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ABSTRACT

Claudiu-Eugen Bota: Analysis and comparison of CP-OFDM and UW-OFDM
Master of Science Thesis

Tampere University

Wireless Communications and RF Systems

October 2019

Society is in a process of continuous innovation, where the requirements are more and more
demanding. Therefore, new mobile network technologies appear with the objective of meeting all
these new needs, such as 5G New Radio.

The goal of this thesis is to analyze 5G New Radio in high speed scenarios, implementing
it in MATLAB according to 3GPP specifications. Starting with MATLAB’s 5G Toolbox, certain
modifications are made in order to test all the different scenarios for some chosen velocities. To
do this, different values of a series of parameters that affect the throughput are tested. Hence, the
throughput is the characteristic used to measure the performance of 5G New Radio in this thesis.

Among these parameters are the subcarrier spacing, the carrier frequency and the number
of DMRS reference symbols. Once this is known, different configurations are made, analyzing
how they affect the throughput, focusing mostly on two high velocities: 160 km/h and 240 km/h.
The results show that increasing the spacing subcarrier and the number of DMRS symbols, in-
creases the throughput also, while it is decreased if either the carrier frequency or the user’s
speed increases, as the last ones increase the Doppler shift.

Finally, a comparison is made between the waveform proposed by 5G New Radio, CP-OFDM,
and an alternative called UW-OFDM. This UW-OFDM brings numerous benefits compared to CP-
OFDM, and it is concluded that the throughput it offers is superior to the one CP-OFDM offers in
these high speed scenarios.

Keywords: 5G, CP-OFDM, UW-OFDM, subcarrier, throughput
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1 INTRODUCTION

1.1 Background

Society is in a period where needs constantly change, and therefore, new technologies
appear in order to satisfy them. In the past, the need of the human being to be able
to communicate remotely led to the development of mobile networks. Initially, the main
use of these networks was voice communication, and therefore, all technologies such as
Global System for Mobile communications (GSM) were based on circuit switching [1],[2].

Subsequently, people demanded a greater use of mobile data, which led to the emer-
gence of technologies such as Universal Mobile Telecommunication System (UMTS) or
Enhanced Data rates for GSM of Evolution (EDGE), which added to the classic circuit
switching a new way of switching: packet switching [1],[2]. The great usefulness of the
data packets led to a change in the direction in which the mobile networks were going to,
focusing only on packet switching.

Long Term Evolution (LTE) was the first of the technologies that was completely based
on packet switching, and for a long time, together with its successor Long Term Evolution
- Advanced (LTE-A), they were able to meet people’s needs [2]. However, the great
industrial revolution in which we find ourselves requires better performance which the
fifth generation (5G) mobile communications technologies seek to satisfy. In order to do
so, the standards organization which is in charge of the creation of protocols for mobile
telephony, the 3rd generation partnership project (3GPP), has developed the 5G New
Radio (5G NR) radio access technology [1].

This new technology is designed to be very flexible, adapt to different scenarios and
have many applications. One of those applications relates to high speed devices, whose
importance seems to not stop increasing, as they are used in both military and civil fields.
From trains to drones and planes, high speed devices have gained a big importance in
today’s society.

1.2 Obijectives

The main objective of this thesis is to analyze the performance of 5G NR with high speed
devices, using the MATLAB 9.7 5G Toolbox. However, this 5G Toolbox is not complete as
it does not work for higher velocities, so all those functionalities not provided are imple-



mented in such a way that respects the 3GPP specifications. In order to do so, numerous
tests are going to be carried out, analyzing the effect of all the influential parameters on
the throughput, which will be the characteristic that is measured to analyze the perfor-
mance of 5G NR.

The main idea is to find those configurations that maximize transmission speed for high
speed scenarios, and analyze how it decays based on certain parameters. In this thesis,
the effect of following parameters is analyzed: subcarrier spacing, carrier frequency, and
number of Demodulation Reference Signals (DMRS) symbols. For a set of high velocities,
different configurations of these parameters will be tested, analyzing how they influence
the throughput and which of these parameters are the most relevant in these high speed
scenarios.

In addition, a comparison will be made between the waveform established by the 3GPP
specifications for 5G NR, Cyclic Prefix - Orthogonal Frequency Division Multiplexing (CP-
OFDM), with an alternative waveform proposed by some experts called Unique Word - Or-
thogonal Frequency Division Multiplexing (UW-OFDM) [3],[4],[5]. This alternative seems
to offer lower error rates in high speed scenarios, and therefore, higher throughput. A
comparison will be made in terms of throughput, analyzing the pros and cons of UW-
OFDM, to determine whether or not it is a viable alternative to the classic CP-OFDM in
the mentioned high speed scenarios.



2 INTRODUCTION TO 4G AND 5G MOBILE
COMMUNICATIONS TECHNOLOGIES

2.1 4G mobile communications technologies (LTE and LTE-A)

2.1.1 Introduction

The constant increase in the number of mobile network users, made telecommunica-
tions companies look for new alternatives in order to fulfill these new needs that previous
communications technologies such as UMTS or High-Speed Downlink Packet Access
(HSDPA) could not. These technologies do not meet the capacity, speed and latency
requirements of the emerging trends, and the emergence of applications increasingly
dependent on mobile data only accelerated the development of more appropriate alter-
natives.

Based on these requirements, LTE arises as a technology that seeks to meet the require-
ments of the standards of fourth generation or 4G mobile networks. The main require-
ments of 4G are: physical layer latency in connected mode of 10 ms; peak data rates of 1
Gbps; 20 MHz channel bandwidth; CP-OFDM as the waveform for the downlink channel;
and Single Carrier Frequency Division Multiplexing Access (SC-FDMA) as the waveform
for uplink channel [6],[7].

LTE, however, fails to meet the higher current requirements but establishes the waveform
which future generations of mobile networks will be developed on: CP-OFDM.

2.1.2 Frame structure in LTE

Time is divided in Ny, OFDM symbols and the frequency is divided in Nzp * Ngc
subcarriers. Each pair of subcarrier-OFDM symbol represents a unique division which is
called Resource element (RE), which can form a larger entity called Resource block (RB)
[8]. In turn, these RBs form the Resource grid (RG), which represents all the resources
which have been divided in the REs as it can be seen in figure 2.1:
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Figure 2.1. Downlink resource grid in CP-OFDM for LTE
Figure 6.2.2-1 [7]

As it can be seen in the figure 2.1, each resource grid has a duration of a T};,; timeslot.
Therefore, each slot can contain Nrp RBs. In addition, the frame has a duration of 10 ms
and is formed in turn by 10 subframes of 1 ms each. These subframes, in turn, are formed
by two slots that are the ones that contain the RBs as mentioned before. Therefore, the
duration of these slots, and therefore the duration of the OFDM symbols that are part of
the RB, is 0.5 ms.



These RBs, in addition to having a duration of one timeslot, also occupy 180 kHz in
frequency. The REs represent an OFDM symbol on a subcarrier, while an RB represents
7 or 6 OFDM symbols, depending on whether there is normal or extended cyclic prefix,
over 12 subcarriers [8]. This can be seen in the table 2.1, which also includes the spacing
between the different subcarriers.

Table 2.1. Physical resource block parameters

Table 6.2.3-1 [8]

Configuration NRB | Nomo
Normal cyclic prefix Af =15kHz - 7
Af =15kHz 6
Extended cyclic prefix | Af =7.5kHz 24 3
Af =125kHz | 144 1

From the table 2.2 and as mentioned above, it can be understood that the resource
grid will consist of a certain number of RBs, which have the dimensions mentioned. This
number varies between 6 and 100 RBs, depending on the bandwidth chosen from among
all possible values between 1.4 and 20 MHz [8].

