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ABSTRACT

5G PDSCH: PERFORMANCE ANALYSIS OF DMRS
AND PTRS DESIGNS FOR CHANNEL AND PHASE

NOISE ESTIMATION IN MM-WAVE

Do§an Kutay Pekcan

M.S. in Electrical and Electronics Engineering

Advisor: Sinan Gezici

August 2021

The mm-Wave is one of the main enablers for the performance requirements of

5G. Although it provides communication systems with huge bandwidth and data

rates, it also has some disadvantages as the carrier frequencies can signi�cantly

exceed 6 GHz and go up to 300 GHz. For example, there are signi�cant challenges

such as propagation loss and severe phase noise (PN). The PN can be observed in

two parts: common phase error (CPE) and inter-carrier interference (ICI). In the

literature, there are algorithms for the estimation and compensation of PN for

OFDM-based systems. We apply both CPE and ICI compensation algorithms for

5G PDSCH at the carrier frequency of 70 GHz. Detailed performance analysis is

performed for demodulation reference signal (DMRS) based channel estimation

and phase-tracking reference signal (PTRS) based PN estimation. We observe the

e�ects of di�erent reference signal parameters in 5G for each PN compensation

algorithm. For this purpose, we use up-to-date power spectral density (PSD)

models for PN modeling and show uncoded bit error rate (BER) graphs obtained

via extensive simulations for MATLAB's tapped delay line (TDL) channels. We

also analyze the system performance under very high Doppler, where PTRS based

channel estimation is compared with DMRS based channel estimation.

Keywords: 5G, mm-Wave, DMRS, PTRS, channel estimation, phase noise.
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ÖZET

5G PDSCH: MM-DALGA �Ç�N KANAL VE FAZ
GÜRÜLTÜSÜ KEST�R�M�NDE DMRS VE PTRS
TASARIMLARININ PERFORMANS ANAL�Z�

Do§an Kutay Pekcan

Elektrik ve Elektronik Mühendisli§i, Yüksek Lisans

Tez Dan�³man�: Sinan Gezici

A§ustos 2021

5G ile birlikte gelen performans gereksinimlerinin temel sa§lay�c�lar�ndan birisi

olarak mm-dalga gösterilebilir. mm-dalga teknolojisi, çok yüksek bant geni³li§i ve

veri h�zlar� sa§lamakla birlikte, ta³�y�c� frekans�n 6GHz'den 300 GHz de§erlerine

kadar ç�kabilecek olmas�ndan dolay� baz� dezavantajlar� da beraberinde getirmek-

tedir. Örne§in, yay�l�m kayb� ve ³iddetli faz gürültüsü gibi önemli zorluklar bulun-

maktad�r. Faz gürültüsü, ortak faz hatas� (CPE) ve ta³�y�c�lar aras� giri³im (ICI)

olmak üzere iki temel etkiden olu³ur. Literatürde, OFDM tabanl� ileti³im sistem-

leri için, faz gürültüsü kestirimi ve dengelenmesi amac�yla birçok algoritma bulun-

maktad�r. Bu tezde, CPE ve ICI etkileri için ayr� ayr� olmak üzere, 5G a³a§� yönlü

payla³�m kanal� (PDSCH) için, 70 GHz ta³�y�c� frekans�nda faz gürültüsü kestir-

imi ve dengelenmesi için algoritmalar kullan�lmaktad�r. Demodülasyon referans

sinyali (DMRS) ve faz takip referans sinyali (PTRS) tabanl� kanal ve faz gürültüsü

kestirimleri uygulanarak performans sonuçlar� elde edilmektedir. 5G için referans

sinyal parametreleri ve numeroloji kullan�m�n�n performans sonuçlar� üzerindeki

etkisi gözlemlenmektedir. Bu amaçla, faz gürültüsü modellemesi için osilatör

spektral güç yo§unlu§u (PSD) referans al�narak, MATLAB gecikme yay�l�ml�

kanallar� için kodlamas�z bit hata oran� (BER) gra�kleri elde edilmektedir. Son

olarak, yüksek Doppler senaryolar� ele al�narak, PTRS ve DMRS tabanl� kanal

kestirim sonuçlar� kar³�la³t�r�lmaktad�r.

Anahtar sözcükler : 5G, mm-Dalga, DMRS, PTRS, kanal kestirimi, faz gürültüsü.

iv



Acknowledgement

Firstly, I would like to show my great appreciation for my advisor Prof. Sinan

Gezici. He was very encouraging and supportive throughout my graduate studies.

I really appreciate him for being very understanding and patient, and I feel very

lucky that I was able to ask even the simplest question without any hesitation.

Secondly, I would like to thank Dr. Ça§r� Göken, for his continuous support

and guidance through my studies. He helped me to �nd my way to simplify the

problems related to the project that I was working on. I also want to thank

my family, my father, and my mother, for their invaluable support and the life

experiences they shared with me.

Lastly, I thank all my professors and Bilkent University, as well as my dear

friends and colleagues who always believed in me.

This work is supported by ASELSAN Inc. under the "5G Platform" project,

which is partly funded by the Scienti�c and Technological Research Council of

Turkey (TUBITAK) under the project number 1160206. I acknowledge that . . .

v



Contents

1 Introduction 1

1.1 Evolution of Mobile Communications, 5G and mm-Wave . . . . . 1

1.2 5G Numerology and Frame Structure . . . . . . . . . . . . . . . . 2

1.3 5G Physical Downlink Shared Channel (PDSCH) Structure . . . . 4

1.3.1 Demodulation Reference Signal (DMRS) Structure . . . . 5

1.3.2 Phase Tracking Reference Signal (PTRS) Structure . . . . 9

1.4 Phase Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Contribution of the Thesis . . . . . . . . . . . . . . . . . . . . . . 12

2 System Model 14

2.1 Phase Noise Modeling . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.1 Phase Noise PSD and 3GPP Models . . . . . . . . . . . . 16

2.2 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Channel and Phase Noise Estimation 20

vi



CONTENTS vii

3.1 DMRS Based Channel Estimation . . . . . . . . . . . . . . . . . . 21

3.1.1 Wiener Filtering . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Phase Noise Estimation and Compensation . . . . . . . . . . . . . 24

3.2.1 CPE Estimation and Compensation . . . . . . . . . . . . . 24

3.2.2 ICI Estimation and Compensation . . . . . . . . . . . . . 25

3.3 Latest 3GPP Contribution Reports on PTRS and Phase Noise . . 29

4 Performance Analysis 32

4.1 PDSCH/PTRS Channel Equalization and Phase Noise Compen-

sation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1.1 ICI Filter and Block Length Determination . . . . . . . . . 33

4.1.2 DMRS/PTRS Parameter Selection and E�ect of Subcarrier

Spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 DMRS and PTRS Based Channel Estimation Results for High

Doppler Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5 Conclusions and Future Work 44



List of Figures

1.1 5G NR frame structure [1]. . . . . . . . . . . . . . . . . . . . . . . 3

1.2 5G PDSCH physical layer processing [1]. . . . . . . . . . . . . . . 5

1.3 DMRS locations in slot for di�erent con�guration parameters [2]. 8

1.4 DMRS time locations for di�erent con�guration parameters [2]. . 9

1.5 OFDM grid generation examples in MATLAB for di�erent PTRS

time density and additional DMRS position parameters. . . . . . 10

1.6 CPE and ICI e�ects on the received constellation [3]. . . . . . . . 12

2.1 PLL phase noise mode for di�erent frequency o�sets [4]. . . . . . 17

2.2 Phase Noise PSD models [4]. . . . . . . . . . . . . . . . . . . . . . 18

3.1 System model diagram. . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2 Data-aided ICI �lter approximation algorithm [5]. . . . . . . . . . 28

