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Abstract—The advent of 5G technology has significantly ad-
vanced the capability of centimeter-level positioning, with Angle
of Arrival (AoA) estimation emerging as a key technique to
achieve this level of accuracy. This paper presents a software
receiver based on Universal Software Radio Peripheral (USRP)
devices, designed for precise AoA estimation using 5G New Radio
(NR) signals, specially in challenging environments. The proposed
receiver addresses critical issues such as hardware and antenna
calibration, synchronization, and signal processing, enabling
accurate angle estimation in both outdoor and indoor environ-
ments. The study explores the impact of hardware imperfections,
antenna errors and environmental factors, including multipath
propagation, on angle estimation accuracy. Our approach com-
bines AoA estimation with calibration techniques, demonstrating
the feasibility of delivering reliable, high-precision location-based
services with 5G signals. Through a combination of simulation
and real-world experiments, we assess the performance of the
system in scenarios with and without multipath interference,
including the influence of reflectors on AoA measurements.
The results provide a valuable foundation for advancing the
understanding and implementation of precise AoA estimation
and calibration using SG NR signals and USRP devices.

Index Terms—Angle of Arrival, Coherent Phase, SDR, Array
Calibration, Synchronization, 5G, Multipath.

I. INTRODUCTION

In recent years, the rapid development of technologies
such as indoor navigation [1], [2], autonomous driving [3],
healthcare, intelligent transportation, and the Industrial Inter-
net of Things (IloT) [4], [5] has driven a growing demand
for accurate location information. Achieving centimeter-level
accuracy has become a priority, requiring specialised hardware
and techniques [6]. While precise positioning has tradition-
ally relied on satellite-based systems like Global Positioning
System (GPS), there is a rising interest in using cellular net-
works [7]-[9] to provide more reliable location awareness [10],
especially in challenging environments such as indoor spaces
and urban canyons [11], [12]. The deployment of 5G small-
cell base stations in areas with poor or no Global Navigation
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Satellite System (GNSS) coverage offers a promising solution
for achieving precise localization [13]. High-frequency bands,
such as millimeter-wave [14]-[16] and sub-terahertz [17], [18],
present significant advantages for positioning by improving
spatial resolution and enabling efficient resource allocation
for both communication and localization. Among the various
positioning techniques, AoA estimation, which has been incor-
porated into the 5G NR standard [19]-[21], is gaining attention
due to its ability to provide accurate position information with-
out the need for precise timing synchronization. This capability
makes AoA particularly effective for single-site positioning,
where a user’s location is determined using measurements
from only one base station [22]-[24]. By utilizing AoA
information for positioning [13], [25]-[27], cellular networks
can enhance the precision of location-based services while
reducing the infrastructure requirements.

Several numerical simulations and experimental stud-
ies [21], [28]-[31] have demonstrated the potential for high-
precision position estimation using AoA measurements. How-
ever, these studies often overlook the practical challenges
encountered in real-world implementations. The accuracy of
angle estimation is highly sensitive to hardware impairments,
clock stability, synchronisation, and phase misalignment. Ad-
ditionally, factors such as manufacturing inaccuracies, temper-
ature variations, hardware-related issues, environmental con-
ditions, and time-frequency misalignment between the trans-
mitter and receiver contribute to the degradation of AoA esti-
mation accuracy and eventually the localisation performance.

To mitigate the issues mentioned earlier, various research
efforts have been conducted. Several works have studied the
impact of hardware impairments on AoA estimation [32]-
[38]. For instance, studies such as [32]-[35] consider gain-
phase errors from Radio Frequency (RF) channels but assume
ideal array models. In practice, however, real-world antenna
arrays are affected by imperfections, commonly referred to
as array errors. These deviations from the theoretical array
manifold highlight the necessity of accurately calibrating
arrays by estimating these errors and determining the true
array manifold. While [32]-[35] offer limited details about
the effect of hardware impairments on angle estimation, this
issue is thoroughly analyzed in [36], which also considers its
impact on localization. However, practical methods for over-
coming these impairments in real-world implementations are
not addressed. The study in [37] explores practical implemen-
tation challenges, such as non-uniform radiation pattern among
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antenna elements and discrepancies in the characteristics of
RF front—ends, antenna feed cables, connector and other RF
components. Yet, it too lacks practical solutions for mitigating
these impairments. In [38], both antenna and gain-phase error
calibration are considered, though the effectiveness of their in-
situ antenna calibration is limited to the specific environment
in which it is performed, reducing its applicability to other
settings due to environmental sensitivity.

Another important note is that most of the previously
mentioned studies rely on classical AoA estimation techniques
such as Beamforming [39], MUIltiple Slgnal Classification
(MUSIC) [40], and Estimation of Signal Parameters via Ro-
tational Invariance Techniques (ESPRIT) [41], which may be
unsuitable for challenging environments. These conventional
algorithms face difficulties when dealing with coherent signals,
as they cause rank deficiencies in the source covariance
matrix and require more antenna elements than the number of
incoming signals. Moreover, these methods typically demand
a large number of snapshots and high Signal-to-Noise Ratio
(SNR) for accurate spatial resolution, which is impractical in
rapidly changing or low-SNR environments. Subspace-based
techniques, even with array calibration, are sensitive to source
coherence due to their reliance on subspace orthogonality.
Therefore it is important to explore alternative approaches,
such as parameter-free iterative methods (e.g., Iterative Adap-
tive Approaches (IAA) [42], [43], Sparse Asymptotic Mini-
mum Variance (SAMV) [44]-[46], and SAMV-Stochastic ML.
(SAMV-SML) [46]), which are effective with a limited number
of snapshots and show robustness to coherent sources. How-
ever, techniques like TAA, and SAMV are computationally
intensive, though SAMV-SML offers reduced complexity by
being grid-limit-free. Nevertheless, SAMV-SML is highly sen-
sitive to initial conditions. While these advanced methods aim
to improve localization robustness, their effectiveness must be
validated not only through simulations but also in experimental
setups beyond ideal conditions. Current testbeds [35], [38],
[47] do not provide a complete end-to-end system for accurate
estimation with 5G signals. Tailored compensation methods
are needed for 5G systems, as the hardware impairments in
these networks differ from those in other systems. To address
these challenges, the key contributions of this work are:

o The development of a software receiver for AoA estima-
tion using emulated 5G signals. The end-to-end testbed
uses USRP devices taking into account hardware impair-
ments, antenna calibration, and the required synchroniza-
tion processes for 5G NR Orthogonal Frequency Division
Multiplexing (OFDM) signals. Thanks to the adaptability
and software support of the USRP devices, the proposed
system is a customizable RF testbed, allowing experi-
ments with different parameter configurations, such as
carrier frequency, sampling rate, and gain.

