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ALMA MATER STUDIORUM - UNIVERSITÀ DI BOLOGNA

Abstract

School of Enginnering and Architecture

Department of Electrical, Electronic, and Information Engineering ”Guglielmo

Marconi”

OFDM-based Schemes for Next Generation Wireless Systems

by Oltjon Kodheli

The purpose of this study is to investigate two candidate waveforms for next gen-

eration wireless systems, filtered Orthogonal Frequency Division Multiplexing (f-

OFDM) and Unified Filtered Multi-Carrier (UFMC). The evaluation is done based

on the power spectral density analysis of the signal and performance measurements

in synchronous and asynchronous transmission. In f-OFDM we implement a soft

truncated filter with length 1/3 of OFDM symbol. In UFMC we use the Dolph-

Chebyshev filter, limited to the length of zero padding (ZP). The simulation results

demonstrates that both waveforms have a better spectral behaviour compared with

conventional OFDM. However, the induced inter-symbol interference (ISI) caused

by the filter in f-OFDM, and the inter-carrier interference (ICI) induced in UFMC

due to cyclic prefix (CP) reduction , should be kept under control. In addition,

in a synchronous transmission case with ideal parameters, f-OFDM and UFMC

appear to have similar performance with OFDM. When carrier frequency offset

(CFO) is imposed in the transmission, UFMC outperforms OFDM and f-OFDM.

Keywords - OFDM, f-OFDM, UFMC, waveform, modulation, sub-carrier, spec-

trum, CFO, performance
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Chapter 1

Introduction

1.1 Research Motivation

1.1.1 Why OFDM in First Place?

Orthogonal Frequency Division Multiplexing(OFDM) is a multi-carrier modula-

tion technique, that has been successfully applied to digital communication, over

the last years. Together with the multiple access technology OFDMA, they de-

fine the physical layer standard of the fourth generation of mobile communication

(4G). This modulation scheme has proven to be very efficient for a wide variety of

digital communication services (3GPP LTE, IEEE 802.11a, DAB, DVB-T, DVB-

H, ADSL), especially for Mobile Broadband (MBB). There are many reasons why

OFDM is in the first place today and is widely used in many standards. Basically,

it is very efficient in terms of:

• Spectral Efficiency: OFDM is very spectral efficient due to the fact that the

spectrum is divided into sub-carriers which overlap with each other, but still

maintain the orthogonality among them.

• Robustness against multipath propagation: Being a multi-carrier technique,

it converts the series data symbols with high rate into parallel symbols with

1



2 Chapter 1

lower rate, causing the symbol duration to be larger. Hence, a larger symbol

duration makes the effect of delay spread of the channel negligible.

• Simple equalization: At the receiver a one-tap equalizer is needed. The effect

of the channel is spread through all the sub-carriers. Therefore each sub-

carrier feels the channel like being flat and a simple equalizer is needed to

cancel the effect of the channel

Thanks to these benefits, OFDM is being considered for future 5G communication

systems. However, as we will show in the next sections, an evolution of this

waveform is needed so as to meet the challenging 5G requirements.

1.1.2 Future Wireless Systems and Waveform Requirements

The next generation of mobile communication (5G) is going to offer more than just

the traditional MBB service. The main application it will provide are divided into

three major categories: enhanced mobile broadband (eMBB), massive machine

type communication (mMTC) and ultra reliable and low latency communication

(uRLL) [1][2]. This is illustrated in figure 1.1.

Figure 1.1: Future Applications of 5G [3]
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Table 1.1 provides a complete picture of the future applications that 5G is expected

to support.

Scenario Application Requirements
eMBB UHD video, 3D video ultra high data rate, low latency

Virtual Reality ultra high data rate, ultra low latency
Augmented Reality ultra high data rate, low latency

Tactile Internet ultra low latency
Cloud Gaming ultra high data rate, low latency

Vehicular ultra high data rate, support Doppler
uRLL Industrial Automation high reliability, high data rate, ultra low latency

Self-driving Vehicles high reliability, high data rate, ultra low latency
mMTC Smart Home operation in cluttered environment

Smart Office high reliability, obstacle penetration
Smart City high reliability, obstacle penetration

Table 1.1: Potential Requirements of Various 5G Applications [4]

We can distinguish easily that every single applications imposes different require-

ments. Therefore, when investigating the Physical Layer (PHY) design for next

generation of wireless systems, this requirements are the constraints to be consid-

ered.

Ideally, the waveform should have the following properties:

• low complexity - for machine type communication (MTC), low cost transceivers

are needed, hence the computational complexity at the transmitter and re-

ceiver should be low.

• good spectral containment - the spectrum available for a particular service

should be used in an efficient way, in order to relax the need for large guard

bands between systems with neighbor frequencies.

• robustness against carrier frequency offset (CFO) - low cost transceiver are

needed for MTC, hence poor oscillators can amplify CFO at the receiver.

• support multiple input multiple output (MIMO) - spatial multiplexing is

a multiple antenna technique that increases the data rate as compared to

single antenna techniques, hence MIMO becomes a key technology for future

wireless systems.



4 Chapter 1

• support asynchronous transmission - the need for strict synchronization

would imply high cost transceiver and larger delays, which is something

unwanted when trying to arrive at a throughput of 1 Gpps

• good localization in time - the demand for low latency imposes the need for

having a well localized waveform in time-domain.

• flexible numerology - different kind of services implies different type of traffic.

A flexible waveform [5][6] is needed in order to satisfy different traffic types.

The question that arises naturally is: Is still OFDM in the first place?

1.1.3 OFDM Limitations

To answer the question whether the OFDM can support the future wireless com-

munication, let us have a look on the OFDM limitations [7]. The most important

ones are listed below.

1. Sensitivity to frequency and time offset

The causes of carrier frequency offset can be different. It can occur due to

impairments of the transmitter and receiver oscillators. Doppler effect can

be a factor as well. The lost of orthogonality induced by CFO, causes a

large ICI between sub-carriers. Therefore the reduction of the performance

is considerable. Furthermore, if we consider OFDMA in an up-link case,

time synchronization algorithms of different users are needed at the receiver.

If the time of arrival of the signals from different users is not synchronized,

the effect in terms of performance is large.

2. Cyclic Prefix overhead

In order to deal with ISI and ICI a CP is needed to be added in each OFDM

symbol. We will see this in Chapter 2 when we are going to discuss in more

detail the OFDM modulation. Nevertheless, based on LTE specifications,
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the CP is around 7% of the OFDM symbol and causes an overhead in the

transmission.