4.1 General comparison of the algorithms. . . . . . . . . . . . . . . . 33

viii



LIST OF FIGURES ix

4.2 Performance results for ICIclust algorithm with ICI �lter length of

3 for changing M. . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Performance results for ICIclust algorithm with ICI �lter length of

5 for changing M. . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4 Performance results for de-ICI algorithm for changing ICI �lter

length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.5 The e�ect of NDMRS
add and dPTRSfreq for 3 km/h user speed. . . . . . . 36

4.6 The e�ect of NDMRS
add and dPTRSfreq for 30 km/h user speed. . . . . . . 37

4.7 Performance results of di�erent subcarrier spacing for direct de-ICI

�ltering algorithm. . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.8 Performance results of di�erent subcarrier spacing for ICI �lter

approximation algorithm. . . . . . . . . . . . . . . . . . . . . . . . 38

4.9 Channel estimation MSE and uncoded BER performance results

for high Doppler TDL-C channel with 10 ns of delay spread. . . . 41

4.10 Channel estimation MSE for TDL-C channel with 5 ns of delay

spread for 60 km/h user speed. . . . . . . . . . . . . . . . . . . . 42

4.11 Channel estimation MSE for TDL-C channel with 5 ns of delay

spread for 120 km/h user speed. . . . . . . . . . . . . . . . . . . . 42

4.12 Channel estimation MSE for TDL-C channel with 5 ns of delay

spread for 180 km/h user speed. . . . . . . . . . . . . . . . . . . . 43



List of Tables

4.1 Simulation parameters for ICI �lter and block length determination. 34

4.2 Simulation parameters for DMRS/PTRS con�guration selection

and e�ect of subcarrier spacing. . . . . . . . . . . . . . . . . . . . 37

4.3 Simulation parameters for high Doppler scenarios with DMRS and

PTRS based channel estimation. . . . . . . . . . . . . . . . . . . . 40

x



Chapter 1

Introduction

1.1 Evolution of Mobile Communications, 5G and

mm-Wave

During the last few decades, mobile communication has made an immense

progress in meeting society's increased demands and new technologies. Starting

from the �rst generation (1G), almost every decade, a new generation of mo-

bile communication has been developed and introduced by the releases of Third

Generation Partnership Project (3GPP), eventually evolving into 4G/LTE (Long

Term Evolution) [6]. As most of the requirements of 4G are met, the 5th gen-

eration (5G) has become the mainstream of most research conducted in the last

several years.

5G mobile communication technology, also referred to as new radio (NR), is

being standardized by the 3GPP [7]. 5G has started to being standardized for

many unique aspects such as to achieve 1 Gbps or higher throughput, ultra-

reliable and low latency communications (URLLC), and low energy consumption

[8].

The mm-Wave frequency bands can be shown as one of the main aspects of
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5G since it is considered as an enabler for the performance requirements of 5G

[9]. The mm-Wave spectrum roughly lies in 10 to 300 GHz frequencies, providing

much higher bandwidth and bit-rates compared to 4G systems [10].

5G NR standards are grounded by the release 15 (Rel-15) and Rel-16 pro-

vided by 3GPP, where carrier frequencies up to 52.6 GHz are supported. 3GPP

has decided to further study the requirements for communications above 52.6 to

114.25 GHz [11]. As expected, there are more signi�cant challenges for higher

frequencies such as propagation loss, atmospheric absorption, and severe phase

noise (PN). Therefore, 3GPP started the Rel-17 study to address the design re-

quirements. The main focus is on supporting the NR frequency range 2 (FR2)

with 52.6 to 71 GHz as well, with minimal changes in the previous releases. Ac-

cording to plans, the Rel-17 study is going to be �nalized in the second quarter of

2022 [12, 13]. The latest contribution reports regarding the increased PN e�ect

are mainly focused on providing more reliable PN models and possibly improved

phase tracking reference signal (PTRS) designs for enhanced PN mitigation.

In the remainder of this thesis, we �rst explain the 5G numerology and frame

structure together with the physical downlink shared channel (PDSCH) and its

reference signals. Then, phase noise modeling and orthogonal frequency divi-

sion multiplexing (OFDM) signal model is derived. Eventually, we present the

channel and phase noise estimation algorithms used in this work and present the

performance results of the system.

1.2 5G Numerology and Frame Structure

In this section, 5G numerology and frame structure are brie�y explained with a

detailed illustration. 3GPP agrees that for uplink and downlink transmissions,

orthogonal frequency division multiplexing with cyclic pre�x (CP-OFDM) wave-

form is used in 5G [1]. The use of discrete Fourier transform spread OFDM

(DFT-S-OFDM) is also supported in some cases. However, in this thesis, CP-

OFDM waveform is adopted. General illustration for 5G NR frame structure is

2



shown in Fig. 1.1 [1].

Figure 1.1: 5G NR frame structure [1].

With mm-Wave introduced in 5G NR, two frequency ranges are supported as

FR1 and FR2. FR1 is referred to as sub-6 GHz, and it corresponds to 450 MHz �

6 GHz frequencies, whereas FR2 is referred to as mm-Wave and corresponds to 24

GHz � 52.6 GHz frequencies. For above 52.6 GHz, higher subcarrier spacings up

to 960 kHz are being considered to be used. This thesis examines the performance

for higher subcarrier spacing values such as 240, 480, and 960 kHz at a carrier

frequency of 70 GHz.

In NR, �exible subcarrier spacing is introduced. For scaling parameter µ ∈
{0, 1, 2, 3, 4}, subcarrier spacing can take values 2µ × 15 kHz, where the �xed

15 kHz subcarrier spacing in LTE is just scaled, where the CP length of 4.7µs

in LTE is also scaled by 2−µ. With mm-Wave and increased carrier frequencies,

higher subcarrier spacing values become more suitable for use, because, for higher

frequencies, channel delay spread tends to be lower, which is suitable for shortened

CP length for inter-symbol interference (ISI) to be avoided. On the other hand,

phase noise becomes much more problematic for higher frequencies.

3



5G also introduces �mini-slot" transmission to provide reduced latency and

interference scenarios, especially in ultra-reliable low latency communications

(URLLC). However, the very typical unit for a 5G transmission is a slot. In

this thesis, performance analysis and algorithms are performed over an OFDM

grid for a slot transmission.

For a slot-based transmission, the corresponding OFDM grid is composed of

subcarriers in the frequency domain and 14 OFDM symbols in time. The num-

ber of subcarriers is determined by the used bandwidth and subcarrier spacing

values. In a resource grid, each resource element (RE) occupies one subcarrier

in frequency and 1 OFDM symbol duration in time. For modulation and coding

scheme (MCS), similar to LTE, quadrature amplitude modulation (QAM) of or-

ders 16, 64, and 256 are used together with binary and quadrature phase-shift

keying (BPSK/QPSK), where QPSK is mostly used for reference signaling. For

data channel and coding, rate compatible quasi-cyclic low-density parity-check

(LDPC) codes are used in 5G, which is di�erent from LTE, where turbo codes

are used.

1.3 5G Physical Downlink Shared Channel (PDSCH)

Structure

Physical downlink shared channel (PDSCH) is the downlink channel in 5G, where

the user data, system information, and higher-layer information are transmitted.

User data goes through physical-layer processing, where CRC attachment, LDPC

encoding, rate matching, and modulation are performed. The process of PDSCH

physical-layer processing for each transport block is shown in Fig. 1.2 [1].

4



Figure 1.2: 5G PDSCH physical layer processing [1].

Together with the modulated transport block symbols that carry the user

data and system information, there are two main reference signals to be trans-

mitted in the PDSCH resource block: DMRS (demodulation reference signal)

and PTRS (phase tracking reference signal). DMRS is used for estimating the

channel between the transmitter and the receiver. In contrast, the phase of the

local oscillator at both the receiver and transmitter is tracked by using PTRS.