o A detailed analysis of alternative AoA estimation meth-
ods, such as parameter-free iterative approaches, com-
pared to classical AoA techniques from the literature.
Their performance is evaluated through simulations and
experiments under complex channel conditions, such as
multipath propagation, closely spaced signals, and coher-

ent sources across varying SNR levels. Additionally, we
incorporate antenna error corrections into the estimation
algorithms, addressing the limitations of ideal array steer-
ing vector assumptions.

o The integration of RF and antenna array calibration into
AO0A estimation process to minimize the systematic errors
and therefore improve the accuracy. This dual-calibration
approach allow to achieve a significant reduction of error
estimation compared to conventional methods that apply
only single or omit the calibration entirely [29], [30].

o A comprehensive reference for computing observables
(i.e., angles) when working with 5G signals. While 5G
standards define aspects such as positioning estimation,
signal generation, and channel models, they do not spec-
ify a standardized methodology for observable computa-
tions. This is particularly important in experimental sce-
narios where hardware impairments and synchronization
errors must be accounted for.

o Experimental validation exploring enhancements in AoA
estimation and assessing angle error performance in en-
vironments with significant multipath and interference,
ensuring robust and reliable AoA estimation.

The structure of the paper is as follows. Section II de-
scribes the signal transmission system for the proposed end-
to-end AoA estimation framework. This section includes de-
tails on the signal structure, configuration, and the transmis-
sion module, covering waveform generation and transmission.
Section III outlines the structure of the proposed receiver,
providing a detailed explanation of each system stage: signal
acquisition, synchronization module, calibration module, sig-
nal demodulation and extraction, and AoA estimation block.
The synchronization process addresses challenges specific to
OFDM systems, where synchronization errors can compromise
subcarrier orthogonality, negatively affecting angle estimation
accuracy. The calibration module includes both RF channel
and antenna error calibration. The RF channel calibration
focuses on ensuring coherent phase reception across all RF
channels, while the antenna calibration is conducted in a
controlled environment, using a measurement chamber to
eliminate multipath propagation and interference. Section IV
provides an in-depth simulation analysis, exploring the impact
of synchronization errors on AoA estimation accuracy and
angular precision, as well as the effects of multipath interfer-
ence. Section V presents the experimental validation, detailing
a testbed based on versatile USRP devices. This section reports
the performance of AoA estimation in both Line of Sight
(LoS) conditions and scenarios with the presence of a reflector.
Finally, Section VI provides the paper’s conclusion.

II. SIGNAL TRANSMISSION SYSTEM
A. Signal structure

In this work, we focus on the 5G Uplink Sounding
Reference Signal (SRS) signal, which is based on OFDM
modulation with Cycle Prefix (CP). The uplink waveform
generation process follows the specifications set by the 3rd
Generation Partnership Project (3GPP) standard as outlined
in [48], which defines the cellular network standards for both
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Fig. 1. An example of 5G Frame structure. The last 4 symbols of each slot
are allocated to SRS. SRS is transmitted every 2 subcarriers.

current 5G and future 6G frameworks, particularly in location-
based services. The 5G waveform is organized into frames
of 10 ms duration, with each divided into 10 subframes
of 1 ms, called slots, as illustrated in Fig. 1. Each frame
in the time domain contains multiple slots, with each slot
consisting of 14 OFDM symbols for normal CP length, or
12 symbols when using an extended CP. The number of
slots per subframe depends on the subcarrier spacing, which
5G defines through different numerologies u € {0,...,4}
to support flexible subcarrier spacing Af = 215 kHz. As
numerology increases, the number of slots per subframe also
increases, and consequently, the number of OFDM symbols
varies, resulting in shorter slot durations with wider subcarrier
spacings, an inherent characteristic of OFDM. For subcarrier
spacings, 15 and 30 kHz are more suitable for Frequency
Range 1 (FR1) due to lower signal attenuation and larger cell
sizes, while higher subcarrier spacings are more appropriate
for Frequency Range 2 (FR2). In the frequency domain, each
subframe is divided into resource grids, which are composed
of multiple resource blocks. Each resource block consists of
12 consecutive subcarriers, representing the smallest defined
unit in the grid, corresponding to a single OFDM subcarrier
over a single OFDM symbol interval.

B. Signal transmission

The signal transmission module includes both waveform
generation and transmission. The 5G waveform generation
process begins with data modulation, as depicted in the Signal
transmission block in Fig. 4. In this step, data is converted into
symbols through symbol mapping. The resulting waveform is
structured as described in subsection II-A, with the OFDM
symbols converted from serial to parallel format using a
series-to-parallel converter. Each subcarrier (Resource Element
(RE)) is then mapped within the frequency domain across
the allocated transmission resources. A frequency gap of
two subcarriers is maintained between successive pilot for
each SRS symbol, with the separation predefined by the
numerology. This comb structure, with a gab of 2, ensures
high density in the time domain. The transmitted RE are
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Fig. 2. ULA with M elements for AoA estimation.

mapped to all available subcarriers per symbol. Following
this process, each symbol undergoes OFDM modulation by
applying an Inverse Fast Fourier Transform (IFFT) to convert
the frequency-domain pilot data into time-domain OFDM data
symbols for transmission. During this process, a CP with a
length of N, is added to each of the OFDM symbols within
the slot. A maximum of 4 SRS symbols can be assigned per
slot. The digital baseband signal of the [-th OFDM symbol in
the time domain is expressed as:

P

1 2 2mk(n—Nep)
11 1 2mhin—Nep)
z[n]—ﬁkZNb[k]eJ T (1

2

where n = 0,1,..., N + N, — 1 is the sample index of an
OFDM symbol, and k is the OFDM subcarrier index. The gen-
erated waveform is stored in a binary file, where the In-phase
and Quadrature (I/Q) samples are interleaved. Transmission
occurs periodically, with Nyt slots sent in each transmission
cycle. The signal is transmitted in a predefined AoA and is
received by the Uniform Linear Array (ULA) antenna system
with linearly spaced M omnidirectional antennas, separated by
an equal distance d, as shown in Fig. 2. Each ULA element
captures the signal from the u-th source, which impinges on
the array at an angle 6,,, enabling AoA estimation.

