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Abstract—LEO satellite links pose severe challenges
for 5G Non-Terrestrial Network (NTN) initial access
due to large carrier frequency offsets, rapidly varying
Doppler, and low SNR, making fully blind operation
essential in cold-start scenarios. Using a real 5G NTN
LEO over-the-air testbed emulation, we show that
Doppler compensation accuracy directly governs user
equipment (UE) connection outcomes, with residual
errors below 3 kHz required for reliable synchronization
and attachment. We then present a fully blind, feedfor-
ward receiver that computes bounded reliability scores
at each processing stage and uses them for hypothesis
gating, burst selection, conservative log-likelihood ratio
(LLR)-domain combining, weighting, and final lock de-
cisions. The design includes a conservative, reliability-
aware multi-Synchronization Signal Block (SSB) Phys-
ical Broadcast Channel (PBCH) soft-combining stage
that only supplements single-SSB channel quality as-
sessment. Deterministic results from 3GPP-compliant
simulations demonstrate robust blind synchronization
under £100 kHz frequency offsets and successful PBCH
decoding at low signal-to-noise ratios in urban line-of-
sight (LOS) and non-line-of-sight (NLOS) conditions.
The simulation code used is publicly available.

I. INTRODUCTION

ITH ongoing 3GPP standardization 5G Non-

Terrestrial Network (NTN) support, Low Earth
Orbit (LEO) systems are a promising solution for ex-
tending wireless connectivity to regions where terrestrial
infrastructure is limited or unavailable.

However, current 3GPP NTN standards typically rely
on auxiliary state information such as Global Navigation
Satellite System (GNSS) positioning, satellite ephemeris,
and SIB19 (System Information Block 19) parameters
to precompensate for propagation delays and Doppler
effects [1]-[3]. Consequently, initial access is tightly cou-
pled to GNSS availability; when this signal is obstructed,
network attachment often fails [4], [5].

LEO mobility further complicates synchronization due
to the extremely high relative velocities involved exceeding
7.5 km/s. This produces carrier frequency offsets on the
order of tens of kilohertz at carrier frequencies around
2 GHz, along with Doppler rates of several hundred
hertz per second during a single pass [5]. These impair-
ments introduce time-varying phase rotations across the
synchronization window, complicating timing acquisition
and frequency estimation. Insufficient compensation leads
to inter-carrier interference (ICI) and loss of Orthogo-
nal Frequency-Division Multiplexing (OFDM) orthogonal-
ity [6]. The problem is further exacerbated at the low

SNRs typical of LEO downlink budgets in Urban NLOS
conditions, where receivers may converge to apparently
valid but physically inconsistent synchronization states.
Consequently, achieving reliable fully blind initial access in
5G NTN remains a critical and unresolved challenge.

Existing solutions exhibit several limitations. In
3GPP NTN specifications, satellite-side Doppler pre-
compensation is applied based on predicted geometry and
characterized through ppm-equivalent residual offsets that
depend on beam footprint and cell location. This approach
implicitly assumes the availability of coarse spatial infor-
mation, which may not be accessible during blind access,
leaving the receiver responsible for handling the remaining
Doppler. While pre-compensation can reduce residual off-
sets to below approximately 4.7 kHz at a carrier frequency
of 2.5GHz [2], it relies on infrastructure-side knowledge
of beam or cell parameters that may be impractical in
unassisted scenarios. Moreover, reliance on satellite-side
Doppler pre-compensation may complicate practical de-
ployment, as it increases dependence on accurate geometry
prediction and tighter network-side coordination.

Conversely, without pre-compensation, offsets can
reach tens of kilohertz (e.g., ~50kHz at 2.5 GHz), prevent-
ing reliable synchronization lock. Academic approaches
have also often depended on geometric priors [7]-[9] or
iterative estimators [10].

Moreover, many previous studies rely primarily on
analytical models or link-level simulations, as experimental
studies using real 5G waveforms and full protocol stacks
remain limited. A few studies within European Space
Agency (ESA) research initiatives, such as 5G-GOA [11]
and 5G-LEO [12] have emulated 5G NTN scenarios using
software-defined radios and 5G NR software platforms
like OpenAirInterface [13] to examine Doppler effects on
NR waveforms. However, these efforts are dependent on
simulated NTN channels and primarily rely on emulated or
controlled environments, thereby overlooking system-level
dynamics.

