, k ̸= m, each multiplied by the factor
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ηk,m. For the Central Limit Theorem, it can be modelled
as an additional Gaussian noise term [31], [32]. This can
also be seen in Figure 6, where we performed a Quantile-
Quantile test to compare the ICI term distribution against the
standard normal distribution. The linearity of the quantile
points suggests that the ICI term is approximately normally
distributed.

FIGURE 6. Quantile-Quantile test for the ICI term.

The variance σ2
ICI is related to the FO ψ and SCS ∆f ,

and can be computed as

σ2
ICI = E[|WICI|2] = E[|

N∑
k=1
k ̸=m

Xkηk,m|2] =

=

N∑
k=1
k ̸=m

E[|Xk|2]E[|ηk,m|2] = Es

N∑
k=1
k ̸=m

E[|ηk,m|2]

= Es
sin2(π∆F )

N2

N∑
k′=−m
k′ ̸=0

1

sin2 (π(∆F + k′)/N)

=
sin2(π∆F )

N2

N∑
k′=−m
k′ ̸=0

1

sin2 (π(∆F + k′)/N)

(6)

where Es = E[|Xk|2] is the PSK symbol energy, which is
equal to 1 in our case.

Finally, we have modelled our received symbols as

Ym = αXme
jθ + Ŵm (7)

where θ is a phase offset caused by the FO and where Ŵm =
WICI,m +Wm is the Gaussian noise term, with zero mean
and variance σ̂2

w = σ2
w + σ2

ICI.

B. FALSE ALARM AND MISSED DETECTION
PROBABILITIES
Considering the PSS detection problem, the receiver must
decide if the received vector Y = (Y0, . . . , Ym, . . . , YN−1)
contains the synchronization symbols. Let us denote with
Dm the transmitted symbol Xm when data is transmitted,

and with Pm the transmitted symbol Xm when the synchro-
nization pattern is transmitted:

Xm =

{
Dm if data symbol
Pm if synchronization symbol

(8)

The synchronization is performed by a detector, which
chooses between two hypotheses:

H0 : Ym = αDme
jθ + Ŵm ∀m 1 ≤ m ≤ N (9)

H1 : Ym = αPme
jθ + Ŵm ∀m 1 ≤ m ≤ N. (10)

To evaluate the performance of the detector, the proba-
bility of missed detection PMD and the probability of false
alarm PFA (or false positive) are used. PMD is the probability
of deciding H0 (decision D0) when H1 is true, i.e. the
synchronization sequence is transmitted but not detected

PMD = P(D0|H1). (11)

PFA is the probability of deciding H1 (decision D1) when
H0 is true, i.e. the detector erroneously decides that the
synchronization sequence is present

PFA = P(D1|H0). (12)

C. NON-COHERENT AND COHERENT CORRELATOR
Due to the presence of the random phase, the commonly
deployed detectors are based on the non-coherent correla-
tion function, which is the cross-correlation between the
received sequence Y and the local replica of the PSS
P = (P1, . . . , Pm, . . . , PN ) by applying

ΓNC =

∣∣∣∣∣
N∑

m=1

Y ∗
mPm

∣∣∣∣∣ D1

≶
D0

λ (13)

In order to perform the detection, ΓNC is compared to a
certain threshold λ. If ΓNC is below λ, the detector decides
for H0, otherwise it decides for H1.

The coherent correlation is not usually adopted because it
is highly sensitive to phase shifts. In case of a fixed phase
shift, that can be compensated through previous knowledge
of the channel, coherent detection can be implemented as

Γ
(corr)
C =

N∑
m=1

Y ∗
me

jθ̂Pm (14)

where θ̂ is the phase offset estimation provided by any pre-
vious signal processing operation, supposing such operation
is available.

D. STATISTICAL TEST UNDER PHASE OFFSET
Given the analytical model of Equation (7) that we have
derived in Section A, the received symbol is affected by (i)
the phase offset induced by the FO, (ii) the extra-noise term
due to OFDM ICI and (iii) is surrounded by adjacent SSB
symbols that are QPSK modulated (as PBCH).