Table 2.2. Transmission bandwidth configuration Nrp in Evolved Universal Terrestrial
Radio Access (E-UTRA) channel bandwidths

Table 5.6-1 [8]

Channel bandwidth

BWchame [MHZ] 1.4 3 5 10 15 | 20

Transmission bandwidth

configuration Nrp 6 15 25 50 75 100

2.2 5G mobile communications technologies

2.2.1 Introduction

LTE and its successor, LTE-Advanced, fall short of the challenges that arise as time
goes by. The society demands high-speed services, with low latency for critical situations
(autonomous vehicles, critical information, etc.), with great capacity to give coverage to
all the users of large cities and great scalability to be able to adapt to different situations.
To solve these problems, 3GPP has decided to develop what is the new generation of
mobile networks: 5G New Radio. The 5G NR requirements can be collected in three



large application areas [9].

First, there is what is called Enhanced Mobile Broadband (eMBB). This application area
requires low latency while having also a large throughput, offering a large coverage area.
Then, there is Ultra Reliable Low Latency Communications (URLLC). In this case , there
are use cases where low latency and high reliability are critical, such as autonomous
vehicles or remote surgery. Finally, there is the Massive Machine Type Communications
(mMTC). This application area focuses on connecting numerous devices in a small area,
so it requires low battery consumption, low device complexity and an improved link budget
among others. [9]

2.2.2 Differences with 4G

Despite being based on the same waveform (CP-OFDM) as in 4G, 5G NR presents cer-
tain differences and improvements to meet all the requirements mentioned in the previ-
ous section. The first of the changes is the introduction of multiple different subcarrier
spacings, denoted also as numerologies. While in LTE this was always 15 kHz, in 5G
NR there are several more possibilities. Also, 5G NR presents another novelty that is
the inclusion of a new frequency range that operates in the millimeter wave (mmWave)
frequency range, as well as a variable channel bandwidth of up to 400 MHz which is
considerably wider than the 20 MHz supported by LTE [10],[11].

There are other differences and innovations that 5G NR provides with respect to 4G, such
as beam management or the deepening of the use of Massive Multiple-input Multiple-
output (MIMO), but those mentioned in the previous paragraph are the ones that are
going to be analyzed since they have more impact on the physical layer, which is the one
that is analyzed in more detail in this thesis.

2.2.3 Frequency range in 5G NR

As mentioned in the previous section, 5G NR operates on two different frequency ranges
called FRy and F'Rs. [10] The range in which these can be found is given in the following
table:

Table 2.3. Definition of frequency ranges for 5G NR
Table 5.1-1 [10]

Frequency range Corresponding frequency range
designation
FR1 450 MHz — 6000 MHz
FR2 24250 MHz — 52600 MHz

While FR; operates in frequency ranges similar to those of LTE with which it shares



spectrum, F' R is in much higher frequency ranges to allow high-speed data transmission,
but with a lower coverage.

2.2.4 Frame structure in 5G NR

In previous sections, some of the innovations that 5G NR brings about LTE were dis-
cussed. Among them, the so-called numerology was mentioned, which is defined by the
subcarrier spacing [11]. The different numerologies supported in 5G NR are listed in the
following table:

Table 2.4. Supported transmission numerologies for 5G NR

Table 4.2-1 [11]

H Af =2"-15[kHz] Cyclic prefix
0 15 Normal

1 30 Normal

2 60 Normal, Extended
3 120 Normal

4 240 Normal

Each numerology is therefore assigned a p index, which is different for all of them, and
therefore, determines the distance that separates two subcarriers using the equation in
column 2 of table 2.4. It should be noted that 60 kHz is the numerology that can carry
both extended and normal CP, which does not occur in the other subcarriers spacings.

The duration of a frame in 5G NR is the same as in LTE, that is, 10 ms, and as in LTE, the
frame is made up of 10 subframes of 1 ms each [11]. So far 5G NR behaves the same
as LTE, but the influence of numerology is seen when analyzing the slots that make up
each subframe.

Table 2.5. Number of OFDM symbols per slot, slots per frame, and slots per subframe
for normal cyclic prefix

Table 4.3.2-1 [11]

T Ng;u;l b str];ine,;e Nsusmbfmma. I
0 14 10 1

1 14 20 2

2 14 40 4

3 14 80 8

4 14 160 16

As can be seen in the table above, the number of slots depends on numerology, in-



creasing the number of slots per subframe as the spacing subcarrier increases. Also,
as numerology increases, the duration of the OFDM symbols decrease while having a
fixed sampling rate. This causes shorter slots, and therefore, there are more slots per
subframe [11]. As for the extended cyclic prefix, as there is only one numerology used,
the number of slots is fixed as shown in the following table:

Table 2.6. Number of OFDM symbols per slot, slots per frame, and slots per subframe
for extended cyclic prefix

Table 4.3.2-2 [11]

slot frame pt subframe,
H Nﬁj"mh Ngio N ot
2 12 40 4

2.2.5 Bandwidth in 5G NR

In 5G NR the maximum transmission bandwidth has the same form as in LTE, thatis, Ngg
RBs. As can be seen in the table below, in addition to dividing the bandwidth between
the different RBs, guard bands are needed. When using two different carrier frequencies,
the bandwidth and the maximum number of RB therefore varies. For the F'R; frequency,
these data are collected in the following table:

Table 2.7. Maximum transmission bandwidth configuration Nrp

Table 5.3.2-1 [10]

20 25 40 60 80 100

(iﬁf} S5MHz | 10MHz | 15MHz MHz MHz 30 MHz MHz 50MHz MHz MHz 90 MHz MHz
Nrs NrB NrB Nrs NrB Nre Ngre Nrs Nre Nre Nrs Nrs

15 25 52 79 106 133 160 216 270 N/A N/A N/A N/A
30 11 24 38 51 65 78 106 133 162 217 245 273
60 N/A 11 18 24 31 38 51 65 79 107 121 135

Similarly, minimum guard intervals vary with the spacing subcarriers as shown in the
following table:

Table 2.8. Minimum guardband for each User Equipment (UE) channel bandwidth and
Subcarrier spacing (SCS) (kHz)

Table 5.3.3-1 [10]

(iﬁf, 5 MHz I\.’:Igz M1|fz legz M2|-5|z 30 MHz D;III?IZ 50MHz Maﬂz 80 MHz | 90 MHz | 100 MHz
15 | 2425 | 3125 | 382.5 | 4525 | 522.5 | 502.5 | 552.5 | 692.5 | NA | NIA NIA N/A
30 | 505 | 665 | 645 | 805 | 785 | 945 | 905 | 1045 | 825 | 925 885 845
60 | N/A | 1010 | 990 | 1330 | 1310 | 1290 | 1610 | 1570 | 1530 | 1450 | 1410 1370

Also, for F Ry the maximum bandwidth and number of RBs are shown in the table 2.9.
Finally, the minimum guard intervals for F'R, are shown in the table 2.10.



Table 2.9. Maximum transmission bandwidth configuration Nrp for FR2

Table 5.3.2-2 [12]

SCS (kHz) | 50 MHz 100 MHz | 200 MHz | 400 MHz
Nrs Nrs Nrs Nrs
60 66 132 264 N.A
120 32 66 132 264

Table 2.10. Minimum guardband for each UE channel bandwidth and SCS (kHz) for FR2

Table 5.3.3-2 [12]

SCS (kHz) | 50MHz | 100 MHz | 200 MHz | 400 MHz
60 1210 2450 4930 N. A
120 1900 2420 4900 9860




2.2.6 Resource grid

The resource grid is based on the same idea as in the case of LTE. Resources are divided
both in time and frequency in the same way, but the main variation is the influence of
numerology. As we have seen, as the spacing subcarriers increase, the number of RBs
is reduced, and therefore, the resource grid decreases in frequency. On the other hand,
the number of slots within a subframe increases, and therefore, there are more OFDM
symbols, expanding the resource grid in time. This can best be seen in the following

figure:
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2.2.7 Physical downlink shared channel

Among all the physical channels of the downlink, the most relevant in this thesis is the
Physical Downlink Shared Channel (PDSCH) and has the same function as in LTE. To

understand it better, a high level description of it will be given following [14]:
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Figure 2.3. Physical-layer model for DL-SCH transmission
Figure 5.1.1-1 [14]

The most relevant steps for this PDSCH are the ones contained in the blue boxes in
figure 2.3. These steps will only be mentioned, as higher details about them are out of
the scope of this thesis but are explained more in detail in [14]. The steps followed by the
PDSCH in order to process the data are:

e Higher-layer data passed to/from the physical layer;

CRC and transport-block-error indication;

FEC and rate matching;

Data modulation;

Mapping to physical resource;

Multi-antenna processing;

Support of L1 control and Hybrid-ARQ-related signalling.