In this work, we address the blind NTN initial access
through the following contributions:

e Using a real 5G NTN LEO over-the-air emulation
platform, we demonstrate that residual Doppler
accuracy directly governs user equipment (UE)
attachment behavior. Residual CFO must be con-
strained to a few kHz to avoid repeated Random
Access retransmissions and attachment failure.

e Motivated by this observation, we design a fully



blind, reliability-guided 5G NR NTN receiver. The
feedforward pipeline exploits SSB structure with-
out GNSS, ephemeris, timing advance, or prior
Doppler information, while bounded reliability
metrics guide hypothesis selection and allow robust
decoding under severe Doppler and low SNR.

e  We develop a 3GPP-compliant simulation frame-
work to evaluate blind initial access under realistic
NTN conditions, including Doppler offsets exceed-
ing 50 kHz, Doppler rates of several hundred hertz
per second, and SNRs down to —40 dB in Urban
LOS and NLOS channels.

e Finally, we introduce a multi-SSB PBCH soft-
combining strategy. Log-likelihood ratio (LLR)-
domain combining uses reliability-aware weighting
based on blind noise estimation and burst-level
LLR quality indicators. The weights are bounded
and normalized to enforce stable aggregation and
prevent artificially inflated decoding performance.

The focus of this work is the blind initial-access interval
before NTN assistance becomes available. Consequently,
the evaluation targets Doppler and SNR. conditions repre-
sentative of this short cold-start segment of a LEO pass.
The code used for the implementation and simulations in

this work is open source’.

II. STATE OF THE ART AND LIMITATIONS

Prior works have investigated Doppler estimation and
compensation for LEO satellite communication systems.
Geometry-based approaches derive Doppler evolution from
satellite motion models assuming constant angular velocity
and known orbital trajectories [7]-[9]. While analytically
tractable, these methods require prior information such
as UE position and satellite ephemeris, and often assume
static or slowly moving terminals conditions that may not
hold during cold-start or GNSS-denied operation.

Approximate signal models have also been proposed.
For example, [14] models Doppler using a second-order
Taylor expansion. Although computationally attractive,
such truncations introduce modeling error under the non-
linear Doppler evolution characteristic of LEO systems,
particularly at large offsets and high Doppler rates.

Blind signal-domain methods avoid geometric knowl-
edge by estimating Doppler directly from received sam-
ples [10], [15], [16]. However, many techniques rely on
iterative refinement and extended observation windows, in-
creasing computational burden and limiting suitability for
short listening times or constrained UE hardware. Cyclic-
prefix (CP)-based estimators are widely used due to their
simplicity, but their inherent ambiguity range is limited to
approximately :l:%A f subcarrier spacing (about +£15kHz
for 30 kHz numerology), which is insufficient to resolve the
tens-of-kilohertz offsets typical of LEO NTN [17].

Thttps://github.com/chen-jaminonderoe/Blind_5G__NR_LEO__
Initial_Access_ Receiver.git

More generally, prior work proceeds with refinement
and decoding even when intermediate timing or frequency
evidence are weak. Under severe mobility and low SNR this
can increase the incidence of false synchronization rather
than controlled acquisition failure. Finally, the majority
of prior studies are validated primarily through analyti-
cal modeling or link-level simulation. While valuable for
theoretical insight, such evaluations do not fully capture
receiver behavior. In real implementations, acquisition de-
cisions depend on implementation specific aspects such as
estimator interaction, buffering, decoding confidence prop-
agation, and finite listening-time constraints. As a result,
the system-level impact of large Doppler impairments on
5G NTN initial access remains insufficiently understood.

In contrast, the proposed receiver does not rely on
geometric priors, iterative feedback refinement, or exter-
nal positioning assistance. Instead, it follows a strictly
feedforward blind synchronization chain in which each
stage computes a bounded reliability score used for gating,
hypothesis selection, and burst combining. This reliability-
guided orchestration across PSS (Primary Synchronization
Signal), SSS (Secondary Synchronization Signal), DMRS
(demodulation reference signal), and PBCH stages distin-
guishes the proposed solution from prior estimators.

III. UE ATTACHMENT UNDER RESIDUAL DOPPLER:
5G NTN EMULATION

To validate the above theoretical tolerance limits under
realistic constraints, we developed a 5G NTN emulation
platform using the OpenAirInterface (OAI) stack. The
setup comprises next-generation NodeB (gNB) and UE
nodes implemented on Ettus Research N310 SDRs, driven
by Intel Core i7-8700K workstations via 10 GbE interfaces
to sustain real-time 5G NR sampling rates. Over-the-air
transmission is enabled by 5 dBi omnidirectional antennas
in a controlled laboratory environment.