III. RECEIVER STRUCTURE

The receiver software consists of several components (see
Fig. 3), including signal acquisition, calibration, synchroniza-
tion, signal demodulation and extraction, and AoA estimation
modules. The signal acquisition module captures the RF
signals received by the hardware (e.g., USRP). Each radio
channel provides a separate baseband stream, all configured
with common parameters, and the captured signals are stored
for subsequent processing. The calibration module includes
both RF channel calibration and antenna error calibration.
RF channel calibration, applied immediately after signal ac-
quisition, corrects phase misalignment between the receiver’s
RF channels. Antenna error calibration, performed at the
final stage, compensates for offsets between antenna elements
and is integrated into the angle estimation algorithms. The
synchronization module employs both coarse and fine methods
to estimate time delay and frequency offset, using known pilot
symbols transmitted by the sender. These corrections occur
after compensating for hardware impairments through RF
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Fig. 3. Illustration of the receiver top-level block diagram.

channel calibration. The signal demodulation and extraction
block processes the corrected waveforms, demodulates them,
and applies an Fast Fourier Transform (FFT) to extract OFDM
symbols containing pilot signals, which are then used for AoA
estimation. Each stage plays a crucial role in ensuring accurate
AoA estimation. The following sections provide a detailed
description of each stage, accompanied by corresponding
diagrams for further clarity, as depicted in Fig. 4.

A. Signal acquisition

The signal acquisition module captures the transmitted
waveforms at each of the radio channels of the receiver
platform (see Signal acquisition block in Fig. 4). In reception,
the signal stream corresponding to the ¢-th received radio
channel of the receiver at the [-th OFDM symbol, and the
k-th subcarrier, is denoted as:

i i i) md2m(krdle) g(i) gl ;
v = a@pe o O Ll @)

where a(f) = /a(0)e’®®) is the antenna response at i-
th front-end channel composed by the gain pattern «(6)
and phase pattern ®(6), 7 is the time delay, ¢ is the Car-
rier Frequency Offset (CFO).The phase offset &’ represents
the hardware-induced phase offset of the ¢-th received RF
channel. Additionally, 8 encompasses the remaining phase
offsets influencing the error in the i-th antenna response of
the corresponding RF channel. These offsets may arise from
factors such as antenna non-idealities, surrpunding structures,
multipath, and/or interference. Finally, wl(z,i denotes the noise
of i-th channel at the [-th OFDM symbol and k-th subcar-
rier. Each radio channel of the receiver corresponds to a
distinct baseband received signal provided by the hardware
front end. These signals are organized into a single matrix
G = [y1,y2,...,ym|T € CMN during acquisition. The
received baseband stream is separated so that each radio
channel has its baseband stream from the hardware front-end.
The stream of each radio channel goes through a deinterleaver,
which rearranges the order of previously interleaved data. The
data are then subtracted from the average value of the signal
itself. This process effectively eliminates the DC offset, a
constant bias that could affect subsequent processing steps,
ensuring that the signal is centred around zero.

B. Calibration

One of the main sources of error in signal reception orig-
inates from hardware and antenna-related factors. Moreover,
the radio environment introduces additional issues, such as
multipath and interference. This section describes primary
calibration procedures: RF channel error calibration (see Fig. 5
and RF error calibration block in Fig. 4), and antenna error

calibration (see Fig. 6). The calibration process uses the same
5G NR signal as the experiments. RF channel calibration
is performed by directly connecting the transmitter (USRP
N310) to the receiver (USRP NI-2955) via coaxial cables
and a power splitter, ensuring an undistorted signal for mea-
suring phase and timing offsets between RF channels. These
cables also connect the receiver’s antenna elements for both
calibration and experimentation. System parameters, including
carrier frequency, sampling rate, and transmission gain, remain
consistent throughout. Both calibration processes affect the
accuracy of angle estimation.

1) RF Channel error calibration: The calibration of RF
channels is crucial for ensuring coherent phase reception
across multiple RF channels of the Software-Defined Radio
(SDR) device. In this way, it will ensure compensation for
hardware imperfections. The process of RF calibration varies
depending on the model of multi-channel SDR platforms used.
For instance, the focus here is on USRP devices, which are
widely adopted in high-end developments due to their large
FPGA and flexibility to meet RF requirements. This paper will
use model N310 [49] as a transmitter and model NI-2955 [50]
as a receiver. These USRP models are chosen because they
allow the use of the required sampling rate and bandwidth
for the experimental setup presented in Section V. To ensure
phase-aligned operation, the configuration of the multichannel
receiver enables Local Oscillator (LO) sharing among channels
across multiple daughter boards. This is achieved by exporting
the LO output from the initial pair of channels to the second
pair of channels via external cables connected to the respective
LO ports as shown in Fig. 5. Another factor influencing
phase alignment is the sampling rate. To maintain precise
alignment, the signals received by all front ends must be
sampled simultaneously. For a more detailed description of
the calibration process and its impact, please refer to [51].

The phase offset between RF channels is estimated by
performing the circular correlation of the received signal of
the first RF channel 3(®)[n/], where m = 0, with the rest of
the received signals §(™ [n/], where m = 1,2,...,M — 1, at
the receiver side as:

Bz, = {F {700} ({5 m}) ) @

with F and F~! being the FFT and IFFT operations respec-
tively. The estimated phase offset ¢/(™) for the m-th channel
relative to the first channel is achieved using the arctangent
of the imaginary & and real 3 parts of the cross-correlation
function in (3) at the estimated delay O(m) defined as:

¢'("™) = atan2 (3 {R@a@'m(é(m))} R {R%@:n (@(m))}) 7
4)
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where (™) = arg maxe {|R%% ’2} is the delay in samples
that maximises the magnitude of the cross-correlation function

’R%@MQ}. The estimation process is shown in RF error
calibration block in Fig. 4. The process is performed over
received signals during 10 sec. Thanks to the calibration
process, the phase difference between channels is maintained
constant over time with a maximum of phase deviation 0.02

degrees proved in [51].

2) Antenna calibration: The use of ideal array steering
vector models can cause performance degradation, as already
mentioned at the beginning of this work. Misusing antenna
array models can lead to significant performance losses in
angle estimation techniques [52]. This may result in steering
energy towards undesired directions, cancellation of the signal
of interest, and amplification of interfering sources [53]. To ad-
dress these issues and ensure accurate angular measurements,

the antenna error calibration process is crucial. However, its
accuracy may be affected by environmental changes, limiting
its effectiveness in different settings. Therefore, we introduce
a calibration process carried out in a controlled environment,
i.e., an anechoic chamber, to minimize reflections and avoid
interferences, ensuring more accurate calibration results.

