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Abstract

With the release of 5G, society is becoming increasingly connected. The growing
number of electronic devices emitting electromagnetic signals increases the risk
of unintentional interference to wireless communication systems. As 5G New
Radio (NR) grows beyond its commercial role to also support mission-critical ser-
vices such as public safety and military communications, it places high demands
on its reliability under interference. A key component in the 5G NR downlink is
the Demodulation Reference Signal (DM-RS) of the Physical Broadcast Channel
(PBCH), which enables accurate channel estimation and decoding. Disruption of
this signal can severely degrade PBCH performance and jeopardize overall com-
munication reliability.

This thesis investigates the robustness of 5G in the presence of different inter-
ference signals affecting the PBCH DM-RS. The study focuses on two interference
types: additive white Gaussian noise (AWGN) and continuous wave (CW) signals.
System performance is primarily evaluated through the bit error rate (BER) of
PBCH, reflecting the overall channel performance under these conditions.

The analysis shows that CW interference generally degrades the PBCH DM-
RS more than AWGN, particularly at higher E;/N; values. Additionally, a CW
signal applied between subcarriers causes the interference to spread across mul-
tiple subcarriers, further reducing performance. Accurate estimation of key pa-
rameters via DM-RS is crucial, since errors can prevent proper PBCH operation
regardless of interference conditions.
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Notation

NoTATIONS
Notation Meaning
IN Set of all natural numbers
A Amplitude
f Frequency
Q@ Phase
Nt Physical cell ID
v Sequence parameter
iSSB Initialization parameter
iSSB SSB index
Nht Half-frame index
E Output sequence length
n Sample index
NFFT FFT size
m Affected subcarrier
a Frequency separation
Ey Energy per bit
Nip Interference power spectral density
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Notation

ABBREVIATIONS
Abbreviation Meaning
3GPP Third Generation Partnership Project
5G Fifth generation
AWGN Additive white Gaussian noise
BER Bit error rate
Ccw Continuous wave
DL Downlink
DM-RS Demodulation reference signal
EMI Electromagnetic interference
ISI Intersymbol interference
LTE Long Term Evolution
MMSE Minimum mean square error
NR New Radio
OFDM Orthogonal frequency division multiplexing
PBCH Physical broadcast channel
PCI Physical cell ID
PDCCH Physical downlink control channel
PDSCH Physical downlink shared channel
PHY Physical layer
PRB Physical resource block
PSS Primary synchronization signal
QPSK Quadrature phase shift keying
RE Resource element
SCS Subcarrier spacing
SINR Signal-to-noise-plus-interference ratio
SIR Signal-to-interference ratio
SNR Signal-to-noise ratio
SSB Synchronization signal block
SSS Secondary synchronization signal
UE User equipment
UL Uplink




Introduction

With the release of the Fifth Generation of Mobile Telephony, commonly known
as 5G, an increasingly connected society is enabled. 5G has been developed to
support different use cases families; Critical Communications (CC) & Ultra Reli-
able and Low Latency Communications (URLLC), Enhanced Mobile Broadband
(eMBB) and Massive Internet of Things (mloT). Together, these categories targets
diverse markets like public safety, transport and logistics, automation and enter-
tainment [1]. By 2027, 5G is expected to be the dominant subscription type [2].

The growing number of electronic devices emitting electromagnetic signals in-
crease the risk of unintentional interference to wireless communication systems.
As 5G becomes the dominant mobile technology, this will become a greater issue.
This thesis will investigate the robustness of 5G in the presence of electromag-
netic interference (EMI) affecting the Demodulation Reference Signal (DM-RS)
associated with the Physical Broadcast Channel (PBCH).

1.1 Motivation

Beyond its commercial role, 5G is also expected to support mission-critical ser-
vices such as public safety and military communications, making resilience to
interference particularly important [3]. If 5G is to be relied upon in such criti-
cal applications, robust communication is needed. A crucial component of the
5G New Radio (NR) framework is the user-specific DM-RS, which is necessary
for channel estimation and data decoding. Interference to DM-RS might compro-
mise the reliability of 5G.

Figure 1.1 shows a scenario where there is downlink (DL) communication be-
tween a base station and user equipment (UE). The UE is in close proximity to
other electrical devices that may emit at the DL frequencies used for communi-
cation, and therefore cause unintentional interference. Such passive emission

1



2 1 Introduction

(‘ ’) - 6' a I”l’l

,-:-:-'ﬁ, /74
DOW . |
56 NR ing /
base station
- / UE \ \
2 =L
<«

Figure 1.1: Schematic picture of downlink communication in the presence
of nearby electrical devices.

can originate from devices like laptops, solar panels and charging stations. This
has occurred in other domains, [4] mention cases where unintentional electro-
magnetic interference disrupted Air Traffic Control Communications, with con-
sequences such as reduced communications range and resilience. Thus it is impor-
tant to study interference effects on 5G, particularly on critical reference signals
such as DM-RS.

1.2 Aim

The aim of this thesis is to investigate the vulnerability of 5G NR to unintentional
interference. To achieve this, the response of PBCH and its associated DM-RS
will be studied through simulations under different interference conditions. The
resulting performance of PBCH in terms of bit error rate (BER) will be used to
evaluate the robustness against different interference signals.

1.3 Research Questions
The thesis will focus on answering the following questions:

1. How does unintentional interference to PBCH DM-RS affect the performance
of PBCH in 5G NR?

2. Which type of interference signal have the most significant impact on the
robustness of PBCH DM-RS in 5G NR?
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1.4 Delimitations

The problem will be investigated in a simulated environment, using a simplified
5G communications system and simulated interference signals rather than real-
world data. The result will therefore be considered a conceptual demonstration
on how different interference impact robustness.

Furthermore, the thesis will concentrate on DL communication as uninten-
tional interference is most likely to affect a receiver in close proximity to emitting
devices. While there are several functions and channels that may be affected by
interference, the thesis will specifically examine the impact on PBCH and its as-
sociated DM-RS.

1.5 The Work in a Wider Context

The focus of this thesis is on unintentional interference which does not directly
raise ethical dilemmas. The aim is to analyze unintentional interference to DM-
RS, not causing disruption. Ethical issues arise in the case of intentional interfer-
ence, used in for example military scenarios such as jamming. That is outside the
scope of this thesis. This work is also limited to a simulated subsystem, meaning
no actual networks have been affected.

