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Orthogonal frequency division multiplexing (OFDM) is a multicarrier transmission scheme and
has been widely used in communication systems due to the advantages like simpler equalization,
flexible signal arrangement and so on. Also, wireless communication can provide high data speed
in cellular systems, which makes internet connection via mobile and other user equipment the
primary approach in daily life. The existing long term evolution (LTE) and fourth-generation (4G)
systems use OFDM as a downlink scheme and provide very high peak data speed. However,
the development of user equipment (UEs) operating with high data rates and the continuously
growing number of users creates needs for more features and high capacities for wireless com-
munications. For meeting the needs of the latest and future applications, fifth-generation (5G)
technologies are under intensive research and development, while the first phase of 5G is ac-
tively deployed by the operators. Those technologies aim to reduce the latency, reduce the power
consumption, improve the throughput and support more users. In addition, the usage of 5G
technologies can be categorized into three branches: enhanced mobile broadband (eMBB), ultra
reliable low latency communication (URLLC) and massive machine type communication (mMTC).
Because of the high spectral efficiency and other advantages of OFDM, it is still seen as a suit-
able modulation technique for 5G wireless communication applications. The most common OFDM
scheme is CP-OFDM, which can cancel inter symbol interference (ISl) and ease the equalization
process. However, the use of cyclic prefix (CP) introduces overheads which reduce the spectral
efficiency and increase power consumption and latency. To meet the requirements of low latency
and spectral efficiency in 5G New Radio (5G NR) applications, avoiding the usage of CP would
be an interesting possibility if it could be done without severe drawbacks. This thesis provides
one novel CP-free method called modified CP-free OFDM which can be used in 5G single input
single output (SISO) communication. Comparing with existing CP-free designs, it does not re-
quire complex equalization algorithms or extra procedures for receivers’ detection process. Also,
it can achieve similar performance with conventional CP-OFDM with minor modifications on the
receiver side with respect to basic CP-OFDM receiver. In the experiment part of the thesis, the
modified CP-free OFDM was tested under TDD SISO communication scenarios with line-of-sight
(LOS) and non-line-of-sight (NLOS) channel models, considering both, normal and pre-equalized
configurations. Simulations are used to evaluate different variants of the scheme regarding the
three main performance aspects: bit-error-rate (BER), peak-to-average power ratio (PAPR), and
power spectral density (PSD) of the transmitted signal.

Keywords: OFDM, 5G NR, spectral efficiency, SISO, cyclic prefix (CP), latency
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1 INTRODUCTION

Communication technologies have been developed rapidly in the past few decades from
analog modulation-based communication systems to digital modulation-based commu-
nication systems, which may be combined with additional new elements like artificial
intelligence (Al) and Big Data. The first-generation (1G) cellular mobile standards were
made in 1981, three years after the development of the mobile communication system
basics in Bell labs. During that time, each country had its own communication system
and all mobile communication systems were based on frequency division multiple ac-
cess (FDMA) and analog modulation [1] [2]. Ten years later, the second-generation (2G)
communication system called global system for mobile communications (GSM), which
provides voice call and extra short message service (SMS) function, began to be applied
globally. From 2G, digital communication started to be used and became dominant in
the later communication systems because of the high security of digital communication
[1]. After 2G, also time division multiple access (TDMA) and code division multiple ac-
cess (CDMA) principles were adopted to mobile communication systems. In order to
meet the needs for higher cellular communication transmission speed, wideband code
division multiple access (WCDMA) technology-based universal mobile telecommunica-
tions system (UMTS) was introduced by the 3rd generation partnership project (3GPP)
in early 2000s. UMTS can not only provide multimedia message service (MMS) but also
let watching video on mobile became possible [3]. The main features of the third gen-
eration system (3G) are video calls, broadband communication applications like mobile
television, and other high data speed audio or video services. Long term evolution (LTE)
was started as the revolution of UMTS, and its later version LTE-Advance fulfills the re-
quirements of the fourth-generation system (4G). 4G can provide 100 Mbps throughput
[4] which supports high-quality video streaming [5]. However, the demands for more effi-
cient and higher throughput communication still cannot be met by LTE. To further develop
the wireless communication system, 3GPP began to set the schedule and goals of a new
radio-access technology in the fall of 2015. According to 3GPP Rel15 and 16, making
fifth-generation system (5G) standards is executed in three stages and it starts in 2016
till the beginning of 2020 [4]. 5G NR is an orthogonal frequency-division multiplexing
(OFDM) based new air interface, and 3GPP deployed it for the mobile communication
network. It is a new radio access technology for next generation cellular communication
networks. Also, 5G new radio (5G NR) will not backward compatible to old networks
anymore [4][6].



From 4G to 5G, OFDM plays an important role in mobile communication networks since
it is an efficient solution for high data speed mobile communication applications. Also,
it can combine diversity, space-time block code and smart antenna to further improve
the system capacity. OFDM has several drawbacks such as high out of band emission
(OOBE), high peak to average power ratio (PAPR) and it is sensitive to time offset (TO)
and frequency offset (FO). Also, the use of cyclic prefix (CP) extends the length of the
signal, which generates latency of signal transmission and also reduces the transmission
efficiency. To further adapting OFDM into 5G NR applications to meet the low latency
requirement, reducing the OFDM signal transmission latency is the key point to explore.

In this thesis, single input single output (SISO) time-division duplexing (TDD) based CP-
free OFDM scheme is considered as a proper solution for improving the spectrum effi-
ciency and power efficiency and reducing transmission latency efficiently. Our design is
based on the idea of CP-free OFDM method published by Hamamreh et al. [7]. This
makes it possible to transmit OFDM signal without using CP. The main idea is to add
an alignment signal to the transmitted waveform, which can provide circularity of the re-
ceived waveform without CP in case of a frequency-selective multipath channel. Then
the basic OFDM channel equalization model is still applicable for the receiver. To further
enhance the performance and improve the efficiency, frequency domain alignment signal
generation method is developed in this thesis. Our modified CP-free OFDM generates
the alignment signal by the frequency domain calculation rather than the time domain
calculation used in Hamamreh et al. method. This improves the calculation accuracy
and functionality of alignment signal by avoiding the calculation of pseudo inverse ma-
trix of channel convolution matrix. Also, modified CP-free OFDM significantly improves
the spectral efficiency without changing the simple equalization procedure used in con-
ventional CP-OFDM. We test the new method with two 5G channel models, TDL-C and
TDL-D with different channel delay spread parameters, under conventional TDD commu-
nication scenario and pre-equalized TDD communication scenario. Also, because the
alignment signal generation procedure relies on channel knowledge on the transmitter
side, a CP-OFDM based channel sounding procedure is included in the simulation setup.
Then we explore the channel sounding influence with the comparison of pilot boosting
channel sounding and normal channel sounding. What’s more, the performance of mod-
ified CP-free OFDM is explored with higher QAM modulation order and different excess
bandwidths in channel sounding.

The rest of this thesis is organized as follows. The background of OFDM and 5G with its
waveforms are discussed in Chapter 2. The methodology of basic and modified CP-free
OFDM are explained in Chapter 3. Chapter 4 discusses the implementation of modified
CP-free OFDM and Chapter 5 reports analyses the simulation results. Finally, conclusion
and future work are summarized in Chapter 6.



2 OFDM AND CELLULAR COMMUNICATION
SYSTEMS

2.1 Historical background of OFDM

OFDM has been developed for more than 60 years, the beginning of OFDM is MCM
(multicarrier modulation) used by the USA army for reducing the ISI between channels.
In 1971, Weistein and Ebert developed a multicarrier system based on DFT and FFT, and
they named it OFDM system. This system reduced the complexity of OFDM structure and
solved the problems of recovering multiple orthogonal subcarriers on the receiver side.
However, OFDM system did not get enough attention in RF communication systems be-
cause of lack of powerful equipment and chips to support the complicated calculation of
FFT at that time. Till the 1980s, the developing of LS| (Large Scale Integration) technol-
ogy made complicated FFT processing possible in real time. Cimini suggested to apply
OFDM technologies to communication area in 1985. After that, OFDM technologies were
developed rapidly and OFDM became one of the main modulation schemes in wireless
communications. New IEEE802.11 and 802.16 standards selected OFDMA as the mod-
ulation approach in 2001. Besides that, 3GPP chose OFDMA and SC-OFDMA for LTE
downlink and uplink respectively. In the future, OFDM will still be the main modulation
technique for 5G communication systems according to the 3GPP 38 recommendation
series [8][9][10].