3. Large peak to average power ratio (PAPR)

Another important drawback of OFDM is large PAPR. Larger PAPR means

that we can not push the amplifier of the transmitter to saturation, hence

the energy available is not going to be used in an efficient way.

4. Large out of band emissions (OOBE)

Due to the rectangular pulse shape of each OFDM symbol in time domain,

the frequency domain representation is a sinc function. Therefore the OOBE

fall very slowly causing a bad spectral behaviour and imposing the need for

large guard bands in order to satisfy spectrum masking.

It is clear enough that the OFDM modulation is not the perfect technique for future

communication wireless systems. In terms of the new waveform requirements, it

appears insufficient. However, the advantages it offers are precious and it is a good

starting point when trying to look for new methods. The goal is to prevent all the

advantages of OFDM and try to improve the limitations it imposes [8][9].

1.2 Thesis Contribution

In the scientific literature related to this topic, there are several proposals for

future waveforms in order to satisfy the needs of next generation wireless systems.

We are going to analyze in this thesis two of these proposed techniques, filtered-

OFDM (f-OFDM) and Unified Filter Multi-Carrier (UFMC). The evaluation of

f-OFDM and UFMC in this thesis will be done in two phases:

Firstly, numerical simulations are going to be performed through Matlab concen-

trating on the power spectral density of f-OFDM and UFMC.

Secondly, a performance assessment will be carried out in terms of BER vs Eb/N0

in an AWGN channel. The results will be obtained through Matlab simulations of
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a point-to-point communication scenario. The change of the performance having

different CFO is going to be studied as well.

1.3 Thesis Organization

The thesis work is organized in six chapters. A brief description of each chapter

is provided below:

• Chapter 1: Introduction

In this chapter an overview of the OFDM modulation is made, focusing more

on its advantages and application in today standards of wireless communica-

tion. Furthermore, the waveform requirements for next generation wireless

systems are listed and the limitations that OFDM offers to satisfy this re-

quirements are emphasized. New modulation schemes techniques that are

going to be analyzed in this thesis are introduced as well.

• Chapter 2: Orthogonal Frequency Division Multiplexing

Future generation wireless systems are expected to have OFDM-based mod-

ulation techniques. Therefore it is important to provide a detailed depic-

tion of OFDM, starting from modulation, demodulation, channel model,

transceiver structure and spectral efficiency. The last section of this chapter

is dedicated to the numerical results of a point-to-point communication sce-

nario, obtained through Matlab simulations, focused on the power spectral

density of OFDM signal.

• Chapter 3: Filtered-OFDM

In this chapter a new modulation scheme technique f-OFDM is investigated.

The mathematical description of f-OFDM symbol is given, as well as the

transceiver structure. The filter technique and filter parameters used are

presented as well. To conclude the chapter, the spectrum of f-OFDM signal

obtained through Matlab simulations will be shown and interpreted.
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• Chapter4: Unified Filtered Multi-Carrier

The second proposal of alternative OFDM waveforms is presented and an-

alyzed. We start with the UFMC symbol mathematical representation and

the transceiver block diagram of UFMC. The filtered technique used in this

scheme is discussed and finally we end with numerical simulation results like

in the previous chapters.

• Chapter 5: Performance Assessment

Firstly, a comparison between OFDM, f-OFDM and UFMC signal spectrum

is clearly shown and discussed. Furthermore, a performance analysis of all

three modulation schemes is carried out, based on Matlab simulations of a

point-to-point communication scenario in a AWGN channel. The robustness

against CFO is demonstrated and analyzed as well.

• Chapter 6: Conclusions

The last chapter is dedicated in the conclusions, giving a brief summery of

the thesis, conclusions and future work.





Chapter 2

Orthogonal Frequency Division

Multiplexing

OFDM is a multi-carrier modulation scheme. In contrast with single-carrier mod-

ulation, it converts the series data streams into parallel data streams and per-

form modulation of data in different sub-carriers (see figure 2.1). The sub-carriers

should be spaced in such a way that no inter-carrier interference is induced. One

way is to keep them separated, imposing guard bands among them. By doing so

we waste a lot of spectrum, hence it is needed to space the sub-carriers in such a

way that they overlap, but still maintain the orthogonality. This is illustrated in

figure 2.2.

Figure 2.1: Multi-carrier Modulation

9
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Figure 2.2: OFDM vs FDM

The mathematical representation of OFDM transceiver will be discussed in this

chapter. We will start form the continuous time domain, passing to the discrete

time representation of an OFDM system.

2.1 Mathematical Description of OFDM System

2.1.1 OFDM Symbol

Let us start by considering the construction of a single sub-carrier. Let the follow-

ing orthogonal functions, be the basis functions of a bi-dimensional constellation,

eg. 4−QAM , 16−QAM , etc.

φ1u(t) =
1√
T
rect

(
t− T

2

T

)
cos(2πfut) (2.1)

φ2u(t) =
1√
T
rect

(
t− T

2

T

)
sin(2πfut) (2.2)

where T is the symbol time and fu =
u

T
is the frequency of the u-th sub-carrier.
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We can write eq. 2.1 and eq. 2.2 in a complex notation.

φu(t) =
1√
T
rect

(
t− T

2

T

)
exp(2πfut) (2.3)

If we consider another basis function of another sub-carrier, we can write.

φv(t) =
1√
T
rect

(
t− T

2

T

)
exp(2πfvt) (2.4)

It holds that:

+∞∫
−∞

φuφ
∗
v dt =

1

T

T∫
0

exp

[
2π(u− v)

t

T

]
dt =

1, if u=v

0, otherwise

(2.5)

Therefore to have orthogonality between sub-carriers, it is possible to use all the

index numbers u 6= v. It is worth noticing that the minimum distance for ensuring

orthogonality is u − v = 1. Hence, ∆f =
1

T
. Let us now define N orthogonal

functions as:

φk(t) =
1√
T
rect

(
t− T

2

T

)
exp(2π∆fkt) k = 0, 1, ..., N − 1 (2.6)

where N is the number of sub-carriers. Each sub-carrier can carry 1 complex

symbol, hence N sub-carriers will carry N symbols.

Organizing the series of complex symbols (an ∈ C) with symbol rate Rs =
1

Ts
, in

blocks of N parallel symbols ~cl = [c0,l, c1,l, ..., ck,l, ...cN−1,l] , we can finally charac-

terize the OFDM symbol:

xl(t) =
N−1∑
k=0

ck,lφk(t− lT ) (2.7)

where xl(t) is the OFDM symbol generated at l-th symbol period T and ck,l is the

k-th complex symbol carried form the k-th sub-carrier of the l-th OFDM block.