The thesis does however point out the issues that unintentional interference
signals can cause in society. A problem that is likely to increase as the number of
electrical devices in society grows. With more possible interfering signals, there
is a larger possibility that it affects everyday users who may experience issues
with connectivity and performance. More critically, it could impact infrastruc-
ture and important societal functions such as emergency services, transport and
healthcare.






Theory

This chapter presents the theoretical background of the thesis. Key elements of
the 5G architecture are described as well as related work in the field.

2.1 Orthogonal Frequency Division Multiplexing

Orthogonal frequency division multiplexing (OFDM) is a digital modulation tech-
nique used in several wireless communications systems, including 5G, that em-
ploy multiple carrier transmission. That is, the available frequency band is di-
vided into multiple subcarriers and information is transmitted on each subcarrier
in parallel. This allows for greater spectral efficiency at a lower subcarrier data
rate compared to single carrier systems [5].

Consider an OFDM system with N subcarriers, the modulator sums these
together to form the modulated signal as

N-1
1 .
_ j2nkt/T
s(t) = & go Xye , 0<t<T, (2.1)

for data symbols {X}} and symbol duration T. In the kth subcarrier, k =0,1,..., N—
1, the carrier signal is

sg(t) = cos (27 fit) (2.2)

with center frequency f; = k/T. The crucial orthogonality between subcarriers is
defined in Definition 2.1.

Definition 2.1 (Orthogonal Subcarriers [5]). Two adjacent subcarriers si(t) and
sj(t) with phases ¢ respectively ¢; are orthogonal over a symbol interval T if the

5



6 2 Theory

symbol rate is 1/T such that

T
fcos(ankt+¢k)cos(2n]’jt+q5j)dt:O, (2.3)
0

with frequency separation fy — f; = n/T, n = 1,2,...,N — 1, independent of the
phases.

The frequency separation n/T between subcarriers is commonly called subcar-
rier spacing (SCS). OFDM subcarriers have overlapping but non-interfering fre-
quency spectra. This is illustrated in Figure 2.1, with SCS 15 kHz and carrier
frequency 3.5 GHz. The center subcarrier, in yellow, has its peak at 3.5 GHz
where all the other subcarriers are at its zero-crossing.

1

0.8

Amplitude

-0.2

3.49992 3.49996 3.5 3.50004 3.50008
Frequency [GHZz]

Figure 2.1: OFDM subcarriers with overlapping frequency spectra.

2.1.1 Intersymbol Interference & Cyclic Prefix

Single-carrier systems are susceptible to intersymbol interference (ISI) caused by
multipath distortion. This occurs when multipath propagation due to e.g. re-
flections lead to signals arriving at the receiver via different paths with different
delays. These delayed versions of the signal can overlap with subsequent sym-
bols, causing distortion. A multi-carrier system such as OFDM has a lower data
rate compared to a single-carrier system. This increases the symbol duration for
each subcarrier. A longer symbol duration corresponds to a narrower bandwidth
per subcarrier, which decrease the signal overlap within one symbol period. To
further mitigate ISI, OFDM inserts a cyclic prefix between symbols that serves
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as a guard interval against interference. For an OFDM symbol consisting of N
signal samples {xg, x1,..., xy_1}, the last v samples {xy_,, xN_y41,-.., XN_1]} are
copied and appended to the beginning of the symbol, increasing the total symbol
duration to N + v samples. ISI is eliminated when cyclic prefix duration exceeds
the multipath delay [5].

2.2 5G

5G was fully specified by the Third Generation Partnership Project (3GPP) in
2019 to replace the previous generation of cellular technology, 4G Long-Term
Evolution (LTE). A key concept is the new radio transmission technique — 5G NR.
A 5G system consists of three main parts: user equipment (UE), next-generation
radio access network (NG-RAN) with NR base stations (gNodeB), and 5G core
network (5GC). Communication in the NG-RAN is organized through a layered
protocol stack [1, 6].

This thesis focuses on layer 1, the physical (PHY) layer, as it is the primary
layer that interacts directly with the radio environment. It is specified through
key components such as waveform, frame structure, modulation schemes, chan-
nel coding and reference signals for both downlink (DL) and uplink (UL) [7]. The
focus will be on the DL.

2.2.1 Frame & Resource Structure

5G NR uses OFDM with cyclic prefix. One of the advancements with 5G is its
flexible numerology, allowing different SCS to support diverse use cases. The
available SCS are listed in Table 2.1.

Table 2.1: 5G numerology [6, 7].

Subcarrier Cyclic Slots per Frequency
Spacing [kHz] prefix  subframe range

15 Normal 1 FR1
30 Normal 2 FR1

60 Normal/ 4 FR1 and
extended FR2
120 Normal 8 FR2
240 Normal 16 FR2
480 Normal 32 FR2
960 Normal 64 FR2

Transmission is organized into 10 ms frames, each divided into ten 1 ms sub-
frames. A subframe is in turn divided into a number of slots that depends on the
SCS, see Table 2.1. For a normal cyclic prefix each slot is 14 OFDM symbols, in
the case of a extended cyclic prefix a slot instead contains 12 OFDM symbols. A
higher SCS gives both a shorter slot and cyclic prefix duration [7].
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A time-frequency resource grid in 5G NR spans up to 3300 subcarriers and is
divided into physical resource blocks (PRBs) of 12 consecutive subcarriers in fre-
quency domain. The smallest available unit, a resource element (RE), is defined
as one subcarrier in frequency domain by one OFDM symbol in time domain.
This grid forms the foundation for mapping physical channels and signals.

Figure 2.2 illustrates how the 5G NR frame changes with the SCS. The time-

frequency resource grid is also depicted.

5G NR Frame (10 ms)

Lo [+ [ 2o [afsfe]r]e]s]
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15kHz‘ b k= Nips N -1
1 subframe =1 slot=1ms
30 kHz |
1 subframe =2 slots=1ms .
A h
60 kHz
1 subframe = 4 slots =1 ms E @
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Figure 2.2: 5G NR frame structure and time-frequency resource grid [8]. In
the resource grid, | and k are number of symbols and subcarriers, respec-
tively. The numerology is given by u. The number of subcarriers are decided
by number of subcarriers per RB (NRB) and number of RBs for the given nu-

merology (NI’;B).