1.3.1 Demodulation Reference Signal (DMRS) Structure

The demodulation reference signal (DMRS) consists of the pilot symbols that

are transmitted in speci�ed resource elements and used for channel estimation.
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In the literature, it is also referred to as pilot-based channel estimation. The

number of DMRSs used in a slot and the resource elements dedicated to them

are determined by DMRS con�guration parameters. Given those con�guration

parameters and N ID
Cell, DMRS symbols are generated by using QPSK modulation

on the pseudorandomly generated gold sequences and placed in speci�ed resource

elements as determined by 3GPP standards [14].

After performing synchronization, the receiver can perform pilot based channel

estimation by regenerating the DMRS symbols [2] as the N ID
Cell value is known,

and it is su�cient for determining the pseudorandomly generated DMRS symbols

and the space-time locations of them [15].

1.3.1.1 DMRS for PDSCH

To determine PDSCH DMRS resource allocation, there are four main parameters.

DMRS locations and the number of DMRS symbols in a slot are determined

accordingly to these parameters as speci�ed in the following:

� Mapping type: There are two options for this parameter that are mapping

types A and B. For type A, the �rst occurrence of DMRS happens on the

second or third OFDM symbol within a slot. On the other hand, for type

B, DMRS is inserted in the very �rst OFDM symbol within a slot. In this

thesis, mapping type A is used.

� Con�guration type: This parameter determines the DMRS density in the

frequency domain. There are two options for this parameter that are con-

�guration types 1 and 2. For type 1, one of each two subcarriers is used

for DMRS transmission, whereas for type 2, two consecutive subcarriers

of each six subcarriers are used for DMRS transmission. In this thesis,

con�guration type 1 is used in simulations.

� Front load : This parameter de�nes single or double symbol DMRS use

in the time domain for mapping type A. For double symbol DMRS, two

6



consecutive resource elements are used for DMRS along the time domain.

In this thesis, the single symbol DMRS is used in simulations.

� Additional position (NDMRS

add
): Additional DMRS position can take values

in {0, 1, 2, 3} for con�guration type 1. For type 1-A transmission, by de-

fault, at least one OFDM symbol is used for DMRS transmission (which

corresponds to additional position 0). DMRS symbols are inserted to the

speci�ed subcarriers in an OFDM symbol within a slot for each additional

position.

With orthogonal cover codes for speci�c DMRS resource allocations, DMRS

can support up to 12 orthogonal layers for multiple-input multiple output

(MIMO) communication. To illustrate the e�ects of DMRS con�guration param-

eters, examples are shown in Fig. 1.3 for the di�erent con�guration parameters

for DMRS [2].
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(a) Con�guration type 1, single symbol

DMRS.

(b) Con�guration type 1, double symbol

DMRS.

(c) Con�guration type 2, single symbol

DMRS.

(d) Con�guration type 2, double symbol

DMRS.

Figure 1.3: DMRS locations in slot for di�erent con�guration parameters [2].

In addition, the e�ect of the NDMRS
add (additional position parameter) can be

observed in Fig. 1.4 [2]. Namely, NDMRS
add determines the density of DMRS in

time. For a 14 OFDM symbol length of the slot, at most 4 OFDM symbols can

be allocated for DMRS transmission. Other con�guration possibilities for double

symbol and mapping type B can also be observed in the �gure 1.3.
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Figure 1.4: DMRS time locations for di�erent con�guration parameters [2].

1.3.2 Phase Tracking Reference Signal (PTRS) Structure

Phase tracking reference signal (PTRS) is used to estimate and compensate the

oscillator phase noise for above-6 GHz bands in 5G. The PTRS structure pro-

vided in 5G NR is to compensate the CPE mainly. The CPE e�ect is identical

for all subcarriers, but CPE has no signi�cant correlation for adjacent OFDM

symbols. Therefore, PTRS has a higher density in the time domain compared to

the frequency domain resource allocation [15].

There are two main parameters that determine the PTRS con�guration and

resource allocation in the OFDM grid:

� Time Density dPTRStime : dPTRStime ∈ {1, 2, 4} de�nes the time density of PTRS

symbols on the OFDM grid. PTRS symbols are used once every dPTRStime
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OFDM symbols.

� Frequency Density dPTRSfreq : dPTRSfreq ∈ {2, 4} de�nes the frequency density

of PTRS symbols on the OFDM grid. PTRS symbols are used once every

dPTRSfreq resource blocks (consisting of 12 subcarriers) in the OFDM grid.

The PTRS con�guration parameters can be decided according to the oscillator

quality, carrier frequency, subcarrier spacing, and modulation and coding scheme

(MCS). These are the main indicators of the signi�cance of the phase noise on

the performance degradation. Example con�gurations of PTRS for di�erent ad-

ditional DMRS uses are shown in Fig. 1.5.

(a) PTRS con�guration example. (b) PTRS con�guration example.

(c) PTRS con�guration example. (d) PTRS con�guration example.

Figure 1.5: OFDM grid generation examples in MATLAB for di�erent PTRS

time density and additional DMRS position parameters.
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The QPSK modulated PTRS symbol for the kth subcarrier is determined as

the DMRS symbol that is generated at the l0th position in the time domain and

the kth subcarrier in the frequency domain as explained in [14]. The PTRS is

transmitted over one port only, which is associated with only one DMRS port.

1.4 Phase Noise

In wireless communications, the e�ects of the channel and the additive noise at

the receiver side are the main causes that degrade the overall system performance.

Moreover, the phase noise due to the oscillator components can be an important

factor in some communication systems. In the case of 5G and mm-Wave, the

system performance could be degraded signi�cantly because of the phase noise

introduced by the local oscillators, especially for higher carrier frequencies [16].

The e�ect of the phase noise can be observed in two parts: common phase error

(CPE) and inter-carrier interference (ICI). When we consider the OFDM grid

(frequency domain) at the receiver side, CPE represents a common phase rotation

for each subcarrier. On the other hand, ICI mainly consists of the interference

among adjacent subcarriers which cannot be ignored and should be dealt with

especially when high modulation and coding scheme scenarios are considered [17].

The two main e�ects of the phase noise on the received signal constellation are

illustrated in Fig. 1.6 [3].
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Figure 1.6: CPE and ICI e�ects on the received constellation [3].

1.5 Contribution of the Thesis

This thesis develops an end-to-end simulation environment for 5G physical down-

link shared channel (PDSCH) to examine the system performance under channel

and phase noise e�ects for mm-Wave communications (above 52.6 GHz). Refer-

ence signals (DMRS and PTRS) are generated according to the 3GPP 5G stan-

dards and used for channel and phase noise estimation. The e�ects of reference

signal parameters for DMRS and PTRS on the system performance are observed

jointly for di�erent channel models in MATLAB. In the performance analysis, we

do not assume the channel to be known during the simulations. We implement

a SIMO system working at mm-Wave frequencies, which may seem controversial.

However, we are interested in the channel and phase noise estimation performance

to compare the performance of PTRS based channel estimation with DMRS based

one, where for PTRS transmission, only one port can be used. Therefore, im-

plementing a SIMO system can still enable us to obtain the desired results in a

more practical way.

In addition to the application of di�erent estimation algorithms, at the end of
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the simulations, this thesis proposes a PTRS based channel estimation for high

Doppler scenarios. As we are working in mm-Wave, we propose both PN a�ected

and PN free channel estimations to be performed over PTRS symbols. We also

propose to double the maximum possible PTRS density in frequency domain. We

show that PTRS based channel and phase noise estimation can outperform the

conventional way of DMRS based channel estimation and PTRS based channel

estimation for certain scenarios.
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Chapter 2

System Model

This chapter de�nes the system model by explaining the phase noise generation

process and signal model derivation considering the e�ects of channel and phase

noise. Firstly, we explain the procedure to obtain analytical models for the phase

noise signal in discrete-time from the proposed models on the power spectral

density (PSD) of the phase noise. Then, we present the most up-to-date PSD

models proposed for mm-Wave communications and used in 3GPP contribution

reports. Finally, we provide the OFDM signal model together with the channel

and phase noise e�ects on the received signal.