The optimal statistical test for this scenario was studied
in [22], where the authors derived the optimal likelihood ratio
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Γ
(ext)
A =

∣∣∣∣∣∣
N(ext)∑
m=1

Ŷ ∗
mP

(ext)
m

∣∣∣∣∣∣− 1

2
max

l
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Ŷ ∗
mP

(ext)
m

∣∣∣∣∣∣−max
l

[
N(ext)∑
m=1

1

2

∣∣∣(Ŷ I
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test for QPSK modulated signal under phase offset. The test
is given by:
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where Ym = Y I
m + j Y Q

m is the m-th received complex
sample composed by the real (in-phase) and imaginary (in-
quadrature) parts, respectively, and Ỹm = Ym/σ

2
w is the

normalization concerning the noise variance. ϕl = lπ/Nq,
with l ∈ {0, 1, . . . , Nq − 1}, is the l-th phase offset to be
taken into account. The accuracy, but also the complexity,
of ΓA, increases with Nq, the number of evenly distributed
phase offsets to be tested. In our analysis, we have verified
that Nq = 4 provides a very good trade-off for the metric
implementation.

E. IMPROVED STATISTICAL TEST FOR PSS DETECTION
In this section, we complete the derivation of the new test,
taking into account the received signal model (7) and the
SSB structure. Consider a local sequence as long as the SSB
in the frequency domain, i.e. N (ext) = 240 symbols. The
extended sequence P(ext) is generated as

P(ext) = (Z1 PZ2) (17)

where Z1 and Z2 are all-zeros vectors of length N (1) =
56 and N (2) = 57, respectively. In this way, we obtain
the same sequence transmitted in the first SSB symbol, and
ΓA is computed considering not only the synchronization
sequence length but the extended pattern. We will refer to the
metric with the extended pattern as Γ

(ext)
A . This allows us to

obtain an additional gain because we consider the complete
structure of the SSB symbols, increasing the metric range
that exploits the presence of modulated data.

Then, we can adapt Equation (16), by taking into account
the results of section A on the ICI variance and the extended

PSS pattern. Thus, the scaling of the received samples must
take into consideration the new noise definition: Ŷm =
Ym/σ̂

2
w. The final statistical test is obtained in Equation (15).

The concept of the extended pattern can also be applied
to another version of the statistical test, derived in [20],
[33], which is a further approximation that only applies a
correction term to the non-coherent correlation, given by the
effect of embedded data in the received signal. It provides a
lower complexity solution, and the result is the following:

Γ(ext)

B =

∣∣∣∣∣∣
N(1)+N∑

m=N(1)+1

Ŷ ∗
mP

(ext)
m

∣∣∣∣∣∣−
N(ext)∑
m=1

∣∣∣Ŷm∣∣∣ . (18)

a: Computational complexity
The computational complexity of the non-coherent corre-
lation depends on N , the length of the synchronization
sequence, times a constant α that results from the operations
carried out for each sample of the synchronization sequence.
Considering that these operations consist of a product and
then a sum, α is 2. This operation is repeated until the
detection, thus for L iterations:

Complexity ΓNC = (αN)L = (2 · 127)L = 254L. (19)

The improved method we propose is an operation with
complexity equal to that of the non-coherent correlation plus
an additional term that depends on N (ext), the length of
the extended pattern, and β, corresponding to the set of
operations carried out in the right-hand side of Equation (15).
With Nq = 4, these operations become 6 sums and 2 products
(as in Equation (14) of [22]), and then β can seen as equal
to 8. Even in this case, the variable is only the number of
iterations required to reach the detection, denoted as L1:

Complexity Γ
(ext)
A = L1(αN + βN (ext))) = 2174L1 (20)

In general, we can state that the improved technique requires
more complexity for the higher number of operations (of
about a factor 8), but does not impact the overall linearity
of the detector. For what concerns our alternative detector
Γ
(ext)
B , it requires a complexity equal to that of the non-

coherent correlation plus the complexity of the correction
term. It requires the computation of the absolute value and
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then the accumulation (sum) of the received samples, thus
resulting in a complexity of 2 N (ext):

Complexity Γ
(ext)
B = L2(αN + 2N (ext))) = 734L2 (21)

where L2 is the number of iterations required to detect the
synchronization sequence for Γ

(ext)
B . This solution becomes

interesting when complexity or energy consumption is a
relevant issue on the receiver side.