The AoA estimation is performed using a ULA with four
elements, spaced at half-wavelength intervals (see Fig. 2).
The estimation process evaluates the phase offsets between
the receiving antennas. The array is rotated within a defined
sector and at specific angular increments. In this work, the
range from —90° to 90°, with a 5° step, covers 37 pilot
AoA. The rotary stand (see Fig. 6) is positioned alongside
the transmitting antenna at a fixed distance, determined by the
tolerable phase deviations, antenna aperture, and wavelength.
For the calibration process, a distance of 3 m is used. The
transmit power is set to the maximum output value of 418
dBm to ensure a strong received signal, thereby minimizing
the impact of instrument noise. This power level is particularly
optimal at the carrier frequency of 2.4875 GHz used in this
work, but it can vary across different frequencies as specified
in [50], as it represents the maximum output power achievable
within the experimental parameters. Moreover, a gain setting
of 40 dB was selected based on the dynamic range of the
USRP NI-2955. This ensures that the received signal remains
within its linear operating range, thus avoiding any non-
linearities or compression effects that could negatively impact
the signal’s amplitude or phase. Note that these adjusters are
done according to the specific USRP platform used.

For each angular positions, the bearing errors A¢; are ob-
tained by taking the difference between the estimated value ¢;
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and the setting of the rotary stand ¢ps;, i.e., Ad; = Ppos; —qgl-.
The received data stream is then evaluated and compensated
for phase offsets induced by free-space propagation. The phase
offset ¢ is computed as ¢ = 2wdf../c, where d is the distance
between antenna elements, f. is the carrier frequency, and ¢
is the speed of light. Spline interpolation is used to facilitate a
dense calibration grid, and the calibrated array manifold a(¢)
is employed to correct array errors in searching-based AoA
estimation algorithms. The calibrated array manifold for each
angular position is:

a(¢) = diag(Cy)a(9). )

Here, ¢, = [1,€7%2, ..., €/¥] captures the mismatch array error
correction derived from the calibration process, diag returns a
square diagonal matrix with the vector elements (, on the main
diagonal, and a(¢) = [l,e %Y, . TR
represents the theoretical antenna response. Finally, the AoAs
are determined by identifying dominant spectral peaks to be
explained in subsection III-E. The calibration of antennas is
performed after the demodulation of OFDM signal (see AoA
estimation block in Fig. 4). The results of the calibration
technique for this work are illustrated in Fig. 7. In this figure,
the theoretical array response for each incident direction is
compared with the experimental array response, highlighting
the computed phase error deviation from the expected value.
This deviation is critical for correcting phase errors that
originate from the antennas. Although the calibration measure-
ments do not provide an explicit formulation of the array’s
response as a function of wave-field parameters, applying
proper calibration and error correction techniques significantly
improves array processing methods. This, in turn, enhances the
performance of high-resolution direction-finding algorithms.

C. Synchronization

Addresing synchronization errors in OFDM systems is
critical, as such errors can disrupt subcarrier orthogonality
and significantly degrade system performance. Factors such as
Doppler shifts, oscillator frequency mismatches, and timing
inconsistencies can compromise this orthogonality. Timing
offset may lead to inter-carrier interference, reducing signal
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Fig. 7. Estimation of antenna phase errors between the receiving antennas of
a ULA array through anechoic chamber-based calibration. The array is rotated
within a defined sector ranging from —90° to 90° in increments of 5°.

quality and integrity. Similarly, carrier frequency offsets in-
troduce interference from adjacent subcarriers, further dis-
rupting orthogonality. This section will cover the estimation
and compensation of symbol time and frequency offsets, as
well as frame synchronization, all applied after RF channel
calibration (refer to the Time and Frequency Synchronization
and Frame Synchronization blocks in Fig. 4). The processes
for estimating and correcting these offsets are discussed in
subsection III-C1, followed by frame synchronization in sub-
section III-C2. These processes use a local replica of the
known transmitted signal that will be cross-correlated with
the actual received signal. Note that, in the context of cellular
5G NR, such synchronisation often involves correlating the
received signal with predefined reference signals, such as
the Primary Synchronization Signal (PSS) and Secondary
Synchronization Signal (SSS) [48], whose structure, sequence,
and periodicity are known beforehand by both the transmitter
and the receiver. Failure to address synchronization issues can
result in improper OFDM demodulation and degraded AoA
estimation due to accumulated offsets.
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1) Symbol timing and frequency offset estimation: The pro-
cess involves checking the baseband I/Q samples to estimate
and establish time and frequency synchronization of the uplink
received signal with the local replica signal s. as a reference
(see Time and frequency synchronization block in Fig. 4). It
consists of a two-step process for both time and frequency
offset: a coarse estimate carried out in the time domain, and
a fine estimate to refine the initial estimates and increase
precision. The process is repeated for each of the received RF
channels. The 7, and CFO to be considered for compensation
to each of the received waveforms will be the mean value.
This process synchronizes the received data streams at each
of the RF channels to the beginning of the OFDM symbol.

The coarse estimation of CFO is performed by identifying
the strongest correlation peak between the received waveform
and the local replica of the signal. The CFO ¢ is estimated
by searching a frequency range of residual carrier frequency,
ie. from —Af to Af with a step size of one-thousandth of
Af, with A f being the subcarrier spacing. For each frequency
in the search range, compensation on the received signal is
applied using the equation:

—j2mne

g}(i)[n]:y(i)[n]e N, (6)

Afterwards, a correlation between the corrected received
signal §[n] and a shifted and conjugated version of the
reference signal s. is computed, whose correlation’s result is:

N+Ngp—1

> i9msin — 1], )

n=0

Rys(ly) =

where s.[n—I[;] is a circular shift of the local replica waveform
resulting in a matched filter of the OFDM signal and n being
the discrete-time in samples. The process is repeated for each
set of frequencies in the search range. The estimated time
offset is determined by the position of the correlation peak
and the frequency offset is selected as the one that gives the
strongest correlation value. The estimated delay is:

I, = argmax{|Rys(l,)|*}. (8)
I
The fine estimation of time and frequency offset is done by
performing a data interpolation around the coarse estimation
value. Note that the accuracy of the carrier frequency offset
estimation is limited to the subcarrier spacing. Finally, the

corrected received stream at i-th RF channel has the form:
yA,(i)

—j2nne(fine)

[n] = y@[n + [(fine)]e =255 +wDn]. ()

2) Frame synchronization: The time offset estimated
in III-C1 aligns only with the start of the OFDM symbol.
To obtain the start of the frame, frame synchronization is
undertaken. This process, which is crucial during the demod-
ulation process of the 5G NR signal, is depicted in Fig. 8.
During transmission, the symbols are sent through the channel
using parallel-to-serial conversion, and upon reception, symbol
samples arrive sequentially. Since OFDM operates in frames,
the receiver needs to gather a set of OFDM symbols to
demodulate. To accurately detect the start of frames, the
previously estimated time and frequency offset are removed

Framei-1 Frame i+1

[T T T I T TTTTTI]~
S e S B

‘ CASE2

Fig. 8. Frame synchronization process to precisely align the start of a 5G
NR frame.

from the received signal as in (9), and the result is correlated
in time with the locally generated frame similar to (7). The
pilot signals from the replica are used as markers. These pilot
signals have unique correlation properties in the time domain,
allowing the receiver to detect frame beginnings accurately.
The cross-correlation generates prominent peaks that serve as
indicators to estimate the starting position of the frame, which
dictates the alignment of the FFT window in the receiver
with the useful part of the OFDM symbol. Depending on the
estimated time offset, two scenarios are possible:

e Case 1: When the time offset is positive and the local
replica is placed earlier than the received stream, the
frame is situated ©; samples after the beginning of the
received stream.

e Case 2: When the estimated time offset is negative, mean-
ing the received signal arrived earlier at the RF channel
compared to the local replica, the first ©; samples of the
frame are discarded to align with the beginning of the
frame.