2.1.1 OFDM waveform

OFDM is a multicarrier transmission technique which divides the whole signal band into
multiple small parts and sends those narrowband signals simultaneously. When com-
pared with conventional single carrier modulation, OFDM converts high-rate data stream
into several low-rate data streams, which can be modulated separately with different mod-
ulation schemes. Conventional single carrier modulation schemes are vulnerable against
ISI, and multipath propagation of single carrier modulation in rayleigh fading channel
would generate extra errors. Different from FDM, OFDM uses orthogonal subcarriers
to carry information rather than use guard band to reduce the ICI between subcarriers,
which improves the spectral efficiency of OFDM. Mathematically, the spectrum of OFDM
subcarriers is a serial of impulse functions for active subcarriers and zeros for non-active
subcarriers. Ideally, each subcarrier does not have influence on other subcarriers, called



Intercarrier Interference (ICI). In reality, OFDM signal is transmitted in a block scheme, the
length of each block is settled beforehand. Because of that block transmission scheme,
OFDM signal is physically windowed by rectangular pulses in the time domain. The
Fourier transform of the rectangular pulse is sinc pulse and those sinc pulses are par-
tially overlapping with each other. However, this specific choice of subcarrier spacing
provides orthogonality of subcarriers. The figure 2.1 shows OFDM signal spectrum in the
transmitter side, subcarriers are orthogonal to each other but sidelobes can be found in
the specific time instant. Once the time domain symbol length is known, we can get the

subcarrier spacing via 6 f = ﬁ where T, is the symbol duration [11].
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Figure 2.1. OFDM signal spectrum

2.1.2 OFDM transmitter and receiver structures

The structures of OFDM receiver and transmitter are shown in figure 2.2. For clearly
understanding how OFDM signals are generated and detected, let's assume that a block
N complex data symbols Ag,A1,....,Ay_1 needs to be transmitted. Firstly, zero values
are added at the beginning and end of the symbol sequence before the symbols are
modified by a IFFT block. Those zeros used as guard band for reduce the interference
leakage between the information signals and other signals located at neighbor band.
The total length of symbols equals to N + N,ero, and it is selected as a power of two,

for example, 64, 256..., so as to adopt fast furious transform for OFDM modulation for

reducing the calculation complexity. Secondly, the transform of data symbols from the



frequency domain to time domain is achieved by the IFFT block which equivalent a bunch
of complex modulators [12]. The last step before sending OFDM signal is adding CP at
the beginning of each time domain symbol, which used to providing circularity to signal.

As equation 2.1 shows, all complex symbols are summed together in time domain after
passing the IFFT block, where N is the IFFT length and Ay is the kth signal which is
modulated on the kth subcarrier.

N-1
zp =Y Apel TR (2.1)
k=0

The receiver of OFDM systems has symmetric procedures with the transmitter. It discards
CP right after the signal detection process, then passes the signal through FFT block to
recover frequency domain symbols. After removing the non-active subcarriers, the one-
tap equalizer is adopted in data symbols to eliminate attenuation and distortions incurred
by the propagation of the signal.

Frequency P/S

TX Structure Domain Symbols

x(t)

Discard

RX Structure y(t) )

Detected Frequency
Domain Symbols

Figure 2.2. OFDM system structure

2.1.3 OFDM and CP

Multipath influence is a vital issue for OFDM signal recovering since it will generate |ISI
and ICl between contiguous symbols and which will lead to high bit error-rate (BER)
[13][14]. For keeping the orthogonality of OFDM symbols, CP is inserted between sym-
bols [13]. CP is a copy of the original symbol end part which placed onto the beginning of
symbols. As figure 2.3 shown, the signal comes from two paths would reach the receiver
at different times, and ISI will occur between symbols.[15]. As long as CP longer than
maximum channel delay, the orthogonality between OFDM subcarriers can be protected.
In the mathematical aspect, the convolution of two infinite periodic signals can be cal-
culated in the frequency domain as the multiplication of two signals’ Fourier transform.
However, the raw OFDM signal received by the receiver does not fulfill Fourier convolu-



tion standards and frequency domain symbols cannot be simply separated from channel
frequency impulse response since the received signal is not infinite periodic signal. CP,
an excellent and simple design, makes symbols and CIR circularly convoluted in the time
domain, and if two discrete signals are circularly convolved, then the DFT transform of
two signals are multiplied. Thus, OFDM symbols and CIR can easily be separated in the
frequency domain with the help of CP.

Symbol 1 Symbol 2 Symbol 3 Symbol 4
Symbol 1 am Symbol 3 Symbol 4

Maximum Channel Delay FFT Window

Figure 2.3. Multipath Influence

2.1.4 Disadvantages

OFDM is a functional modulation scheme with high spectrum efficiency and good robust-
ness against channel frequency selectivity [16]. However, OFDM has several drawbacks
in reality. High PAPR is one problem of OFDM. OFDM signal is composed of multiple
carriers in the time domain, and that could lead to high signal values at a specific time.
Amplifier can amply signal strength with fixed times when the amplitude of input signal
located in the amplifier’s linear region, the longer linear region the amplifier has the more
power it consumed [17]. Thus, the equipment which does not have enough power supply
cannot support OFDM system. There are several technologies to combat this drawback.
For example, LTE uses SC-FDMA as the uplink modulation approach and it changes the
multicarrier signal into a single carrier signal and significantly reduces the PAPR.



Figure 2.4. OFDM subcarriers spectrum and spectrum of multiple OFDM channels.

From figure 2.4, we can see the sidelobes of OFDM signal leaked to the neighbor band,
which is another drawback of OFDM. Each OFDM block contains subcarriers and guard
band which is used for reducing IBI, but the sidelobes of each OFDM channel still have
signal leakage. Thus, OOBE is one problem for adapting OFDM in future communica-
tion systems [18] and there are many multicarrier transmission schemes aiming to re-
duce the OOBE such as filter-bank multicarrier (FBMC), generalized frequency division
multiplexing (GFDM) and filtered orthogonal frequency division multiplexing (F-OFDM)
[19][20][21].

Usage of CP can provide advantages for combating ISI but it will extend the length of
symbols. The extra extension of symbols reduces the overall data rate and the system
capacity and the loss of spectral can go up to 25% due to the use of CP in some applica-
tions [22][23].

2.2 OFDM with LTE

OFDM/FDMA is the core technique of 4G mobile communication system. The main ob-
jectives of LTE include: providing minimum 100 Mbps and 50 Mbps peak data speed in
DL and UL, respectively with 20 MHz spectrum, improve the capacity, reduce delay to
less than 5 ms. LTE uses different OFDM techniques for UL and DL because of the high
PAPR problem for UE. OFDMA is used in DL, this technique separate time and frequency
domain into multiple slots to use time and frequency resource flexibly for different users,



it can be seen as the combination of FDMA and TDMA. The basic unit of LTE air interface
resource is a physical resource block (PRB). As figure 2.5 shown, one PRB is combined
by 12 continues frequency subcarriers and 7 continuous symbols in the time domain, in
another word, 84 Resource Elements are contained in one PRB. [24][25][26] Every single
RE can use different modulation orders from QPSK, 16-QAM, and 64-QAM, the selection
of modulation order depends on the wireless environment.

! One Resource Block
12*7=84 Resource Elements

Figure 2.5. LTE Resource Block

For reducing the power consumption and cost of power amplifiers in the UE side, SC-
FDMA is adapted as a UL modulation technique. SC-FDMA uses extra DFT block to
change signal from the time domain to the frequency domain before sending the signal
into IFFT block to generate a single carrier signal to avoid high PAPR. This technique
has lower spectral efficiency than OFDMA but it still much higher than traditional FDMA
techniques. Same with OFDM, SC-FDMA will allocate frequency resources base on
the needs of user and system resource allocation schemes. Also, SC-FDMA does not
require a guard band which used in conventional single-carrier techniques, since the
frequency subcarriers are orthogonal to each other [24]. Moreover, post-processing can
be adapted to OFDM signal, such as adding window function in the time domain or filter in
the frequency domain, which can provide more features to OFDM signal. Thus, multiple
different OFDM schemes working in the same band became possible.

2.3 OFDM with 5G

As the next-generation cellular communication system, 5G NR is developed for support-
ing wireless communication between various devices, diverse service and many differ-
ent deployment scenarios in the next ten years. Also, the aim of 5G is fully utilizes the
spectrum for higher data speed and spectral efficiency. According to Qualcomm’s re-



port, optimized OFDM-based waveforms and multiple access, orthogonal frequency divi-
sion multiplexing, a flexible framework, advanced wireless technologies are necessary for
building 5G NR. [27] The most important decision of 5G NR design is optimized OFDM-
based waveforms and multiple access since OFDM techniques have been widely used
in LTE and Wi-Fi communication systems. Thus, OFDM can be further applied in higher
and wider spectrum use cases. Also, the high spectral efficiency and low complexity let
OFDM became the most suitable waveform for 5G applications [28].