F. DETECTOR IMPLEMENTATION
Two approaches are possible for the implementation of the
detector in Equation (15).

a: Moving window
The statistical test is computed on a moving window shifting
by one sample at a time, and directly compared to a
threshold. If the threshold is exceeded, the detector stops and
outputs the estimated starting point of the pattern. Otherwise,
the window is moved forward by one symbol.

b: Block processing
If we work with blocks of symbols in the frequency/time
domain, the detector can first identify the statistical value
maximum inside the block and then compare it against
the threshold. If the threshold is exceeded, the detector
stops and outputs the estimated starting point of the pattern.
Otherwise, the next non-overlapping block is processed.
Given a set of correlation values computed in a certain block
of S subcarriers, the block processing metric ΓBP that is
compared with the threshold is

ΓBP = max
s∈[0,...,S−N(ext)−1]

{
Γ(ext)
s

}
(22)

with Γs the result of a generic detection metric for a received
sequence of length N starting at subcarrier s ∈ [0, . . . , S −
N (ext) − 1] and ending at subcarrier s+N (ext) − 1.

IV. LAND MOBILE SATELLITE CHANNEL MODEL
A review and comparison of different channel models for a
variety of satellite communication scenarios can be found
in [34]. A popular statistical channel model for satellite
communications, named LMS channel, is introduced by ITU
in [35], which can be seen as an extension of the model
studied by Lutz in [36]. This channel is based on the concept
of two-state fading, where the user could be in a good
or bad state, depending on the impairments (shadowing)
affecting the direct signal, usually referred to as the Line
of Sight (LOS) component. The LMS model envisages a
variety of environments to characterize different propagation
conditions, such as for rural, wooded, urban, and suburban
areas, for different satellite elevation angles. In our work,
we want to reduce the scenarios to get a general overview
of the detector behaviour. Thus, we set the parameters
independently from the environment and satellite elevation.
Since we are considering handheld devices with limited
antenna gains and satellite links with very high path losses,

we can reasonably reduce our focus on users in the good state
case. The signal is then characterized by the contribution
of a strong LOS component and the multipath, generated
by the nearby scatterers. This kind of signal propagation is
modelled in [35] as a Rician Fading channel. The complex
multipath component is the fast-varying component of the
channel and is characterized by the Doppler Spread resulting
from the relative mobile-satellite velocity v. It is generated
via the sum of two Gaussian series a ∼ N (0, 1), one for
the in-phase and one for the in-quadrature component, and
then passed through a unit-energy Doppler filter, based on
the Jackes model

S(f) =

{
G

πfm
√

1−(f/fm)2
if |f | < fm

0 otherwise
(23)

where fm = vfc/c with fc the carrier frequency, c the speed
of light, and G is a normalization parameter which ensures
that the filtering does not change the processing power.
Finally, the actual amplitude of the multipath is given by
the result of the complex series multiplied with σMP, being
2σ2

MP the mean square value of the multipath variations, and
it depends on the Rician K factor, given by K = ν2/2σ2

MP,
with ν2 the direct path power. In Figure 7 we reported the
K factors for different elevations and environments with a
confidence interval of 95%, from measurements in [35], for
frequencies between 1.5 and 3 GHz.

FIGURE 7. Measured K factor values for a confidence interval of 95%, at
2.2 GHz.

The LMS channel is then time-varying, due to the mobility
of the user, and frequency flat, given a negligible delay
spread. This last assumption holds in most scenarios for
satellite communications, but different kinds of wireless
channels could be considered if strong scattered paths with
significant delays are present [24]. We leave these cases for
future studies.

V. SIMULATION RESULTS
In this section we present the simulation results, comparing
the new enhanced PSS detector against standard correlation
techniques. The main system parameters are reported in
Table 3. We first evaluate the technique performance in the
AWGN channel with ICI, and then we introduce also the
LMS channel.
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TABLE 3. Main system parameters.