2.1 Phase Noise Modeling

In an ideal scenario, a perfect sinusoidal signal with a power spectrum of delta

function at the carrier frequency could be produced by an oscillator. However, in

practice, for both the transmitter and the receiver, local oscillators are not ideal

and phase noise (PN) exist, which degrades the overall system performance. To

investigate this situation and mitigate the PN e�ects, there should be a reliable

statistical model so that one can develop robust estimation and compensation

algorithms.
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In the literature, there are mostly discrete-time models for the PN. For ex-

ample, a simple model assuming that samples of random phases are distributed

uniformly in the interval [−π, π) is employed in [18]. Another possible model

adopts Wiener random process to create correlation between the discrete-time

samples in [19] and [20, 21] to represent a non-�at spectrum.

For a non-�at spectrum representation of the PN, several models for the PSD

of the PN can be found, where the PSD samples in dBc/Hz are constructed

by the direct measurements from real oscillators. Since the impact of PN is

dependent on the oscillator performance and it can be modeled by the oscillator

phase noise PSD, which implies that the discrete-time phase noise signal can be

modeled by PSD properties. For the PSD representation of the PN, dBc/Hz

is used for the phase noise (φ(t)) or the phasor (ejφ(t)) power that is relative

to the carrier frequency [22]. It can also be said that using the PSD models

instead of random processes for phase noise generation results in more realistic

simulations as the PSD models are proposed by observing the properties of state-

of-the-art oscillators, especially for mm-Wave [23]. For a given PSD model of PN,

an analytical approach to generate a discrete-time phase noise signal is explained

in the following:

The time domain signal can be written as follows:

x(t) = Re{u(t) exp{j(2πfct+ φ(t))}} (2.1)

= Re{u(t) exp{jφ(t)} exp{j2πfct}}

where φ(t) represents the PN signal in time domain. For a given phase noise PSD

Sφ(f), we want to generate φ(t). Let w(t) be white Gaussian noise (WGN) for a

basic �ltering system as shown below:

Here, h(t) denotes the impulse response of the �lter and the PSD of the WGN

is given by SW (f) = N0/2 for all f . From this, the following equation can be
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derived:

Sφ(f) = SW (f) |H(f)|2 (2.2)

where H(f) represents the frequency response of the �lter. By simply manipu-

lating this, H(f) can be found as

H(f) =

√
2

N0

√
Sφ(f) (2.3)

Applying the inverse Fourier transform on (2.3) gives h(t) in the considered sys-

tem as

h(t) = F−1

{√
2

N0

√
Sφ(f)

}
(2.4)

Therefore, for a given phase noise PSD model Sφ(f) and w(t) being AWGN, the

time domain PN signal can be generated as follows:

φ(t) = w(t) ∗ h(t) (2.5)

where ∗ denotes the convolution operator.

2.1.1 Phase Noise PSD and 3GPP Models

There are three main causes of the oscillator-based phase noise, which are the

reference clock of the oscillator, phase-locked loop (PLL) components, and the

voltage-controlled oscillator (VCO) [24].

For 5G mm-Wave, there are many models generated by the companies to

achieve a realistic scenario. It is a common approach to use a multiple zero/pole

model for phase noise PSD. A new phase noise model based on recently published

data on both the state-of-the-art PLL and crystal oscillators is given by Ericsson,

which is shown below:
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Figure 2.1: PLL phase noise mode for di�erent frequency o�sets [4].

In order to achieve such a PSD model, the multiple pole/zero model given below

is used.

S(f0) = PSD0

∏N
n=1

(
1 +

(
f0
fz,n

)αz,n)
∏M

m=1

(
1 +

(
f0
fp,m

)αp,m) (2.6)

The parameters for the poles and zeros for equation (2.6) are given in the table

below:

The resulting phase noise PSD model is shown in Fig. 2.2 (black colored) together

with many other models proposed by other companies [4].
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Figure 2.2: Phase Noise PSD models [4].

At this point, given the phase noise PSD model, the time domain phase noise

can be found, as explained in the previous part. The general OFDM signal model

can now be derived for the 5G PDSCH channel.

2.2 Signal Model

In this part, the OFDM signal model for 5G PDSCH is presented for one OFDM

symbol duration with phase noise and channel e�ects. It is assumed that the chan-

nel does not change during one OFDM symbol duration. In the system model, N

subcarriers with ∆fsub subcarrier spacing are used in one OFDM symbol. For a

bandwidth of W , the sampling rate of the signal is Ts = 1/W . Let Xk represent

the transmitted symbols on the kth subcarrier for k = {0, 1, 2, . . . , N − 1}. The
OFDM symbol with a duration of T = NTs seconds can be found by applying an

inverse discrete-time Fourier transform on Xk as follows:

xn =
1√
N

N−1∑
k=0

Xke
j2πkn
N , n = 0, 1, 2, . . . , N − 1 (2.7)
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Let Φ = [φ0, φ1, . . . , φN−1] be the phase noise realization during one OFDM sym-

bol, which can be constructed by sampling the time domain phase noise φ(t)

given in equation (2.5) at time instances t = nTs for n = 0, 1, 2, . . . , N − 1. By

including the channel e�ects, the received signal can be written as follows:

r = diag
(
ejΦ
)

(x ~ h) (2.8)

where x is the OFDM signal as speci�ed in (2.7), h is the channel impulse re-

sponse, and ~ denotes the circular convolution operation. By applying FFT on

r, the received signal in the frequency domain can be given as

R = J ~ (diag (X) H) (2.9)

where Ji = 1
N

∑N−1
n=0 e

jφne
−j2πni
N represents the frequency domain components of

the ICI e�ect, and X and H are N×1 vectors representing the Fourier transforms

of the time domain signals x and h.

Denoting the additive WGN (AWGN) on the kth subcarrier as µk, the signal

at the receiver side can be written as

Rk =
N−1∑
l=0

XlHlJk−l + µk (2.10)

Here, to see the common phase error (CPE) and inter-carrier interference (ICI)

e�ects of the phase noise clearly, equation 2.10 can be rewritten as follows.

Rk = XkHk J0︸︷︷︸
CPE

+
N−1∑

l=0,l 6=k

XlHlJk−l︸ ︷︷ ︸
ICI

+µk (2.11)

In this equation, J0 represents the CPE e�ect, whereas
∑N−1

l=0,l 6=kXlHlJk−l denotes

the ICI e�ect of the phase noise on the received signal. Therefore, in the signal

model, together with the channel e�ect, we also see two di�erent e�ects of the

phase noise. To improve the communication performance, the phase noise must

be estimated and compensated together with the channel equalization.

19



Chapter 3

Channel and Phase Noise

Estimation

In this chapter, algorithms and calculations used for channel and phase noise

estimation and compensation are explained in detail. The algorithms and calcu-

lations are taken from di�erent parts of the literature and merged for an end-to-

end simulation to examine the system performance for 5G PDSCH with di�erent

possible system parameters and use case scenarios.