Satellite Doppler is emulated at complex baseband by
applying a programmable phase rotation to the transmit-
ted samples z(n):

j 27 tn

2'(n) = z(n) e P (1)
where xz(n) is the original baseband sequence, Fs the
sampling frequency, and fp(t,) the Doppler shift at time
t,. This approach enables precise and repeatable injection
of large frequency offsets representative of LEO NTN con-
ditions while preserving the 5G NR waveform structure.
A fixed Doppler shift of 50 kHz comparable to maximum
LEO Doppler at 2.5 GHz carrier frequency was injected
at the gNB [5], [7]. By systematically varying the residual
compensation applied at the UE, the testbed evaluates the
impact of Doppler magnitude and mismatch on synchro-
nization stability and higher layer procedures.

Figure 1 shows the UE connection state as a function
of residual Doppler error. When compensation is accurate
(within a few kilohertz), full attachment succeeds. With
moderate mismatch, initial synchronization is achieved but
the procedure stalls (“Attach and stop”). Larger residual
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Fig. 1. Illustration of the UE (receiver) connection state as a function
of the compensated Doppler shift induced by the motion of a LEO
satellite during a real 5G-NTN emulation.

error leads to repeated Random Access Message 3 (RA-
Msg3) retransmissions despite Physical Random Access
Channel (PRACH) detection. Under severe mismatch,
the Random Access Response (RAR) cannot be decoded.
These results demonstrate that reliable 5G NTN operation
requires residual Doppler errors within a few kHz, motivat-
ing blind acquisition mechanisms that do not rely on prior
positional or assistance information.

IV. SyYSTEM AND CHANNEL MODEL
A. SS/PBCH Structure

We follow 3GPP TS 38.211 [18] and consider the Case B
SS/PBCH configuration with numerology u = 1 (30kHz
subcarrier spacing, FR1). Each SSB occupies Kgsg = 240
subcarriers over four OFDM symbols. The PSS and SSS
are mapped to the central 127 subcarriers, while the
remaining resource elements carry PBCH data and its
associated DMRS.

B. Channel Model

The channel combines standardized multipath prop-
agation statistics from 3GPP TR 38.901 [19] with de-
terministic large-scale LEO Doppler dynamics following
TR 38.811 [20].

1) Multipath and Small-Scale Fading: Multipath prop-
agation follows tapped-delay line (TDL) models. Urban
NLOS uses the TDL-A profile (Rayleigh fading), while
Urban LOS uses TDL-C (Rician fading). Tap delays 7; and
average powers follow the Annex-B parameterization.

Each tap undergoes independent small-scale fad-
ing generated using a Jakes-like Sum-of-Sinusoids (SoS)
process [21]. LOS taps follow a Rician distribution
with scenario-dependent K-factor, while NLOS taps are
Rayleigh distributed. The local Doppler spread produced
by this SoS process models terminal motion and scatterer
dynamics and remains distinct from the deterministic
large-scale LEO Doppler drift.

The resulting time-varying channel impulse response is

W t) = 3 oa(t)3(r — m), 2)

=0

where «;(t) are the time-varying complex tap coefficients.

2) Large-Scale LEO Doppler: The large-scale Doppler
regime corresponds to a representative circular LEO pass
at an altitude of approximately 600km [2], [20]. Over the
short blind-access interval, the nonlinear orbital Doppler
evolution is accurately approximated by a first-order model
with constant initial offset and Doppler rate:

fo(t) = fero + fpt, (3)

where fopo is the initial carrier offset at receiver and fp
is the local Doppler rate.

Equivalently, the received phase evolution is
o(t) =27 (fero t + %fD t%). (4)

The selected operating point represents a worst-case
high-Doppler regime near low-to-mid elevation, where the
absolute Doppler shift reaches 40-50kHz at f. = 2 GHz
[5], [7] and the Doppler rate remains in the few-hundred-
hertz-per-second range. The deterministic Doppler drift
is applied uniformly across all multi-path taps, while the
small-scale Doppler spread remains independently cap-
tured by the fading process.