2.2.2 Physical Channels & Signals

In the DL, a physical channel is a set of REs carrying information, while a physical
signal does not carry any data but is used by the physical layer [7]. The physical
channels are [9]:

* Physical Downlink Shared Channel (PDSCH) which represent the bulk
of the frame and is mainly used for data transmission

* Physical Downlink Control Channel (PDCCH) which is used for down-
link control information such as scheduling decisions
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* Physical Broadcast Channel (PBCH) that carries system information used
by a UE to access the network

Channels are subject to coding for error protection and modulation that maps
the channel coded binary sequence onto a waveform [10]. PBCH uses the modu-
lation technique Quadrature Phase Shift Keying (QPSK) and polar coding [7, 11].
QPSK is visually demonstrated in Figure 2.3, showing four phases that can en-
code two bits per symbol.

01 00

o
[6)]
T
I

Quadrature Amplitude
o

bd
6]
T
I

11 10

-1 -0.5 0 0.5 1
In-phase Amplitude

Figure 2.3: QPSK constellation diagram with modulated symbols.

The physical signals include the primary synchronization signal (PSS), sec-
ondary synchronization signal (SSS) and demodulation reference signals (DM-
RS) for PDSCH, PDCCH and PBCH each [7]. In 5G NR, the DM-RS are both
channel- and user-specific and are transmitted only when needed in the same re-
source blocks as the corresponding channel. Their purpose is to enable accurate
channel estimation at the receiver [9].

The PBCH and its associated DM-RS together with PSS and SSS form the syn-
chronization signal block (SSB), consisting of 4 OFDM symbols by 240 subcarri-
ers [7]. Its time-frequency structure can be seen in Figure 2.4 and the resource
mappings in Table 2.2. The SSB is the fundamental building block used by UEs
to perform initial cell search, synchronization and acquire system information.
The PBCH carries the minimum system information necessary for a UE to access
the network, such as initial configurations for PDCCH, PDSCH and DM-RS. To
accurately decode PBCH, its associated DM-RS acts as a known reference signal
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that the receiver can use for channel estimation [6, 9]. The channel estimation is
described in Section 2.2.3.
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Figure 2.4: Structure of SSB [8].

Table 2.2: Resource allocation within SSB, numbering relative to the start of
an SSB [7, Tab. 7.4.3.1-1].

Channel

. OFDM symbol ! Subcarrier k
or signal
PSS 0 56,57,...,182
SSS 2 56,57,...,182
No sienal 0 0,1,...,55,183,184,...,236
& 2 48,49,...,55,183,184,...,191
L3 0,1,...,239
PBCH 2 0,1,...,47,192,193,...,239
1,3 0+v,44+v,8+v,...,236+v
DM-RS for PBCH 5 0+v,4+v,8+v,...,236 +v

192 +v,196 +v,...,236 +v

According to Table 2.2, the location of PBCH DM-RS depends on the parame-
ter v which is calculated as a function of the physical cell ID (PCI) NICBH [7]:

v = Nf'mod4, (2.4)
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where mod denotes the modulo operation, i.e. v is the remainder of the division
of N£&!l by 4. That is, the DM-RS positions move along the frequency domain for
different PCI values. In practice there are 4 possible configurations: v = 0,1, 2, 3.
The PBCH DM-RS symbol sequence is a function of Nﬁ%l and the initialization
parameter iggg which is calculated as

issp = issp + 41nf, (2.5)

where iggp is the two least significant bits of the SSB index and nys € {0, 1} is the
half-frame index [7].

2.2.3 Channel Estimation

Channel estimation is essential for maintaining robust and reliable communica-
tion. Since the wireless channel often distorts the signals received by the device,
accurate channel estimation is needed to counteract these distortions and inter-
pret data correctly. DM-RS act as known reference or pilot signals which can be
compared with the received signal. DM-RS provide a channel estimate at its lo-
cations in the resource grid, and through interpolation techniques the channel
can be estimated at other time-frequency locations. By estimating the channel
matrix, the effects of noise and interference introduced by the wireless channel
can be equalized and reduced [12].

Channel estimation of PBCH is done through channel estimation at PBCH
DM-RS locations followed by resource grid interpolation. During initial cell
search, the PCI is estimated from PSS and SSS. Subsequently, the location of
PBCH DM-RS is known and the received DM-RS signal can be extracted. All pos-
sible DM-RS sequence candidates are explored based on different values of iggg.
These are compared with the received DM-RS signal and the sequence with the
maximum correlation is chosen. This results in an estimated channel response
across all DM-RS subcarrier that can be interpolated to other time-frequency lo-
cations. The channel response at the REs containing PBCH symbols (known from
PCI) are then estimated through interpolation, resulting in a channel matrix the
same size as the resource grid. Finally, the received signal is equalized with the
channel matrix to compensate for the effects of the channel [12, 13].

2.3 Interference Model

Electromagnetic interference (EMI) refers to unwanted electromagnetic distur-
bance transmitted from one electronic device to another. EMI can arise from
man-made sources like laptops, radios, medical equipment, power cables and
solar cells. It causes degraded performance of the affected system, in communica-
tions systems this could be signal degradation or system failure [14]. This section
outlines common models used to represent interference in communication sys-
tems.

In real-world communication systems, interference is present from thermal
vibrations, electronic components and external sources. A widely used model
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for this is additive white Gaussian noise (AWGN). It is characterized by samples
that are independent and identically distributed (i.i.d.) with a constant power
spectral density, i.e. equal power across the whole frequency spectrum [10].
Digital electronics, such as power converters, commonly use square waves as
clock signals for synchronization. It is a periodic waveform that ideally transition
instantaneously between two levels. In a theoretical ideal case, square waves
consist of a wide range of harmonics, mathematically expressed as the sum of
infinitely many sinusoidal components at different frequencies. An ideal square
wave with amplitude 1 can be represented by the infinite Fourier expansion

x(1) = %(sin(a)t) ; %sin(3wt) . %sin(Swt) +) w=2nf.  (26)

Figure 2.5 illustrates the multiple odd-frequency sinusoidal components that
make up an ideal square wave. In real-world applications, these harmonic compo-
nents may leak into nearby communication systems as EMI. Instead of receiving
the full harmonic spectrum of a square wave, communications systems often ex-
perience narrow-band interference where one sinusoidal component at a specific
frequency enter the systems. All communication systems are susceptible to these
types of disturbances, particularly in environments where digital electronics gen-
erate strong clock signals. The scenario in Figure 1.1 portray such a case with
strong clock signals generated by computers, charging stations and solar panels.