2.3.1 5G applications

According to ITR-U’'s recommendation about IMT, as figure 2.6 shown, 5G applications
would have three main usage scenarios which are eMBB, URLLC and mMTC [29][30].
With the help of eMBB, existing wireless communication systems’ throughput can be sig-
nificantly improved and support seamless communication services. Also, eMBB could
accelerate the exploration of a new area and the demands of wireless applications. For
example, the gigabytes transmission of mobile communication would let 3D video and VR
live streaming became accessible on mobile and downloading high qualify movies cost
extremely less time than existing 4G systems. The eMBB contains multiple transmission
schemes, such as wide coverage and hot spot. For wide coverage case, seamless cov-
erage and stable service for fast speed moving communication are the most important
demands. Meanwhile, the data throughput of wide coverage should be higher than the
throughput of 4G communication. The hot spot aims to provide service for a small area
that has a high device density. For example, the center of urban have more clients who
need higher transmission speed than wide coverage case and have low mobility. The
predicted throughput of eMBB is 20 Gbit/s for downlink and 10 Gbit/s for uplink [31][30].
The URLLC aims to provide high transmission speed with extremely low latency for appli-
cations which related to emergency situations. For example, smart driving cars, remote
medical surgery and automated industry are perusing fast, dependable and safe com-
munication which has latency less than 1 ms [32]. With the developing of factories and
cities, the number of devices linked to communication systems is increasing drastically.
Thus, mMTC is developed for supporting future Internet of things applications. In mMTC
scenarios, low cost and durability are the two most important issues for machine type
communication, since a large number of devices used in industries and factories, such
as sensors or meters, will connect to the system. Challenges involved in this case are
how to extract signals correctly from a vast number of resources and how to make sure
the devices can work in a long period, several years for example.
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Figure 2.6. IMT-2020 use cases and usage scenarios

2.3.2 OFDM numerology in 5G

10

5G leads the trend of wireless communication to a new era where humans and items are
linked via radio communication and information can be transmitted anywhere and any-
time. For supporting the 5G NR systems, wider spectrum is needed besides new func-
tionalities. Figure 2.7 illustrates the spectrum from 2G to 5G communication systems.
The used spectrum of commercial cellular communication systems is below 6 GHz, such
as GSM, CDMA, and LTE. There are some local area networks and indoor communica-
tion systems based on the IEEE 802.11ad and 802.15.3c standards that operate in the
unlicensed 60 GHz band. For improving and exploring the ability of radio communication
systems, 3GPP provided 5G standards that announce the operating spectrum is located

between 1GHz to 100 GHz [30][26][33].

Current cellular systems ~ Unblocking up to 100GHz carrier with 5G New Radio

I
[ X Y )

mmWave bands
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f=300MHz f=3GHz f=30 GHz f=300GHz

Figure 2.7. Frequency ranges of current and future mobile communication systems.

For fitting the requirements of 5G NR, the configuration of OFDM need to be changed in
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the future systems. LTE currently uses the subcarrier with 15kHz wide, 5G will expand the
subcarrier space to keep the calculation complexity the same as before while the system
has wider bandwidth. As table 2.1 shown, the OFDM subcarrier space in 5G systems
have mainly four categories. The first scenario is outdoor and macro coverage, which
working in the spectrum less than 3 GHz with FDD or TDD model, the subcarrier spacing
of that case is 15 kHz. The second scenario is outdoor and small cell, the subcarrier
space is 30kHz and working between 3 GHz to 5 GHz. Indoor wideband is the third
scenario for 5G, 60 kHz is selected for those communication systems working in the
unlicensed spectrum which located in 5 GHz. The last scenario is set for system working
beyond 5 GHz, for example, 120 kHz is the subcarrier space while the system working in
28 GHz [27].

Table 2.1. Numerology of OFDM signal

H Subcarrier spacing 15kHz  30kHz  60kHz 15 x 2"kHz H
OFDM symbol duration 66.67us  33.33us  16.67us 587 pus
Cyclic prefix duration 4.69us  234ps  1.17ps  A%us
OFDM symbol including CP 71.35us  35.68us  17.84us  TE32ys
Number of OFDM symbols per slot 14 14 14 14
Slot duration 1000ps — 500us  250pus 1000,

2.4 CP reduction techniques

Although OFDM is widely used waveform in many existing communication systems and
is expected to keep its dominance in future 5G systems, its performance in terms of spec-
tral efficiency as well as transmission latency is usually degraded due to the excessive
usage of CP. Especially under high dispersive channels, CP length is expended to guar-
antee frequency domain equalization working properly. To meet the requirement of low
transmission latency and high spectral efficiency in the 5G communication system, there
are many CP reducing methods researched and published.

Recently, a CP-free OFDM scheme was proposed based on symbol cyclic shift equal-
ization (SCSE) algorithm and PAM modulation. It is denoted as SCSE PAM-OFDM algo-
rithm. This design turns linear convoluted CP-free OFDM signal into a cyclic-shifted sig-
nal before FFT block on the receiver side. What's more, the calculation of algorithm only
needs partial samples of OFDM signal so as to reducing calculation complexity [34][22].
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Figure 2.8. Block diagram of an SCSE PAM-OFDM receiver

Figure 2.8 shows the working process of the SCSE PAM-OFDM receiver. Signal passed
through the multipath channel will have ISI which is canceled by DFE and CP restora-
tion block can put circularity providing signal into the beginning of each signal block.
However, the noise strength in CP restoration part heavily influences the performance
of SCSE PAM-OFDM. In addition, the delay of equalizer and CP restoration can lead to
error detection and the error rate can be high if channel coding is combined [31].

CP reduction for low-latency wireless communications in OFDM Javier et al. [35] provided
a CP reduction approach which minimizing time domain resources consumption of CP by
slightly increasing the detection complexity at the receiver. The time transmission interval
(TTI) structure they proposed to use one single OFDM symbol with CP as the begin-
ning and concatenates that CP-OFDM symbol with multiple row OFDM symbols without
adding CP. Figure 2.9 depicts the signal structures of regular CP-OFDM and proposed
TTI. Thus, the transmission efficiency is increased to n=Ncp/(Ncp+Nsym*Nofdm), where
Nsym is the number of OFMD symbols in a TTI. As figure 2.10 shown, the proposed TTI
structure generates the first symbol as same as regular OFDM, but the later symbols
are combined as one enlarged OFDM symbol containing the concatenated subcarriers
of the original remaining (Nsym-1) OFDM symbols and the corresponding length in the
time domain [35]. The main advantage of the proposed TTI structure is it improves the
efficiency of handling ISI and ICI while not influence the maximum OFDM CFO tolerance
to compare with regular CP-OFDM structure.
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Figure 2.10. lllustration of the mapping process of complex symbols to time frequency
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The proposed TTI structure and detection algorithm reduce CP overhead and keeping
the simple processing at the receiver. With the different detection scheme for the first
symbol and enlarged OFDM symbols, the spectral efficiency and throughput increased.

Hamamreh et al. [7] proposed a novel power domain-based OFDM scheme, which to-
tally removes the procedure of adding CP in OFDM symbols and maintains the detection
process of receivers under the assumption of a SISO OFDM communication scenario.
Figure 2.11 compares transmitter and receiver structures of regular CP-OFDM and CP-
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free OFDM. Instead of adding CP in the transmitter, their scheme generates new a new
additive signal element, which is called alignment signal. That signal is added on top of
the original symbols and sent with original symbols simultaneously. The CP-free scheme
of Hamamreh et al. [7] has two variants, CP-Free OFDM and ZP-Less OFDM, which
based on CP-OFDM and ZP-OFDM systems respectively. Those two methods assume
the knowledge of the multipath channel taps in advance, and then calculate the convolu-
tion matrix of the channel to generate the alignment signal. The mathematical details will
be explained in Chapter 3. The difference of the two approaches is how the ISI cancel-
ing signal and circularity providing signal are arranged and where they come from. The
AS used in the CP-less is based on the ISI coming from the previous symbol, but ZP-
less OFDM with overlap addition (OLA) generates AS based on the ISI coming from each
symbol itself [7]. CP-free OFDM design gives a suitable waveform candidate which meets
the needs of high spectral efficiency, high power efficiency, low latency and communica-
tion security in 5G and beyond communication applications. In addition, their method
keeps the merits of easier equalization procedures in regular CP-OFDM while canceling
the ISI between symbols and providing circularity with a simple procedure. However, the
accuracy of channel estimation and errors come from the pseudo inverse of the channel
convolution matrix, and it influence performance of the aforementioned CP-free OFDM.
Moreover, the influence of convolution matrix accuracy were not explored in detail. What’s
more, the modulation scheme and channel model used in their simulations need to be re-
placed by more complicated schemes to evaluate whether they are suitable in real cases.
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Figure 2.11. Transmitter and receiver structures of the CP-free OFDM
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3 METHODOLOGY

This chapter will first explain how CP provides circularity to OFDM signals and cancels IS|
introduced by the multipath channel. After that, Hamamreh’s CP-free OFDM is analyzed
based on the knowledge of CP and and the channel matrix with Toeplitz structure. Finally,
a novel new OFDM scheme, called modified CP-free OFDM, will be fully explained.

3.1 Toeplitz Matrix, Circulant and Convolution

To fully understanding how the multipath channel influences the signal, the Toeplitz matrix
structure needs to be known first. Consider an n x n matrix having constant elements on
each descending diagonal from left to right is constant, i.e., a matrix of the form

(&) c.1 C_o --- C—(n—l)

C1 Co Cc_1

We call matrix (3.1) Toeplitz matrix, which is widely used in many areas like physics,
mathematics, statistics, and signal processing. In digital communication context, Toeplitz
matrix is used to calculate the output of a filter or multipath channel while input is discrete-
time domain data. [36]

Circulant matrix of the form (3.2) is a special case of Toeplitz Matrix, which has a char-
acteristic that every row of the matrix is a right cyclic shift of the row above it. [37] This
matrix is used in the applications of CP-OFDM and cyclic codes for error detection.