By assuming a continuous transmission, the final signal can be written as follows:
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x(t) =
+∞∑
l=−∞

N−1∑
k=0

ck,lφk(t− lT ) (2.8)

It is worth noticing that the OFDM symbol duration is T = NTs, therefore the

OFDM symbol rate:

Rofdm =
1

NTs
=
Rs

N
(2.9)

is N times slower that the symbol rate of symbols, coming from the digital con-

stellation.

2.1.2 Multipath Channel Characterization

In wireless communication systems, the presence of multiple scatters (obstacles,

vehicles, buildings etc.) causes the transmitted signal to arrive in different paths

at the receiver. These multiple paths have different lengths. Therefore, the signal

arriving at the receiver would be a superposition of all signals coming with different

delays (see fig 2.3). This channel is said to be time-dispersive. Hence, the impulse

response of the channel, would be a function of time h(t, τ).

Figure 2.3: Multipath Propagation Scenario

In order to characterize our channel, let’s consider a AWGN time dispersive chan-

nel. For simplicity, let’s assume that our channel is time-invariant. It means
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that:

h(τ ; t) =

h(τ) if τ ∈ [0, τmax]

0 otherwise

(2.10)

where τmax is the maximum delay spread. Passing the transmitted signal x(t)

through our channel, the output can be written as:

r(t) = h(τ ; t) ∗ x(t) + n(t) =

+∞∫
−∞

h(τ ; t)x(t− τ) dτ + n(t) (2.11)

where n(t) is the AWGN noise. Substituting eq. 2.10 on eq. 2.11 we obtain:

r(t) = h(τ ; t) ∗ x(t) + n(t) =

τmax∫
0

h(τ)x(t− τ) dτ + n(t) (2.12)

2.1.3 Cyclic Prefix

As we explained in the previous section, the transmitted signal arrives at the

receiver through different paths and different delays. Hence, inter-symbol inter-

ference (ISI) is going to be induced in our transmission. Figure 2.4 represents an

illustration of ISI effect. In order to avoid ISI we have to introduce guard bands in

front of each OFDM symbol. If the guard band is larger than the maximum delay

spread of the channel, it will perfectly cope with ISI. However, filling the guard

period with a null transmission would imply the occurrence of ICI.

In order to cope with ICI, a cyclic prefix (CP) is added in front of each OFDM

symbol. A part of the signal, is taken form the last part, and its added at te

begining of each OFDM symbol. We will understand this better in section 2.1.4

where we are going to demodulate our symbols. Finally, the basis functions now

can be written as:

θ̃k(t) =
1√
T
rect(

t− Te
2

Te
)ej2π∆fk(t−Tcp) k = 0, 1, 2, ....., N − 1 (2.13)

where Te = T + Tcp is the extended period after CP insertion.
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Figure 2.4: 2-path Channel Example

Figure 2.5: CP Insertion

2.1.4 Demodulation

At the receiver side, in order to recover the modulated symbols, we project the

received signal onto the basis functions of each sub-carrier. This operation can be

implemented through match filtering. Let’s consider the case where we have to

recover the l-th modulated symbol onto the l-th sub-carrier, transmitted over the
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h-th time OFDM period. The received signal r(t) is projected onto the conjugated

version of l-th sub-carrier:

yl(t) =

(h+1)T∫
hT

r(t)θ∗l (t− hT ) dt (2.14)

For simplifying our calculations, let’s assume h = 0. It hold that:

yl(t) =

(T∫
0

r(t)θ∗l (t) dt (2.15)

Taking into account the guard time Tcp where Te = Tcp + T , we can still apply

match filtering over the period [Tcp, Te]. Therefore, eq. 2.15 can be written as:

yl(t) =

(Te∫
Tcp

r(t)θ∗l (t− Tcp) dt (2.16)

Substituting the expression of the received signal r(t) (eq. 2.12) onto the equation

2.16, it holds that:

yl,0 =

Te∫
Tcp

 τmax∫
0

h(τ)x(t− τ) dτ

 θ∗l (t− Tcp) dt+

Te∫
Tcp

n(t)θ∗l (t− Tcp) dt

=

Te∫
Tcp

 τmax∫
0

h(τ)
N−1∑
k=0

ck,0θk(t− τ) dτ

 θ∗l (t− Tcp) dt+ nl

=
N−1∑
k=0

ck,0

Te∫
Tcp

 τmax∫
0

h(τ)θk(t− τ) dτ

 θ∗l (t− Tcp) dt+ nl

(2.17)
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where nl is the noise projected onto the l-th sub-carrier. Than we substitute the

expression of θk (see eq. 2.13) in the previous equation.

yl,0 =
N−1∑
k=0

ck,0

Te∫
Tcp

 τmax∫
0

h(τ)
1√
T
e2π∆fk(t−Tcp−τ) dτ

 θ∗l (t− Tcp) dt+ nl

=
1√
T

N−1∑
k=0

ck,0

Te∫
Tcp

ej2π∆f(t−Tcp)

 τmax∫
0

h(τ)e−2π∆fkτ dτ

 θ∗l (t− Tcp) dt+ nl

(2.18)

We can interpret the inner integral:

τmax∫
0

h(τ)e−j2π∆fkτ dτ =

+∞∫
−∞

h(τ)e−j2π∆fkτ dτ = H(fk) (2.19)

as the Fourier transform of the channel impulse response F{h(t)}. Hence it follows:

yl,0 =
1√
T

N−1∑
k=0

H(fk)ck,0

Te∫
Tcp

e2π∆fk(t−Tcp)θ∗l (t− Tcp) dt+ nl

=
1√
T

N−1∑
k=0

H(fk)ck,0

Te∫
Tcp

ej2π∆fk(t−Tcp)e−j2π∆fl(t−Tcp) dt+ nl

(2.20)

Notice that:

Te∫
Tcp

ej2π∆fk(t−Tcp)e−j2π∆fl(t−Tcp) dt =

1, if k=l

0, otherwise

(2.21)

Finally we are able to demodulate the symbol modulated onto the v-th subcarrier.

yl,0 = H(fl)cl,0 + nl (2.22)

This is a results that is worthwhile analyzing. The equation 2.22 yields that the

effect of the channel is not spread over the all modulated symbols, as in the case of

single-carrier transmission, but it is concentrated on a single symbol. As a result,

at the receiver side a single-tap equalizer for each sub-carrier is required, in order
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to cancel the effect of the channel on our symbols.