2.2.8 Demodulation reference signals for PDSCH

In 5G NR there are numerous important signals, such as synchronization signals [10].
These signals, however, are not going to be analyzed in this thesis, since for the experi-
ments it is assumed that the synchronization is perfect. However, there are other signals
that are taken into account, such as DMRS [11].

This signal carries a series of known reference symbols that act similarly to pilots in LTE,
known as DMRS symbols. They are important because they are needed for a correct
channel estimation. When the transmitted signal is generated, the DMRS symbols are
introduced in certain positions depending on different configurations [11]. The DMRS
symbols can be placed in different OFDM symbols, as well as in different subcarriers.
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When the received signal arrives, the positions where the DMRS were introduced are
known. Therefore, from the received signal and the DMRS symbols, it can be established
a relationship which helps to estimate the channel. There are different criteria that can
be used, such as Zero forcing (ZF) or Minimum mean square error (MMSE). Once the
channel is estimated in the positions of the DMRS, a interpolation is done in order to
extend this estimation to the whole time-domain resources [11].

As mentioned before, there are different configurations for the DMRS symbols, based on
different parameters. The effect of some of these parameters are going to be shown in
the following figures, but more details about them can be found in [11].

Number of Layers =1

Port = 1000;

PDSCH Mapping Type = "A';
dmrs-TypeA-Position = pos2;
DL-DMRS-max-len = 1;

Number of Layers =1

Port = 1000;

PDSCH Mapping Type = "A'";
dmrs-TypeA-Position = pos3;
DL-DMRS-max-len = 1;

dmrs-additionalPosition = pos0;
dmrs-Type = type2;
DL-DMRS-Scrambling-ID. NIDNSCID = 1;
DL-DMRS-5crambling-ID.NSCID = O;

dmrs-additionalPosition = pos0;
dmrs-Type = type2;
DL-DMRS-Scrambling-ID. NIDNSCID = 1;
DL-DMRS-5crambling-ID.NSCID = O;

PDSCH/DMRS Only PDSCH/DMRS Only

12 12

10 10

0
0123456728 910111213

0
01234567 8910111213

Figure 2.4. DMRS symbols configuration: first DMRS symbol position
DMRS symbols configuration [15]

One of the parameters that can be configured when defining the DMRS symbols, is the
position of the first DMRS symbol. It can be placed either at the second or the third
CP-OFDM symbol as shown in the previous figure.



Number of Layers =1

Port = 10003;

PDSCH Mapping Type = "A';
dmrs-TypeA-Position = pos2;
DL-DMRS-max-len = 2;
dmrs-AdditionalPosition = pos0;
dmrs-Type = Type2;
DL-DMRS-Scrambling-ID. NIDNSCID = 1;
DL-DMRS-Scrambling-ID.NSCID = O;

Number of Layers =1

Fort = 1000;

PDSCH Mapping Type = "A";
dmrs-TypeA-Position = pos2;
DL-DMRS-max-len = 1;
dmrs-additionalrPosition = posl;
dmrs-Type = type2;
DL-DMRS-Scrambling-ID. NIDNSCID = 1;
DL-DMRS-Scrambling-ID. NSCID = O;

PDSCH/DMRS Only

12

10

0
012345678 910111213

PDSCH/DMRS Only

12

10

0
01234567 8910111213

Figure 2.5. DMRS symbols configuration: single and double symbols

DMRS symbols configuration [15]
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Another option that the DMRS symbols configuration gives, is the possibility of using
double DMRS symbols instead of single symbols. Therefore, the DMRS symbol could
last two or one CP-OFDM symbol as shown in the figure.

Number of Layers =1

Port = 1000;

PDSCH Mapping Type = "A";
dmrs-Typea-Position = pos2;
DL-DMRS-max-len = 1;
dmrs-additionalPesition = pos2;
dmrs-Type = type2;
DL-DMRS-5crambling-ID. NIDNSCID = 1;
DL-DMRS-Scrambling-ID. NSCID = O;

Number of Layers =1

Port = 1000;

PDSCH Mapping Type = "A";
dmrs-Typea-Position = pos2;
DL-DMRS-max-len = 1;
dmrs-additionalrPosition = pos3;
dmrs-Type = type2;
DL-DMRS-5cramb1ing-ID. NIDNSCID = 1;
DL-DMRS-Scrambling-ID. NSCID = O;

PDSCH/DMRS Only

12

10

0
01234567 831011213

12 PDSCH/DMRS Only

10

0
012345678 910111213

Figure 2.6. DMRS symbols configuration: additional DMRS symbols
DMRS symbols configuration [15]
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Finally, the last parameter analyzed is the additional DMRS symbols. Initially, there is only
1 DMRS symbol used, but there can be added 3 more DMRS symbols. As it is shown
in the previous figure, the DMRS symbol positions change, as there are more DMRS
symbols used. These are not the only parameters that can be configured, but are the
only ones analyzed in this section [11].

Also, is important to mention that these DMRS symbols are introduced in such a way
that, for MIMO scenarios, it is possible to mitigate the interference coming from other
paths. For example, when using two layers for mapping the symbols, in the second
layer the DMRS symbols are introduced in such a way that it is possible to estimate
the different channel’s coefficients for each pair of transmitting - receiving antennas. For
further details, see [11].
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3 THEORETICAL BACKGROUND

3.1 CP-OFDM

3.1.1 Introduction

As it has been discussed in the previous section, CP-OFDM is the waveform recom-
mended by 3GPP in both its 4G and 5G standards [12],[]16]. This waveform is being
implemented by different telecommunications companies in the deployments of their own
5G networks.

3.1.2 Theoretical background

CP-OFDM is a waveform that is based on the principles of Frequency Division Multiplex-
ing (FDM) [17]. This multiplexing technique consists in dividing the bandwidth between
the different users, assigning each one a certain frequency band. The main innovation
or difference between CP-OFDM and FDM is the concept of orthogonality that will be
analyzed later.

In addition, CP-OFDM is also based on Time Division Multiplexing (TDM) [17], which is
a technique that allows several users to use the same bandwidth after dividing it into
time units called slots that are assigned to each of them. Therefore, CP-OFDM can be
understood as a waveform that combines the benefits of FDM and TDM, and therefore, it
divides resources both into slots and subcarriers that are assigned to the different users.

3.1.3 Orthogonality

As mentioned above, CP-OFDM includes the concept of orthogonality as one of the nov-
elties regarding its predecessor, FDM. Unlike the latter, in CP-OFDM the subcarriers
which the bandwidth is divided into are orthogonal to each other [18],[19].

As it has been discussed previously, a RB represents the minimum division in which the
data is transmitted in 4G or 5G systems, since the REs are not transmitted separately.
Therefore, in each transmission of an RB, N,,,,,; are sent every T, seconds as it can be
seen in figure 2.1. From here it can be extracted that the period of an CP-OFDM symbol,
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with varying CP-length within a subframe is:

Tsiot
Tmp = ~——2 3.1
symb Nsymb ( )
And in turn, the symbol rate is:
1 Neymb
R = = 3.2
symb Tsymb Tslot ( )

By using subcarrier orthogonality, the need to use guard bands to separate the subcar-
riers is eliminated, since the different subbands are hardly affected by their neighbors’
emissions. In this way, the spectral efficiency is increased, and what is more, it allows
the reduction of the complexity of the receiver by using a fast discrete signal processing
which will be analyzed later [17],[18],[19]. Moreover, there is no need to use separate
filters for each subcarrier as in FDM [2].

In order to understand the subcarrier wise orthogonality more deeply, we will assume two
subcarriers ¢,(t) and ®,(¢) that have the form:

By (t) = lTe%fut (3.3)
By (t) = 2t (3.4)
v \/T .