Co C-1 C—2 -+ C_(n-1)
C—(n—1) Co c1

Cn - C—(n—2) C—(n—l) Co (32)

Cn—1 I co
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Suppose we have a wireless communication system working with OFDM signal, which
transmits four data symbols [zg, 21, 22, 23], and the multipath channel has three taps
which are [co, ¢1, c2]. Then the received signal from multipath channel can be expressed
as following:

cgc 0 0 O r 7
r 8 oo
ct ¢ 0 O To
0 p C1Zo + CoT1
co c1 ¢ T
y=hpr=| > 7 L - - : (3.3)
0 co c1 ¢ T2 S
Cox2 + €173
0 0 Cy (1 T3
- - Ccoxs
0 0 0 co - -
With entries
k
Yk = Z Ck—iLi (3.4)
i=0

Equation (3.4) mathematically explains how multipath propagation influences the signal
received by the receiver. The channel not only influences the signal amplitude but also
introduces the delayed signal, which will become the interference on the later symbols.
Practically, multipath influence can be compensated by a proper adaptive equalizer in
the receiver side. Equalization can be done in time or frequency domain; time-domain
equalization generally is more complex than frequency domain equalization since there
is no accurate way to reverse the convolution matrix in the time domain. For example,
the one-tap equalizer used in conventional CP-OFDM systems is a frequency domain
equalizer used to compensate channel influence of each active subcarriers by a sim-
ple multiplication rather than complicated time domain equalizer. However, the one-tap
equalizer used in CP-OFDM systems works well only if signal and channel are circularly
convolved. The needed procedures for achieving cyclic convolution are just adding CP
and dropping CP in the transmitter and receiver sides, respectively, while the CP length
exceeds the maximum delay spread of the channel.

3.2 CP-OFDM, ZP-less OFDM, and modified CP-free OFDM

Continuing from the previous section, CP is an efficient way to combat IS| and provide
circularity by extending the length of the signal. As we discussed in Chapter 2, CP is a
partial copy of the original signal which is added at the begin of the signal. Suppose that a
new signal X, is composed by signal X and CP of signal X, X, = [x2, x3, z0, z1, 22, 23].
Based on the equation (3.3), the convolution process of CP-OFDM signal is expressed
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by the equation 3.5.

co 0 0 0 0 O
CcC1 C 0 0 0 0 xT9 r ]
coT2
c2 ¢ cg 0 0 O x3
0 0 0 Q c1x2 + cor3
co C1 C Zo
0 0 ¢ 1 ¢ O 1
S Cox2 + C173
0 0 0 ¢ a1 ¢ T2
C2x3
0 0 0 0 Co C1 I3 - -
0 0 0 0 0 c

The result of the above equation can be divided into three parts, CP head (Q), circularly
convoluted signal (W) and inter-symbol interference into later symbols (S). The CP head
will be removed after the OFDM symbols received by the receiver, and ISI which length is
determined by the maximum channel delay will locate at the beginning of next symbols.
Thus, ISI can be canceled automatically by CP head removing procedure while CP is
longer than maximum channel delay. After CP dropping, there is only circularly convo-
luted signal IV left, as equation 3.6 shows. Signal and channel are circularly convolved in
matrix W, and it fulfills the DFT characteristic for separating two-time domain convolved
signals in the frequency domain.

coxo +cix3 4+ corg+0+0+0
0+ coxs +crxg+cor1 +0+0
040+ coxg +c1x1 +cogra + 0

i 04+ 0+0+ coxry1 + c122 + o3 ]

Continuing with the equation 3.5, the real CP head of received OFDM symbols can be
expressed by equation 3.7. The interference coming from the previous symbol S,,_; will
locate at the CP head @,,, and that’'s the reason why dropping CP can cancel the ISI
introduced by multipath propagation.

CP, = Qn + Sn-1

cor2+0+04+04+0+0 N 04+04+0+0+coz2+ci23
cixo+cor3+0+0+04+0 0+04+0+04+0+ci23 (3.7)

cor2 +0+ 0+ 0+ coxs + 13
cixo+cor3+0+0+4+ 0+ crz3
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CP-free OFDM published by Hamamreh et al. [7] aims to cancel ISI without using CP
while keeping the circularity for recovering signal in the frequency domain. The alignment
signal they generated from equation (3.3) and (3.7).

Comparing equations (3.6) and (3.3), if we add signal’s ISI part into the beginning of the
OFDM signal, then we can get a cyclically convolved signal:

P+S=W
040+ coxo + c1x3 coxg+0+0+4+0 coxo +crxs +cgrg+0+0+0
04+0+0+crz3 N cixg+cor1 +0+0 04 coxs +crxg+cor1 +0+0
0+04+0+0 coxg + c1x1 +cgro + 0 040+ coxg+ crx1 + cogxa + 0
L O0+0+0+0 i _0+02x1+61x2+cox3_ _0+0+0+02x1+01m2+cox3_

(3.8)
The scheme assumes that one part of the alignment signal provides circularity and an-
other part cancels ISl into the next symbol. Thus, the ideal signal received by the receiver
has the same form of equation (3.9) , which is a circular matrix in the first 4 rows and no
ISI into later symbol. Equation (3.10) illustrates the form of ideal alignment signal which
is supposed to appear in the receiver side, and then we calculates the form of alignment
signal in the transmitter side through the equation (3.11) and (3.12).

coxg + 0+ coxo + c173
c129 + cox1 + 0+ caxs
coxo + c171 + cowo + 0
04 cox1 + c1xa + o3
04+04+0+0
0+0+0+0

040+ coxo +crz3

0+0+0+CQ.’E3
0+04+0+0
Yas = (310)
0+04+0+0
040 —coxg —c1x3

0+0+O—02x3

Equation (3.11) is the convolution function of channel and signal. Hamamreh and his
team tried to reverse the convolution progress by using equation (3.12). The two ap-
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proaches they provided in the article used a same method, which aims to find out the
approximate inverse matrix of channel convolution matrix h.

Yas = hxqs (31 1)

Las = h_lyas (312)

As we discussed in the previous chapter, the inverse of channel convolution matrix can-
not be done accurately, and this is also mentioned in [7]. What’s more, stimulations of
two approaches about CP-free-OFDM are not working well with higher QAM modulation
order. Thus, we suggest a novel new approach to generating the alignment signals; it is
called modified CP-free-OFDM. The new approach aims to calculate the alignment signal
in the frequency domain. Similar to ZP-less OFDM, the modified CP free OFDM needs to
know channel information beforehand and calculate the alignment signal in the receiver
side. By checking the signals which can provide circularity and cancel ISl in the equation
(3.10) , we found the difference between the two signals is the sign. Thus, the modified
CP-free OFDM only needs to calculate the alignment signal which can provide circularity
and adds negative sign to get the the ISI canceling signal. Our scheme transfers signal
and channel taps to the frequency domain by using FFT to get frequency domain signal
Y.s and channel frequency response H. It needs to be mentioned that the FFT size used
in the calculation of Y, s and H are the same with the FFT size of FFT block in the receiver
side. Then we get X, from equation (3.13), and use the IFFT process to get x,; in the
time domain:

Xas(k) = YaS(k)/H(k) (3.13)

Zas = IFFT(Xgs) (3.14)

The final output of modified CP-free OFDM transmitter is:

T = Tinfo + Tas (3.15)
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4 IMPLEMENTAION

4.1 Overview

Figure 4.1 and figure 4.2 illustrate the structures of modified CP-free OFDM transmitter
and receiver respectively. Unlike the aforementioned conventional CP-OFDM in chapter
2, the modified CP-free OFDM design does not have CP adding and CP dropping pro-
cedures. Instead, a well-designed alignment signal is added on the top of the OFDM
symbol and it provides circularity and cancels ISI. Besides that, modified-CP OFDM cal-
culates alignment signal in the frequency domain, thus it simplifies the procedures given
by Hamamreh et al. [7]] for calculating the inverse of channel convolution matrix. Main
difference of two CP-free OFDM approaches is generating an alignment signal with or
without considering the next and previous symbols. However, modified CP-free OFDM
can cancel ISI generated by itself and provides circularity at the same time without taking
neighbor symbols into account.

Channel Alignment Signal
Sounding Generation

Bits x(t)

Figure 4.1. Modified CP free OFDM transmitter structure
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Figure 4.2. Modified CP-free OFDM receiver structure

4.1.1 Modified CP-free OFDM signal structure

Figure 4.3 shows the structure of a modified CP-free OFDM signal. Here the circularity
providing signal, ISI canceling signal, circularity provided signal and ISI canceling signal
are marked by the color yellow, blue, green and red, respectively. In the ideal case,
circularity providing signal will locate at the beginning of the original symbol where it
calculated from; ISI canceling signal can automatically cancel the ISl into later symbols.