The corrected received stream at ¢-th RF channel is:

i ~, (1)
yopnl =y n+6:].

Note that the synchronization process is applied after the RF
channel error calibration process (see Fig. 4).

(10)

D. Signal demodulation and extraction

The signal demodulation and extraction module captures the
compensated waveforms at each of the radio channels (refer
to the Signal demodulation and extraction block in Fig. 4)
and performs the demodulation process. First, the time-domain
multichannel SRS signals are transformed into the frequency
domain using FFT, and the CP from each OFDM symbol is
removed. The resulting received signal after demodulation, at
the k-th symbol and m-th subcarrier is given by the equation:

Y'(k,m) = H(k,m)b(k, m)e/%mecEBm) ooy (ke m),  (11)

where H(k,m) is the channel response, b(k,m) is the
complex-valued symbol transmitted, Oogset (k, m) is the resid-
ual phase offset at the k-th OFDM symbol and m-th subcarrier,
and w(k,m) is thermal noise, statistically uncorrelated with
w(k,m) ~ CN(0,0%).

Despite error corrections, timing errors or synchronization
inaccuracies can cause the receiver to sample the signal at
slightly different instants than intended, leading to a perceived
frequency offset known as residual CFO. Additional phase
offset compensation is performed to ensure reliable data recov-
ery, involving a residual phase offset estimation. The residual
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carrier offset can vary with the subcarrier due to channel
effects, channel delay spread, synchronization errors, and
interference. Therefore, phase shift estimation is carried out
per subcarrier during the entire reception time. This estimation
necessitates knowledge of the 5G NR uplink signal SRS
pattern to collect the received symbols of a frame where SRS
pilots are encountered. The received pilots of each subcarrier
per OFDM symbols during 7" time duration are multiplied with
the complex conjugate of the corresponding local replica:

R(k,m) =Y'(k,m)b*(k,m), (12)
where b*(k,m) is the conjugate pilot. The process is repeated
for each RF channel receiver. This aligns the subcarriers
closely together and retains only the effect of the phase shift,
simplifying accurate channel estimation and equalization as
the impact of subcarrier spacing is removed. The residual
phase offset of first RF channel at the m-th subcarrier is
computed as:

Oofiset (K, m) = LR(k,m). (13)

The computed phase offset is applied to the corresponding
subcarriers of the rest of the RF channels.

E. AoA estimation

The AoA estimation module performs the estimation of
angle of arrival using several techniques ranging from classical
to modern approaches. These techniques can be categorized
in three groups: classical, subspace-based, and parameter-free
iterative methods. In the classical AoA techniques, the Delay
And Sum (DAS) technique [39] is considered. This method
aligns received signals to compensate for propagation delays
from different directions to a ULA. By scanning multiple
angles and summing the aligned signals, it generates a spatial
spectrum, selecting the angle with the highest power as the
estimated AoA. While simple, this method has low resolution
and is more susceptible to interference and noise. For the
subspace AoA techniques, MUSIC [40] and ESPRIT [41]
are considered. MUSIC decomposes the covariance matrix
of received signals into signal and noise subspaces using
eigenvalue decomposition. AoA angles are estimated by find-
ing directions where the steering vector is orthogonal to
the noise subspace. This method offers high accuracy but
requires prior knowledge of the number of incoming signals.
ESPRIT, instead of spectral searching, exploits the rotational
invariance of the signal subspace by dividing the antenna array
into overlapping sub-arrays. By analyzing phase shifts be-
tween these sub-arrays, ESPRIT directly estimates the AoAs,
reducing the computational complexity to MUSIC. Finally,
about the parameter-free iterative AoA techniques,/AA [42],
[43] rooted in sparse techniques, series of iterative SAMV
approaches [44]-[46] based on the asymptotically minimum
variance, and SAMV-SML approaches [46] grid-limit free
are considered. The TAA is a sparse-based iterative method
that continuously reweights received signal data to enhance
resolution and robustness, without requiring prior knowledge
of the number of sources. SAMV method iteratively refine

Ao0A estimation using sparse recovery techniques, and SAMV-
SML further improves performance in scenarios with limited
snapshots, ensuring stability in complex environments.

The steering vector for the AoA estimation 6, for each
signal y, from the u-th source that impinges on the array
(see Fig. 2) is:

au(e) — [1 e—jQT" sin(6,,) e—jQQT"' sin(6,,)
(14)

o (M-D= .
eI Sm(@u)]T.

The number of sources is estimated using the Minimum
Descriptive Length (MDL) method as follows:

Mo 1 M M=
MDL(q) = —log H A T Z A
Jj=q+1 q J=q+1

+ %q(QM —q)log N,

15)
where ¢ is the number of estimated paths, M is the number
of array elements, \; are the eigenvalues of the sample
covariance matrix of the received signals and N is the number
data samples. The number of sources is chosen as the value
of ¢ that minimizes the MDL criterion:

G = argmin MDL(q). (16)
q

IV. SIMULATION ANALYSIS

This section analyzes the key factors affecting AoA esti-
mation accuracy, with a specific focus on the effects of cali-
bration and multipath. The estimation accuracy is influenced
by variables such as carrier frequency offset, time offset, and
antenna array calibration. In Subsection IV-A, we analyze the
impact of calibration on AoA estimation through simulations
conducted in a controlled, multipath-free environment. This
study underscores the critical role of synchronization achieved
via calibration and its effect on overall estimation precision.
Subsection IV-B transitions to real-world scenarios, where
multipath and interference are inevitable. We explore how
these factors degrade estimation accuracy and compare the
performance of different AoA estimation algorithms under
such challenging conditions. For this analysis, we consider
the 5G uplink SRS signal, which comprises 4 SRS symbols
per slot and is transmitted periodically at a carrier frequency
of 2.4875 GHz. A full-band SRS transmission of 25 MHz is
used, corresponding to a sampling rate of 30.72 MHz, along
with a linear antenna array of 4 elements. These parameters
are consistently applied throughout the paper.