Square Wave

1
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©
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o
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Figure 2.5: Square wave and its ideal Fourier harmonics.

Interference of this type can be modeled as a continuous wave (CW) signal,
representing a single sinusoidal component:

icw(t) = Asin (27t ft + @) (2.7)

with amplitude A, frequency f and phase ¢.
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For a complex signal, it is given by

iew(t) = Acos(2mft + @)+ jAsIin (27 ft + @)

_ ppinfteg) (2.8)

The average signal power P,,, for (2.8), with period time T can be calculated
as

T
%j|Aef(2”ft+¢)|2dt =[] =1], vxeR|

T
1
== | A%dt =A%
r)
0

2.4 Performance Metrics

PCW

This section defines some performance metrics. A received signal y(t) in commu-
nications system can be expressed as

y(t) = s(t) + n(t) +i(1),

where the desired signal s(t) is affected by noise n(t) and/or interference i(t). For
a signal x(t) of length T, the signal power P, is defined as
T
1
P == f |x(t)|>dt. (2.10)

T
0

Signal-to-noise ratio (SNR) compares the power of a desired signal to the
power of its noise [10].

Definition 2.2 (Signal-to-Noise Ratio). SNR is the ratio given by

T 2
s(t)|“dt
SNR:&:u (2.11)

T
B ) In(t)2dt

for signals of length T.

Similarly, signal-to-interference ratio (SIR) quantifies the strength of interfer-
ence.

Definition 2.3 (Signal-to-Interference Ratio). SIR is the ratio given by

Ps JO IS |2dt
Pl

for signals of length T.

SIR = (2.12)
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SIR normalized per bit is denoted E,/Nj, where Ej, is the signal energy per bit
and Nj the interference power spectral density.

When both noise and interference is present, signal-to-interference-plus-noise
ratio (SINR) is used.
Definition 2.4 (Signal-to-Interference-plus-Noise Ratio). SINR is the ratio given
by

T 2

P Jy Is()?dt

SINR = =
. T,. T
Bt B [Tli(pldt + [ In(t)2dt

(2.13)

for signals of length T.

The metrics are commonly expressed in decibels (dB), for SIR the formula is
given by [10]
SIRg4p = 10log;((SIR). (2.14)

The interference power can be derived from SIR and the signal power in dB
as

p
SIR4p :1010g10(ﬁ)=PdB—1010g10(Pi) (2.15)

&P = 100-1(Pap—SIRap)

BER compares the transmitted data sequence with received data sequence by
calculating the number of bit errors i.e. the bits that differ between the sequences.

Definition 2.5 (Bit Error Rate). For n, bit errors and #n; total bits transmitted,
BER is defined as
BER = —=. (2.16)

[

2.5 Related Work

The prior work presented in this section includes studies on vulnerabilities in 5G
NR physical layer components under intentional disruption of communications,
as well as studies examining how OFDM-based systems respond to different types
of interference.

2.5.1 Vulnerabilities of 5G

Lichtman et al. [3] investigates how vulnerable the PHY layer control channels
and signals are to jamming and spoofing by individually evaluating each compo-
nent. Jamming blocks communication by injecting interference, while spoofing
deceives receivers by imitating valid signals. The vulnerability assessment ac-
counts for the percent of REs occupied, jamming power needed and the complex-
ity required to perform an attack. Figure 2.6 ranks the attacks based on efficiency
and complexity, where /Sy is the received jammer-to-signal ratio over an entire
radio frame. The paper concludes that the weakest subsystems are PBCH (to
jamming) and PSS (to spoofing).
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Figure 2.6: 5G PHY layer attacks [3].

Arjoune and Faruque [15] builds on this by assessing 5G NR vulnerability
to practical threat scenarios. The study states that disruption of 5G poses risks
to critical infrastructure like emergency services and military communications.
Notably, PBCH is said to be vulnerable to selective jamming as its symbols are
placed close together. For higher-frequency carriers, this requires a jammer in
close proximity.

Asemian et al. [16] instead uses a system-level simulation in a multi-user 5G
network to examine barrage (noise across the entire DL bandwidth) and smart
jamming attacks. Focusing on the SSB subsystem and PDSCH, the study con-
clude that PSS and SSS are more robust to jamming compared to both PDSCH
and PBCH.

These works all build on the premise that the control and synchronization
channels are critical yet vulnerable, with PBCH consistently identified as a weak
point. While this thesis focuses on unintentional interference and does not ex-
amine jamming, hence it will not be explored further, the vulnerabilities pointed
out by above research are still relevant. These weaknesses are interesting to in-
vestigate within the scope of this thesis.

2.5.2 Vulnerabilities of OFDM

Ankarson et al. [17] analyze how susceptible an LTE system is to different inter-
ference types. The study is conducted on downlink transmission from a base
station simulator to a mobile phone, where LTE uses OFDM with a fixed SCS of
15 kHz. Common EMI scenarios are simulated with injected interference such as
CW. The study concludes that interference directly targeting reference signals or
the intersection between two data subcarriers affects the system more than inter-
ference centered on a data subcarrier. On the reference signal, channel estimation
is disturbed.
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Fors et al. [18] examine different scenarios of CW interference to a simulated
OFDM system based on 5G NR. The subcarriers affected depend on the frequency
separation between the CW signal and nearest subcarrier. The results indicate
that the system is much more vulnerable to CW interference than to AWGN. Al-
though the role of reference signals are not examined, it is noted that a disrupted
channel estimation would degrade data transmission of the related subcarriers.

While the studies are based on different systems and methods, both use OFDM
and focus on CW interference in particular. The latter study builds on the for-
mer’s findings regarding interference between subcarriers. The results align to
show a heightened sensitivity to narrow-band interference and point out the crit-
ical role of reference signals.