OFDM signal with
Alignmselr?:saigwnlal L L L L L k

‘Symbol1HSymboIZ”SymbolS” HSymboln\

Provide circularity 'CH |

hymboH *ymbm 2 kymbols k hymbol . k Cancel ISI

Figure 4.3. Modified CP-free OFDM signal structure of one slot

In this design, the alignment signal is added on the top of the OFDM symbols without
changing the symbol length. However, the alignment signal is arranged at the end of
previous symbol to providing ISI canceling and circularity providing functions to current
symbols. As figure 4.3 shows, the alignment signal of symbols 2 is arranged at the end
of symbol 1. Thus, the alignment of symbol 1 should be arranged before the symbols
to proving circularity, and this would extend the length of the first symbol. For unifying
the length of symbols, in our design, symbol 1 and 2 are training symbols containing the
same information. Then symbol 1 can be seen as a long CP for symbol 2, which can
then be used for channel estimation in the conventional way. In that case, the function
of training symbol is kept without adding alignment signal for symbol 1 and all symbol
lengths are equal.
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4.2 Channel estimation and noise

Wireless channel has tremendous varieties which lead to phase distortion, amplitude dis-
tortion, and frequency offset. All those problems bring challenges for signal recovering.
Also, good channel estimation is an essential part of channel equalization, best matching
receiver detection, coherent demodulation, as well as for link adaptation. Thus, channel
estimation is an important part of wireless communication. Channel estimation can be
divided into two approaches, one is based on training symbols, another one is based
on blind channel estimation. The first approach sends pilot signals regularly. Pilot sym-
bols can be inserted as known subcarrier symbols scattered among the date symbols
according to some specific pattern. Alternatively, training symbol can be adapted for var-
ious wireless communication systems scenarios, but they lower the power efficiency and
spectrum efficiency. Besides that, the receiver spends time to get the whole training sym-
bol for the later equalization, that will lead to unavoidable delay. On the contrary, blind
channel estimation does not need a training symbol as it utilizes information data to esti-
mate the channel. Apparently, Blind channel estimation improves the spectrum efficiency,
but it needs complex algorithms and has less flexibility, so it has many limitations in prac-
tical applications. Channel estimation is an essential part of alignment signal generation.
While leaving the suitable channel estimation specifics for modified CP-free OFDM as a
topic for future work, we utilize a basic channel estimation procedure in order to obtain
realistic link performance results through simulations. Channel estimation is done in FFT-
domain, since alignment signal is generated in frequency domain. It is based on a single
training symbol using the CP-OFDM signal structure, and the channel is assumed to be
constant over the transmission frame.

During the simulations, additive white Gaussian noise (AWGN) is added to the received
signal. AWGN noise has two characteristics. First, it fulfills the standard of white noise
which has a constant power spectral density, [38][39] and the definition can be derived in
equation 4.1:

P.(f) = %for(—oo < f < 4o0) (4.1)

Second, the probability density function of AWGN is the normal distribution. Normal
distribution or Gaussian distribution is denoted as N (1, %) where p is the expectation
and o2 is variance [40][38], and it can be expressed as:

1 6$p(—(x - M)Q
oV 2 202

P(z) = ) (4.2)
AWGN reflects the noise situation in the actual communication channel, it has similar
characteristics with the real channel noise, and it can be expressed by specific math-
ematical expressions which are easier for analyzing and calculating. Thus, AWGN is
widely used in the theoretical analysis of communication systems.
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4.3 Channel models

Channel plays an important role in all the simulations we have done for modified CP-free
OFDM and conventional CP-OFDM since it not only influences the link performance of
information signal but also generates problems for channel sounding. Thus, the more
practical the channel models are used in the simulations the more reliable our simulation
results will be. Channel models can be classified into two types, non—line of sight (NLOS)
and line of sight (LOS). What’s more, based on the 5G and LTE report from 3GPP about
frequency spectrum above 6 GHz, we selected tapped delay line (TDL) channel models
TDL-C and TDL-D from the total five-channel models given by the report as our channel
models to test the performance of modified CP-free OFDM. TDL-C channel represents a
NLOS profile and TDL-D channel models a LOS channel.

The RMS delay spread values of these two TDL models are normalized and they can be
scaled in delay so that a desired RMS delay spread can be achieved. The scaled delays
is given as a parameter to the models.
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5 RESULTS AND ANALYSIS

This chapter will analyze the performance of modified CP-free OFDM with the reference
of conventional CP-OFDM. The analysis of results will start from the comparison of ZP-
less OFDM and modified CP-free OFDM to prove the performance enhancement intro-
duced by the modified CP-free OFDM design provided in this thesis. The later compar-
isons are focused on modified CP-free OFDM in two different transmission environments:
(i) NLOS environment using the TDL-C channel model and (ii) LOS environment using
the TDL-D channel model. In both cases, the basic scheme and another scheme with
channel pre-equalization on the transmitter side are evaluated. Also, each subsection
in the below comparison categories contains figures of BER performance, CP length
influence, PSD (power spectrum density) and PAPR (complementary cumulative distri-
bution function) of PAPR. In pre-equalization cases, no channel equalization is applied
on the receiver side. In all other cases, conventional OFDM channel equalization is ap-
plied on the receiver side and it is based training symbols with power level equal to the
data symbols. Channel knowledge is an important part of alignment signal generation;
all channel information is obtained by channel estimation under the same conditions as
data transmission. The channel estimate for each subcarrier is obtained from a single
BPSK modulated pilot symbol, the symbol energy and numbers of active subcarriers will
be given in each subsection. It is important to notice that also channel knowledge outside
the active data subcarriers is useful and helps to enhance the performance of the CP-less
schemes.

5.1 ZP-less OFDM vs. modified CP-free OFDM

The main idea of this section is to show the performance of ZP-less [7] and modified
CP-free OFDM with the reference of CP-OFDM while CP length equals to 18 and 0. As
Hamamreh and his team’s publication [7] described, the channel information is assumed
perfectly known by the receiver before generating an alignment signal. Thus, we start
those simulations with the parameters shown in the table 5.1, and assume the channel
information is fully known by the receiver.



Table 5.1. Parameters of ZP-less OFDM vs. modified CP-free OFDM

H Modulation Type

Modified CP-free OFDM & ZP-less OFDM ||

Channel Model

A) Rayleigh multipath time

dispersive channel[7], zero mobility,
Decaying factor=1,2,3

B) TDL-C, zero mobility, 100, 300, 1000 ns
RMS delay spread

Active subcarriers / FFT size 64/256
Modulation order 16
CP length 18,0

Alignment signal length

18 (modified CP-free OFDM)

Channel knowledge in AS generation

Ideal channel knowledge

Active subcarriers / FFT size

256/256
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Figure 5.1. BER performance of ZP-less OFDM, modified CP-free OFDM and 18-CP-

OFDM with the channel of [7].

Simulations start with the Rayleigh channel used in [7]. The BER performance com-
parison between ZP-less OFDM, modified CP-free OFDM and conventional CP-OFDM is
shown in 5.1. The delay factor is a parameter used to control the delay profile of the chan-
nel and high delay factor means short ISI would be generated by multi path propagation.
The modified CP-free OFDM provides similar performance with other two approaches
while delay factor equals to 2 and 3, and also close to other two approaches performance

with 1 delay factor.

Next, the Rayleigh channel model is replaced by a more practical channel model (TDL-C)
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to analyse the performance of modified CP-free OFDM and ZP-less OFDM. Comparing
figures 5.2 and 5.3, they clearly show the ZP-less method is able to reduce the BER
without using CP in all three-channel models with different delay profiles. However, the
modified CP-free OFDM can provide significantly better performance compared with ZP-
less. Thus, the following comparisons will focus on the performance of the modified
CP-free OFDM with different transmission schemes and channels to explore the limits of
the new design provided in this thesis.

10° T T T

Bit Error Rate (BER)

102

—&— ZP-LESS tauRMS 1000
—&—ZP-LESS tauRMS300
—*—ZP-LESS tauRMS100
—&—modified CP-free tauRMS 1000
—8—modified CP-free tauRMS300
—#—modified CP-free tauRMS 100
—&—CP-OFDM tauRMS 1000
—&— CP-OFDM tauRMS300
—+—CP-OFDM tauRMS100 N

107 I 1 1 H |
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Figure 5.2. BER performance of ZP-less OFDM, modified CP-free OFDM and 0-CP-
OFDM with the channel of TDL-C.
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Figure 5.3. BER performance of ZP-less OFDM, modified CP-free OFDM and 18-CP-
OFDM with the channel of TDL-C.
5.1.1 Performance with NLOS communication channel

a) Ideal channel knowledge

Table 5.2. Parameters in ideal channel knowledge case

| Modulation Type Modified CP-free OFDM & CP-OFDM |
Channel Model TDL-C, zero mobility, 100, 300, 1000 ns
RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18,0
Alignment signal length 18
Channel knowledge in AS generation Ideal channel knowledge
Active subcarriers / FFT size 256/256

The analyses of modified CP-free OFDM in this section start still from the ideal case,
in which the transmitter already knows the exact channel information before sending the
OFDM signal. Thus, we explore how good the performance of modified CP-free OFDM
would be in the ideal channel knowledge situation.
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Ideal Channel
Channel: TDL-C-0
CP=18

R=18

Bit Error Rate (BER)

e g
H— X —

r | —— modified CP-free tauRMS1000
| | —=—modified CP-free tauRMS300
L | —=—modified CP-free tauRMS100
—* -CP-OFDM tauRMS1000

[ | —& —CP-OFDM tauRMS300 e .
— & -CP-OFDM 1auRMS100 \__,\
3 T I 1 I W

0 5 10 15 20 25 30
E/N, (dB)

Figure 5.4. BER Performance of modified CP-free OFDM and CP-OFDM with ideal TDL-
C channel knowledge.