We can now turn our attention to understanding the importance of the Cyclic

Prefix (see eq. 2.21). We can understand by intuition that leaving the guard time

empty, means wasting the mutual orthogonality between sub-carriers. The result

of the integral is not going to be 0, because the functions are not going to be

exponential in all the integration interval. This is illustrated in figure 2.5. In this

particular case, the demodulated symbol is going to be as follows:

yl,0 = H(fl)cl,0 +
N−1∑

k=0,k 6=l

ck,0 + nl (2.23)

where
N−1∑

k=0,k 6=l
ck,0 is the ICI term.

2.2 Discrete-Time Representation

Based on the previous section, where we discussed the continuous time model of

the OFDM symbol, transmitter and receiver, we can build the discrete-time model.

Let us start by constructing the discrete-time OFDM symbol. In order to write

the sampled version of OFDM, we have to define the sampling period Ts.

We know that:
1

Ts
= B = N∆f = N

1

T
(2.24)

Hence the sampling period Ts =
T

N
and the sampling frequency fs =

N

T
. There-

fore, x(t) is equivalent to the following sampled version :

xl(nTs) =
1√
N

N−1∑
k=0

ck,le
j2π∆fknTs−lT

=
1√
N

N−1∑
k=0

ck,le
j2π 1

T
knTs

=
1√
N

N−1∑
k=0

ck,le
j2π 1

N
kn

(2.25)
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Given a discrete sequence x(n), where 0 < n < N , by definition its Discrete Fourier

Transform (DFT) and Inverse Discrete Fourier Transform (IDFT)can be written

as:

DFT{x[n]} = X[i] =
1√
N

N−1∑
n=0

x[n]e−j2πin/N i = 0, 1, ...., N − 1 (2.26)

IDFT{X[i]} = X[n] =
1√
N

N−1∑
n=0

x[n]ej2πin/N n = 0, 1, ...., N − 1 (2.27)

It is worth noticing that equation 2.25 represents the IDFT of the frequency

sequence {ck}. On the other hand to perform demodulation on the received signal

it is enough to apply DFT of the received sequence {r[n]}. For complexity reasons,

we tend to use a power of 2 IDFT and DFT because the processing time is lower.

Using a power of 2 IDFT and DFT allows us to use Fast Fourier Transfon (FFT)

and Inverse Fast Fourier Transform (IFFT).

The block diagram of the transceiver discrete time OFDM is illustrated in figure

2.6.

Figure 2.6: OFDM Baseband Block Diagram
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2.3 OFDM Spectrum and Spectral Efficiency

It is well known that OFDM uses a rectangular pulse shape in time domain and

that the frequency response of a rectangular window is a sinc() function. Therefore

the spectrum of an OFDM signal is a liner combination of sinc() pulses equally

spaced by a frequency ∆f = 1/T . This is illustrated in figure 2.7.

Figure 2.7: OFDM spectrum

The occupied bandwidth for OFDM transmission is B = N∆f . However, not all

the sub-carriers are used for transmission. Near the spectrum edges (see 2.7),

a certain number of sub-carriers are nulled to reduce the channel interference in

adjecent channels. The remaining sub-carriers that are non-nulled are called active

sub-carriers Na. It is possible to define the active carrier efficiency as :

ηa =
Na

N
(2.28)

Not all the active sub-carriers are modulated with useful data. Some of the sub-

carrier are filled with pilots for synchronization purposes. Let Np be the number

of sub-carriers filled with pilot data. The information carrier efficiency can

be written as:

ηp =
Na −Np

Na

(2.29)

Based on the previous definitions, it is possible to define the carrier utilization

efficiency:

ηu = ηaηp =
Na −Np

N
(2.30)
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Another reason for the reduction of spectral efficiency is the insertion of the cyclic

prefix. Inserting a cyclic prefix means extending the Symbol period T by a guard

time Tcp. It is now possible to write the relation for the guard time efficiency:

ηg =
T

Tcp + T
(2.31)

To define the overall spectral efficiency for the OFDM transmission, we need to

take into account even the coding rate rc and the cardinality of the digital con-

stellation M . The overall spectral efficiency can be defined as:

ηg = rc log2(M)ηaηpηg (2.32)

2.4 Numerical Results

In this section a simple OFDM transceiver scheme is simulated through Matlab.

The main goal is to analyze the spectrum containment. In order to perform

simulations we have to characterize the parameters to be used. In this case we are

going to take into consideration the Mobile WiMax standard parameters for the

OFDM transceiver. However we can take into consideration any possible standard.

All this parameters are summarized in the following table:

Parameter Value based on Mobile WiMAX standard
FFT/IFFT size 512
Number of used data subcarriers 360
Number of pilot subcarriers 12
Number of guard bands 92 (18 %)
Cyclic Prefix 1/8
Channel Bandwidth (MHz) 5
Subcarrier frequency spacing (kHz) 10.94
Useful symbol time (micro s) 91.4
Modulation QPSK
Channel model AWGN
Coding rate uncoded

Table 2.1: Simulation Parameters OFDM
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After setting the parameters like in table 2.1, we plot the Power Spectral Density

of the OFDM signal. This is illustrated in figure 2.8. As we expected, we see that

the frequencies out of the BW fall very slowly. In spectrum edges of the 5MhZ

BW, we have −25dB of attenuation. We have used in this case approximately

18% guard band in order to satisfy the spectrum mask needed. Therefore only

82% of the 5MHz which is 4.1MHz is used for the transmission of data. It means

that the spectrum wasted is considerably large and the OOBE are very high.

Figure 2.8: OFDM Spectrum

2.5 Summary

In this chapter an overall picture of OFDM modulation scheme was made. We

started from characterizing the OFDM symbol, going on with the multipath chan-

nel model. The mathematical derivations of the recovering data at the receiver

through performing demodulation was analyzed. Then going from continuous time

domain to discrete time domain we defined the OFDM discrete time signal and
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built the baseband block diagram of OFDM transceiver. In the last section of this

chapter the simulation result of OFDM spectrum was shown and interpreted.
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Filtered-OFDM

We present in this chapter, an enabler for flexible waveform, named filtered OFDM

(f-OFDM). We will see through this chapter that this waveform appears in many

aspects better than the conventional OFDM[10]. Firstly, in contrast with con-

ventional OFDM used in LTE/LTE-A nowdays, where a unified numerology is

applied across all the assigned bandwidth (20 MHz), in f-OFDM the available

bandwidth is divided in several sub-bands, each one having different numerology

and accommodating different kind of services. This is a key feature to enable flex-

ibility of the physical layer, which is a basic requirement for the next generation

of mobile communication (5G). Secondly, even though OFDM is considered to be

spectrum efficient, still 10% of allocated BW is wasted to allow attenuation of the

signal. For sure we can do better than that and f-OFDM is a solution. The need

of guard band is relaxed because the OOBE ore suppressed by the filter. Thirdly,

to achieve orthogonality both in frequency and time in OFDM, extra signaling

to assure synchronization is needed, especially for up-link transmission. Failures

in perfect synchronization, will lead to performance degradation. In contrast, in

f-OFDM the need for strict synchronization is relaxed.