V. PROPOSED BLIND RECEIVER ARCHITECTURE

We propose a fully blind, reliability-guided receiver
for 5G NR NTN initial access. The architecture operates
as a strictly feedforward processing chain in which all
stages execute deterministically. Each stage produces an
estimate together with an associated reliability metric used
for downstream hypothesis selection, gating, and, where
applicable, weighting.

Figure 2 illustrates the high-level processing flow. Syn-
chronization proceeds through staged refinement: PSS-
based coarse estimation, multi-SSB candidate localization,
anchor selection, fractional timing correction, blind DMRS
hypothesis testing, residual CFO estimation, and PBCH
demodulation. The final lock decision is governed by the
PBCH CRC outcome, while LLR reliability is used to
quantify decoding confidence.

When multiple repetitions of the same SSB index are
detected, reliability-weighted multi-SSB LLR combining
is performed. The combining weights are bounded and
normalized to ensure stable aggregation and to limit the
impact of unreliable bursts.

A. Stage 1: Coarse PSS-Based Synchronization and
Doppler Search

The receiver performs a two-stage discrete CFO grid
search jointly with PSS hypothesis testing to handle the
large Doppler offsets typical of NTN scenarios and find the
appropriate PSS sequence.

The first stage evaluates a coarse CFO sweep together
with the three 3GPP-compliant PSS sequences indexed by
NI%) € {0,1,2}. The coarse search spans the expected
NTN Doppler range with safety factor d, here set to

d = 2.4, using a 5kHz resolution step:
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Fig. 2. High-level overview of the proposed blind NTN initial access
receiver. All stages execute sequentially without early termination.
Reliability measures are propagated forward to weight hypotheses
and govern the final decision.

Fooarse € [—d - 50, d-50] = [—120,120] kHz,

For each tested coarse CFO-PSS hypothesis, the cor-
relation output is computed as

Cm.r[n] = Zr[k‘]e—ﬂ”fmk/fs sgs)s*[k —nl. (5)
k

Here, r[k] denotes the received baseband sample stream,
fm is the tested CFO hypothesis, fs is the sampling
frequency, and sgs)s[-] is the local PSS reference sequence
associated with the r-th PSS hypothesis.

A normalized separation metric is then computed as

(6)

maxy, |Cpm, (1|

L{fmsm) = mediany, [¢y, »[n]] + ¢’
where ¢ is a small positive constant that ensures numerical
stability. The metric emphasizes isolated correlation peaks
even under low SNR. The maximizing coarse hypothesis
yields the coarse CFO estimate fcoarse, the detected PSS
index J\A/'I%), and the initial timing estimate 7. The coarse
correction is then immediately applied to the received
buffer to remove the dominant Doppler component.

A second refinement stage then searches the residual
offset over the uncertainty region defined by the coarse-
step resolution. The fine sweep spans one coarse-bin neigh-
borhood with safety margin k, here set to k = 1.2, using a
200 Hz resolution step:

fﬁne € [_kAfcoarse7 +kAfcoarse]a

where A feoarse = 5 kHz. This residual search is performed
with finer resolution using only the selected PSS sequence.
The maximizing residual estimate fg,o and refined timing
71 are retained, and the residual correction is then applied

to the signal. The total Stage-1 CFO estimate is therefore
fl = fcoarso + fﬁnc~

B. Stage 2: Multi-SSB Candidate Localization

After CFO correction, additional SSB occurrences are
detected by reapplying PSS correlation using the selected
PSS sequence. Local maxima of the correlation magnitude
form the candidate timing set

{Fu}ics- (7)

To remove outliers, candidates are filtered using

‘%k - 7A—0| < Amauxa (8)

C. Stage 3: Timing Anchoring

The detected SSB timing candidates {73} are first
evaluated for consistency across the observation window,
exploiting the periodic transmission of SSB bursts, using

02 = Var{#,}. (9)

A low variance indicates stable repeated detections, while a
large variance suggests unreliable localization due to noise
or residual Doppler. This statistic is retained as a reliability
indicator that contributes to synchronization confidence
and subsequent processing.

A single anchor timing reference is then selected from
the retained candidates as

’7A—ref = 7A—k*7 (10)

where k* corresponds to the strongest PSS correlation
peak.

D. Stage 4: SSB Extraction and Segmentation

Using the selected anchor SSB, the receiver constructs
two aligned waveform views: a local anchor-burst buffer
used for fine timing refinement and hypothesis testing, and
a full-signal buffer spanning all detected SSB candidates
with guard margins for later multi-burst processing.