For an end-to-end system performance analysis, after performing signal and

noise generation as explained in the previous chapter, calculations for channel

estimation and phase noise compensation are performed at the receiver. The

general structure of the system shown in Fig. 3.1 can be explained as follows: At

the receiver side, �rstly, channel estimation is performed. The purpose of this PN-

a�ected channel estimation (phase noise being ignored) is to use these estimates

for PN estimation. (This procedure is explained in the following sections.) In the

literature, channel coe�cients to be used for phase noise estimation are commonly

assumed to be known to observe the e�ects of phase noise estimation on the

system performance. In this thesis, only the maximum channel delay, Doppler

shift, and the noise variance are assumed to be known, while estimation and

compensation algorithms are performed at each stage. After the PN-a�ected
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channel estimation, phase noise estimation algorithms are executed. There are

two main estimation/compensation methods to mitigate the phase noise which

are common phase error (CPE) compensation and inter-carrier interference (ICI)

compensation methods. The CPE compensation method is simpler, and it aims

to correct the rotation of the constellation as shown in Fig. 1.6. On the other

hand, the ICI compensation method aims both. CPE e�ect exists since it is a

simpler method and can be su�cient in terms of the quality of service (QoS),

especially for lower carrier frequencies and lower modulation and coding scheme

(MCS). Then, channel estimation is performed after PN compensation in order

to get the received symbols and perform decoding.

Figure 3.1: System model diagram.

In this section, �rstly, the channel estimation technique is explained, and then

the algorithms for phase noise estimation and compensation are investigated.

3.1 DMRS Based Channel Estimation

PN-a�ected channel estimation is performed before compensating the phase noise

because initial channel estimates are needed for phase noise estimation. The chan-

nel estimation procedure, which is explained in this section, can be utilized for

both PN-a�ected channel estimation and after, since in both cases, it is assumed

that there is no e�ect of phase noise on the received signal.

For DMRS based channel estimation, �rstly, least squares (LS) based channel
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estimation is performed on the DMRS carrying resource elements, and then based

on these estimates, Wiener interpolation in two dimensions is applied to get the

estimates of the channel for all resource elements in one slot duration. On the LS

estimates of the channel, it is possible to use di�erent interpolation techniques as

linear interpolation, linear minimum mean-squared error (LMMSE) interpolation,

and one dimensional Wiener �ltering. However, in the literature, it is shown that

two dimensional Wiener �ltering/interpolation is mostly used since it can provide

the best performance [25, 26, 27, 28].

The received signal model for an OFDM symbol with N samples in time do-

main is given as follows:

r[n] =
K−1∑
k=0

X(k)H(k)e
j2πkn
N + w[n], n = 0, 1, 2, . . . , N − 1 (3.1)

where K is the number of subcarriers, X(k) is the transmitted symbol at the kth

subcarrier, H(k) is the channel e�ect at the kth subcarrier, and w[n] is the time

domain additive noise. Here, the e�ect of phase noise is ignored for PN-a�ected

channel estimation.

For this model, with l representing a resource element location on the OFDM

grid, a simpler expression can be provided as follows:

Rl = XlHl +Wl (3.2)

Let Pslot = {l0, l1, . . . , lNp−1} represent the pilot carrying subcarriers along the

frequency domain, where Np is the number of pilot symbols in one slot. Then,

XPslot =
[
Xlj

]
, j = 0, 1, . . . , Np − 1 (3.3)

denote the transmitted pilot symbols. Therefore, the LS channel estimates at P

locations are calculated as follows [29, 30]:

Ĥ
LS

Pslot
=

[
Rl0

Xl0

,
Rl1

Xl1

, . . . ,
RlNp−1

XlNp−1

]T
. (3.4)

For Np being the number of pilots sent in one slot duration, we write the LS

channel estimate vector as follows:

Ĥ
LS

(k) = Ĥk, k = 1, . . . , NPl . (3.5)
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3.1.1 Wiener Filtering

In order to obtain channel estimates for all resource elements in a slot, interpo-

lation must be performed over the LS estimates of the channel on pilot carrying

resource elements. For this purpose, W being an (NsubNsym)×Np Wiener �lter

matrix and Nsub being the number of subcarriers during one OFDM symbol, the

overall channel estimate in a slot can be calculated as follows [28]:

Ĥ
MMSE

= WĤ
LS

(3.6)

The 2D Wiener matrix in (3.6) can be calculated by the frequency-time domain

autocorrelation matrices as follows:

W = Φ(ΦP + σ2I) (3.7)

where σ2 represents the noise variance that is assumed to be known.

First, the autocorrelation matrix in the frequency domain is calculated. For

τmax and N freq
p being, respectively, the known maximum channel �lter delay and

the number of pilot symbols in one OFDM symbol duration, the Nsub × N freq
p

autocorrelation matrix in the frequency domain can be calculated as [28]

φfreq(k1, k2) =
τmax−1∑
i=0

1

τmax
exp

[
−j2π(k2 − k1)i

N

]
(3.8)

For N time
p being the number of OFDM symbols used for DMRS transmission in

the time domain (i.e., NDMRS
add + 1), the Nsym ×N time

p autocorrelation matrix in

the time domain can be calculated as follows:

φtime(k1, k2) = J0 (∆f (k2 − k1)) (3.9)

where ∆f = 2πfmaxd N/Ts with f
max
d denoting the maximum Doppler shift value in

Hz.

We de�ne ΦP
freq as the matrix constructed by the pilot carrying subcarrier

indexed rows of the matrix Φfreq speci�ed by (3.8). Also, let ΦP
time be the matrix

that is constructed by the DMRS carrying OFDM symbol indexed rows of the
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matrix Φtime de�ned in (3.9). Then, the merged autocorrelation matrices for the

2D Wiener matrix calculations are expressed as follows:

Φ = Φfreq

⊗
Φtime (3.10)

ΦP = ΦP
freq

⊗
ΦP
time (3.11)

Eventually, we can �nd the 2D Wiener �lter W in equation (3.7) by using the

frequency-time domain autocorrelation matrices [28].

3.2 Phase Noise Estimation and Compensation

As mentioned previously, for phase noise compensation, there are two main ap-

proaches as CPE compensation and ICI compensation. CPE compensation can

be straightforward and e�ective in certain scenarios, whereas ICI mitigation al-

gorithms are naturally more complex. There are two main approaches presented

for ICI compensation in this thesis: de-ICI �ltering and ICI approximation algo-

rithm. The main idea behind these algorithms and their derivations are presented

in the following sections.

It is important to note that each Hk term in the estimation algorithms below is

the output of the PN-a�ected channel estimation (i.e., not assumed to be known),

which is initially performed.

3.2.1 CPE Estimation and Compensation

In 5G, the PTRS structure in 3GPP Rel-15 is introduced to estimate the CPE

[7]. For CPE estimation, the expression in (2.11) can be re-written as

Rk = XkHkJ0 + εk , k = 0, 1, 2, . . . , N − 1 (3.12)

where εk is the new noise term, including the ICI component and AWGN noise.

The objective function for the CPE estimation can be de�ned as [31]

min
J0

∑
k∈P

|Rk − J0XkHk|2 (3.13)
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By applying LS estimation on (3.13), an estimate of Ĵ0 can be found as

Ĵ0 =

∑
k∈P RkX

∗
kH
∗
k∑

k∈P |XkHk|2
(3.14)

After having an estimate of the CPE, its e�ect can be compensated as follows:

Ŷk = RkĴ0

∗
for k = 0, 1, 2, . . . , N − 1 (3.15)

where Ŷk is the estimate of the received symbol on the kth subcarrier for k =

0, 1, 2, . . . , N − 1.

After de-rotating the signal constellation, channel estimation and equalization

can be performed prior to the demodulation of the received symbols.

3.2.2 ICI Estimation and Compensation

For higher carrier frequencies, the e�ect of the phase noise increases signi�cantly,

in which case the impact of ICI cannot be ignored [32]. Considering the 3GPP Rel-

15 PTRS structure, this thesis presents two main approaches, which are explained

in the following sections.