Where f, and f, represent the subcarriers frequencies. To meet the CP-OFDM require-
ments, these two subcarriers must be orthogonal to each other, and this is only true if
they fulfill the following condition:

/ T B (1)@, (1) dt = 0 (3.5)

1 [T :
7 /0 2=V T gt = (3.6)

Where 7 and 7 represent f, and f, respectively. Therefore, the only case in which the
orthogonality condition would not be met would be the case in which v and v are equal.
As it can be seen in equation 3.6, the minimum distance between the two subcarriers is
u — v = 1. This means there is a spacing subcarrier such that:

Af = S (3.7)

One of the main problems of CP-OFDM is the Inter-symbol Interference (ISl). In order to
reduce its effects, pulse shaping filters, and more specifically, raised cosine root filters
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are applied [20]. With this in mind and applying the filter, the equation of each subcarrier
can be defined as follows:

t—T
2 )627rAfkt (38)

1
D (t) = —=rect( T

VT

With k = 0,1,2 ..., N-1 and where N is the maximum number of subcarriers.

3.1.4 System in continuous time

In the previous sections it has been explained which is the shape of the subcarriers and
how is the frame structure. As it has been shown, N symbols are transmitted every T
period [18]. If both concepts are combined, it is obtained that the [ —th transmitted OFDM
signal has the form:

N-1

Z cr i (t —IT) (3.9)
k=0

Where ¢y, is the k — th OFDM symbol of the k£ — th subcarrier of the [ — th transmitted
OFDM signal, also known as the subcarrier modulating symbol. If a continuous transmis-
sion is assumed, then equation 3.9 would be expressed as follows:

+o00 N-1

r(t)= > D it —IT) (3.10)

l=—o00 k=0

The OFDM signal is transmitted but is affected by the multipath effect [19],[21]. The
signal is transmitted and it arrives following different paths to the receiver, as it is affected
by different obstacles. Therefore, all the signals with their respective delays, arrive sumed
at the receiver. The channels that present this type of effect are, therefore, time-varying
and multipath fading channels and their impulse response is denoted as h(t, 7).

The channel is not the only thing that affects the transmitted signal, since the Additive
White Gaussian Noise (AWGN) expressed as n must be also taken into account. With
both ideas in mind, the received signal can be expressed as:

r(t) = h(t,7) % 2(t) + n(t) = /0 T )t — Py + () (3.11)

Where 7,4, represents the maximum delay of the channel. It should be noted that a
static channel has beed assumed during the transmission of the £ — th OFDM symbol,
simplifying h(t, ) to h(t).
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3.1.5 Cyclic prefix

One of the effects of the aforementioned multipath effect is ISI. That is, one among all the
received signals, is affected by all the other signals that have taken a different path, thus
affecting the symbols received. In order to compensate this, it is necessary to introduce
guard bands longer than 7,,,,. This is, to assure there is no overlapping between two
received signals [1],[16]. Therefore, it is necessary to introduce what is known as Cyclic
Prefix (CP) [18],[19].

The CP is formed by the last samples of a CP-OFDM signal, which are copied and added
at the beginning of the mentioned signal, within the guard interval. By doing this, at
the receiver it is possible to recover the transmitted signal in a less complex way after
eliminating the CP [19]. After knowing this and returning to the equation 3.8, it is obtained
that the transmitted signal is defined as:

t— Le

Or(t) = \%rect(TeQ)e%Afk(t_TCP) (3.12)

With k =0,1,2 ..., N-1 and where Te = T + T¢p that makes up the total period of the
transmitted signal, once the CP has been added.

3.1.6 System in discrete time

As mentioned previously, one of the objectives of CP-OFDM is to reduce the complexity
of the entire system, both the transmitter and the receiver. Since continuous time opera-
tions are very complicated, an discrete time implementation of this waveform is chosen.
For this, both Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT)
are used, which are the fast versions of Discrete Fourier Transform (DFT) and Inverse
Discrete Fourier Transform (IDFT) [18],[19].

These last two have the form:

DFTz[n] = X[i] = \/1N Nijlx[n]e—i%}vm (3.13)
n=0
IDFTX|i] = z[n] = \/1N NﬁlX[Z‘]ej%%m (3.14)
1=0

Withn=0,1,2...,N-1andi=0,1,2 ..., N-1. Where z[n] is the discrete sequence on which
said DFT and IDFT are applied. With this in mind, and using the equations 3.1 and 3.2,
it is obtained that T,,,, = T5/N and f, = N/T,. From this, the sampled version of the
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[ — th signal transmitted is obtained as:

1 N-1 1 N-1 1 N-1
xl(nTs) _ Ck7l€j27rAfknTs—lT _ CkJe]Qﬂ'TknTs — Ck756]27TNkn
VN kzzo JN kzzo JN kzzo

(8.15)

As it can be seen, this equation corresponds to the IDFT of the signal z(nT%). Therefore,
it is obvious to think that at the receiver, it will be necessary to apply the DFT on the
received signal. In order to make use of its fast versions, FFT and IFFT, it is necessary
to choose a size N that is a power of 2 [19]. Knowing this, we can finally describe the
complete CP-OFDM system in discrete time with the figure 3.1:

Cyclic Prefix
(RN-Nep-KN-Nep-1----XN-1) .
OFDM
Sg Xy %1, Parallel signal
i » Constell- ¥ q . g
Serial . x, | to Serial c®
T -ation | X, ) IFFT g
dy, .07 To Mapper
- (BPSK/
Parallel | ™' | opsxoamy [¥ai s
Channel
Fay
& %, R, I
Parallel [ | Constell- | T 7 ) Delete
-— g A g R . :
A LS| ation Xy | Domain ! FFT | Cyclic 4 Serial to
dy.dy| To demapper ) Equalizer Parallel
. n (BPSK/ A )
Serial | =) opswoam | Xq o S| Prefix

Figure 3.1. CP-OFDM discrete time system
llustracion 10 [18]
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3.1.7 Disadvantages of CP-OFDM

So far we have seen the different advantages that CP-OFDM provides [8],[17],[18], such
as the improvement of spectral efficiency or the reduction of the impact ISI by using guard
intervals and pilot symbols among others. However, it also has some downsides. One of
them is the Peak to Average Power Ratio (PAPR):

maz|z(t)|?

PAPR =
Pavg

(3.16)
In the case of CP-OFDM, having more subcarriers will deal to a higher numerator and
therefore, the PAPR will be also higher.

Another disadvantage of CP-OFDM is its subcarrier frequency synchronization errors
[17],[18]. This is due to the difference between the frequencies of the subcarriers in
transmitter and receiver, which Inter-carrier Interference (ICl) introduces into the system.
Since there is a frequency offset, the subcarrier frequencies are displaced, causing the
loss of orthogonality, and therefore, in the receiver it is necessary to compensate it with
different techniques.

One of the most widespread techniques is based on the use of pilots. These pilots are
a series of transmitted symbols that are previously known and help in the channel esti-
mation [8],[19]. There are different ways of doing this by inserting these pilots either in
certain subcarriers, in certain OFDM symbols or in both.

Using the pilots, an interpolation is performed, obtaining a channel estimation, followed
by an equalization. Some of the most common methods are ZF and MMSE [18],[19].

3.2 UW-OFDM

3.2.1 Introduction

Despite the total acceptance of CP-OFDM and its various advantages, there are other
alternative waveforms that are being studied by experts and, a priori, could solve some
of the disadvantages of CP-OFDM while adding numerous other benefits [3],[4],[5].

One of these alternatives is UW-OFDM. UW-OFDM is postulated as a waveform that,
according to various studies [3],[4],[5], provides the same results in terms of Bit Error Rate
(BER) and throughput than CP-OFDM, if not even better, while reducing the complexity
of the system to ensure proper synchronization and estimation of the transmitted data.
But to understand this, it is needed to analyze in depth the essence of UW-OFDM.
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3.2.2 Comparison with CP-OFDM

This waveform differs from CP-OFDM, mainly in its use of guard intervals [4]. On the one
hand, as it has been shown, the guard bands in CP-OFDM are based on the transmitted
data and are therefore random. On the other hand, the guard intervals of UW-OFDM are
deterministic. This is because these intervals are formed by previously known sequences
called unique words.[4]

Similar to UW-OFDM, there is the Known Symbol Padding - OFDM (KSP-OFDM), which
also uses deterministic guard intervals known as known symbol [3].The main difference
between both of them, is that in UW-OFDM, the UW is part of the DFT, whereas the KS
is not. However, KSP-OFDM is out of the scope of this thesis, and it will only be shown in
the figure 3.2 to compare its structure with CP-OFDM’s and UW-OFDM’s.
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(a) Data structure using CPs

KS Data KS Data KS

(b) Data structure using KSP
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Figure 3.2. Comparison of the frames in CP-OFDM and UW-OFDM in time domain
Fig. 1 [3]

The unique words have double functionality: on the one hand, they are used as guard in-
tervals to reduce ISI; and on the other hand, they help in the synchronization and channel
estimation.