A. The effect of calibration on AoA estimation

Monte Carlo simulations were conducted to evaluate the
statistical behaviour of frequency and time offset error estima-
tion, focusing on the impact of residual synchronization errors
on AoA accuracy. The analysis explores how these residual
errors influence estimation performance across different SNR
levels. Phase offsets introduced by the front-end hardware are
specified as follows: @40 cn; = /3, Peno_cne = /4,
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and ¢, 0_cns = 7/6. The carrier offset is varied from 3
kHz to 4.5 kHz in steps of 0.25 kHz, and a time offset
of 0.97 ns is applied to the waveform. The true AoA for
estimation is set at 22 degrees. For each combination of
carrier offset and SNR (ranging from —10 to 25 dB in 5
dB increments), 30 realizations are generated, and frequency,
time, and AoA estimations are performed. The chosen range
of carrier frequency offset corresponds to one-tenth of the
subcarrier spacing, reflecting a step size of 1.5 kHz, and is
selected to evaluate the fine accuracy of the AoA estimation
process. The results are compared with the Cramér-Rao Bound
(CRB) values. The CRB for delay offset estimation is derived
using the general assumptions from [54] and [55], and it is
expressed as:

N 6
CRB(7) = SNR - Nant - Norpat - Na(NZ — 1) "
N (17)
2rAfKrc)?’

where SNR is the average SNR per resource element, N,
is the number of the antenna elements in the array, Norpm
is the number of OFDM SRS symbols considered, N, is
the total number of active pilot subcarriers, and K¢ is the
transmission comb number, representing the minimum fre-
quency separation between two subcarriers allocated for SRS.
Consequently, the CRB for range estimation can be expressed
as CRB(R,) = c>CRB(7), where c is the speed of light. The
CRB for CFO estimation according to the derivations in [56]
is:

o (1-p%)
CRB(é) = ——=—= 18
0= Grr ()
where p :202;73210 is derived from p = XA, with
SNR = Zz> representing the average SNR per resource

element and L is the length of the cyclic prefix. As CFO
estimation includes the cyclic prefix, increasing its length can
make the CRB arbitrarily small. Finally, the CRB of AoA
estimation, assuming a LoS channel, derived based on the
configurations presented in [55], is:

6
SNR - Nopt - No(“2)2(N?

ant —

CRB() 1)sin®6’

19)
where w. = 2w f. is the angular frequency, with f. as the
carrier frequency. Increasing the number of antenna elements
further reduces angle estimation errors.

The results, shown in Fig. 9, illustrates the Root-Mean-
Square Error (RMSE) of frequency offset estimation as a
function of SNR. The method demonstrates high accuracy
in identifying the central maxima corresponding to the target
frequency offset, with estimation errors below 5 Hz for SNR
above 0 dB. However, at lower SNR, the error increase to
over 10 Hz. For intermediate SNR values, estimation accuracy
degrades gradually, with an error of approximately 1 Hz at
high SNR and up to 6 Hz at low SNR. The results indicate
a clear improvement in frequency offset estimation as SNR
increases. Specifically, for frequency offsets with resolution of
1.5 kHz, the RMSE error stabilizes at around 1.5 Hz for SNR

20 dB
—o— 25dB

(a)

—— -10dB
-5dB

—— 0dB —— 10dB

—— 5dB —— 15dB

=

Frequency (kHz)

(b)

H

3.0 kHz
3.25 kHz
3.5 kHz
—e— 375 kHz
1004 —e— 4.0kHz
—e— 425 kHz
1.5 kHz
— CRB

Frequency offset error estmation (Hz)

—10 0 10 20
SNR (dB)

Fig. 9. Evaluating the accuracy of carrier frequency offset estimation. The
carrier offset is varied from 3 kHz to 4.5 kHz in steps of 0.25 kHz. In (a)
it is presented the frequency offset error for different carrier frequency offset
and in (b) the frequency offset error depending on SNR values.

values above 20 dB, showing minimal change with further
increases in SNR. This is because the offsets are near the
central maxima of the frequency estimation function, and the
algorithm struggles to distinguish between closely spaced fre-
quencies. Therefore, for better results, the frequency resolution
should ideally be within the range of a few Hz. In this study,
a frequency resolution of 10 Hz was used, which meets the
accuracy requirements for the given experimental conditions.
Note that, in practical applications, frequency resolution may
vary due to several factors, particularly the quality of the
hardware and its clock. Consequently, the use of a high-quality
clock or an external clock may require adjustments to the
frequency resolution to meet specific operational needs.

In contrast, time offset estimation accuracy, reflected in
range delay and angle resolution, is presented in Fig. 10. The
accuracy of carrier frequency offset influences these results
as well. The analysis shows that both time and angle offset
estimation accuracy improve at higher SNR levels. Thus,
under conditions of perfect antenna calibration and precise RF
channel error estimation, even with frequency offset errors up
to 25 Hz and a single source, the algorithms can achieve an
angle of arrival resolution of less than 1 degree.

B. The effect of multipath on AoA estimation

Many angle-dependent algorithms [39]-[41] struggle when
dealing with coherent sources, as previously outlined in the
introduction, due to rank deficiencies in the source covariance
matrix and the requirement for more antenna elements than
the number of incoming signals. This subsection evaluates
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Fig. 10. Evaluating the accuracy of time offset and angle of arrival estimation.
In (a) it is presented the angle error estimation versus SNR values and in (b)
the range delay error estimation versus SNR values.

the performance of the algorithms from Subsection III-E in
multipath and coherent signal environments. The analysis is
based on 50 Monte Carlo trials for each SNR value, ranging
from —15 to 25 dB in 5 dB increments. Two coherent sources
are considered: one fixed at 0° with no time delay, and another
with varying angles and delays across short to long ranges. The
angle spread is set to 35°, covering a sector centered on the
reference direction, with possible angles from —35° to +35°.
Both sources share identical waveforms, and 63 snapshots
are captured per estimation. Results are categorized by angle
spread into very short, short, and long directions, as shown
in Fig. 11 and Fig. 12. The very short group has a maximum
spread of 5° (—5° to 5°), the short group spans 5° to 15°,
the next covers 15° to 25°, and the longest extends from 25°
to 35°. Additionally, multipath signals are assigned a random
delay spread of 1, 2, or 3 samples (i.e., 32.55, 65.10, and 97.65
ns, respectively). For subspace- and power-based methods, a
scanning grid with a 0.2° step size covers the —90° to 90°
range. Iterative approaches perform up to 60 iterations per
estimation.