For proving the benefit of modified CP-free OFDM, the figure 5.5 shows the performance
of CP-OFDM while CP=0. These figures show that the modified CP-free OFDM has
significant performance improvement when not using CP, meanwhile the BER perfor-
mance of modified CP-free OFDM is very close to normal CP-OFDM in the low root
mean squared (RMS) delay spread situation. Figure 5.6 shows the CCDF of PAPR for
modified CP-free and CP-OFDM. Since the channel delay profile influences the alignment
signal, the PAPR plots with the three delay profile are illustrated in that figure including
CP-OFDM as reference. Although the channel delay profile can influence the PAPR of
modified CP-free OFDM, the maximum PAPR difference between CP-OFDM and modi-
fied CP-free OFDM is less than 0.4 dB.
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Figure 5.5. BER performance of modified CP-free OFDM and 0-CP-OFDM with ideal
TDL-C channel knowledge.
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Figure 5.6. PAPR of modified CP-free OFDM and CP-OFDM with ideal TDL-C channel
knowledge.

Figure 5.7 illustrates the power spectrum density of modified CP-free OFDM and CP-
OFDM signal before and after passing the channel. The spectrum of modified CP-free
OFDM has stronger out of band emission compared with CP-OFDM and that will lead to
increased interference leakage to adjacent channels.
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Figure 5.7. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b) with
ideal TDL-C channel knowledge.
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Figure 5.8. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with ideal TDL-C channel knowledge and Eb/No = 20 dB.

CP is the key element to grantee that whether the signal can be recovered correctly
and its ability is heavily depending on the length of CP in relation to the maximum delay
spread. As we talked in the previous chapter, the longer CP, the stronger ability against
multipath channel effects CP-OFDM has. With the 1000 ns delay channel, the BER
curve is clearly going down with the increasing of CP length. However, modified CP-free
OFDM performance reaches the minimum BER level quickly with increasing alignment
signal length. Thus we select 18 as the length of the alignment signal to make sure
that the BER performance of modified CP-free OFDM is not compromised. In that case,
the modified CP-free OFDM has sufficient aliment signal length for the considered delay
profiles. Besides that, the alignment signal length in [7] is equal to the symbol length,
and it would be 256 samples in our simulation scenarios. Thus, this figure clearly shows
that the CP-free approach provided in this thesis reduces the alignment signal length
significantly.
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Figure 5.9. The influence of channel knowledge bandwidth on the BER performance of
modified CP-free OFDM and Eb/No = 20 dB.

So far we have assumed that channel knowledge is available for all subcarriers corre-
sponding to the FFT size. However, practical implementations require guard bands to
reduce the interference to adjacent frequency channels. Therefore, we plot the figure 5.9
to show the influence of BER performance while we decrease the channel knowledge
bandwidth. From the figure, we can see that the BER performance is close to full band
channel knowledge case in low delay profile when active subcarrier number reaches to
144. If the channel knowledge is limited to active subcarrier bandwidth, the performance
of CP-less schemes is severely affected.

It needs to be mentioned that the pilot symbols for channel estimation are usually avail-
able only within the bandwidth of the active data subcarriers. Using channel reciprocity,
the uplink channel knowledge can be estimated from the downlink pilots in TDD systems.
Then wider channel knowledge bandwidth is feasible especially in the uplink of TDD sys-
tems.

b) Full band channel estimation

This section reports simulation results for modified CP-free OFDM and CP-OFDM while
channel estimation is working in a practical situation which has noise involved in the
channel estimation procedure. Figure 5.10 illustrates the BER performance of Modified
CP-free and CP-OFDM under this more practical situation. Compared with the figure
5.4 of the ideal case, modified CP-free OFDM has worse performance, since alignment
signal generation is based on noisy channel estimate.



Table 5.3. Parameters in full band channel estimation cases

Modulation Type

Modified CP-free OFDM & CP-OFDM

H

Channel Model

TDL-C, zero mobility, 100, 300, 1000 ns

RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18
Alignment signal length 18
Channel knowledge in AS generation Training symbol based
Active subcarriers / FFT size 256/256
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Figure 5.10. BER performance with modified CP-free and CP-OFDM with full band chan-
nel estimation.

The CCDF of PAPR still follows the results of the ideal case,i.e., higher channel delay
would introduces higher PAPR. However, the maximum PAPR difference between two
methods still less than 0.4 dB even with noise influence in channel estimation.
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CCDF of PAPR for OFDM signal with 256 subcarriers and 64QAM
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Figure 5.11. PAPR of modified CP-free and CP-OFDM full band channel estimation.
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Figure 5.12. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b)
with fullband TDL-C channel knowledge.
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Figure 5.13. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with fullband TDL-C channel knowledge and Eb/No = 20 dB.

The above figure 5.13 shows that modified CP-free OFDM can reach the lowest BER
performance with short alignment signal length and which is not influenced by the noise
of channel estimation. The spectrum in figure 5.12 point out that the OOBE phenomenon
is still stronger than in conventional CP-OFDM.

c¢) Pilot Boosting Channel Estimation

Table 5.4. Parameters in pilot boosting channel estimation case

| Modulation Type Modified CP-free OFDM & CP-OFDM |
Channel Model TDL-C, zero mobility, 100, 300, 1000 ns
RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18
Alignment signal length 18
Channel knowledge in AS generation Training symbol based
Active subcarriers / FFT size 256/256

Continuing from the previous comparison, pilot signal enhancement is deployed in chan-
nel estimation using 3 dB stronger power than the info signal transmitted in the system.
This pilot boost is applied only in the alignment signal generation. Results are shown in
5.14-5.17. Notably, the BER performance is improved as expected.
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Figure 5.14. BER Performance of modified CP-free and CP-OFDM with pilot boosting
TDL-C channel estimation.
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Figure 5.15. PAPR of modified CP-free and CP-OFDM with pilot boosting TDL-C channel
estimation.
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Figure 5.16. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b)
with pilot boosting TDL-C channel estimation.
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Figure 5.17. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with pilot boosting TDL-C channel estimation and Eb/No = 20 dB.

d) Pre-equalized scheme with ideal channel knowledge

This section will explore the performance of modified CP-free OFDM, including compar-
ison with CP-OFDM under the pre-equalization scheme. 64 QAM is adapted firstly in
the below simulations. Figure 5.18 and 5.19 show the performance of pre-equalized
modified CP-free which is significantly better than the pre-equalized CP-OFDM with zero
CP-length. However, pre-equalization doesn’t bring performance improvement to modi-
fied CP-free OFDM as it brings to CP-OFDM; CP-OFDM works better with the helping of
pre-equalization especially in the 100 ns and 300 ns delay profile cases. However, with
zero CP-length the CP-OFDM performance degrades severely.



Table 5.5. Parameters in pre-equalized cases with ideal channel knowledge.

Modulation Type

Pre-equalized modified CP-free OFDM
Pre-equalized CP-OFDM

Channel Model

TDL-C, zero mobility, 100, 300, 1000 ns

RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 16,64
CP length 18,0
Alignment signal length 18
Channel knowledge in AS generation Ideal channel knowledge
Active subcarriers / FFT size 256/256
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Figure 5.18. BER performance of pre-equalized modified CP-free OFDM and pre-

equalized 0-CP-OFDM.
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Figure 5.19. BER performance of pre-equalized modified CP-free and pre-equalized

18-CP-OFDM.

The maximum difference of PAPR between pre-equalized modified CP-free and pre-

equalized CP-OFDM is around 0.45 dB.
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Figure 5.20. PAPR of pre-equalized modified CP-free and pre-equalized CP-OFDM with

ideal TDL-C channel.
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Figure 5.21. Alignment signal length and CP length influence of pre-equalized modified
CP-free OFDM and pre-equalized CP-OFDM with ideal TDL-C channel knowledge and

Eb/No = 20 dB.