At this stage, all burst start locations are mapped
into a common full-buffer coordinate system. The common
timing reference is then defined as

B = (Tint77'frac)a

where Ty, is the integer-sample location of the anchor SSB
in the full received buffer and 745 is a fractional correction
term initialized to zero. This representation ensures that
all subsequent stages operate on a common timing basis.

E. Stage 5: Fractional Timing Refinement

Fractional timing refinement is then performed using
the anchor SSB local buffer to update the fractional com-
ponent of the common timing reference. A raw fractional



estimate a5y is obtained from the PSS region and evalu-
ated over a small candidate set

§ € {Oraw + Ai}.

Each candidate is assessed using a blind PSS-based
error metric,

6 =arg m{siné'(d),

where § denotes the tested fractional timing hypothesis
and £(9) is an Error Vector Magnitude (EVM)-like proxy
evaluated over the anchor SSB using the known PSS
sequence after coarse equalization. The fractional timing
correction is applied only if it reduces this metric; other-
wise, only the integer timing is retained.

F. Stage 6: SSS Detection and Physical Cell Identity (PCI)
Resolution

With timing fixed, the receiver detects the SSS in
the frequency domain. For each of the 336 valid SSS
hypotheses NI%) € {0,...,335}, the correlation metric

(11)

M (NI%)): > Y(k,3)s§ss(k;NI%),NI%))

k€Ksss

is evaluated, where Y (k, 3) denotes the received frequency-
domain resource element at subcarrier index k on the third
OFDM symbol of the SSB, Kggs is the set of the 127
SSS subcarrier indices, and sggs(+) is the locally generated
3GPP-compliant SSS sequence for the tested hypothesis.

The maximizing index yields NI(Il))
identity

and the physical cell

Nip =380 + N2, (12)

The SSS detection margin is retained as a reliability index
for subsequent processing stages.

G. Stage 7: Blind DMRS Hypothesis Resolution and Resid-
ual CFO FEstimation

In this stage, the receiver performs a blind search over
the eight possible SSB index hypotheses

issB € {0,...,7}.

For each hypothesis of the SSB index iggp, the corre-
sponding PBCH DMRS sequence X;(k, 2) is generated and
evaluated using a scalar least-squares fit to the canonical
DMRS OFDM symbol. Let ICD213/IRS denote the DMRS
subcarrier set on the selected symbol. The scalar channel
hypothesis is estimated as

A 1
Hi= w2

(
IKbnrs! kek@

Ypumrs(k, 2)

Xl(k72) (13)

The detected SSB index is obtained from the hypothesis
minimizing the residual DMRS matching error
. . 2
E(i)= > ‘YDMRS(k'a 2) - HiXi(k,2)] . (14)

(2)
keKpurs

The selected hypothesis then directly yields the half-frame
index nyr and PBCH scrambling parameter v.

Residual CFO is estimated from the DMRS phase
evolution across OFDM symbols and applied to the full
signal buffer when the DMRS reliability metric indicates
a stable estimate. OFDM symbols are then re-sliced using
the common timing reference.

H. Stage 8: Single-SSB Channel Equalization

Channel equalization is performed on a per-SSB basis
using two candidate channel models: a scalar PSS-based
estimate and a frequency-selective DMRS-based estimate.
For either hypothesis,

Yo (kym) = 2 m). (15)
H(k,m)

where H(k,m) denotes either the scalar PSS channel
estimate applied uniformly over the full SSB or the in-
terpolated least-squares DMRS channel estimate over the
SSB grid. When blind DMRS hypothesis resolution is
unavailable or unreliable, the receiver safely falls back to
the scalar PSS-based equalizer.

The equalized signal yielding the lower blind, decision-
directed EVM over the PBCH resource elements is selected
for subsequent demodulation,

_E{Yeg — X2

EVM -
E{[X]?}

; (16)

where X denotes the nearest QPSK constellation points
obtained from the equalized PBCH symbols.

1. Stage 9: PBCH Demodulation and Multi-SSB Combin-
ing

For each detected SSB, PBCH symbols are extracted.
A blind thermal-noise variance estimate is first obtained
from noise-only resource elements and used for PBCH bit-
wise LLR computation from the equalized QPSK symbols
of burst b, yielding the per-burst LLR vector L.

In parallel, an effective variance o7 is formed by aug-
menting the blind noise variance with penalties derived
from DMRS phase dispersion and synchronization reliabil-
ity. This quantity is retained as a burst-reliability indicator
for confidence interpretation and combining diagnostics,
without directly modifying the PBCH LLR scaling.