Parameter Value

Carrier frequency fc L-Band 1.6 GHz
Numerology µ 1
Subcarrier spacing SCS ∆f = 15 · 2µ kHz 30 kHz
Transmission Time Interval TTI = 1 · 2−µ ms 0.5 ms
SSB Bandwidth B 7.20 MHz
FFT dimension per OFDM symbol NFFT 256
Symbol Energy Es 1 J
Antenna Configuration SISO
Residual Frequency Offset RFO ψ [0, . . . , 8] ppm
Data symbols modulation QPSK
Number of LRT phase shifts Nq 4
Rician factor K {10, 20} dB
User speed v 5 km/h

A. DETECTION TECHNIQUES COMPARISON IN
PRESENCE OF FO
Before analyzing the specific performance for PSS synchro-
nization, we analyze the performance of different detection
techniques in the case of a generic OFDM system, when FO
is present and then the samples in the frequency domain are
affected by ICI.

We carried out several tests with different levels of FO and
Es/N0, with N0 the noise power spectral density, and we
computed the PMD, fixed a desired PFA. The results can be
seen in Figure 8, for a PFA = 10−6. When no FO is present,
the advantage lies in the coherence detection curve, but the
LLR metric ΓA of Equation (16) starts to approach the same
performance as SNR is increased. The non-coherent tech-
nique is better only at lower SNR, but in a range of missed
detection probability already quite low: in real systems,
acceptable values are PMD < 10−2. Coherent detection fails
with the introduction of FO into the received signal, as for
the curve of 4.5 ppm (parts per million) FO, i.e. 7.2 kHz, due
to the additional phase offset which disrupts the coherence
with the local sequence. LLR and non-coherent detection
experience a moderate loss but are still reliable. This FO
value is close to the 3GPP requirement of robustness for an
initial 5 ppm CFO due to UE oscillator misalignment. A third
case with a FO of 8 ppm, i.e. 12.8 kHz, is also considered.
This FO level is particularly harmful since it is approaching
half the subcarrier spacing, and it can be seen that all the
techniques suffer large losses, and the LLR solution does
not provide a clear advantage anymore. Nevertheless, it does
not lose much ground against the non-coherent solution. We
also implemented a detection technique based on the triple
autocorrelation properties described in [10], but it does not
perform well in this scenario. We expected this result since
this technique is actually designed as a refinement step after
non-coherent correlation is performed with down-sampled
sequences in the time domain.

FIGURE 8. Detection techniques comparison with different FO and
PFA = 10−6.

B. 5G NR SSB DETECTION PERFORMANCE WITH THE
ENHANCED DETECTOR
The next step is the performance evaluation of the new
enhanced detector Γ(ext)

A of Equation (15) analytically derived
in the previous section. We will investigate both the moving
window and block processing approaches, and we will
consider different values of SNR and RFO and a random
phase offset. The main system parameters are summarized
in Table 3.

In our scenario of pre-compensated CFO and Doppler
shift, in compliance with 3GPP requirements on the receiver
accuracy, the considered RFO is 0.1 ppm [37]. The 5G
carrier frequency under analysis is 1.6 GHz, so the inserted
RFO is 160 Hz, considerably lower than the FO values
considered in the first tests.

a: Moving Window
To analyse the proposed approach we first focus on the
application of a moving window and a threshold test.

In Figure 9 we fix a threshold corresponding to a false
alarm probability of 10−6, and we plot the behaviour of
the missed detection probability. These results show that,
by exploiting the PSS structure, and taking into account the
extended pattern and the nature of the symbols surrounding
it, a significant gain can be achieved. We add as a comparison
also the curves resulting from Equation (18), which shows
how this approximation still provides good results, and can
be a viable lower complexity choice for the detector.

In Figure 10 we compare the Receiver Operating Charac-
teristic (ROC) curves in terms of the probability of missed
detection vs. the probability of false alarm for the non-
coherent and the proposed approaches. The curves are gen-
erated with an RFO of 0.1 ppm (160 Hz), but also with an
RFO of 1 ppm (1.6 kHz). These results confirm the gain
in the detection performance for the entire span of the false
alarm probabilities. Moreover, the new technique proves its
robustness against possible higher FO.
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FIGURE 9. Moving Window, PMD vs. Es/N0. RFO= 160 Hz and
PFA = 10−6.