Method

This chapter presents the implemented 5G system and interference signals as
well as evaluation methods. It also describes the performed test cases and simu-
lations.

3.1 Implementation

This section describes the implemented 5G system used in the simulations as well
as the generated interference signals. Rather than using an actual 5G system with
real-world data, this work is based on a simulated system and signals. This is a
drawback as signals and systems in reality does not always behave in an idealized
or expected way. Therefore this thesis cannot be seen as a practical study that
fully captures the complexity of a real 5G system.

3.1.1 5G System

Table 3.1 list the parameters used in all simulations, according to 5G specifica-
tions. PBCH and PBCH DM-RS are configured and generated from the parame-
ters in 3.2, creating the symbols and RE indices. The parameter E is the length of
the codeword vector according to [11]. From iggg and ny, issp is calculated to 0
according to (2.5). From NIC]SH, v is calculated to 1 according to (2.4). Throughout

the simulations, NIC]SH is assumed to be known.

17
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Table 3.1: Simulation system parameters.

Parameter Value
Subcarriers 240
Subcarrier spacing 15 kHz
FFT points 256

OFDM symbol length  66.7 ps
Cyclic prefix length 4.7 ps
FEC Polar

Modulation QPSK

Table 3.2: PBCH and PBCH DM-RS parameters.

Parameter Value

E 864
Nig! 17
Nyt 0
issp 0

The implemented 5G system is shown in Figure 3.1. The source generates
symbols which are mapped to a resource grid, where E random bits are used to
generate PBCH symbols. The transmitted, OFDM modulated signal is x; and
xg is the signal after going through the channel and possibly being subject to
interference. The received resource grid is obtained after OFDM demodulation
and used to perform channel estimation

A more detailed view of the channel estimation can be seen in Figure 3.2.
Based on the received resource grid, every possible value of isgp is searched. The
resulting DM-RS sequence with the highest SNR becomes the chosen estimate of
issp- This sequence is then mapped to a reference grid, which when compared
to the received grid returns a channel and noise variance estimate. From this,
the PBCH symbols and their channel estimates are extracted. Then, based on the
noise variance estimate, the symbols are equalized with a Minimum Mean Square
Error (MMSE) equalizer to remove channel distortions. Finally, the received bits
are obtained through decoding the PBCH symbols.
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Set up OFDM Set up Resource

carrier resource grid element OFDM
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QPSK modulated,
polar coded

resource grid OFDM
Demodulation

PBCH
extraction &
equalization

channel est.
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Figure 3.1: Block diagram of the 5G simulation model.
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Figure 3.2: Channel estimation block diagram.
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The thesis is delimited to PBCH and its associated DM-RS instead of consider-
ing the entire system. Figure 3.3 shows the implemented resource grid, zoomed
in both time and frequency so that only the symbols and PRBs containing PBCH
and PBCH DM-RS REs are used; 240 subcarriers by 3 OFDM symbols. Other
channels and signals may behave differently, and therefore the conclusions can-
not be generalized. It is also possible that different functions interact with and
affect each other, which is not visible in this more controlled environment. The
relevant parts were isolated as much as possible to understand specific effects
without introducing too many variables. While this simplifies the analysis, there
is a risk of oversimplifying and neglecting other factors and interactions that may
have a significant impact in reality.
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PBCH DM-RS
200 £ . No signal 5
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Figure 3.3: Implemented resource grid.

3.1.2 Interference Model

The interference model has been limited to either an AWGN or CW signal. In
practice, multiple interference signals of different characteristics are likely to co-
exist. It is not realistic for a single CW signal to only affect a system since AWGN
and internal thermal noise is always present in the environment. This means that
the results cannot be generalized to the combined effect of several interference

types.
The applied CW signal is constructed as

iCW(n) _ Aej(ﬁ(nﬁa)nﬂp)
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for samples n = 1,..., Nggr where Ngpr is the FFT size. It has amplitude A and
a randomly chosen constant phase ¢ € [—-m, t]. The affected subcarrier is m € IN,
shifted by frequency separation a € [-0.5, 0.5].

One of the research questions focuses on the effect of different interference
signals, AWGN and CW. For comparison purposes the total interference power
is therefore assumed to be equal in all simulations. For a CW signal this places
all power on one frequency while with AWGN the power is instead uniformly
spread over the whole bandwidth.

The total interference power, P;, for a known SIR is given by (2.15). By relating
this to (2.9), the CW signal in (3.1) gets amplitude

A =Py =P (3.2)

A complex-valued AWGN signal, using circularly symmetric white Gaussian
noise, has its power P; equally split between the real and imaginary parts.

3.2 Evaluation Methods

The system will be simulated over a range of E,/N; values, where E;, denotes
the average energy per PBCH bit and N; the power spectral density of the added
interference. Since the interference power is defined in terms of SIR, it is obtained
by converting the E,/N; values. The conversion accounts for the modulation
order (bits per symbol), code rate and the fraction of PBCH power relative to
total signal power. The simulations will primarily be evaluated for the following:
BER, estimated isgp and received resource grid.

BER will specifically evaluate PBCH, comparing the generated bits with the
ones received after decoding. It is expressed as a ratio between 0 and 1, where a
low BER (i.e. BER — 0) indicate a better performance. BER is evaluated for the
different interference types above, with the same total interference power for a
given SIR. In most simulations, internal receiver noise is not taken into account
in order to only compare the effect of different interference.

The estimated isgp is obtained in the channel estimation as seen in Figure 3.2.
This will be compared to the correct igsg = 0. To investigate how the estimation
affects the performance and understand how much of BER comes from an incor-
rect estimation, this variable will be assumed to be known in some simulations.

The resource grid is received after OFDM demodulation, as seen in Figure
3.1. This can be compared to the sent resource grid in Figure 3.3, which is input
to the OFDM modulation. As the channel estimation uses the received resource
grid to estimate and correct for channel effects, evaluating it provides insight into
how the channel has altered the signal. This can helps explain the performance
of the subsequent channel estimation process and resulting BER. This will also
demonstrate the difference between the broad-band AWGN and narrow-banded
CW interference signals.
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3.3 Test Cases & Simulations

To evaluate the affect of different interference on the system, different test cases
will be investigated. The test cases are based on simulating the system with either
AWGN or CW interference which are generated for a given SIR as described in
Section 3.1.2. For CW, the interference can be changed by varying subcarrier m
and frequency separation a. Furthermore, tests based on a known iggg will be
performed. The results from the tests are presented in Chapter 4. The test cases

are:

1. AWGN Channel: WGN is generated and added to the transmitted signal
for SNR = —15 dB and 15 dB. This test will look at the received resource
grids, estimation of isgg and constellation diagrams of PBCH throughout
the simulation.