The latter is achieved through the introduction of redundant subcarriers that introduce a
correlation between the different subcarriers, which in turn helps to improve the BER per-
formance [3],[4],[5]. These redundant subcarriers are generated from the data symbols
and the permutation matrix, and help to obtain the zero UW needed in the first step of
the generation of the UW-OFDM symbol [3],[4],[5]. By doing so, the chosen UW can be
added to the UW-OFDM symbol, and latter, it can be extracted at the receiver without
affecting the subcarriers in the frequency domain [4].

For this, the guard interval is included within the DFT interval while in CP-OFDM this
does not occur, as can be deduced from figure 3.2. In addition, a very similar spectral
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efficiency is achieved, because despite the introduction of said redundant subcarriers,
the length of the UW-OFDM symbol can be defined shorter [4].

In spite of all the differences, both waveforms have in common that when performing the
linear convolution of the OFDM symbol transmitted with the channel impulse response, a
circular convolution is obtained in the receiver [3],[4],[5].

3.2.3 Generation

Unlike CP-OFDM, the generation of symbols in UW-OFDM is not so straightforward. As
we have seen in figure 3.2, the UW-OFDM symbol consists of two parts: a guard interval,
also called unique word, and data [5]. This symbol is defined in the time domain having
a size N that matches the one of the DFT, and it can be defined as follows:

P [zh 2] T (3.17)
Where z,, € CN«*1 represents the default sequence also known as unique word and
zq € CIN=Nu)x1 represents the random data to be transmitted.

When generating these symbols, there are numerous alternatives, but the most widespread
method is done in two steps [4]. First, a symbol with unique word 0 is generated in such
a way that:

v =507 " (3.18)

Subsequently, the desired unique word is added such that the UW-OFDM symbol is:

’

x :x—l—[OTxg]T

(3.19)
To understand it better, let's address the two steps separately. In the first step, it is
necessary to obtain x, which is the data transmitted followed by the 0 unique word, both
in the time domain. As in CP-OFDM, both the QAM symbols to be transmitted (given
by d € CNex1) and the subcarriers used in the zero padding are given in the frequency
domain [4]. Therefore, it is necessary to apply an IDFT to transform them to the time
domain. If the data set and zero subcarriers are named as z and then, the IDFT Fj'is
applied, then it is obtained that:

v =Fyz=[z507] " (3.20)

To comply with the equations, a series of redundant subcarriers are introduced in fre-
guency reducing the number of subcarriers used for data transmission. These redundant
subcarriers form the vector # € CN~*! where N, = N, which are distributed along the
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spectrum using the permutation matrix P € C(Na+Nr)x(Na+Nr) [4] [5]. The correct choice
of P is crucial, since it can help to distribute the energy efficiently throughout the spec-
trum, thus reducing the PAPR.

With all this in mind, equality can be written as follows:

d

Z=DBP (3.21)

F

Where B € CV*(NatNr) i a matrix that introduces subcarriers belonging to zero padding.
This matrix consists of zero rows in the positions where the zero padding is intended to be
inserted and of unit rows in the positions where the data to be transmitted is (redundant
subcarriers included).

If the N-IDFT is applied in order to convert the signal to the time domain, it is obtained:

—1- -1 d
r=Fy'&=Fy BP (3.22)
,,7
And as it has been seen in the equation 3.20, this expression must be equal to:
-1 CZ Zq
Fy'BP = (3.23)
g 0
From this expression, it can be assumed that:
M M
FilBp= |1 12 (3.24)
My Mo

Where M € CN*(NatNo) "and the M;; matrices with 4, j with i, j = 1,2 have the appropri-
ate size. Starting from this equation, the relationships are established as:

MHCZ—F MioF = x4 (3.25)
M21J—|— Moo =0 (3.26)
From where it is derived that:

T

— Myt Moy d (3.27)
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In order to simplify the equation 3.27, a matrix T is defined as follows:

T = —M,,' My (3.28)

Where T € CNr*Na_ Therefore, the equation 2.29 can be rewritten as:

F="Td (3.29)

From this equation, it can be deduced that T introduces correlations in z, and, there-
fore, its proper choice is of vital importance since it affects the energy of the redundant
subcarriers 7. This can be observed from the equation that defines the average symbol
energy:

E, = % (Ngo§ + ogtr(TT™)) + 2l z, (8.30)

From here, it can be defined the next expressions:

E; = Nyo3 (3.31)
Er = o2tr(TTH) (3.32)
E,, =azlz, (3.33)

Where E,, represents the contribution of the unique word to the average energy of the
symbol, and EW and % represent the contributions by the redundant subcarriers and the
data before adding the unique word respectively [4],[5].

As can it be seen in the equation 3.32, the energy contributed by the redundant subcar-
riers can be very high if a bad choice of the matrix 7" is made. This relationship can also
be established with P, since as we have seen in the equations 3.24 and 3.28, 7" depends
on this permutation matrix. Therefore, it can be affirmed that a bad choice of P, such as
P = I, can contribute with a very high level of energy by the redundant subcarriers [4],[5].

Therefore, it is necessary to choose a matrix P, or what is the same, a matrix 7', which
minimizes the cost function J of said energy. From the equation 3.30, this concept can
be expressed as:

2
Jp = %tr(TTH) (3.34)

In the equation 3.19, the symbol to be transmitted in the time domain is defined. However,
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this expression is not entirely practical and therefore, another type of interpretation is
made. [5]

It is assumed that:

(8.35)

Where G € C(N-+Na)xNa |f the equation above is used, then the equation 3.21 can be

interpreted as:
d I
c=P| | =P
T

Where G and ¢ € CWV»+Na)x1 represent a code generation matrix and a codeword of a
systematic complex number Reed — Solomon code respectively. This fact can be seen
graphically in the figure 3.3.

d=Gd (3.36)
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Figure 3.3. Codeword generator for the systematic code described by G
Fig. 3 [1]
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By using the equations 3.21 and 3.35, it is obtained that:

T = Be¢ (3.37)

Therefore, x,, which is the unique word defined in the frequency domain, can be ex-
pressed as:

Gy = Fy[0T2T) T (3.38)

By using both equations 3.19 and 3.38, the equation 3.17, and therefore the transmitted
UW-OFDM symbol in time domain, can be rewritten as:

2 =2+ 0727 " (3.39)
@ = FyY(Be+ ) (3.40)
¢ = Fy{(BGd + 4,) (3.41)

This interpretation of the symbol =" is more appropriate to understand the operation of
the complete system.

3.2.4 Receiver in UW-OFDM

In the previous section, it has been shown what is the expression that defines the UW-
OFDM symbol to be transmitted. However, the effects of the channel and the equalization
and decoding process of the received data have not been analyzed [3],[4],[5].