FIGURE 10. Moving window, ROC curves for different Es/N0 levels.

b: Block processing
Since block processing looks appealing for our scenario, in
this section we present additional results referring to this
approach, where the test is computed on the entire window,
but only the maximum is compared against the threshold.
The time/frequency window is the same size as the SSB:
256 subcarriers and 4 OFDM symbols.

The block processing approach allows us to understand
the impact of a mixed case, that occurs when the detection
window is partially overlapped with the pattern, and that it is
not taken into account when the hypothesis testing approach
is considered as in the previous case. Its impact is usually
considered negligible [20]. Anyway, it can increase the false
alarm probability in case the pattern is not well designed
or it is too short. When we consider the block processing
approach, if the detector maximum is achieved in a position
different from the correct one, it generates an error. Thus,
the mixed case problem is completely taken into account.

Here we consider detection only over blocks that certainly
contain the PSS. In this case, the three possible events are:

• Correct detection when the block maximum is above
the threshold and corresponds to the PSS pattern.

• False alarm when the block maximum is above the
threshold but not aligned with the PSS pattern.

• Missed detection when the block maximum is below
the threshold.

Results are shown in Figure 11, where the gain of the
technique is still appreciable for this block processing ap-
proach. Note that the false alarm probability is now set also
to 10−3: we are dealing with a lower number of test results
at a time than the moving window, since only the maximum
test value is compared with the threshold. In other words, a
block that produces 256×4 test values, which could occur in
possibly 256×4−1 false alarms with the sliding window, can
now produce at most one false alarm. Thus, we can accept a
higher rate of false positive, higher as a factor approximately
the number of samples in the block (≃ 103).

FIGURE 11. Block processing, PMD vs. Es/N0 and RFO= 160Hz.

C. DETECTOR PERFORMANCE WITH LMS CHANNEL
MODEL
After testing the detector with the generic AWGN channel,
we investigate its performance when the signal is affected
by the LMS channel. We consider the case when users are
moving at a walking speed of 5 km/h. For the selection
of the Rician K factor, we can assume that low values of
K represent scenarios where multipath can be quite strong,
as in urban environments and low elevation angles of the
satellite, while higher values are typical of suburban or rural
environments and elevation angles closer to 90◦. Figure 14
of [35] shows the Cumulative Distribution Functions of the
K factor for different environments. From those results and
the values we reported in Figure 7, we decided to perform
simulations for two extreme values of K, which are 10
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and 20 dB. In Figure 12 are reported the detector results
for the LMS channel. The presence of the fading channel
can in general degrade the performance of the detection for
both techniques, but the advantages of the new detector that
exploits the SSB structure increase as the K factor decreases.
This can be explained by the fact that the fading channel is
moving the operational point to a higher SNR due to the
additional multipath effect, but this permits to better exploit
the presence of data on the received signal, given that the
noise power in that range is lower. Also in this case, the
performance of the approximated technique Γ(ext)

B experience
a small loss compared to Γ(ext)

A , and can be an interesting
alternative for complexity-constrained receivers.

FIGURE 12. Moving Window, LMS channel with user moving at 5 km/h,
PMD vs. Es/N0 and RFO= 160 Hz.

VI. CONCLUSIONS
In this paper we have investigated PSS detection for 5G NTN
scenarios, characterized by low SNR values and RFO due to
imperfect Doppler compensation that translates into OFDM
ICI. We have analytically derived an enhanced detector
based on (i) a precise model of ICI effect (ii) the optimal
statistical test in case of phase offset and QPSK symbols
(iii) an extended patter encompassing the PSS sequence.
Simulation results, including the LMS channel model, show
that the enhanced detector is able to outperform traditional
non-coherent correlation and is robust under realistic NTN
downlink scenarios. The technique, presented for 5G NR
under the NTN scenario, can also be applied to other 3GPP
technologies that use an SSB with a similar structure, such
as NB-IoT and RedCap.
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