2. Interference: This test compares different cases of AWGN and CW interfer-
ence and evaluates it based on BER, estimated iggg and received resource

grid.

(a)

Comparing AWGN interference to different CW interference:

* AWGN

e CWtom=10witha =0

e CWtom=10with a = 0.1

e CWtom =10 with a = -0.25

e CWtom=10with a = -0.5
The resulting BER and estimated isgg from the interference signals
above are compared. Besides comparing AWGN and CW interference,

this test will demonstrate how the CW interference’s frequency sepa-
ration affect the result.

Comparing CW interference to different PBCH DM-RS subcarriers:

e m=10, =0

e m=26,aa=0

e m=130,a=0
The BER for different PBCH DM-RS subcarriers are compared to un-
derstand if there is a large difference between the results.

Comparing CW interference to PBCH DM-RS subcarrier or PBCH sub-
carrier:

e m=10, =0

e m=11,a=0
The BER of a PBCH DM-RS subcarrier is be compared to that of a
PBCH subcarrier. This test is expected to show a worse behaviour for

the PBCH DM-RS subcarrier since it affects the estimation of iggg and
subsequent generation of reference grid.
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3. Known iggp: The test is performed by assuming a known value of iggg in
the channel estimation.

(a) Correct iggp for:

* AWGN

s CWtom=10witha =0
The corresponding result from the interference test will be used to
compare the difference of using a known or estimated iggg. The always
correct isgp in this test results in a reference grid with PBCH DM-RS
correctly mapped. Therefore only the interference when compared to
the received resource grid affects the performance.

(b) Incorrect iggg for:

« AWGN

e CWtom=10witha =0

e CWtom=10witha =-0.5
e CWtom=11witha =0

This test is made to visualize the importance of a correct estimation.

4. SINR: The test is performed by adding a constant AWGN noise with fixed
SNR = 12 dB in addition to either AWGN or CW interference:

« AWGN
e CWtom=10witha =0
e CWtom=10with a =-0.5

The corresponding result from the interference test will be used for compar-
ison.

3.4 Source Criticism

This thesis is built upon official standards, books and research papers. It is mainly
based on related work in the field such as conference papers and articles. Many
of these are published by IEEE, a trusted source that applies peer review by other
experts to evaluate the work before publishing. However, these studies focus on
specific scenarios and do not cover all aspects.

For technical details on 5G, official 3GPP specifications that define the 5G
standard used in the industry have been used as a primary and up-to-date source.
Additionally, literature from established academic publishers such as McGraw
Hill and Academic Press, as well as from researchers at Linkoping University, are
included. These are written by experts in the field.






Results & Discussion

This chapter presents the results of the test cases in Section 3.3. The simulations
were done in MATLAB R2024b with 5G Toolbox, Communications Toolbox and
Signal Processing Toolbox. For each simulation, N = 600 iterations were used
and averaged to get the result. In general the simulations were carried out over
an E,/Nj range from —30 dB to 40 dB with a step size of 2. In this chapter, re-
source grids are represented by color maps where dark blue is the lowest value
(no signal) and light yellow the highest value (high signal).

4.1 AWGN Channel

Below figures present how the receiver and subsequent channel estimation is af-
fected by adding WGN to the transmitted signal. After transmission through an
AWGN channel with SNR = —15 dB or SNR = 15 dB, the received resource grid is
shown in Figure 4.1. Higher SNR gives a resource grid similar to the sent resource
grid in Figure 3.3.

Based on the received resource grid, the estimation of isg is seen in Figure
4.2. For every possible value of iggp, the estimated SNR of the corresponding
PBCH DM-RS signal is plotted. The igsp with the maximum SNR is marked as
the chosen estimate along with igsg = 0 as the actual value. Figure 4.2a with SNR
= —15 dB shows an incorrect estimation while Figure 4.2b with SNR = 15 dB
shows that the correct estimation is chosen.

In Figure 4.3a the constellation diagrams of sent, received and equalized bits
for SNR = —15 dB are shown, and for SNR = 15 dB in Figure 4.3b. The lower SNR
yields a larger dispersion of the received and equalized bits compared to the sent
bits.

25
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Subcarrier

2
OFDM symbol

(a) SNR = -15 dB

Subcarrier

OFDM symbol

(b) SNR =15 dB

Figure 4.1: Received resource grids after going through an AWGN channel.
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Figure 4.2: Estimation of isgg, comparing the estimated DM-RS SNR for all

possible values of iggg.
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Figure 4.3: PBCH constellation diagrams showing all possible symbol states
throughout the simulation; sent, received and equalized.

The results show an expected behaviour where worse conditions, i.e. lower
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SNR, results in a noisy resource grid and subsequent incorrect estimation. To-
gether the figures illustrate different steps of the channel estimation and help
understand the upcoming results. This also confirms that the simulation setup
behaves as intended.

4.2 Interference

This section presents the results from simulations with different interference;
broad-band AWGN or a narrow-banded CW signal applied to one subcarrier.

4.2.1 BER

The Figures in this section display the BER as a function of E;/N;. Figure 4.4
show the BER for AWGN as well as CW on subcarrier m = 10 with different
frequency separations. Up to E,/N; = —10 dB, all curves are at a high BER. After
that, CW with a = 0 and 0.1 drops more sharply than those with larger frequency
separation. Up until E;/N; = 18 dB, AWGN has a BER very similar or higher
than the CW curves. Only the green curve with a = -0.5, i.e. directly in between
two subcarriers, has a slightly higher BER at times. The BER tends towards zero
fastest for AWGN, followed by CW with a = 0. As the frequency separation
becomes larger, it takes a higher E;/Nj to reach zero.
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Figure 4.4: BER as a function of E,/N; for AWGN interference, and CW
interference to subcarrier m = 10 with various frequency separation a.