Through this chapter, a general framework of f-OFDM will be given. Filtering

technique used and filter parameters is going to be discussed. At the end, some

simulation results will be shown, mainly focusing on the f-OFDM spectrum.

23
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3.1 General Framework

It is expected that a larger bandwidth (100-200 MHz) will be assigned for 5G

[11], in order to boost the data rate. According to the f-OFDM technique, this

bandwidth is splitted in several sub-bands, each one filtered independently. In

this way, we brake intentionally the time-domain orthogonality between consecu-

tive f-OFDM symbols for lower OOBE. Consequently, asynchronous transmission

between sub-band is now supported. Each sub-band has different waveform pa-

rameters, meaning different length of CP, sub-carrier spacing and transmission

time interval (TTI). Therefore, it is possible that in different sub-band to provide

different kind of services, depending on the type of traffic.

Figure 3.1: Co-existence of Waveforms [12]

To illustrate the coexistence of different f-OFDM waveforms, let us analyze figure

3.1. The time-frequency arrangement changes depending on the type of service.

For example, in IOT scenario a single carrier modulation scheme may be used

rather than OFDM. Meanwhile, in M2M communication, ultra low latency and

high reliability are strictly needed. Therefore, providing a very short TTI allows

to have a lower latency in the transmission of information as required. In other
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kind of services other numerology can be needed and f-OFDM its capable of en-

abling it. Nevertheless, the performance is strictly limited in designing a proper

filter depending on the situation. This is going to be discussed later through this

chapter.

3.2 F-OFDM Transciever

Let us consider a down-link scenario of f-OFDM as shown in figure 3.2. We see that

in Base Station (BS) side, depending on the service request, different numerology

can be applied. For example, different subcarrier spacing, IFFT length and CP

length. At the user equipment (UE) side, each UE will perform filtering with filter

parameters arranged in this way, so as to match with that of the BS side and to

take the service needed. This example also will work in an up-link case, where

each UE will send the data to the BS, and will perform filtering operation in each

sub-band allocated for different type of services. It worth noticing that in an up-

link scenario of f-OFDM, synchronization need is relaxed because the waveforms

are well localized in frequency.

Let us now mathematically characterize the f-OFDM symbol. This is very im-

portant in order to understand the operations needed at the transmitter and the

receiver side. In order to do this, let us consider an up-link scenario where we

have M UE transmitting at the BS. Starting from discrete time representation of

OFDM symbol:

xu(n) =
1√
N

N−1∑
k=0

cke
j2πkn/N (3.1)

and reminding that filtering operation is a convolution operation from the math-

ematical point of view, we can finally write:

x̃u(n) = xu(n) ∗ fu(n) (3.2)
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Figure 3.2: f-OFDM Block Diagram [12]

where xu(n) is the signal of the u-th UE and fu(n) is its particular filter. The

spectrum shaping filter fu(n) should be appropriately designed in order to suppress

only the out of band emissions. It means that it should have a central frequency

in the middle of the assigned sub-carriers and the bandpass of the filter should

include all the sub-carriers of the OFDM symbol.

The signal received at the BS side will have the following form:

r(n) =
M∑
u=1

s̃u(n) ∗ hu(n) + wu(n) (3.3)

where M is the number of UEs, x̃u(n) is the signal coming from u− th UE, hu(n)

is the channel impulse response of the u− th channel and wu(n) is the noise.

The BS receives the signal r(t) and passes it through the filter f ∗u(−n) which is

matched with the transmitter filter of each UE fu.

ru(n) = r(n) ∗ f ∗u(−n) (3.4)
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The role of the matched filter is to reject the interference from other UEs and it

maximizes the signal-to-noise ratio (SNR). The BS should have a bank of filters,

in order to get the symbols from each UE. Each filter at the receiver should be

designed with the right parameters, centered frequency and BW in order to not

have performance degradation. Than the demodulation procedure is like in the

case of OFDM that we discussed in Chapter 2. The end-to-end channel fn(n) ∗

hu(n) ∗ f ∗u(−n) should be estimated and equalized at the receiver. Therefore we

will have an increasing of the complexity due to filtering at the transmitter and

at the receiver, but still maintaining all the other advantages.

3.3 Filter Design

Whenever we have to design and implement a filter, we have to take into account

the trade off between time and frequency localization of the filter [13][14]. A longer

filter in the time domain, would provide a better spectrum containment, meaning

better suppressing of the out of band emissions, and vice versa. Therefore, in order

to take advantage of f-OFDM, a proper design technique needs to be implemented.

Choosing the best filter is a difficult approach. However, based even in the scientific

papers related to this topic [12][15], we are going to choose the soft-truncated filter.

3.3.1 Soft-Truncated Filter

As we know, an infinite sinc function in the time domain, gives us the ideal low-

pass filter. All frequencies below the cutoff frequency are passed with unitary

amplitude, whereas the other frequencies are blocked. This would be ideal if we can

implement it, however we can not filter our signal for an infinite time. Therefore, it

is important to truncate the sinc-function, leading us to the windowed-sinc filter or

called differently soft truncated filter. We will implement the filter in the discrete

time domain, so we will consider the discrete time representation of the filter.
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In order to truncate the sinc function, the well known windowing functions [16]

are considered:

• Rectangular:

h(n) = K1rect(
n−M/2

M
) (3.5)

• Hamming:

h(n) = K2(0.54− 0.46cos(
2πn

M
)) (3.6)

• Hanning:

h(n) = K3(0.5− 0.5cos(
2πn

M
)) (3.7)

• Blackman:

h(n) = K4(0.42− 0.5cos(
2πn

M
) + 0.08cos(

4πn

M
)) (3.8)

where M is the number of taps of the discrete time filter, or usually called the

filter length and K1 to K4 are the normalization factors. n = 0, 1, ....,M

Figure 3.3: Time and Frequency Representations of Windows

Analyzing figure 3.3, it is obvious that the window which allows to have a better

attenuation in the stop band is the Blackman window. It also has the advantage

that gives less ripples in the passband with the cost of a higher transition band.