The results indicate that due to smearing effects and limited
resolution, both MUSIC and classical beamforming struggle to
separate closely spaced sources. Eigen-analysis-based MUSIC
and two-dimensional beamforming fail to distinguish between
coherent signals. However, simulations show that treating
spatial and temporal dimensions independently—resolving one
at a time—enables separation due to super-resolution capa-
bilities. Signals arriving at different angles create distinct
spatial patterns influenced by time delays. Angular estimation
improves significantly when sources are separated by more
than 5° and have a time delay exceeding one sample. For
closely spaced sources, angular estimation error decreases at
high SNR. The Total Least Squares (TLS) ESPRIT method
performs slightly better than Least Squares (LS) ESPRIT,
though their accuracy differences diminish at higher SNR
and wider angle spreads. Both outperform other spatial-based
techniques, halving the angle error for closely placed sources.
When delay spreads increase, spatial-based methods achieve
estimation errors below 2°. Beamforming performs worse, par-
ticularly at larger angular spreads. Due to its data-independent

Maximum spread 5° Spread between 5° and 15°
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Fig. 11. Angle estimation error for different angle spreads using classic
techniques: (a) spread below 5°, (b) spread between 5° and 15°, (c) spread
between 15° and 25°, (d) spread between 25° and 35°.

nature and fewer antenna elements, classical beamforming
(DAS) has lower resolution, wider main lobes, and reduced
angular precision, limiting its ability to distinguish signals.
The achieved accuracy remains within 2°.

Power-based techniques provide higher-resolution spatial
estimates, reducing smearing effects, but fail to separate
closely spaced sources at low SNR. Sparse methods like
SAMV and SAMV-SML outperform IAA due to differences
in power matrix estimation. IAA sums signal magnitudes,
causing covariance matrix singularity, while SAMV computes
power estimates iteratively: SAMV-0 uses previous estimates,
SAMV-1 incorporates Capon power, and SAMV-2 combines
both. At SNR > 5 dB and with more snapshots, IAA improves,
but SAMV-2 achieves superior resolution. Sparse techniques
are limited by the direction scanning grid, whereas grid-free
SAMV-SML provides the highest accuracy (< 1°) and is more
robust to insufficient snapshots. SAMV-0 performs poorly at
low SNR, while SAMV-2 reduces angle estimation errors to
< 20° even for closely spaced sources. At larger angle spreads
and higher SNR, SAMV-1 performs similarly to SAMV-2 and
IAA.

V. EXPERIMENTAL ANALYSIS

To assess the effectiveness of the suggested receiver and
verify the feasibility of calibrating angle estimation accuracy,
outdoor experiments are conducted. These experiments took
place in an open area in the backyard of the Autonomous
University of Barcelona, Spain. This section will first present
the experimental setup, followed by an analysis of the results,
which evaluates the impact of calibration and environmental
conditions such as multipath and interference. The number of
incoming signals is estimated using the MDL criterion.
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Fig. 12. Angle estimation error for different angle spreads using sparse

asymptotic minimum variance approaches: (a) spread below 5°, (b) spread
between 5° and 15°, (c) spread between 15° and 25°, (d) spread between
25° and 35°.

A. Experimental setup

Two different setups are employed for the outdoor exper-
iment: one with no multipath, and one in the presence of
multipath. For the first setup with no multipath, where the
transmitter and receiver are in LoS conditions, the linear array
composed of 4 elements at the receiver side is swivelled to
obtain different angles of arrival (from —60° to 60° with a
step size of 10°). For the second setup, a reflector is placed in
two different positions as depicted in Fig. 13 (b): the reflector
placed between the transmitter and receiver, creating a 45°
AoA; and the reflector positioned near the transmitter at a
distance of 4 m, creating a 30° AoA. Here, the transmitter’s
Ao0A is fixed at 0°, and only the reflector is moved to form the
desired angles. The reflector body, with dimensions of 112 cm
(length) x 50 cm (width) x 45.5 cm (height), is constructed
from aluminium foil, with a thickness of approximately £0.6
mm. Aluminium foil is effective as a reflective material due
to its ability to minimize penetration and maximize energy
reflection as outlined in [57]. It can achieve reflectivity levels
of up to 93.3%. In both scenarios, the transmitter and receiver
are placed within a distance of 9.28 m. The distance is limited
to the use of Industrial, Scientific and Medical (ISM) band (i.e.
a carrier frequency of 2.4875 GHz), and its inherent power
limitations. The increase in the distance can lead to signal and
potentially introduce Non Line of Sight (NLoS) NloS effects,
such as signal fading and increased noise levels, which could
significantly impact the accuracy and reliability of the mea-
surements. The SRS signal is transmitted periodically every 1
ms for 2 s from the single antenna port of the transmitter (see
Fig. 13 (a)). Recall that the USRP N310 is used as a transmitter
and as a receiver the USRP NI2955. The system parameters

used include a transmission gain of 65 dB, and a sampling rate
of 30.72 Msps, which corresponds to a 25 MHz bandwidth.
The full band is used for the transmission. Omnidirectional
monopole antennas are used for both transmission (TX) and
reception (RX). The single transmitter antenna is mounted
directly on one of the transmission channels of the TX-N310.
On the receiver’s side, the antennas are mounted on a platform
with a separation of A/2 between the elements of the antenna
to enhance resolution ability in the presence of interference.
To mitigate interference, only interference-free subcarriers are
selected after waveform demodulation, leveraging the inherent
properties of OFDM. In this work, the interference, detected
at a center frequency of 2.479 GHz with a 2 MHz bandwidth,
is addressed through this correction strategy. The samples are
recorded using LabVIEW. For each scenario (i.e., reflector at
30° and at 45°), 3 tests are conducted, each corresponding
to an independent data stream capture (i.e., snapshot). Each
snapshot is recorded for 2 s, followed by a 1-minute interval
between capturing the next one. Throughout the process, the
experimental setup remains unchanged, with no modification
to configuration parameters of physical arrangement. For this
experiment, we estimate the AoA from signal reflections to
evaluate the system’s ability to detect NLoS paths.

This study focuses on azimuth angle estimation, as the
transmitter and receiver are on the same horizontal plane. The
dipole antenna array’s omnidirectional radiation in azimuth
but minimal gain in elevation makes vertical propagation
negligible. Additionally, the ULA is sensitive to azimuth an-
gles. Since elevation variations have little impact on accuracy,
they are not considered. Incorporating elevation would require
tiltable antennas, a 3D positioning system, and updates to the
steering vector and estimation algorithms.