3.2.2.1 de-ICI Filtering

In de-ICI �ltering, received symbols are used directly for the ICI �lter estimation.

For u ≥ 1 being a positive integer, an ICI �lter of length 2u+1 is estimated. The

advantage of de-ICI �ltering is that it is well suited for the the Rel-15 PTRS struc-

ture. The symbols Rk around the pilot symbol are used directly (no knowledge of

the transmitted signal is required), which is bene�cial for simple implementation.

For Xk being the transmitted symbol on the kth subcarrier for k ∈
{0, 1, 2, . . . , N − 1}, let Np be the number of PTRS symbols transmitted in

an OFDM symbol. The pilot carrying subcarriers can be given as P =

{p0, p1, . . . , pNp−1}. Given P, Xk = Sk can be written for k ∈ P since Xk is

actually the transmitted PTRS symbol Sk for a pilot carrying subcarrier index.
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Let am be the de-ICI �lter of length 2u + 1. Then, the relation given below

must be satis�ed.
u∑

m=−u

amRk−m ≈ HkSk , k ∈ P (3.16)

where the objective function in (3.16) is given as follows:

min
am

∥∥∥∥∥∥∥∥∥∥∥


Rp0+u Rp0+u−1 · · · Rp0−u

Rp1+u Rp1+u−1 · · · Rp1−u
...

...
. . .

...

RpNp−1+u RpNp−1+u−1 · · · RpNp−1−u




a−u

a−u+1

...

au

−


Hp0Sp0

Hp1Sp1
...

HpNp−1
SpNp−1



∥∥∥∥∥∥∥∥∥∥∥

2

(3.17)

Here, the received symbols (depending on the �lter size) around the PTRS car-

rying subcarriers are directly used for estimation. It can be seen that there is no

need for a block PTRS structure. The equation above can be written as follows

for simpli�cation:

min
au
‖Ruau − x‖2 (3.18)

Here, the LS estimate of the ICI �lter au is calculated as [33]

âu =
(
RH
u Ru

)−1
RH
u x . (3.19)

After estimating the de-ICI �lter, phase noise compensation is performed by

�ltering the received signal by âu as follows:

Ŷk = [R ~ âu]k for k = 0, 1, 2, . . . , N − 1 (3.20)

After phase noise compensation, the received signal is fed to the OFDM demod-

ulator, where channel equalization and bit decisions are performed.

3.2.2.2 ICI Filter Approximation

The ICI �lter approximation algorithm assumes that the block of transmitted

symbols are known. It implies that one must use a block PTRS structure; how-

ever, it is still possible to employ this algorithm with the Rel-15 PTRS structure,

with a return of increased complexity due to the iterative use of two algorithms
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(�rst CPE, then ICI estimation and compensation) and the process of making

coarse decisions on the transmitted symbols. The receiver makes coarse decisions

on the transmitted symbols around the PTRS carrying subcarriers so that these

decisions can be used together with the PTRS symbol as a block of contiguous

symbols to estimate an ICI �lter of length 2u+ 1 for u = 1, 2, . . .

For Xk being the transmitted symbol on the kth subcarrier for k ∈
{0, 1, 2, . . . , N − 1}, let Np be the number of PTRS symbols transmitted in

an OFDM symbol. The pilot carrying subcarriers can be given as P =

{p0, p1, . . . , pNp−1}. Given P, Xk = Sk can be written for k ∈ P, since Xk is

actually the transmitted PTRS symbol Sk for a pilot carrying subcarrier index.

Let bm be the de-ICI �lter of length 2u+ 1. Then, for l = {0, 1, 2, . . . , Np− 1},
de�ning {pl − (M − 1)/2, . . . , pl + (M − 1)/2} as the subcarrier indexes of the

block of M (odd number) transmitted symbols, the following relation must be

satis�ed:

u∑
m=−u

bmHk−mSk−m ≈ Rk−m , k ∈ {pl + (M − 1)/2 + u, . . . , pl − (M − 1)/2− u}

(3.21)

In order to write the objective function for equation (3.21), we let the following
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equations hold for Zk−m = Hk−mSk−m:

Xu =


Zpl−(M−1)/2+2u Zpl−(M−1)/2+2u−1 · · · Zpl−(M−1)/2

Zpl−(M−3)/2+2u Zpl−(M−3)/2+2u−1 · · · Zpl−(M−3)/2

...
...

. . .
...

Zpl+(M−1)/2 Zpl+(M−1)/2−1 · · · Zpl+(M−1)/2−2u



bu =


b−u

b−u+1

...

bu



ru =


Rpl−(M−1)/2

Rpl−(M−1)/2+1

...

Rpl+(M−1)/2


Therefore, the objective function can be speci�ed as follows:

min
bu
‖Xubu − ru‖2 (3.22)

Figure 3.2: Data-aided ICI �lter approximation algorithm [5].

To use the aforementioned algorithm with the Rel-15 PTRS structure, a data-

aided system must be used. A simple and iterative algorithm for such a system
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can be found in the literature, as shown in Fig. 3.2. This algorithm can be

implemented in four steps as follows:

� In Step 1, CPE estimation and compensation are performed as described

in the previous section.

� After CPE compensation, rough decisions are made on the transmitted

symbols to enable them for data-aid purposes.

� By using the aforementioned data symbols, ICI �lter estimation, bu, and

ICI compensation are performed.

� After ICI compensation, the algorithm can be performed iteratively, starting

from Step 2.

An LS estimate of the ICI �lter bu in (3.22) can be calculated as follows [5]:

b̂u =
(
XH
u Xu

)−1
XH
u ru . (3.23)

After estimating the ICI �lter, phase noise compensation is performed by the

de-convolution of �lter b̂u from the received signal as

Ŷk = [R ~ b̂∗u]k , k = 0, 1, 2, . . . , N − 1 (3.24)

to get the received symbols Yk.

After phase noise compensation, the received signal is fed to the OFDM de-

modulator, where channel equalization and bit decisions are performed.

3.3 Latest 3GPP Contribution Reports on PTRS

and Phase Noise

In this section, we describe the latest contribution reports on how to enhance

NR in terms of reference signal PTRS and phase noise estimation. In the re-

ports, the current PTRS structure is evaluated, and expectations from the future

contributions are stated.
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Mainly, the focus is on two parts: PTRS design (resource allocation) and phase

noise compensation algorithm. For the PTRS design, there are two options:

� Keep using Rel-15 PTRS design.

� Introduce a new design as block PTRS, using consecutive subcarriers in

frequency domain PTRS symbols.

On the other hand, for the phase noise estimation algorithm, there are three main

options as follows:

� CPE estimation and compensation algorithm.

� ICI estimation and compensation by de-ICI �ltering algorithm.

� ICI estimation and compensation by ICI �lter approximation algorithm.

In the following, among the possible discussion subjects regarding phase noise es-

timation and PTRS design, suggestions from companies are brie�y summarized:

In [34], above 52.6 GHz carrier frequencies, ICI becomes more dominant com-

pared to CPE, and CPE compensation with the Rel-15 PTRS structure becomes

unreliable. Therefore, ICI mitigation is crucial. For the same PTRS overhead,

the Rel-15 structure can outperform a block PTRS structure. However, in the

report, a cyclic sequence block design is proposed, in which case the use of a block

PTRS can provide enhanced performance. Moreover, in [35], both theoretically

and by simulations, it is shown that ICI compensation is necessary for higher

MCS and carrier frequencies. Similar to [34], the use of a block PTRS structure

with a cyclic-sequence is proposed.

Many contributions are suggesting that the use of a block PTRS is unnecessary.