Comparing figures 5.21 and figure 5.8, pre-equalized CP-OFDM has better performance
than conventional CP-OFDM in ideal channel estimation case. Also, the pre-equalization
also bring a bit performance enhancement to modified CP-free OFDM. Then we decrease
the modulation order from 64 to 16 to check the performance of modified CP-free OFDM
with TDL-C channel. modified CP-free OFDM can provide excellent BER performance
with 100 ns and 300 ns delay profile, acceptable performance for 1000 ns delay profile.
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Figure 5.22. BER performance of pre-equalized modified CP free and pre-equalized

18-CP-OFDM, 16-QAM modulation.
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Active subcarrier number influence is also evaluated in this case. As shown in figure 5.23.
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Figure 5.23. Channel estimation active subcarrier number influence of BER perfor-
mance, pre-equalization scheme with ideal channel knowledge, 64-QAM modulation and

Eb/No = 20 dB.

e) Pre-equalized scheme with pilot boosting channel estimation

Table 5.6. Parameters in pre-equalized cases with pilot boosting channel estimation

Modulation Type

Pre-equalized modified CP-free OFDM
Pre-equalized CP-OFDM

Channel Model

TDL-C, zero mobility, 100, 300, 1000 ns

RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18
Alignment signal length 18
Channel knowledge in AS generation  Training symbol based
Active subcarriers / FFT size 256/256

For the practical simulation of the pre-equalization scheme, the pilot boosting scheme
is applied directly as the performance of practical pre-equalized modified CP-free is not
decent and pilot boosting can provide performance improvement somehow.
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Figure 5.24. BER performance of pre-equalized modified CP-free OFDM and pre-
equalized CP-OFDM with pilot boosting TDL-C channel estimation
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Figure 5.25. PAPR of pre-equalized modified CP-free OFDM and pre-equalized CP-
OFDM with pilot boosting TDL-C channel estimation.
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Figure 5.26. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b)with
pilot boosting TDL-C channel estimation.
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Figure 5.27. CP and alignment signal influence of pre-equalized modified CP-free and
pre-equalized CP-OFDM with pilot boosting TDL-C channel estimation and Eb/No = 20
dB.



43

Bit Error Rate (BER)

[ |—+—modified CP-free tauRMS1000

L |—®—modified CP-free tauRMS300

L |—=—modified CP-free tauRMS100

—* —CP-OFDM tauRMS1000

[ |—=-CP-OFDM tauRMS300

— & —CP-OFDM tauRMS100

3 | |
0 5 10 15 20 25 30

E, /N, (dB)

Figure 5.28. BER performance of pre-equalized modified CP-free OFDM and pre-
equalized CP-OFDM with pilot boosting TDL-C channel estimation, 16-QAM modulation.

When the modulation order reduces to 16, the performance of modified CP-free OFDM
in the 100 ns delay case becomes acceptable. However, Pre-equalized CP-OFDM works
well in all three cases.

5.1.2 Performance with LOS communication channel

In this section, all simulations are repeated with the TDL-C channel model. Since the
previous comparisons have illustrated that modified CP-free OFDM can provide excellent
performance without using CP, we will further explore how good performance we will have
in TDL-D channel model with higher modulation order.

a) Ildeal Channel knowledge

Table 5.7. Parameters in ideal channel knowledge case

| Modulation Type Modified CP-free OFDM & CP-OFDM |
Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 256
CP length 18
Alignment signal length 18
Channel knowledge in AS generation Ideal channel knowledge
Active subcarriers / FFT size 256/256

This section gives the performance of modified CP-free OFDM with LOS channel model.
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Figure 5.29 shows the BER performance with TDL-D channel and ideal channel knowl-
edge in the alignment signal generation. Here the configuration is the same as in figure
5.4, except for the channel model. Comparing the values and curves in the two figures,
modified CP-free OFDM has significantly better performance in the LOS situation and the
three BER performance curves are close to the CP-OFDM performance curve .

Ideal Channel
Channel: TDL-D-0
CP=18

R=18

Bit Error Rate (BER)

——modified CP-free tauRMS1000
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| |
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Figure 5.29. BER Performance of modified CP-free OFDM and CP-OFDM with ideal
TDL-D channel knowledge and 64-QAM modulation.

Next we increase the modulation order from 64 to 256 to explore the performanc limitss.
Figure 5.30 illustrates that modified CP-free OFDM can bring acceptable performance
with the low delay channel but the other two cases have significantly reduced worse
performance.
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Figure 5.30. BER Performance of modified CP-free OFDM and CP-OFDM with ideal
TDL-D channel knowledge and 256-QAM modulation.

The PAPR results of figure 5.30 are quite different from the NLOS case. The PAPR with
the three different delay profiles are the same and no more than 0.05 dB from the PAPR
of CP-OFDM. Figures 5.31-5.34 below illustrate the PSDs of the transmitted signals,
alignment signal length influence, and channel knowledge bandwidth influence, respec-
tively, for TDL-D channel and 256-QAM modulation assuming ideal channel knowledge in
the alignment signal generation. Furthermore, figures 5.35-5.37 show the corresponding
simulation results with practical channel estimation in the alignment signal generation.

i CCDF of PAPR for OFDM signal with 256 subcarriers and 256 QAM
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Figure 5.31. PAPR of modified CP-free OFDM and 0-CP-OFDM with ideal TDL-D chan-
nel knowledge.
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Figure 5.32. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b)
with ideal TDL-D channel knowledge.
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Figure 5.33. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with ideal TDL-D channel knowledge and Eb/No = 20 dB.
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P Channel sounding influence with different guardband
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Figure 5.34. The influence of channel knowledge bandwidth on the BER performance of
modified CP-free OFDM and Eb/No = 20 dB.

b) Full Band Channel Estimation

Table 5.8. Parameters in full band channel estimation case

Modulation Type

Modified CP-free OFDM & CP-OFDM |

Channel Model

TDL-D, zero mobility, 100, 300, 1000 ns

RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 256
CP length 18
Alignment signal length 18

Channel knowledge in AS generation

Training symbol based

Active subcarriers / FFT size

256/256
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Figure 5.35. BER Performance of Modified CP-free OFDM and CP-OFDM with full band
channel estimation.
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Figure 5.37. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b)
with fullband TDL-D channel knowledge.
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Figure 5.38. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with fullband TDL-D channel knowledge and Eb/No = 20 dB.

Additional simulation results for the TDL-D channel are included in the Appendix, includ-
ing also results for 64-QAM modulation and pre-equalization schemes. All simulations
for TDL-D channel have been done with five scenarios, which are ideal channel knowl-
edge, practical channel estimation, pilot boosting for channel estimation, pre-equalization
with ideal channel knowledge and pre-equalization with pilot boosting. The alignment
signal supports its function perfectly with short length in all five categories, and the PAPR
of modified CP-free OFDM is only slightly higher than conventional CP-OFDM. Besides
that, modified CP-free OFDM provides good performance while we increase the modula-
tion order from 64 to 256 in the practical channel estimation scenario, which proves the
functionality of alignment signal that generated with our new method.

Modified CP-free OFDM does not work as well as expected with TDL-D channel when us-
ing the pre-equalized scheme, even when we combined pilot boosting with pre-equalization.
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Both with TDL-C and TDL-D channels, pre-equalization is not able to give significant
benefit over the modified CP-free OFDM with channel equalization on the receiver side.
However, the the effects of pre-equalization on the PAPR and transmitted PSD are greatly
reduced in the TDL-D case compared to TDL-C.
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6 CONCLUSION

With the aim for further improving OFDM technologies and adapting them into 5G NR
and future applications, this thesis researches existing CP-free OFDM schemes and then
provides a novel approach called modified CP-free OFDM. The main contributions and
conclusions can be described as follows:

» Modified CP-free OFDM generates an alignment signal which has I1SI canceling and
circularity providing function without using a CP head to extend the symbol length.
Thus, the spectral efficiency can be significantly improved by the proposed new
design. Meanwhile, the simple equalization procedure of CP-OFDM is kept on the
receiver side.

* Modified CP-free OFDM is developed based on the idea of Hamamreh and his
team’s CP-free OFDM methods [7]. The new design in this thesis calculates the
alignment signal in the frequency domain with estimated channel information. The
frequency-domain calculation efficiently avoids the problems for calculating the pseudo
inverse matrix of channel convolution matrix, and the alignment signal length of
modified CP-free OFDM is greatly reduced compared the CP-free methods of [7]
using alignment signal length equal to the symbol length. Chapter 5 demonstrated,
modified CP-free OFDM can greatly enhance the BER performance with practical
channel.

* Modified CP-free OFDM has been tested in TDD-based SISO transmission sce-
narios using practical LOS and NLOS channel models. The simulation results of
Chapter 5 illustrate that the proposed design provides decent performance with low
delay profile (100 ns delay) in both TDL-D and TDL-C channels even with high mod-
ulation order, 64 for TDL-C and 256 for TDL-D. However, modified CP-free OFDM
cannot provide as much good performance as conventional CP OFDM with medium
and high delay profile, 300 ns and 1000 ns, respectively. With 300 ns delay spread,
the performance is still decent with lower modulation orders. Thus, modified CP-
free OFDM is a strong candidate for 5G and beyond service which need low latency
and high spectral efficiency in both LOS and NLOS scenarios.

» The pre-equalized scheme for both modified CP-free OFDM and conventional CP-
OFDM was tested in our simulation with TDL-C and TDL-D channel models. The
pre-equalization schemes exhibit enhanced performance with ideal channel knowl-
edge, but they tend to be very sensitive to channel estimation errors and cannot
show any benefit even with pilot boosting. Furthermore, with frequency selective
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channels, they distort the transmitted signal spectrum and increase PAPR. This
would limit the usage of pre-equalization based schemes in the applications which
are sensitive to high PAPR or need to rely on low quality channel estimation pro-
cess.