When multiple repetitions of the same SSB index are
available, the corresponding PBCH LLR vectors are com-
bined before polar decoding as

Lcomb = § waln
b



TABLE 1. SIMULATION PARAMETERS

Parameter Urban NLOS Urban LOS
3GPP Profile TDL-A TDL-C

Area / Visibility Urban / NLOS Urban / LOS
RMS Delay Spread 200 ns 5 ns
Small-Scale Fading Rayleigh (K = —oc0)  Rician (K = 12dB)
Local Doppler (fd,small) 250 Hz 150 Hz

SNR —20 dB 0dB
Sampling frequency (fs)  30.72 MHz

SSB bandwidth (BW) 7.2 MHz

LEO Dynamics

Carrier Frequency (fc) 2.0 GHz

Nominal Geometric fpo 38.372 kHz (Worst-case)

Doppler Rate (f) 300 Hz/s

Evaluation Sweeps
CFO Sweep Range
SNR Sweep Range
Listening Time (Tiisten)

[~100, +100] kHz
[~50,0] dB
[40, 300] ms

where wy, is the bounded reliability weight associated with
burst b. The weights are derived from burst-level LLR
reliability metrics, then clipped and normalized to prevent
dominance by unreliable bursts. The resulting combined
LLR vector is passed to the PBCH polar decoder follow-
ing the 3GPP specification [22]. The CRC outcome and
decision margins are then recorded.

VI. SIMULATION SETUP

The proposed receiver is evaluated using a high-fidelity
link-level simulation framework implemented in MATLAB.
Channel modeling relies on the 5G Toolbox nrTDLChannel
object to ensure compliance with 3GPP TR 38.901; when
unavailable, a SoS implementation is used.

A. Waveform Configuration

The transmitted waveform follows 5G NR FR1 speci-
fications at carrier frequency f. = 2.0 GHz. Case B SSB
configuration with 30kHz subcarrier spacing (u = 1) is
employed, with 20 ms burst periodicity.

B. Channel and Propagation Model

The simulation separates large-scale LEO Doppler dy-
namics from small-scale multipath fading, consistent with
TR 38.811 and TR 38.901. Two 3GPP-compliant prop-
agation scenarios are evaluated: Urban NLOS (TDL-A)
and Urban LOS (TDL-C). All scenario-specific parameters
(delay spread, K-factor, local Doppler, baseline SNR) are
summarized in Table I.

The geometric Doppler component corresponds to a
representative LEO orbit with orbital velocity approxi-
mately v &~ 7.5km/s. Although the full orbital Doppler
evolution is nonlinear over a complete satellite pass, over
the short blind initial-access listening interval (40-300 ms)
a first-order local approximation remains physically ac-
curate. The channel therefore applies a nominal Doppler
offset fpo together with a constant Doppler rate f:

fo(t) = fpo+ ft.

The adopted Doppler rate f = 300Hz/s is representa-
tive of a local linearized FR1 LEO NTN segment and
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Fig. 3. MIB decoding probability versus carrier frequency offset fp.

remains within the worst-case Doppler-rate range reported
by 3GPP studies for 600 km non-GEO deployments, which
can approach approximately 500 Hz/s at 2 GHz [2], [20].
Over the maximum 300ms listening interval used, this
corresponds to only 90 Hz of additional drift.

C. Deterministic Sensitivity Analysis

To isolate algorithmic behavior from statistical ran-
domness, simulations operate in deterministic mode, with
fixed random number generators for channel realization
and thermal noise at each operating point.

VII. RESULTS

This section evaluates the proposed fully blind 5G NR
NTN initial-access receiver under cold-start conditions. All
results are obtained directly from raw baseband samples,
without any prior timing, frequency, or channel knowledge.

Results are reported for two 3GPP-compliant NTN
channel models: Urban NLOS (TDL-A, Rayleigh) and Ur-
ban LOS (TDL-C, Rician), with f. = 2 GHz, A f = 30kHz,
and deterministic LEO Doppler parameters matching the
simulation setup of Section VI.

A. Doppler Robustness and Large-Offset Compensation

Figure 3 shows Master Information Block (MIB) de-
coding probability versus initial CFO. In this set-up, the
worst-case LEO Doppler at 2 GHz is typically 40-50 kHz,
while our sweep extends to +100kHz, fully covering the
NTN cold-start regime with additional margin.