In [36] and [37], when ICI compensation is performed with the Rel-15 PTRS struc-

ture, results are similar to the block PTRS design for the same signaling overhead

condition and complexity. In [38], the Rel-15 PTRS provides better performance

with CPE, whereas the CPE method may not give a reliable performance for
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subcarrier spacing under 480 kHz. In [39], increasing the frequency domain den-

sity of the PTRS symbols (i.e., dPTRSfreq = 1) does not contribute to the system

performance. Furthermore, it is pointed out that block PTRS can occasionally

collide with other reference signals such as CSI-RS and TRS. In [40], it is shown

that for the 960 kHz subcarrier spacing, CPE compensation can provide similar

performance results compared to ICI compensation where subcarrier spacing is

120 kHz. Therefore, from the preceding examples, many results and observations

suggest that a new design of block PTRS is not necessary. In other words, the

Rel-15 PTRS design must be preserved.

With the introduction of 52.6 GHz and above frequencies in 3GPP Rel-17,

phase noise modeling, PTRS design, and phase noise estimation techniques are

the subjects that are still to be investigated and standardized. For the current

state of the standardization, according to the latest chairman's report, expecta-

tions from the companies to be studied and presented in the upcoming contribu-

tion reports can be summarized as follows [41]:

� Frequency density of PTRS, the structure of PTRS (Rel-15 or block or any

other).

� Power boosting in frequency domain.

� Receiver complexity (for di�erent algorithms) for both existing and poten-

tially enhanced PTRS design (ICI compensation, �lter size, etc).

� For block PTRS design, optimal block size and number of blocks to be used

in the frequency domain with and without cyclic sequence.

� Maximum achievable spectral e�ciency when PTRS overhead is concerned.

These are the subjects to be addressed and determined. Provided results will be

evaluated based on performance bene�ts, receiver complexity, and speci�cation

e�orts of the proposed algorithms and designs.
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Chapter 4

Performance Analysis

Uncoded performance results for PDSCH are presented in this chapter. In the

simulations, the performance of channel estimation is observed together with the

phase noise compensation.

In the following sections, �rstly, the optimal ICI �lter lengths for direct de-ICI

�ltering and ICI �lter approximation methods are chosen together with the op-

timal block length (M) for the ICI �lter approximation method. Secondly, the

e�ects of con�guration parameter selections for DMRS and PTRS and the sub-

carrier spacing on the system performance are observed under di�erent channel

types (TDL-A and TDL-C) with varying channel delay spreads [14], [42]. Finally,

the system and channel estimation performance is observed under high Doppler

scenarios.

In the simulation results, �de-ICI" is used as an abbreviation for the direct

de-ICI �ltering method, �ICIclust" is used as an abbreviation for the ICI �lter

approximation method, and �CPE" is used as an abbreviation for the CPE com-

pensation method.
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4.1 PDSCH/PTRS Channel Equalization and

Phase Noise Compensation Results

Figure 4.1: General comparison of the algorithms.

For the TDL-A channel with 10 ns delay spread, a general comparison of the

algorithms is shown in Fig. 4.1 when 480 kHz subcarrier spacing is used. From the

�gure, it is observed that the ICIclust algorithm achieves the best performance but

there is still a 2 dB loss compared to the case where there is no phase noise in the

system. For higher SNRs, the de-ICI algorithm outperforms the CPE estimation.

However, considering the lower complexity and improved performance of the CPE

estimation method for low SNRs, it can be chosen over the de-ICI algorithm.

4.1.1 ICI Filter and Block Length Determination

For the ICIclust and de-ICI algorithms, performance comparisons for di�erent ICI

�lter length selection and increased data block length for data-aided estimation

of the phase noise are investigated in this part. First, the simulation parameters

used for the results given in this section are shown in Table 4.1.
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Simulation Parameters
MIMO 1x2 SIMO
Monte Carlo Runs 100
Number of Bits Sent 25000
Carrier Frequency 70 GHz
Modulation 64-QAM (Uncoded)
User Speed 3 km/h
Subcarrier Spacing 240
Channel Type TDL-A (MATLAB)
Channel Delay Spread 10 ns
Channel Estimation LS Based 2D Wiener Filter Interpolation
Phase Noise Model Ericsson Model [4]
DMRS Con�guration Type Type 1
NDMRS
add {0}

dPTRStime 1 (each symbol)
dPTRSfreq 2 (once every 2 resource blocks)

Table 4.1: Simulation parameters for ICI �lter and block length determination.

Figure 4.2: Performance results for ICIclust algorithm with ICI �lter length of 3

for changing M.
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Figure 4.3: Performance results for ICIclust algorithm with ICI �lter length of 5

for changing M.

Figure 4.4: Performance results for de-ICI algorithm for changing ICI �lter length.

In Figs. 4.2 and 4.3, the ICI �lter length of 5 gives better performance as

expected. Furthermore, for the ICI �lter length of 5, increasingM over 13 has no

signi�cant contributions on the system performance. Therefore, for the ICIclust
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algorithm, the ICI �lter length of u = 5 is used with the block length of M = 13

for enhanced performance results.

From Fig. 4.4, it can be observed that increasing the ICI �lter length provides

better system performance for higher SNR values whereas for lower SNRs, it

degrades the overall system performance. The reason behind this result can

be explained as the de-ICI algorithm being more prone to the additive noise

compared to the ICIclust algorithm, since the received symbols are directly used

at the receiver for phase noise estimation.

4.1.2 DMRS/PTRS Parameter Selection and E�ect of Sub-

carrier Spacing

In this section, we investigate the e�ects of the con�guration parameters of the

reference signals and the subcarrier spacing on the overall system performance.

The simulation parameters used for the results given in this section are shown in

Table 4.2.

Figure 4.5: The e�ect of NDMRS
add and dPTRSfreq for 3 km/h user speed.
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Simulation Parameters
MIMO 1x2 SIMO
Monte Carlo Runs 100
Number of Bits Sent 25000
Carrier Frequency 70 GHz
Modulation 64-QAM (Uncoded)
User Speed 3 km/h, 30 km/h
Subcarrier Spacing 240 kHz - 480 kHz - 960 kHz
Channel Type TDL-A (MATLAB)
Channel Delay Spread 5 ns - 10 ns
Channel Estimation LS Based 2D Wiener Filter Interpolation
Phase Noise Model Ericsson Model [4]
DMRS Con�guration Type Type 1
NDMRS
add {0, 1}

dPTRStime 1 (each symbol)
dPTRSfreq {2, 4}
ICI Filter Size 5

Table 4.2: Simulation parameters for DMRS/PTRS con�guration selection and
e�ect of subcarrier spacing.

Figure 4.6: The e�ect of NDMRS
add and dPTRSfreq for 30 km/h user speed.

From Figs. 4.5 and 4.6, it can be seen that at least one additional DMRS symbol

must be used for improved system performance. Furthermore, when additional
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DMRS is used, increasing the frequency density of the PTRS can contribute to

the system performance.

Figure 4.7: Performance results of di�erent subcarrier spacing for direct de-ICI

�ltering algorithm.

Figure 4.8: Performance results of di�erent subcarrier spacing for ICI �lter ap-

proximation algorithm.
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In Figs. 4.7 and 4.8, the e�ects of subcarrier spacing on the system performance

are observed. It is noted that the system performance is better for 480 kHz

subcarrier spacing (especially for the ICI �lter approximation), whereas there

is no evidence of improvement when 960 kHz subcarrier spacing is used for the

given simulation parameters. The reason behind this is that even for 5 ns of delay

spread, there are paths in the TDL-A channel [14] which cause ISI. It can also

be observed that increased subcarrier spacing is more bene�cial for the de-ICI

algorithm compared to the ICIclust.

It is important to emphasize that for the CPE estimation with 960 kHz of

subcarrier spacing, the ICI suppression algorithms can outperform it even for

lower subcarrier spacing values. This shows the importance and possible necessity

of the ICI compensation for higher MCS.