» Channel estimation is a key element for alignment signal generation. For good per-
formance, it is not enough to estimate the channel for the active subcarriers only.
Initial results were obtained by assuming full-band channel knowledge or full-band
channel estimate using OFDM training symbol with BPSK symbols in all subcarri-
ers. Then the performance was evaluated with different channel knowledge band-
widths. It was found out that the channel knowledge bandwidth should be 50-100
subcarriers wider than the bandwidth of the active data subcarriers in the studied
case with 64 active subcarriers and FFT-size of 256. Thus, modified CP-free OFDM
still works well without the full channel band knowledge, which eases the require-
ments for channel estimation process.

6.1 FUTURE WORK

The proposed methods have been tested with two 5G channel models, and their functions
have been proved in our simulations. But there are some aspects we have not explored
yet, and those aspects will be tested and discussed in the future works and they can
be described as follows: Finding better channel estimation methods for generating align-
ment signal. For obtaining better performance for modified CP-free OFDM, the methods
we used in our simulations are conventional CP OFDM with training symbols which have
active subcarriers outside the active data subcarriers. However, the OFDM signal needs
a guard band to reduce the interference into the neighbor band due to the OOBE intro-
duced by the OFDM modulation process. Thus, in our later research, not only OFDM
based channel sounding techniques needed to be explored but also other time domain
or frequency domain channel estimation approaches will be combined with modified CP-
free OFDM. It is also important to study filtering with modified CP-free OFDM for reducing
the OOBE. Results of Chapter 5 indicate that the OOBE is increased due to the align-
ment signal, especially with highly frequency-selective channels. So as to reduce the
OOBE influence and further improve the performance for adapting new design into future
applications, we will combine filtering with modified CP-free OFDM and check the perfor-
mance. Besides the above two aspects, PAPR is still an issue in the modified CP-free
OFDM, even though the PAPR increase is not very significant in our test cases. In order
to adapt new designs onto UEs, further research about reducing PAPR is necessary. It
is also necessary to consider the effects of mobility on modified CP-free OFDM since
low latency and mobility are key elements for 5G cellular applications. Furthermore, the
performance of modified CP-free OFDM should be evaluated with wide set of parameters
in order to evaluate its feasibility for different services and communication scenarios.
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A APPENDIX

A.1 LOS conventional TDD SISO communication system

Ideal channel knowledge, 64 QAM

| Modulation Type Modified CP-free OFDM & CP OFDM |
Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18
Alignment signal length 18
Channel knowledge in AS generation Ideal channel knowledge
Active subcarriers / FFT size 256/256

Ideal Channel
Channel: TDL-D-0
CP=18

R=18

Bit Error Rate (BER)
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Figure A.1. BER Performance of modified CP-free OFDM and CP-OFDM with ideal

TDL-D channel knowledge.
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CCDF of PAPR for OFDM signal with 256 subcarriers and 64QAM
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Figure A.2. PAPR of modified CP-free OFDM and CP-OFDM with ideal TDL-D channel
knowledge.
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Figure A.3. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with ideal TDL-D channel knowledge and Eb/No = 20 dB.
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Figure A.4. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b) with
ideal TDL-D channel knowledge.

Fullband channel estimation

| Modulation Type Modified CP-free OFDM & CP OFDM |
Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18
Alignment signal length 18
Channel knowledge in AS generation  Training symbol based
Active subcarriers / FFT size 256/256
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Figure A.5. BER performance with modified CP-free and CP-OFDM with full band chan-
nel estimation.
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CCDF of PAPR for OFDM signal with 256 subcarriers and 64QAM
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Figure A.6. PAPR of modified CP-free and CP-OFDM full band channel estimation.
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Figure A.7. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with fullband TDL-D channel knowledge and Eb/No = 20 dB.
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Spectrm of modified CP-free OFDM signal Spectrm of CP OFDM signal
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Figure A.8. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b) with
fullband TDL-D channel knowledge.

Pilot boosting channel estimation

| Modulation Type Modified CP-free OFDM & CP OFDM |
Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18,0
Alignment signal length 18
Channel knowledge in AS generation  Training symbol based
Active subcarriers / FFT size 256/256
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Figure A.9. BER Performance of modified CP-free and CP-OFDM with pilot boosting
TDL-D channel estimation.
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CCDF of PAPR for OFDM signal with 256 subcarriers and 64QAM
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Figure A.10. PAPR of modified CP-free and CP-OFDM with pilot boosting TDL-D channel
estimation.
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Figure A.11. Alignment signal length and CP length influence of modified CP-free OFDM
and CP-OFDM with pilot boosting TDL-D channel estimation and Eb/No = 20 dB.
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Spectrm of modified CP-free OFDM signal Spectrm of CP OFDM signal
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Figure A.12. Spectrum comparison of modified CP-free OFDM (a) and CP-OFDM (b)
with pilot boosting TDL-D channel estimation.

Pre-equalized scheme with ideal channel knowledge

Modulation Type Pre-equalized modified CP-free OFDM
Pre-equalized CP OFDM

Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread

Active subcarriers / FFT size 64/256

Modulation order 64

CP length 18,0

Alignment signal length 18

Channel knowledge in AS generation Ideal channel knowledge

Active subcarriers / FFT size 256/256
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Figure A.13. BER performance of pre-equalized modified CP-free OFDM and pre-
equalized CP-OFDM with ideal channel knowledge.
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CCDF of PAPR for OFDM signal with 256 subcarriers and 64QAM
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Figure A.14. PAPR of pre-equalized modified CP-free and pre-equalized CP-OFDM with
ideal TDL-D channel.
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Figure A.15. Alignment signal length and CP length influence of pre-equalized modified
CP-free OFDM and pre-equalized CP-OFDM with ideal TDL-D channel knowledge and
Eb/No = 20 dB.
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Figure A.16. Spectrum comparison of pre-equalized modified CP-free OFDM (a) and
pre-equalized CP-OFDM (b) with pilot boosting TDL-D channel estimation.
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Figure A.17. Activer subcarrier number influence of pre-equalized modified CP-free
OFDM and pre-equalized CP-OFDM with ideal channel knowledge and Eb/No = 20 dB.

Pre-equalized scheme with ideal channel knowledge

Modulation Type Pre-equalized modified CP-free OFDM
Pre-equalized CP OFDM

Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread

Active subcarriers / FFT size 64/256

Modulation order 256

CP length 18,0

Alignment signal length 18

Channel knowledge in AS generation ldeal channel knowledge

Active subcarriers / FFT size 256/256
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Preequalized mCP-free and CP OFDM
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Figure A.18. BER performance of pre-equalized modified CP-free OFDM and pre-
equalized CP-OFDM with ideal channel knowledge
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Figure A.19. PAPR of pre-equalized modified CP-free and pre-equalized CP-OFDM with
ideal TDL-D channel.
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Figure A.20. Alignment signal length and CP length influence of pre-equalized modified

CP-free OFDM and pre-equalized CP-OFDM with ideal TDL-D channel knowledge and
Eb/No = 20 dB.
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Figure A.21. Active subcarrier number influence of pre-equalized modified CP-free
OFDM and pre-equalized CP-OFDM with ideal channel knowledge and Eb/No = 20 dB.



Pre-equalized scheme with pilot boosting channel estimation

Modulation Type

Pre-equalized modified CP-free OFDM
Pre-equalized CP-OFDM

Channel Model

TDL-D, zero mobility, 100, 300, 1000 ns

RMS delay spread
Active subcarriers / FFT size 64/256
Modulation order 64
CP length 18,0
Alignment signal length 18
Channel knowledge in AS generation Training symbol based
Active subcarriers / FFT size 256/256
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Figure A.22. BER performance of pre-equalized modified CP-free OFDM and pre-
equalized CP-OFDM with pilot boosting TDL-D channel estimation.
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CCDF of PAPR for OFDM signal with 256 subcarriers and 256QAM
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Figure A.23. PAPR of pre-equalized modified CP-free OFDM and pre-equalized CP-
OFDM with pilot boosting TDL-D channel estimation.
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Figure A.24. CP and alignment signal influence of pre-equalized modified CP-free and
pre-equalized CP-OFDM with pilot boosting TDL-D channel estimation and Eb/No = 20

dB.
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Figure A.25. Spectrum comparison of pre-equalized modified CP-free OFDM (a) and
pre-equalized CP-OFDM (b) with pilot boosting TDL-D channel estimation.

Pre-equalized Scheme with Pilot Boosting Channel Estimation

Modulation Type Pre-equalized modified CP-free OFDM
Pre-equalized CP OFDM

Channel Model TDL-D, zero mobility, 100, 300, 1000 ns
RMS delay spread

Active subcarriers / FFT size 64/256

Modulation order 256
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Figure A.26. BER performance of pre-equalized modified CP-free OFDM and prequal-
ized CP-OFDM with pilot boosting TDL-D channel estimation.
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