When a symbol is transmitted, it is affected, typically, by a multi-path channel and also by
noise. Therefore, the received symbol in the time domain can be expressed as:

yr = Hea' +n (3.42)

Where H, ¢ CNV*N represents a cyclic convolution matrix obtained from the vector con-
taining the channel impulse response coefficients h € CN*! with zero padding and
n € CV*! represents the zero-mean Gaussian noise vector with o2 as the covariance
matrix [3],[4],[5]. The next step is to go from time domain to frequency domain through the
DFT. Following this process, those subcarriers that introduced zeros into the transmitter
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can be extracted, obtaining:

ya = BT Fyy, = BTFyH.x' + BT Fyn = B'FyH Fy (BGd + 2,) + B'Fyn  (3.43)
From the previous equation, the matrix H. can be obtained as follows:

H.= FyH.Fy' (3.44)

H. is a diagonal matrix whose, regardless of redundancy, diagonal contains the sampled
channel frequency response [4]. If the zero padding is also eliminated, then the matrix H
is obtained, which can be expressed as:

H=B"H.B=B"FyHFy'B (3.45)

This matrix has on its diagonal the same coefficients of the frequency channel response
as H.. If the equation 3.45 is used in the equation 3.43, it is obtained that:

g = HGd+ HBT &, + BT Fyn (3.46)

Assuming that H is known or, if not, it is possible to estimate it [4], then it can be differ-
entiated two parts within the transmitted symbol. On the one hand, there is the unknown
part associated with the data, HGd; and on the other hand, there is H B z,, which is
the known part of the symbol, since the unique word z,, was predefined. Finally, BT Fxn
forms the noise vector.

In the next step, it is necessary to extract the influence of the unique word as follows:
y=ys— HB %, (3.47)

Once this is done, it is necessary to equalize y to obtain the linear estimate of the trans-
mitted data d. For this, it is necessary to obtain an E equalizer so that:

d=FEy (3.48)

3.2.5 Linear channel estimators for UW-OFDM

There are different approaches when establishing an appropriate linear estimator for
unique word. As explained in [3], there are two ways to address it.

First, it can be assumed that the data is an unknown vector but at the same time is
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deterministic. In this case and as stated in [3], the best linear unbiased estimator (BLUE)
is obtained which is equivalent to a zero forcing equalizer of the form:

Eprvp = (GYHY"HG) '¢" A" (3.49)

With an error covariance matrix:

Cee = No2(GHAHHG)™! (3.50)

On the other hand, it can be assumed that the data is not deterministic, but rather is ran-
dom. In this case, an linear minimum mean square error estimator (LMMSE) is obtained
such that:

o No? _
Epmuse = (GHAYHG + =or 1)~ GHEH (3.51)
04

With an error covariance matrix:
2

Cee = No2(GHHYHG + NZ" n-! (3.52)
94

As it can be seen, the expressions are practically the same as in the previous case, but
in this occasion, the influence of noise and data are taken into account.

3.2.6 Non-systematic coding in UW-OFDM

By generating the UW-OFDM symbol, the power of the redundant subcarriers was min-
imized after minimizing the cost function Jg. In this way, the energy was distributed
among all the redundant subcarriers, which in turn means to spread it among the entire
codeword ¢, avoiding the concentration of the energy in only certain subcarriers [4],[5].

However, there are different techniques that can minimize such energy even more. Among
these techniques, there is non-systematic coding [3]. This process consists of distribut-
ing the energy not only among the redundant subcarriers, but also among the rest of the
subcarriers. In this way, the energy is distributed equally among the different subcarriers.

In equation 3.36 it has been shown how codeword ¢ is generated. Similarly, the codeword
in the non-systematic coding is generated such that:

c=Gd (3.53)

Where G is the code generation matrix that distributes the energy as explained above for
the case of non-systematic coding [3]. This matrix G is generated in a similar way to the
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generating matrix G that it has been explained previously, but in this case, in addition to
taking into account the distribution of the redundant energy, the complete communication
system, receiver included, is taken into acccount.

As explained in [3], the cost functions of both the BLUE case and the LMMSE case are
equal to the previous case where it was not considered non-systematic coding. Therefore,
it is straightforward that changing G with G is the only step needed. However, when
optimizing G it is not so obvious and the steps to do so are different.

The solution proposed in [3], consists of several steps. In the first, the steepest decent
algorithm is applied to solve the optimization problems of [3]. With this in mind and taking
equation 3.35, G can be rewritten such that:

(3.54)

The equation is practically identical to the one of the previous case, but the concept of
the non-singular real matrix A € CWNatNr)x(Nat+Nr) s introduced. If the IFFT and the zero
padding is introduced to this matrix, then it can be rewritten such that:

= (3.55)
0

-1 s —1 1
Fy'BG = Fy'BAP
T

Similarly, equation 3.24 can be rewritten such that:

M=FgBAP | TP (3.56)
Moy Moo
From where, T can be obtained as:
T = — My Moy (3.57)

Therefore, it can be concluded that from a given matrix A, the matrices G and 7' that
minimize the aforementioned cost functions can be obtained [3]. Therefore, it can be
affirmed that, to obtain an optimal matrix A, some of the cost functions must be minimal:

Aopt = argmin Jprue, JLMMsE (3.58)

The steepest descent algorithm consists in taking the gradient of the cost function J with



30

respect to the matrix A in order to find said A,,;. This is expressed such that:

0J _ J(Als+e) = J(Al;j —¢)
J[A] 2¢

(3.59)
i
Once said A, is obtained, a matrix G is obtained from a set of matrices that meet

the requirement of equation 3.54 to obtain a unique word 0. In order to understand this
process better, it is necessary to understand how to apply the steepest descent algorithm.

There are two ways to initialize the algorithm. The first of the recommendations, as
mentioned in [3], is to use the identity matrix 1. Therefore, it is straightforward that the
initial value of 7" will also be T', and, in turn, G will have an equal initial value to G.

On the other hand, there is a random initialization, which consists in assigning to each
element of the matrix A the value of a Gaussian random variable of mean zero and
variance 1 [3].

3.2.7 Disadvantages of UW-OFDM

Despite the numerous advantages that UW-OFDM offers over CP-OFDM, there are also
certain disadvantages. On the one hand, it is found an increase in terms of complexity
when generating the UW-OFDM symbol [4].

In CP-OFDM, the process of generating the symbol was rather simple. IFFT is applied to
the data, the cyclic prefix is then added and the pulse shape filter is applied. However,
in UW-OFDM the data is affected by many more changes. On the one hand, redundant
subcarriers are added through the use of the generating matrix G [3].

In addition, because a unique word is added, the receiver has to use more complex
equalizers [5]. Not only this problem appaers, but also it can be added that minimizing
the cost function to find the optimal matrices is a slow process compared to CP-OFDM.

Finally, the main downside is the fact that all the papers and implementations dealing
with UW-OFDM consider a channel whose channel impulse response’ coefficients are
known [3],[4],[5]. This is somehow unrealistic, since a real channel is random and with
a multipath fading effect. This turns to be even more serious for the MIMO case, since
there is not only one assumption, but all possible paths are assumed.



31

4 RESULTS

4.1 Introduction

As mentioned above, the goal of this thesis is to analyze the throughput of CP-OFDM in
high velocity use cases with 5G NR technology, testing different configurations, and its
comparison with UW-OFDM. All these objectives are being sought by using the MATLAB
toolbox for 5G. All the different experiments that have been performed will be mentioned
individually below.

It is worth highlighting certain parameters that have been fixed for the different experi-
ments. The number of sent frames has always been 100, there are 8 transmitting an-
tennas and 2 receiving antennas, as well as 64-QAM has been the modulation used. In
addition, in the case of CP-OFDM, DMRS symbol position equal to 2, DMRS configura-
tion type equal to 1, a clustered delay line (CDL) channel type is assumed and a 50 MHz
bandwidth has been selected. In addition, a perfect synchronization and therefore all the
signals related to synchronization, have been eliminated, increasing the number of RBs
that transmit data.

In the case of the channel, a CDL-D type has been chosen since it is more suited to
an urban environment, which is the main application area of 5G. This channel has been
chosen respecting the specifications, and therefore, a K-factor equal to 7 and a K-factor
of the first cluster equal to 13.3 have been chosen. In addition, the root-mean-squared
delay spread has been established at 300ns, which is a value within typical ranges.

It has been decided not to use some of the typical functions of the toolbox when perform-
ing the channel estimation, since they only work for a certain combination of parameters
and they are not tested for all the possible scenarios. Therefore, it has been decided to
use DMRS symbols in order to estimate the channel by interpolation, both in time and
frequency.