B. Experimental results

1) AoA estimation in multipath free environment: This
subsection evaluates the performance of the proposed receiver
in a non-multipath scenario using conventional subspace-
based techniques such as MUSIC and ESPRIT, as well as
classical beamforming to perform the angular estimation. The
results shown in Fig. 14 indicate that implementing calibration
reduces angle estimation error by fourfold, demonstrating
the significant impact of calibration on angle measurements.
Additionally, the results show that the angle estimation error
decreases as the angle approaches 0°, but increases near the
end-fire position of the antenna array. Moreover, taking into
account that the phase deviation concerning a planar wave in-
creases toward the edge of the antenna, at the carrier frequency
of 2.4875 GHz, there is an additional 1.3° of phase deviation
present. Both MUSIC and beamforming demonstrate similar
performance in terms of estimation accuracy for all angles,
with MUSIC achieving a slightly lower error estimation of
0.05°. The method yields a maximum angle error estimation
of approximately 8.6° and a minimum of approximately 0.1°,
with an average error estimation of around ~ 3.8°. Both
methods consistently estimate all considered snapshots, with
a standard deviation of approximately ~ 2.6°.
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Fig. 13. Outdoor experiment details: in (a) the structure of the signal is
presented, in (b) a picture of the experimental setup is shown.
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Fig. 14. RMSE angle estimation under LoS conditions: (left) without
calibration, and (right) with calibration.

2) AoA estimation in multipath environment: This sub-
section evaluates the accuracy of angle estimation in the
presence of multipath. The results are obtained by three tests,
each corresponding to different captured data streams while
maintaining the same conditions as depicted in Fig. 15. Based
on the MDL approach, the number of incoming signals is
3. However, it is important to note that this method might
incorrectly estimate the number of incoming signals, leading
to the appearance of false angular estimates. When considering
3 incoming signals for a 4-element array, the MUSIC reduces
to the Pisarenko method, where the angle is estimated as
the angular position of the roots omitting the problem of
separating the “’signal roots” from the “noise roots”. Despite
its computational simplicity, the Pisarenko method may have
relatively poor statistical accuracy. However, in our specific
case, it can effectively distinguish the presence of the expected
signals from different paths as observed from the results
obtained in IV-B.

For the case of reflection with an AoA 30°, the results
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Fig. 15. Multipath environment: angle of arrival estimation accuracy of the
reflector body. In (a) the reflector is placed at 30°, in (b) at 45°.

show high performance, with the AoA estimation accuracy
being below 4° for all considered techniques, except for
beamforming, which shows higher error estimation. Beam-
forming performance depends on the main lobe width and its
ability to distinguish sources at different angles. With only
four elements, the ULA has a relatively wide main lobe,
limiting resolution. At 30°, secondary lobes shift the reflection
peak, reducing accuracy. In contrast, at 45°, the larger angular
separation minimizes these effects, improving detection. The
lowest angle error is achieved by theMUSIC method with
an error below 1.5°. IAA, SAMV-1, and SAMV2-SML give
similar resolution with an angle error < 3°. SAMVO0-SML and
SAMV1-SML all demonstrate similar resolution, with an angle
error below 3°. Apart from beamforming, the 1D estimation of
ESPRIT (both the LS and the TLS approach) gives the worst
estimation with a maximum angle error of 3.9°.

In the case of a reflection with an AoA 45°, the maximum
angle error estimation computed is 8.9°. Even in this case,
the MUSIC method presents a better resolution in the last two
tests. The performance of beamforming has improved, with an
averaged angle error of approximately 4°. IAA and SAMV-1
yield very similar results with an error estimation of 6.47°
on average. The SAMV-SML techniques produce the highest
estimation error compared to the other methods, as the output
of SAMV-2 is used as input to the algorithm, and the results
indicate that these methods have the worst performance.

Overall, the estimation for the second case is worse than for
the first case. This can be attributed to the use of aluminum foil
to build the reflection body, which possesses different diffuse
properties based on its bright and matte sides. Although the
bright side was chosen, the scatter of the arriving signal also
depends on the signal direction, with some angles exhibiting
more scatter than others as outlined in [58]-[60]. These
limitations, along with some residuals remaining during the
calibration phase, have contributed to the degradation of the
results.

3) Impact of calibration in AoA estimation: It is important
to assess the impact of calibration on AoA estimation to
determine whether both the calibration of the RF channel error
and antenna error have equal contributions to the accuracy
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Fig. 16. Impact of antenna calibration on angle estimation: (left) without
calibration, (middle) with RF-channel calibration, and (right) with both RF-
channel and antenna error calibration.

of the estimation. The angle estimation data obtained during
antenna calibration in the anechoic chamber reveals that the
array error is negligible, except when the array is in the end fire
position, known for its poor performance. The results shown
in Fig. 16 indicate that the effect of antenna calibration on
error correction is minimal compared to the contribution of RF
channel error calibration. For scenarios where high accuracy
is not crucial, calibration only on the RF channels side is
sufficient. However, for better performance, both calibration
contributions should be taken into account.

VI. CONCLUSIONS

In this work, we have proposed an efficient receiver to
calibrate angle error measurements, investigate the array mod-
elling, and provide accurate AoA estimates using 5G NR
signals. The receiver consists of several steps such as data
processing (signal extraction), calibration (RF channel error
calibration and antenna error calibration), and synchronization
(a time delay and frequency offset estimation, and frame
synchronization) to finally provide the AoA estimation. The
results showcase a significant improvement in AoA estimation
accuracy compared to the case without calibration, particularly
in the presence of multipath and interference. Overall, the
angle estimation, obtained following our proposed end-to-end
system, appears to be very accurate. When no multipath is
presented, a maximum of ~ 8.6° and a minimum of ~ 0.1°
angle error estimation is achieved by using conventional
methods. The average error estimation is ~ 3.8°. The methods
are consistent in their estimation of all considered snapshots
with a standard deviation of ~ 2.6°. In the presence of
multipath, when using conventional methods, the lowest angle
error obtained is below 2° and the highest angle error is
12.3°. To improve the angle estimation, we explored more
modern and complex AoA estimation algorithms. The lowest
angle error achieved is below 2° and the highest below 8.9°.
Both methods, conventional and unconventional, showcase
a scalable solution for real-world applications, underscoring
the practical impact of the research. Finally, significant im-
provement in AoA estimation accuracy was achieved with

calibration, where RF channel error calibration was shown to
have a greater impact compared to antenna calibration.

To mitigate multipath interference, strategies like elevating
the antennas, avoiding metal-framed desks, or using foam
pyramid absorbers can be applied. Despite these challenges,
calibration effectively minimized errors, especially for primary
angles facing the transmitter. Angle estimation accuracy varies
due to antenna directionality, non-uniform gain, and environ-
mental factors such as multipath from tall trees and metal
structures, emphasizing the importance of calibration to reduce
these effects.
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