Reliable decoding is shown to be achieved throughout
the full tested range for both LOS and NLOS channels.
This indicates that performance is largely insensitive to
the initial Doppler magnitude once the correct hypothesis
is resolved.

B. Residual Frequency Error

Figure 4 reports the residual frequency error after the
final compensation stage. Across the full £100 kHz initial
offset sweep, the median residual error remains below
approximately 300 Hz for both Urban LOS and NLOS.
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The nearly constant error floor across the sweep sug-
gests that the residual error is mainly caused by Doppler
variation during the observation window and residual syn-
chronization uncertainty. This behavior is consistent with
the Stage-1 coarse/fine search design, which removes most
large-offset dependence before DMRS-based refinement.

C. Decodability Versus SNR

1 Tttt
09 F b

0.8
0.7
0.6
05F 1
0.4
03 F 1

02F —O— Urban NLOS]
—tt— Urban LOS -

MIB decoding probability

-45 -40 35 -30 25 20 -15 -10 -5 0
SNR [dB]
4
10 it —

N
=)
o ¥ 1
=
®)
s o I
=
2
7 4t .
=
G
= 2r —O— Urban NLOS]
§ =—#— Urban LOS

0

-45 -40 -35 -30 25 -20 -15 -10 -5 0

SNR [dB]
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Figure 5 (top) shows the MIB decoding probability as
a function of SNR when multiple occurrences of the same
SSB are combined.

A clear threshold appears near —40dB in Urban LOS
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Fig. 6. Single-burst PBCH Error Vector Magnitude (EVM) versus
SNR.

and —35dB in Urban NLOS. Above this region, residual
CFO falls below 1kHz and PBCH decoding succeeds.
Below it, loss of frequency lock leaves residual offsets in the
tens of kilohertz, making PBCH decoding impossible. The
decoding probability in Fig. 5 is governed by the ability of
the receiver to achieve reliable frequency synchronization.

D. Single-Burst EVM Behavior

Figure 6 shows the single-burst PBCH EVM versus
SNR for Urban LLOS and NLOS channels. Under ideal syn-
chronization and additive white Gaussian noise (AWGN),
squared EVM is approximated by the inverse of the effec-
tive SNR [23]:

1
SNRg’

EVM? ~ (17)
This trend is observed in both channel models once blind
synchronization and residual CFO compensation succeed,
where distortion is mainly governed by thermal noise and
small-scale fading.

At very low SNR, the EVM departs from the AWGN
prediction. In this region, residual CFO, timing uncer-
tainty, degraded DMRS-based channel estimation, and
occasional synchronization hypothesis errors may jointly
contribute to constellation distortion, phase rotation and
inter-carrier interference. The curve reflects two regimes:
synchronization-limited at very low SNR, and noise-limited
after blind frequency lock.

E. Multi-SSB Combining Efficiency

Figure 7 quantifies the effective combining gain ob-
tained from N repetitions of the same SSB. Under stable
inter-burst synchronization, LLR-domain soft combining
approaches the linear reliability-growth bound

Geon = 201log;o N. (18)

By contrast, when repeated bursts provide only weakly
correlated soft information, the gain reduces toward the
non-coherent reference bound

Gincoh - 1010g10 N. (19)



The effective gain is measured as

E{Lcomb|2})
E{‘Lref‘Q} .

Here, L,.f is the LLR vector from a single SSB burst, while
Leomp is the reliability-weighted LLR vector after multi-
SSB accumulation. The effective LLR-domain combining
gain approaches the coherent reference bound in Urban
LOS and remains close in Urban NLOS, indicating strong
inter-burst soft-information consistency.

25 ' ' ' ' '
=—QO— Incoherent bound 10log;, NV
=——pt— Coherent bound 20log,, NV

--------- Urban NLOS
+Urban LOS

Gest = 101logy ( (20)
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Fig. 7. Effective combining gain versus number of accumulated SSBs.

VIII.

The results demonstrate that fully blind 5G NR NTN
initial access is feasible under severe LEO Doppler and
low-SNR conditions. Offsets up to +100kHz are resolved
without external assistance, residual CFO is reduced to the
sub-kHz range after lock, and bounded multi-SSB combin-
ing improves sensitivity while preserving physical realism.
These findings establish a practical blind synchronization
framework for cold-start NTN access and support future
full-stack NTN receiver integration.

CONCLUSION
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