However, there are other parameters that vary depending on the different comparatives.
The subcarrier spacing, the carrier frequency, the device’s speed, the number of DMRS
symbols and the tested waveform are the main parameters that will change.
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4.2 DMRS test

The first test consists in analyzing the effect that the variation of the number of DMRS
symbols has on the throughput.

e Scenario 1:

- SCS =60 kHz
- fe=3.5GHz
— v =3 km/h
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Figure 4.1. Evolution of throughput in scenario 1

As it can be seen in the figure, adding more DMRS symbols improves the total through-
put as expected. By adding more DMRS symbols, there is less distance between two
consecutive DMRS symbols, and therefore, when the interpolation is done, the channel
estimation is better as fast time variations can be estimated more precisely.

In the case where there is only one DMRS symbol, this cannot be done, and therefore,
the only DMRS symbol’s value is extended over all other symbols in time, making inter-
polation only in the frequency domain. This is the less precise channel estimation that
can be done, so therefore, the throughput for 1 DMRS symbol is the smaller one.

This effect can be also seen at other velocities as shown in the figures 4.2 and 4.3.
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e Scenario 2:
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Figure 4.2. Evolution of throughput in scenario 2

As it can be seen for every velocity, using a small number of DMRS symbols affects the
channel estimation, and therefore, the throughput decreases as a consequence of a non
correct channel estimation. Furthermore, it can be seen that for high speed scenarios,
the effect of using a small number of these DMRS symbols is even more important, as it
can reach throughput 0.

Using only one DMRS symbol is not enough when the Doppler shift is so high as for
the high speed devices, as the coherence time (which is the period of time over which
channel time-domain variations do not have such a big influence) is smaller. This means,
that for higher velocities, the channel is more varying so it is more difficult to estimate it.
Also, by having a higher Doppler shift, a higher ICI will be generated, which also affects
the channel estimation.

That is why a greater number of DMRS symbols is needed, as it improves the channel
estimation, and because of that, it also increases the throughput.
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e Scenario 3:
- SCS =60 kHz
- fe=3.5GHz
— v =240 km/h

80

70

50

40

30

Throughput (Mbps)

20

10

-5 0 5 10 15
SNR (dB)

Figure 4.3. Evolution of throughput in scenario 3

4.3 Velocity test

The second experiment consists in analyzing how the throughput is affected by the speed
at which a device moves. In this case, the chosen speeds are 3, 160 and 240 km/h. The
speed is one of the parameters that affects the Doppler shift, which is an effect that has
a big influence in the throughput. The Doppler shift can be defined as:

v
AfDoppler = EfC (41)

e Scenario 4:
- SCS =60 kHz
- fe=35GHz
— DMRS =4



35

250
200 3 km/h
160 km/h
240 km/h
)
Foy
g 150 B
5
o
=
S
o 100
c
|_
50
O 1 1 ]
-5 0 5 10 15

SNR (dB)

Figure 4.4. Evolution of throughput in scenario 4

The first information that can be extracted from figures 4.4 and 4.5, is that for high veloci-
ties, the throughput decreases significantly. This is so, because the Doppler shift depends
on the speed, and as it increases, the Doppler shift also increases. As it has been ex-
plained in the previous test, this affects the channel, which is more varying and because
of that, its estimation becomes more difficult. And also, by having a higher Doppler shift
there is more ICl introduced between consecutive subcarriers.

As it can be seen for both scenarios, a low speed such as 3 km/h generates a practically
non-varying channel, which makes the throughput to be practically maximum. On the
other hand, for higher speeds scenarios, such as for 160 or 240 km/h, the Doppler shift
increases significantly, so the channel becomes less easier to estimate. Therefore, for
higher speeds the throughput will decrease as expected.

The subcarrier spacing is also affecting the total throughput as it can be observed in the
figures. This happens because, for a higher SCS and a certain Doppler shift level, this
Doppler shift represents a smaller percentage of the bandwidth of the subcarrier than for
smaller SCS. Therefore, the ICl is smaller, increasing the total throughput.
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e Scenario 5:
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- fe=3.5GHz
— DMRS =4
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Figure 4.5. Evolution of throughput in scenario 5

From equation 3.1, it can be extracted that the Doppler shift is not only affected by the
speed but also by the carrier frequency. For the scenarios selected, the Doppler shift can
be computed by using the same equation:

e Doppler shift in scenarios 4 and 5:

- AfDoppler?)km/h =9.72Hz

= Af Doppler160km/n = 518.52 Hz
- AfDopple1ﬂ240km/h =T777.78 Hz

The Doppler shift is the same for both scenarios, but the throughput is lower for the 15
kHz SCS. This is due to the higher ICI introduced for this scenario, as the Doppler shift
affects more the neighbor subcarriers as it has been explained earlier. This can be better
understood if the percentage of SCS that the Doppler shift represents for each case is
analyzed.
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e Scenario 4:

— %SCS3m/n = gonas - 100 = 0.0162%

— %SCS160km/h = Jugos - 100 = 0.8642%
= %SCSa40pm/n = LIS 100 = 1.2963%

e Scenario 5:
— %SCS3mn = Thaas - 100 = 0.0648%
— %SCS160km/n = T2 - 100 = 3.4568%
= %SCSa40pm/n = =18 100 = 5.1852%

As it can be seen, the Doppler shift represents a higher percentage of the subcarrier's
bandwidth when using smaller SCS, and because of that, a higher portion of the sub-
carrier's bandwidth is affected by its neighbors. Thus, there appears a higher ICI and,
therefore, the throughput is smaller than in the previous scenario.

A higher ICI is not the only downside that using a smaller SCS has. As it has been ex-
plained before, by using a higher subcarrier spacing, the duration of the OFDM symbols
is smaller, and therefore, for the same amount of time there will be more DMRS sym-
bols than for a smaller subcarrier spacing. And as there are more DMRS symbols, the
interpolation used for the channel estimation will be more precise, deriving in a greater
throughput and a smaller error rate.

4.4 Carrier frequency test

Speed is not the only parameter that affects the Doppler shift. The carrier frequency also
influences it as it can be extracted from the equation 3.1. Therefore, two different carrier
frequencies, 3.5 GHz and 30 GHz, will be analyzed for three different speeds. These
carrier frequencies values are selected as they are in the frequency ranges defined for
5G as seen in table 2.3.

As it can be extracted from figures 4.6, 4.7 and 4.8, increasing the carrier frequency from
3.5 to 30 GHz increases enormously the Doppler shift. Therefore, the behaviour is quite
similar as in the velocity test. As it can be observed, for the three velocities, by using a
higher carrier frequency the throughput decreases significantly, as a higher Doppler shift
introduces more ICI.
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Figure 4.6. Evolution of throughput in scenario 6
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Figure 4.7. Evolution of throughput in scenario 7
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e Scenario 8:
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Figure 4.8. Evolution of throughput in scenario 8

In order to understand better the effect the carrier frequency has on the Doppler shift, and
therefore, on the throughput, the Doppler shift will be computed for the three scenarios:

e Doppler shift in scenario 6:
- AfDoppler3,5GHz =9.72 HZ
- AfDop;laler?)OGHz =83.33 Hz

e Doppler shift in scenario 7:

- AfDOpple'ri’).5GHz =518.52 Hz
- AfDOppler?)OG’Hz =4.44 kHz

e Doppler shift in scenario 8:

- AfDOp;laler?).E)G'Hz =777.78 Hz
- AfDoppler30GHz =6.67 kHz
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As it can be seen, the Doppler shift increases significantly when increasing the carrier
frequency, introducing more ICI between neighbors subcarriers. The amount of band-
width affected is higher in the case of the higher carrier frequency, as the Doppler shift is
greater. The Doppler shifts generated by both frequency ranges represent the following
percentages of the SCS of 60 kHz:

e Scenario 6:

— %SCS356H: = feiss - 100 = 0.0162%
— %SCSs0cH: = §:33 100 = 0.1389%

e Scenario 7:

— %SCS3s5cH. = 2522100 = 0.8642%
— %SCS30cu- = %2 - 100 = 7.4%

e Scenario 8:

— %SCSs5cH: = S5EI8 100 = 1.2963%
= %SCSsocm- = 557100 = 11.12%

As expected, when having a higher Doppler shift, the percentage of subcarrier's band-
width affected by the neighbors subcarriers increases. For example, for scenario 8, there
is a 10 times increment in terms of bandwidth affected by the Doppler shift. This is a
huge difference, and therefore, as it has been shown in the previous figures, the total
throughput decays significantly.