In Figure 4.5 the plots for CW interference on subcarrier m = 10 and m = 11,
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with a@ = 0, are shown. This compares interference to a PBCH DM-RS subcar-
rier (blue) to that of a PBCH subcarrier (red). The black, dotted line represents
Samber ofodzta <rriors- The BER of the PBCH data subcarrier follows that line before
going towards zero. Figure 4.6 shows the BER of three different PBCH DM-RS
subcarriers; m = 10, m = 26 and m = 130, with a = 0. The curves follow a similar

behaviour.
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Figure 4.5: BER for CW interference to PBCH DM-RS subcarrier m = 10 and
PBCH subcarrier m = 11. The black line represents 0.5
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Figure 4.6: BER for CW interference to different PBCH DM-RS subcarriers;
m =10, m = 26 and m = 130.
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4.2.2 Estimated iggp

Figure 4.7 presents the probability that the estimated issg # 0 as a function of
Ep/N; for AWGN and CW to subcarrier m = 10 with different frequency separa-
tions a. All lines start at the maximum probability of 1, meaning an incorrect
value. AWGN first reaches an probability of zero, meaning the correct value, at
Ep/N; = 0 dB. It is followed by CW with a = 0.1 at E;/N; = 2 dB and the remain-
ing at E;,/N; = 4 dB.
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Figure 4.7: Probability of the estimated issg being incorrect (issg # 0) when
Eyp/Nj ranges from -30 dB to 40 dB for AWGN interference, and CW interfer-
ence to subcarrier m = 10 with various frequency separation a. The correct
value of issg = 0 is achieved when the probability is zero.
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4.2.3 Received Resource Grid

This section presents received resource grids after different interference. Figure
4.8 shows the received resource grids for AWGN when E;,/N; = —-30 dB and
Ey/N; = 30 dB. The lower E,/N; has not maintained any of the original struc-
ture, while the higher is similar to the sent resource grid.

200 200

150 150

Subcarrier
Subcarrier

50 50

1 2 3
OFDM symbol OFDM symbol

Figure 4.8: Received resource grids after AWGN interference for E,/N; =
-30 dB (left) and E,/N; = 30 dB (right).

Figure 4.9 shows the received resource grids for CW to subcarrier m = 10
for different frequency separations a. When E;/N; = —30 dB, a line can be seen
where the CW interference has been applied. The null space of the sent resource
grid can barely be seen. The original structure is on the other hand visible when
Ey/N; =30 dB.
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Figure 4.9: Received resource grids after CW interference to subcarrier
m = 10 with various frequency separation «a, for E;,/N; = —30 dB (left) and
Ey/N; =30 dB (right).

In Figure 4.10, the received resource grids when E;/N; = —30 dB have been
zoomed in around the subcarrier m = 10 to show the interference spreading de-
pending on the frequency separation. When a = 0 in Figure 4.10a, the interfer-
ence is only applied at the subcarrier while the surrounding subcarriers are at a
low value. As the frequency separation increases, so does the interference spread-
ing to the surrounding subcarriers. When a = —0.5 in Figure 4.10d, the yellow
area that represents the highest value has doubled in size compared to the other
figures.
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Figure 4.10: Resource grids zoomed in around subcarrier m = 10 to show
the interference spreading when CW interference with Ey/N; = =30 dB and
various frequency separation « is applied to the subcarrier. Dark blue indi-
cates the lowest value in the resource grid, and yellow the highest.

4.2.4 Discussion

By observing the BER, it can be seen that for very low E,/Nj, the results do not
differ much depending on the interference characteristics. While AWGN shows a
smooth slope, CW behaves more erratically, causing different interference types
to have the worst BER at different E,/N; values. The frequency separation starts
to have a clear impact at higher values. Here it is interesting to note that the
BER approaches zero at different rates depending on a: first for & = 0, fol-
lowed by a = 0.1, then @ = —0.25, and finally, at the highest E;/N; values, for
a = —0.5. This ordering can be explained by the spreading of interference with
larger frequency separations. For a = 0, the interference is concentrated on a
single subcarrier, maintaining the orthogonality between subcarriers as intended
with OFDM. Larger a values, on the other hand, cause the interference energy to
spread across multiple subcarriers and reducing orthogonality, as visible in the
received resource grids. As a result, the receiver needs a higher E;/N; before the
signal dominates enough to overcome the broader interference, delaying the im-
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provement in BER. Compared to the results of [18] in Section 2.5, the difference
between AWGN and CW is not as visible, nor the difference of various frequency
separation across the whole E;/Nj range. Unlike their simple OFDM model with
5G parameters, this work includes actual 5G channels and signals, making the
results more representative of practical system behaviour.

The BER can be seen as the final performance measure of the last step in
the system. Meanwhile, the estimated isgg and the received resource grid are
gathered at earlier steps in the system, providing insight into how they contribute
to the final BER. How successful a channel estimation and equalization is can
broadly be attributed to a successful DM-RS sequence estimation, based on iggp
estimation, and accurate estimation of the channel response over the resource
grid. Errors in channel estimation lead to incorrect equalization, which may lead
to a rotation of the symbol constellation. This will result in additional incorrect
bit decisions due to an erroneous phase bias. Alternatively, bit errors can also
occur directly from the interference effect itself, even if the channel estimation is
accurate. The observed BER therefore reflects both the accuracy of the channel
estimation and the direct impact of interference. Overall, the effect of whether
issp is estimated correctly or not is similar across all interference types, with it
being incorrect for E,/Nj values up to 4. Beyond that, the BER is solely caused
by the interference effect itself corrupting the resource grid.

Focusing on CW interference to one subcarrier, the results show the expected
worse behaviour when applied to a PBCH DM-RS subcarrier compared to aPBCH
data subcarrier. The BER for a data subcarrier follows the line number of data <arriers
before approaching zero. That can be attributed to PBCH using QPSK, since a
single QPSK-modulated subcarrier that is disturbed contributes a maximum of
0.5 bit errors per symbol on average. In contrast, DM-RS subcarriers are used for
channel estimation, meaning interference on these subcarriers can propagate er-
rors across multiple data subcarriers via incorrect equalization, leading to higher
BER.