For performing simulations we are going to choose the Blackman windowed-sinc
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filter. However any kind of window, apart from rectangular one, would be a good

choice.

Finally our filter can be expressed by the following mathematical description:

h(n) = K
sin(2πfc(n−M/2))

n−M/2
[0.42− 0.5cos(

2πn

M
) + 0.08cos(

4πn

M
)] (3.9)

3.3.2 Filter Parameters

From equation 3.9 it is important to discuss the parameters of our filter, which

are also our degrees or freedom in designing the proper filter.

Fc is the cutoff frequency. This is a parameter that we can choose depending on

the transceiver structure. The important thing to mention here is that we need to

assure that all the subcarriers that we want to filter should be inside the passband,

otherwise we will lose information data. For example, choosing a cutoff frequency

Fc = 0.5, it is enough to upsample the OFDM symbol by a factor of 2, before we

apply filtering. Otherwise, applying filtering directly, would mean loosing half of

the information symbols.

M is the number of samples, called differently the length of the filter. This is a

parameter that we can choose, taking into account the trade of between time and

frequency localization. Applying filtering for a longer time, will lead to a greater

overhead, which is something that we should keep under control.

On the other hand, a longer filter means a better attenuation in the stopband,

allowing a better utilization of the available spectrum, because the need for guard

bands is going to be relaxed. Analyzing figure 3.4 and 3.5 we can see that increasing

filter length have an effect even in the pass band, decreasing the ripples. Less

ripples means less distortion in the symbols we need to transmit, hence we have

to take into consideration even this.
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Figure 3.4: Blackman windowed sinc filter (M=31)

Figure 3.5: Blackman windowed sinc filter (M=47)

3.3.3 Filter Tails

As we previously mentioned, filtering is a convolution operation, hence it intro-

duces filter tails to the OFDM symbol (see fig 3.6).

We discussed in chapter 2 that in order to deal with ISI and ICI problem, we have

to add a CP in front of each OFDM symbol.

In f-OFDM, due to filtering operation, the symbol duration is increased to N+M-

1, where N is the OFDM symbol duration and M is the filter length. Hence,

we will introduce ISI in consecutive symbols arriving at the receiver. In order

to cope with this ISI we can enlarge the CP (see fig 3.7), so as to cancel both,

the effect of multipath and filtering. However it is worth noticing that the main

energy of filtering operation in concentrated on CP, and therefore its induced ISI
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is very limited. Furthermore, enlarging the CP means reducing the performance

by introducing a larger overhead, so we need to avoid it.

Figure 3.6: f-OFDM Symbol [17]

Figure 3.7: Extended CP

Finally, we can say that no treatment is needed for the filter tails. We have to

accept it as an added noise to the next symbol, as along as its effect is very small

in terms of reduction of performance.

3.4 Numerical Results

In this section we are going to discuss the results of the numerical simulation in

Matlab of a point to point f-OFDM transceiver. The parameters used to built our

transceiver structure are going to be listed in table 3.1. As we mentioned even in

the previous chapter, this parameters are based on the Mobile WiMax standard,

and we will follow this parameters for each scheme in order to be able to compare

the results. Another important parameter to set is the order of the filter. Based

even in the scientific literature about this topic, we are going to use a filter length

M = T/3, which means 1/3 of the symbol time.
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Parameter Value based on Mobile WiMAX standard
FFT/IFFT size 512
Number of used data subcarriers 360
Number of pilot subcarriers 12
Number of guard bands 32 (6 percent)
Cyclic Prefix 1/8
Channel Bandwidth (MHz) 5
Subcarrier frequency spacing (kHz) 10.94
Useful symbol time (micro s) 91.4
Modulation QPSK
Channel model AWGN
Coding rate uncoded
Order of the filter M 127 (1/3 of symbol time)

Table 3.1: Simulation Parameters f-OFDM transceiver

Figure 3.8: f-OFDM spectrum

We distinguish a great improvement of PSD compared with OFDM. It is also

worth noticing that the guard band used here is approximately 6%, which is 1/3

of the guard band used in OFDM. It means that we have a considerable gain in the

utilization of spectrum. However to make a full comparison with OFDM we have
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to make a performance assessment, not only just the comparison of the spectrum

(see Chapter 5).

3.5 Summary

In this chapter f-OFDM was studied. Some conceptual comparison with OFDM

was made and what f-OFDM offers was discussed. Also the OFDM signal was

characterized and filtering technique was analyzed. At the end the spectrum of

f-OFDM was shown and interpreted.
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UFMC: Universal Filtered

Multi-Carrier

Universal filtered multi-carrier (UFMC) is a potential candidate waveform for

future wireless systems. It is also known as unified filtered OFDM (UF-OFDM).

In this chapter we are going to start with a general picture of UFMC, going on

with the mathematical description of UFMC transceiver. The filtering technique

applied to this method will be discussed as well. We will finally conclude with

some numerical results of UFMC spectrum.

4.1 General Framework

While f-OFDM filters the whole band for a specific service provided inside that

band, UFMC divides the band assigned for a user in smaller sub-bands (see figure

4.1), and after filtering them separately, they are summed and sent through the

channel. Both methods are similar, in the sense that they both imply filtering

technique, but the way in which filtering is applied and the receiver structure is

different. As we mentioned even in the previous chapter, filtering operation makes

the symbol to be longer in time, causing consecutive symbols to overlap. Due

to this filter tails, UFMC uses a null transmission or known as zero padding in

35
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front of each symbol, in order to cope with both, the delay spread of the channel

and filter tails. Using a null transmission as a guard band and not a CP means

introducing ICI, as we previously discussed and explained in Chapter 1. In UFMC

we intentionally introduce this ICI. Only by intuition we can understand that the

ICI in this case is going to be lower because we filtering a specified number of

subbands inside the whole band. The more subbands we filter inside a band, the

less the effect of ICI would be. It is worth noticing that the filter length should

be limited to the length of ZP in order to have an orthogonal waveform in the

time-domain (see figure 4.2), as we are wasting the orthogonality in the frequency

domain.

Figure 4.1: Subband Filtering

In contrast, in f-OFDM we use the CP to ensure an ICI free transmission, but

we use long filters for a better spectrum localization, with the cost of introducing

some ISI. While in UFMC we maintain orthogonality in time-domain, in f-OFDM

we maintain it in frequency domain.