4.2 DMRS and PTRS Based Channel Estimation

Results for High Doppler Scenarios

In this section, channel estimation performance is evaluated in high Doppler

scenarios for di�erent channel delay pro�les and delay spread values. The e�ect

of additional DMRS use is also observed. Furthermore, for channel estimation,

PTRS is used instead of DMRS to see whether it can be competent with the

DMRS based channel estimation system. Note that when we say PTRS based

channel estimation, only PTRS is used for the entire system from the beginning

to the end. We also implement the system for an increased density of PTRS in

frequency domain and present the related results in this section. The simulation

parameters used for the results given in this section are shown in Table 4.3.

In the plots given in Fig. 4.9, for 480 kHz of subcarrier spacing and the TDL-C

channel with 10 ns of delay spread, the e�ects of NDMRS
add and dPTRSfreq on the system

performance are observed (in terms of the channel estimation MSE performance
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Simulation Parameters
MIMO 1x2 SIMO
Monte Carlo Runs 1000
Number of Bits Sent 25000
Carrier Frequency 70 GHz
Modulation 64-QAM (Uncoded)
User Speed 60 km/h, 120 km/h, 180 km/h
Subcarrier Spacing 480 kHz
Channel Type TDL-C (MATLAB)
Channel Delay Spread 5 ns - 10 ns
Channel Estimation LS Based 2D Wiener Filter Interpolation
Phase Noise Model Ericsson Model [4]
DMRS Con�guration Type Type 1
NDMRS
add {0, 1, 2, 3}

dPTRStime 1 (each symbol)
dPTRSfreq {1 (dense PTRS), 2}
ICI Filter Size 5

Table 4.3: Simulation parameters for high Doppler scenarios with DMRS and
PTRS based channel estimation.

and the uncoded BER performance of the overall system) for the ICIclust algo-

rithm. When the user speed is above 60km/h, the use of at least one additional

DMRS drastically improves the system performance. For above 180km/h user

speed, it is best to use two additional DMRS for guaranteed performance. More-

over, the results for the PTRS based channel estimation are illustrated. It is

important to note that we use increased PTRS density only for PTRS based

channel estimation where we use no additional DMRS in the system. For 10

ns of delay spread, PTRS based channel estimation cannot provide any reliable

performance results just like DMRS based channel estimation with no additional

DMRS. However, when the PTRS density in the frequency domain is doubled

(i.e., dPTRSfreq = 1 ), PTRS based channel estimation provides the best performance

for all user speed and SNR values.
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(a) Channel estimation MSE for 60 km/h. (b) Uncoded BER for 60 km/h.

(c) Channel estimation MSE for 120 km/h. (d) Uncoded BER for 120 km/h.

(e) Channel estimation MSE for 180 km/h. (f) Uncoded BER for 180 km/h.

Figure 4.9: Channel estimation MSE and uncoded BER performance results for

high Doppler TDL-C channel with 10 ns of delay spread.
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Figure 4.10: Channel estimation MSE for TDL-C channel with 5 ns of delay

spread for 60 km/h user speed.

Figure 4.11: Channel estimation MSE for TDL-C channel with 5 ns of delay

spread for 120 km/h user speed.
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Figure 4.12: Channel estimation MSE for TDL-C channel with 5 ns of delay

spread for 180 km/h user speed.

In Figs. 4.10�4.12, for 480 kHz of subcarrier spacing and the TDL-C channel

with 5 ns of delay spread, the e�ects of NDMRS
add and dPTRSfreq on the system per-

formance are observed for the ICIclust algorithm. Here, we look for the results

in a lower delay spread channel to see if the PTRS based channel estimation

without increased density could become competent with the DMRS based chan-

nel estimation in certain scenarios. From the �gures, similarly to the previous

cases but for a lowered delay spread channel this time, when the user speed is

above 60km/h, the use of at least one additional DMRS drastically improves the

system performance. For above 180km/h user speed, it is best to use two ad-

ditional DMRS for guaranteed performance. For lowered delay spread channel,

the use of PTRS based channel estimation with increased density still provides

the best overall performance, except for certain scenarios with low SNR values.

On the other hand, for the Rel-15 PTRS, the PTRS based channel estimation

is competent with the DMRS based channel estimation especially for increased

user speeds.
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Chapter 5

Conclusions and Future Work

In this thesis, we have �rst brie�y explained the mm-Wave and evolution of mo-

bile communications to 5G. We have discussed the current progress of 3GPP in

mm-Wave communications and expectations from communications above 52.6 to

114.25 GHz. Additionally, the latest contribution reports on phase noise estima-

tion algorithms and possibly enhanced PTRS designs have been presented. Then,

5G numerology and frame structure have been brie�y explained together with the

new aspects of 5G communications. Then, we have explained the structure of 5G

PDSCH with its reference signals, DMRS and PTRS, where the e�ect of con�g-

uration parameters for DMRS and PTRS have been shown and illustrated. In

addition, we have showed the e�ects of phase noise in OFDM systems, and an-

alytical modeling of discrete-time phase noise with its PSD properties. Then, a

general OFDM signal model has been shown with CPE and ICI e�ects caused

by PN on the received signal. After generating the signal model, channel and

phase noise estimation techniques have been explained in detail. The algorithms

in the literature have been applied on 5G PDSCH and reference signal designs

for simulating the system performance under multi-path channel and phase noise

e�ects.

For channel equalization, a DMRS based channel estimation has been imple-

mented with 2-D Wiener �ltering. Two main approaches have been adopted for

44



phase noise compensation: CPE and ICI compensation, where for ICI compensa-

tion, de-ICI �ltering and ICI �lter approximation techniques have been explained

and performed. Each algorithm has been applied to the system to be used with

the current PTRS design adopted by 3GPP Rel-15. For CPE and ICI �lter esti-

mations, it is also possible to derive and use MMSE estimation, however, due to

the practicality (complexity) concerns, LS estimators are used. As future work,

the detailed analysis should be performed for complexity calculations for di�erent

algorithms and PTRS designs.

To evaluate the system performance under di�erent numerologies, reference

signal con�gurations, and phase noise compensation algorithms, uncoded bit error

rate (BER) plots have been generated so that the e�ects of these variables could

be seen more clearly. We have performed simulations at 70 GHz, as 3GPP decides

that further studies and simulations are required for communications above 52.6

to 114.25 GHz [11].

In the simulations, comparisons of all algorithms have been presented for the

TDL-A channel together with the e�ects of subcarrier spacing on the perfor-

mance. The e�ects of con�guration parameter selections for DMRS and PTRS

(PTRS frequency density and DMRS time density) on the system performance

have also been illustrated. Then, for the high Doppler TDL-C channel, we have

compared two cases where we have used the conventional system and a system

where only PTRS signals have been used (both for channel and phase noise esti-

mation). We have also increased the PTRS density further than it is possible in

the current 5G standards (i.e., dPTRSfreq = 1) for PTRS to be able to compete with

DMRS considering the channel estimation performances. The results have shows

that for high Doppler scenarios, using PTRS only is possible for reliable system

performance for TDL-C channel with 5 ns of delay spread. On the other hand,

for the results with 10 ns of delay spread, an increased PTRS density must be

used for Rel-15 PTRS to be competent with DMRS.

As mentioned in the previous chapters, for communications above 52.6 to

114.25 GHz, possible enhancements on PTRS design and PN estimation algo-

rithms are still being discussed. In contrast with the Rel-15 PTRS design, the
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primary approach uses a block PTRS in the frequency domain. As future work,

theoretical bounds can be derived for speci�c scenarios to comprehend how good

the possible reference signal designs are. Furthermore, machine learning tech-

niques can be implemented for both channel and phase noise estimations individ-

ually.
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