Furthermore, while not exactly the same, BER results of different PBCH DM-
RS subcarriers are largely the same. Therefore the findings can be generalized to
all PBCH DM-RS subcarriers.

4.3 BER with Known i

Figure 4.11 compares the BER of AWGN interference to CW interference on sub-
carrier m = 10 with a = 0. For both interference types, an estimated and a known
issp has been used. The blue and yellow lines come from Figure 4.4 where a
proper channel estimation has been done. The red and purple lines have instead
assumed the correct value iggg = 0. The Figure demonstrates exactly equal plots
for AWGN. For CW on the other hand, the purple line starts at a lower BER be-
fore becoming equal to the yellow line when E;/N; = 4 dB. When an incorrect
issp = 1 is used instead, it results in a constantly high BER for all cases, including
CW interference to a PBCH subcarrier.
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Figure 4.11: BER when igsp is either estimated or assumed to be known dur-
ing the channel estimation. The blue and yellow lines estimates the value as
in Figure 4.4 while the red and purple directly uses isgg = 0.

Isolating the effect of iggp estimation is difficult, since errors arise from a re-
source grid corrupted enough that an incorrect DM-RS sequence appears favourable.
Meaning it is challenging to separate estimation errors from the impact of noise
in the resource grid.

To get a rough understanding of how much igsg estimation contributes to the
BER, issg was manually set to the correct value such that only the subsequent
steps of the channel estimation affects BER. This is an idealized isolation because
estimation errors naturally occur at low E;/N; when the grid is highly corrupted.
Under AWGN, this makes no difference, indicating the BER is dominated by noise.
For CW interference, the BER starts lower with correct lTSSB; but converges with
the original curve at E;,/N; = 4 dB. Thus the estimation is shown to directly con-
tribute additional bit errors. Notably, the results using an incorrect estimation
highlight the importance of an accurate isgp estimation. Unlike the previous re-
sults, this is also observed for a PBCH subcarrier.

4.4 SINR

In Figure 4.12 the BER of AWGN interference and CW interference on subcarrier
m = 10 with & = 0 or —0.5 is compared with and without the presence of a
constant AWGN noise with SNR = 12 dB. The plots are equal at first but as E;/N;
increases, the added noise becomes more and more visible. By introducing a
constant noise, the BER expectedly reaches a floor for high E,/N; values instead
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of approaching zero. Thus, the constant noise has introduced a floor equal to
the BER totally determined by SNR = 12 dB. The relative behaviour between
interference types is preserved, with CW at & = —0.5 reaching the floor later than
the others. This reflects a more realistic scenario, as noise is always present in
practical systems.

—6— AWGN
4 —#%— CW (m = 10, « = 0)
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Figure 4.12: BER for AWGN interference and CW interference to subcarrier
m = 10 with frequency separation « = 0 or &« = —0.5. The purple, green and
light blue curves also has a constant AWGN noise with a fixed SNR =12 dB.






Conclusions

This chapter will answer the research questions presented in Section 1.3 and con-
clude the thesis. Some thoughts on future works based on the project are also
presented.

5.1 Aim & Research Questions

This thesis aimed to investigate the impact of unintentional interference on PBCH
DM-RS in 5G NR. The research focused on understanding both the performance
effects on PBCH and identifying which types of interference have the most signif-
icant impact on DM-RS robustness.

How does unintentional interference to PBCH DM-RS affect the performance
of PBCH in 5G NR? Overall, the results in Section 4.2 show that interference to
PBCH DM-RS has a significant impact on PBCH performance. CW interference
in particular illustrate that there is a significant difference in the performance
when applied to PBCH DM-RS subcarriers compared to PBCH subcarriers, ac-
cording to Section 4.2.1. A correct iggg estimation is also found to be critical
in Section 4.3. An incorrect estimation, obtained when an incorrect DM-RS se-
quence appears favourable, effectively prevents the PBCH from performing cor-
rectly regardless of E;/Nj conditions. However, it remains difficult to fully isolate
and quantify the contribution of igsp estimation on DM-RS to overall PBCH per-
formance. Notably, CW interference with larger frequency separations spreads
across multiple OFDM subcarriers, as seen in Section 4.2.3, which worsens the
BER at higher E;/Nj. Finally, the BER behaviour is consistent across different
PBCH DM-RS subcarriers, suggesting that these findings could be generalized to
other PBCH DM-RS configurations. Nevertheless, caution should be taken when
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extending these results to different numerologies or channel conditions beyond
those studied here (Section 3.1.1).

Which type of interference signal have the most significant impact on the ro-
bustness of PBCH DM-RS in 5G NR? This thesis investigated two types of inter-
ference: broad-band AWGN and narrow-band CW, as described in Section 3.1.2.
The results in Section 4.2 show that CW interference generally has a stronger
effect on BER than AWGN, particularly at higher E;/Nj. The impact of CW inter-
ference depends on its frequency separation, as larger separations cause interfer-
ence to spread across multiple subcarriers and reduce OFDM orthogonality. In
contrast, AWGN produces a smoother and less erratic BER behaviour as its energy
is distributed evenly across all subcarriers. These findings highlight the impor-
tance of considering both interference type and characteristics when assessing
the robustness of PBCH DM-RS in 5G NR.

5.2 Future Work

There are several potential directions for further research stemming from this
thesis. Future investigations could explore additional interference types, more
channels, and more realistic system conditions to better assess the robustness of
5G.

A natural extension of this thesis would be to broaden the study beyond
AWGN and CW, and to include other 5G channels and signals. Since each sig-
nal has different characteristics and roles in the system, their robustness against
different interference may vary. By studying additional interference types, such
as chirp signals, and comparing their impact across different 5G functions, a
broader understanding of 5G vulnerabilities is achieved. This would also iden-
tify the weakest parts of the system. Similarly, investigating the corresponding
uplink signals would extend insights to the full 5G communication chain.

Future studies could also investigate the effect of using multiple interferers
with different strengths and characteristics on the system. For example, how
would multiple CW signals on different subcarriers affect the performance? Ex-
ploring different scenarios could help identify the most critical interference con-
ditions. This would also reflect a more realistic scenario compared to a singe
interference source. Finally, to better approximate real-world conditions, future
work could include effects such as channel fading and path loss.
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