Figure 4.2: UFMC Symbol [17]

In UFMC, the filtering method proposed in the scientific papers [18][19][20], is a

Dolph-Chebyshev filter due to its low side-lobes fall rate.
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4.2 UFMC Transciever Structure

Let’s consider a simple one to one transmission in order characterize our UFMC

system. Suppose that we have N subcarriers allocated for transmission to the k-th

user. The total N subcarriers are divided into B sub-bands. Suppose that there

are Mi subcarriers in the i-th sub-band. Having this specifications the following

formula should hold:
B∑
i=1

Mi = N (4.1)

In each sub-band is applied IFFT of length N, and filtering of length L. Hence,

the data vector xi,k will have length N+L-1.

The final time-domain transmitted vector xk to the k-th user would be a super-

position of B sub-band filtered components:

xk =
B∑
i=0

(xi,k ∗ fi,k) (4.2)

where fi,k is the filter for the i-th sub-band and xi,k is the data vector of the

i-th sub-band after applying N point IFFT. We can write the equation 4.2 in

a vectorial form by using the Toeplitz matrix for filtering operation and IDFT

matrix for IFFT operation. Finally the UFMC signal for the k-th user can be

written as:

xk =
B∑
i=1

Fi,kVi,kci,k (4.3)

where Fi,k is the Toeplitz matrix that contains the filter impulse responses per-

forming the linear convolution and Vi,k is the IDFT matrix which allocates the

complex symbols ci to the assigned subcarriers. Basically, the Toeplitz Matrix
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will have the following form:

Fi =



h[0] 0 0 . . . 0 0 . . . 0

h[1] h[0] 0 . . . 0 0 . . . 0

h[2] h[1] h[0] . . . 0 0 . . . 0
...

...
...

...
...

...
...

...

h[L− 1] h[L− 2] . . . . . . h[0] 0 . . . 0
...

...
...

...
...

...
...

...

0 0 0 . . . h[L− 1] h[L− 2] . . . h[0]


It is worth mentioning that if the order of the filter L=1, UFMC converges to

ZP-OFDM.

The block diagram of a UFMC transceiver is illustrated in figure 4.3.

Figure 4.3: UFMC Block Diagram

At the receiver side, for complexity purposes, we have to zero pad the received

signal to the next power of 2 and then perform FFT. This is due to the fact that
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we usually apply a power of 2 point FFT or IFFT because it takes less time. After

passing through filter the received signal would be of length N+L-1, where L is

the delay of the filter (length of ZP) and N is a power of 2. Therefore, at the

receiver we have to apply a 2N point FFT, which means an increased complexity

compared with OFDM and f-OFDM. After applying FFT we have to apply some

post processing like equalization and downsampling by a factor of 2, in order to

get the transmitted UFMC signal. As in f-OFDM, the core of this technique is the

filtering operation, therefore we should apply and build it in a proper way. The

Dolph-Chebyshev filter is analyzed in the following section.

4.3 Doph-Chebyshev Window

There is a particular reason why we use Dolph-Chebyshev window in order to

suppress the OOB emissions [18]. Given the desired side-lobe suppression, it gives

the narrowest band possible. Or vise-versa, given the BW of the main lobe, it

optimizes the OOB emissions. It minimizes the Chebyshev norm of the side lobes

for a particular main lobe. The following equation characterize the optimal Dolph-

Chebyshev window transform:

W (wk) =
cos{Mcos−1[βcos(πk/M)]}

cosh[Mcosh−1(β)]
k = 0, 1, ....,M − 1 (4.4)

β = cosh[
1

M
cosh−1(10α)], α ≈ 2, 3, 4 (4.5)

Now the Dolph-Chebyshev window is defined as:

w(n) = DFT{W (wk)} (4.6)

The α parameter effects the side-lobe level (SLS).

SLSdB = −20α (4.7)
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Usually, in this type of window the side lobes are called ripples in the stop-band

because they have the same level of attenuation.

4.4 Numerical Results

In this section we are going to see the spectrum of an UFMC signal by performing

the simulation of a simple point to point UFMC transceiver. Again the parameters

of our transmission are going to be the same like in the case of OFDM and f-OFDM,

in order to make a comparison of schemes. The following table summarizes all the

parameters used.

Parameter Value based on Mobile WiMAX standard
FFT/IFFT size 512
Number of used data subcarriers 360
Number of pilot subcarriers 12
Number of guard bands 32 (6 percent)
Zero Padding 1/8
Channel Bandwidth (MHz) 5
Subcarrier frequency spacing (kHz) 10.94
Useful symbol time (micro s) 91.4
Modulation QPSK
Channel model AWGN
Coding rate uncoded
Order of the filter M 64 (1/8 of symbol time = ZP, -40dB sidelobes)
Number of sub-bands 8 (64 sub-carriers/sub-band)

Table 4.1: Simulation Parameters UFMC transceiver

Analyzing fig 4.4 we see that we have divided the 5MHz of BW into 8 smaller

subbands and filtering them independently . We can distinguish that the effect of

each subband on adjacent subbands is going to be low because the attenuation in

the side lobes of each subband is high. The overall spectrum is shown in figure 4.5

when we see even the OOB emissions. A comparison between methods considering

the spectrum is going to be made in the following chapter.
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Figure 4.4: UFMC inBand Spectrum

Figure 4.5: UFMC Spectrum

4.5 Summary

In this chapter the Unified Filtered Multi-carrier (UFMC) scheme was discussed.

At the beginning of the chapter a general framework was explained, going on
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with the block diagram of a UFMC transceiver. As this technique uses a Dolph-

Chebyshev window to suppress the OOBE this type of window was analyzed.

After performing some numerical simulations of a simple point to point UFMC

transceiver the final result was shown.
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Performance Assessment

In the previous chapters, we focused our attention on the spectral properties of

the considered waveforms. Our considerations were mainly focused on the overall

picture of the transceiver of each scheme and the spectrum of the signal. We

will see through this chapter some performance assessment of each scheme, based

on simulation results using Matlab. We will perform our simulations, firstly by

considering a synchronous transmission, going on with performance degradation

evaluation due to Carrier frequency offset (CFO) [21].

5.1 Spectrum Comparison of OFDM, f-OFDM,

UFMC

Firstly, let us start by comparing the results we obtained for the PSD of each

signal, OFDM, f-OFDM and UFMC. We are going to put the results in the same

plot, as shown in figure 5.1.