4.5 Subcarrier spacing test

The last parameter that is going to be analyzed is the subcarrier spacing. Even though
its effect on the throughput has been analyzed in the velocity test, more scenarios are
going to be taken into account. The importance of the subcarrier’s spacing effect on the
throughput resides, as it has been already analyzed, in the total subcarrier's bandwidth
portion that is affected by the Doppler shift.

As it can be seen in figures 4.9, 4.10 and 4.11, when increasing the SCS, the throughput
also increases. This effect has been analyzed in the previous tests, and it has been
stated that a fixed Doppler shift, represents a smaller percentage of the total subcarrier’'s
bandwidth when the SCS is greater. Because of this, the ICI introduced is smaller, and
therefore, the throughput increases.
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Figure 4.9. Evolution of throughput in scenario 9
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Figure 4.10. Evolution of throughput in scenario 10

15

43



e Scenario 11:
- f.=3.5GHz

— v =240 km/h
— DMRS =4

80

~
o
T

[e2]
o
T

(&)
o
T

Throughput (Mbps)
N
o

30
20
10
0
-5 0
Figure 4.11.
e Scenario 9:
- %50515kHz = 195.0730
— %SCSs30km- = meuas
- %SCSeokm: = %
e Scenario 10:
- %SCS1n: = ik
~ %SCSs0km= = 00
— %SCSeorm= = Gu500
e Scenario 11:
~ %SCSisem= = TGy
— %SCSsopm. = T8
- %SCSuin: = T

5 10
SNR (dB)

Evolution of throughput in scenario 11

-100 = 0.0648%
-100 = 0.0324%
100 = 0.0162%

- 100 = 3.4568%
-100 = 1.7284%
-100 = 0.8642%

100 = 5.1852%
100 = 2.5926%
100 = 1.2963%

15

44



45

If we analyze the percentages of the subcarrier’s bandwidth that the Doppler shift repre-
sents, it can be confirmed that, for higher SCS, the effect of this Doppler shift is smaller.
Also, as mentioned in the DMRS test, when having a higher SCS, the duration of the
OFDM symbols is reduced. Therefore, for the same amount of time, there are going to
be more DMRS symbols in a high SCS scenario than in a small SCS scenario. This will
cause, as mentioned, a better channel estimation, and furthermore, a higher throughput.

4.6 CP-OFDM vs UW-OFDM

Finally, the last comparison is made between the two waveforms: CP-OFDM and UW-
OFDM. As mentioned above, one of the main problems of UW-OFDM is that the channel
is assumed to be known [1],[2],[3]. The studies carried out do not establish a procedure
to estimate the channel using the unique word nor any other procedures. Therefore, for
the comparison, the same channel has been used for both CP-OFDM and UW-OFDM,
whose coefficients are established previously, in a SISO scenario. In order to compare
both waveforms, different scenarios have been analyzed.
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Figure 4.12. Comparison of CP-OFDM and UW-OFDM in scenario 1
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Figure 4.13. Comparison of CP-OFDM and UW-OFDM in scenario 2
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e Scenario 3:
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Figure 4.14. Comparison of CP-OFDM and UW-OFDM in scenario 3
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e Scenario 4:
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Figure 4.15. Comparison of CP-OFDM and UW-OFDM in scenario 4
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e Scenario 5:
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Figure 4.16. Comparison of CP-OFDM and UW-OFDM in scenario 5
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e Scenario 6:
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Figure 4.17. Comparison of CP-OFDM and UW-OFDM in scenario 6
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e Scenario 7:
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Figure 4.18. Comparison of CP-OFDM and UW-OFDM in scenario 7
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e Scenario 8:
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Figure 4.19. Comparison of CP-OFDM and UW-OFDM in scenario 8
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e Scenario 9:

- SCS =60 kHz

- fe=30GHz

— v =240 km/h

80

70
CP-OFDM
UW-OFDM

60

[6)]
o
T

Throughput (Mbps)
w B
o o

N
o
T

—
o
T

-5 0 5 10 15
SNR (dB)

Figure 4.20. Comparison of CP-OFDM and UW-OFDM in scenario 9

The effect that the parameters have on the throughput is the same as in the CP-OFDM
tests. As itis shown, when increasing either the carrier frequency or the device speed, the
Doppler shift is increased, and therefore, the ICl increases, decreasing the final through-
put. Also, when increasing the SCS, as the Doppler shift represents a smaller percentage
of the total bandwidth of the subcarrier, the ICl is smaller than in the scenarios where the
SCS is smaller. All these effects have been explained more in detail in the previous tests.

The only parameter that is not analyzed is the number of the DMRS symbols, as in the
UW-OFDM scenarios they are not used for the channel estimation, as the coefficients
of the channel are assumed to be known. So for every scenario analyzed, the channel
coefficients are the ones obtained by the channel estimation in the CP-OFDM waveform
for 4 DMRS symbols.
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For all the simulations, the length of the UW was the same as the length of the CP, in order
to make a fair comparison. Also, for the UW-OFDM simulations, a LMMSE estimator has
been used, as it is the estimator that shows a better performance [3],[4],[5]. As it can be
seen, the throughput offered by UW-OFDM is superior to the one offered by CP-OFDM
in every scenario.

As the channel coefficients are assumed known for both waveforms, the different ap-
proaches for the channel estimation are not that relevant, and the main reason of having
a higher throughput in UW-OFDM is the inclusion of the UW in the DFT period. In this
way and as seen in figure 3.3, there is no need to use a guard interval, and therefore, the
same number of frames is sent in a smaller period of time.

Therefore, in this thesis, the main reason of having a higher throughput in UW-OFDM
is because the correct data received takes less time than in the CP-OFDM. In order to
make a better comparison between both of them, the channel coefficients should not be
assumed known and should be estimated by using the properties of UW-OFDM. However,
the different studies this thesis is based on [3],[4],[5], do not have this approach.
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5 CONCLUSIONS

The needs of the human being increase considerably and at an impressive speed, and
therefore, new telecommunications technologies must meet these needs. As it has been
shown, these needs vary and therefore require mobile networks that are capable of adapt-
ing to different situations that might require some coverage, speed, latency or mobility
values.

In order to do so, it is necessary for the 5G technology to be able to adapt to these
situations. As it has been shown, there are different parameters that have to be adjusted
to suit each situation, and all of them affect in one way or another the total throughput
obtained.

For the high speed scenarios, it has been shown that the speed and the carrier frequency
are the main causes of the increase in the Doppler shift, which leads to a decrease in the
throughput. In addition, it has also been shown that using a smaller number of DMRS
symbols causes a worse channel estimation, since the interpolation has fewer points
and therefore, the throughput also decreases. These parameters are not the only ones
that affect the throughput, since it is also affected by the chosen numerology. A larger
subcarrier spacing reduces the ICl, thereby increasing the number of correct detections
in the receiver.

So it seems reasonable to look for configurations that include high SCS, such as 60 kHz,
small carrier frequency, such as 3.5 GHz, and the maximum number of DMRS symbols,
which is 4. By doing so, in this high speed scenarios, the throughput is going to be
maximized.

Due to this variation and increase in people’s needs, it is necessary to innovate by looking
for other waveforms compatible with the requirements of future generations of mobile
networks. Therefore, one of the alternatives proposed by the experts and, which has
been analyzed in detail, is UW-OFDM. As we have seen, this waveform offers numerous
advantages over CP-OFDM, such as higher spectral efficiency or better synchronization
in the receiver. In addition, the obtained throughput has been slightly bigger compared to
the one obtained with CP-OFDM.

However, this comparison is made using a channel whose coefficients of its impulse
response are known, and therefore, it is not a realistic result. Finally, we can conclude
that despite being an interesting alternative to the current 5G specifications, UW-OFDM
has still a long way in front of it and it has to still be developed in order to be implemented



in future generations and obtain its full potential.
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