To begin with, we see that f-OFDM has the best localization in frequency. This is

due to the fact that in these technique we are using long filtering, in contrast with

UFMC where filter length should be the same as ZP. f-OFDM allows us to use a

longer filter, because the waveform maintains the orthogonality in the frequency

43
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Figure 5.1: Spectrum Comparison

domain, by preserving the use of CP. On the other hand, in UFMC we intentionally

remove the CP with the cost of having ICI. However, filtering operation in each

subband makes the effect of the ICI self-introduced smaller.

Secondly, we can distinguish that the BW of f-OFDM and UFMC is larger com-

pared with that of OFDM. This happens because we are using less guard bands

compared with OFDM, which according to the parameters that we have run the

simulations is 18% of the 5MHz BW assigned. Whereas in f-OFDM and UFMC

we are using a smaller guard band, approximately 6%. Therefore f-OFDM and

UFMC utilize the spectrum more efficiently compared with OFDM.

Finally, if we consider an asynchronous up-link scenario [22][23] of OFDM, f-

OFDM and UFMC, by intuition we can understand that f-OFDM and UFMC

would overperform OFDM due to their well localization in frequency.
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5.2 Performance Analysis in Synchronous Trans-

mission

We are going to measure the performance in terms of bit error rate (BER) vs

EB/N0 over a AWGN channel for OFDM, f-OFDM and UFMC. The simulation

of all the 3 schemes is done in Matlab, following the parameters according to table

5.1.

Parameter OFDM, f-OFDM, UFMC
FFT/IFFT size 512
Number of used data subcarriers 360
Number of pilot subcarriers 12
Number of guard bands 94, 32, 32
CP or ZP 1/8
Channel Bandwidth (MHz) 5
Subcarrier frequency spacing (kHz) 10.94
Useful symbol time (micro s) 91.4
Modulation QPSK
Channel model AWGN
Coding rate uncoded
Order of the filter M no filter, 127, 64
Number of sub-bands no subband, no subband, 8

Table 5.1: Simulation Parameters

Figure 5.2: Performance Comparison
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It is obvious from figure 5.2 that in a AWGN channel the performance of UFMC

and f-OFDM is slightly lower than OFDM. This is due to the fact that the filter

induces some ripples in the passband and will cause a small distortion in the symbol

transmitted. The symbols in f-OFDM are less distorted from the passband ripples

of the filter because the filter length is higher than UFMC. It is also worth noticing

that the performance of OFDM is slightly lower than the theoritical one due to

the CP. However, we have to keep in mind that in this simulation we do not have

any kind of time offset, frequency offset or phase offset. Apart from the AWGN

noise, the other parameters are ideal.

5.3 Performance Analysis in Presence of Carrier

Frequency Offset

Let us now turn the attention on the effect of a CFO in the performance of OFDM,

f-OFDM, UFMC. The carrier frequency offset is normalized to the frequency spac-

ing. It means that a CFO = 0.2 = 0.2 ∗∆f . We will show below the results that

we obtain by keeping the same parameters as in section 5.2.

Figure 5.3: OFDM performance in presence of CFO
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Figure 5.4: f-OFDM performance in presence of CFO

Figure 5.5: UFMC performance in presence of CFO

It is perfectly shown that UFMC is more robust towards CFO than the two other

schemes. On the other hand, OFDM and f-OFDM have the same performance

when the CFO is present because we are considering only a one-to-one communi-

cation. The OOBE emissions suppressed by the filter in f-OFDM, does not give

us any gain in a one-to-one scenario. It is important to understand that in an

up-link scenario, where many UE send data to the BS, f-OFDM will outperform

OFDM in an asynchronous transmission.

Furthermore, in UFMC as the filtering is applied in several subbands inside the
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Figure 5.6: Performance Comparison BER vs Eb/N0

band, the effect of a CFO will impose a lower effect in terms of performance degra-

dation. This is even the reason why we discard the use of a CP, because wasting the

orthogonality in frequency domain has a lower impact on the performance. This is

also shown in figure 5.6 where we have plotted the result by fixing Eb/N0 = 8dB

and applying different values of CFO.
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Conclusions

In this chapter it will be presented a brief summary of all the thesis project. The

conclusions of the work are going to be mentioned and emphasized. Lately, we

will discuss the future lines of study.

6.1 Thesis Summary

This thesis work was mainly focused on the evaluation of OFDM-based modulation

schemes for future wireless communication. The modulation schemes we took

into consideration were f-OFDM and UFMC. In order to enter in more details

in each scheme, we started from the complete and detailed picture of OFDM.

Furthermore, f-OFDM and UFMC were discussed in different chapters, starting

from general framework and going on with the mathematical representation of

each signal. The block diagram of each scheme was provided and the simulation

results of the OFDM, f-OFDM and UFMC signal spectrum were shown. Than we

made a performance assessment of each modulation scheme in a synchronous and

asynchronous case, taking into account a point-to-point communication scenario.

49
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6.2 Conclusions

To conclude, we will discuss the results we obtained through this thesis in terms

of the following features:

• Complexity

Both schemes f-OFDM and UFMC offer lower complexity transmitter and

receivers. Even though they introduce the presence of filter, less complex

receivers are needed because the need for algorithms to perform strict syn-

chronization is relaxed.

• Spectral Containment

The spectral containment of f-OFDM and UFMC is improved, compared

with OFDM. F-OFDM outperforms UFMC in terms of attenuation in the

stopband because it uses a longer filter. Therefore F-OFDM is better local-

ized in frequency than UFMC.

• Robustness against CFO

UFMC is more robust against CFO than OFDM and f-OFDM in a one-to-

one scenario transceiver.

• Asynchronous Transmission

Both techniques support asynchronous transmission because they are better

localized in frequency and the performance degradation due to imparities is

lower.

• Flexible Numerology

F-OFDM and UFMC offer flexible numerology due to the filtering operation

that makes this waveforms flexible and re-configurable depending on the

scenario.
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6.3 Future Work

In this thesis the performance evaluation was only made considering a simple

one-to-one communication. The results obtained are valuable. However a further

performance assessment should be considered taking into consideration an up-link

scenario communication. Furthermore, different kind of channel can be tried in

order to see the robustness in different channel conditions.

Secondly, we have performed filtering in f-OFDM based on soft-truncated filter

and in UFMC based on Dolph-Chebyshev filter. However other type of filters can

be taken into account. There can be other filtering techniques that can offer better

results.

Finally, other techniques like Filter Bank Multi-carrier (FBMC) and Generalized

Frequency Division Muliplexing (GFDM) can be evaluated.
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