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1. INTRODUCTION 

In modern wireless communications, the existing long-term evolution-advanced (LTE-
A) system cannot fulfill the increasing requirements from multiple usage scenarios. 
This has resulted in new research and standardization activities on developing a new 
standard for fifth-generation (5G) cellular networks. Meanwhile, the Third Generation 
Partnership Project (3GPP) introduced a new radio access network to the LTE family 
in Release 13, which is named as Narrow Band Internet of Things (NB-IoT) [1]. NB-
IoT is considered as a communication system that is capable of connecting billions of 
devices with a great range of applications ranging from environment monitoring, 
utilities, and logistics to various industrial fields. One of the possible deployment 
scenarios of NB-IoT is to operate in narrow frequency bands within existing LTE 
systems. This is essential for reducing the deployment budget and improve the spectrum 
utilization efficiency. NB-IoT is expected to be reused, with some enhancements, for 
massive Machine Type Communication (mMTC) in the 5G system. 

In this context, several drawbacks should be considered since both NB-IoT and uplink 
LTE are using the orthogonal frequency-division multiplexing (OFDM) scheme. One 
of the major problems of OFDM is spectral leakage. OFDM subcarriers have high 
sidelobes around activated subcarriers, which may lead to high interference to adjacent 
users [2]. Especially, NB-IoT subcarriers are allocated close to LTE Resource Blocks 
(RBs) with different transmitted power levels. Both signals could have a possibility to 
leak high interference to adjacent subcarriers, unless the two systems are perfectly 
synchronized, which might not be the case in practical operation.  

Consequently, plenty of approaches have been studied to reducing the sidelobe of 
OFDM signals. A straightforward way is to use filters, but this can increase system 
complexity and introduce extensive delays [3]. Other proposed methods include the use 
of interference cancellation carriers (CC) [4][5], subcarrier weighting (SW) [6], multi-
choice sequences (MCS) [7], and Adaptive Symbol Transition (AST) [8]. Although 
these techniques can reduce the sidelobes significantly, they require relatively high 
computational complexity.. In contrast, time domain windowing is much simpler by 
using guard intervals on both sides of each transmitted OFDM symbol. 
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finish the primary specifications to allow deployments according to 2020 timeline [11]. 
Phase 1 will be completed by 2018 in Release 15. Phase 2 will extend the functionalities 
of 5G to support more services, scenarios and also higher frequency bands. It is planned 
to be brought out in Release 16 around 2020. 

 

Figure 2-1 The 3GPP timeline for Next Generation Cellular 
[http://www.3gpp.org/news-events/3gpp-news/1674-timeline_5g] 

 

2.1.2 5G Scenarios  

The usage of 5G will not only served for mobile communications. In fact, IMT 2020 is 
expected to support various usage cases in three categories: 

�y Enhanced mobile broadband (eMBB):  This refers to a communication system 
that is based on the existing LTE-A but with improved user experience. New 
technologies will be introduced to support a range of cases, including wide area 
coverage and hotspots. For the wide area coverage, because of the requirement for 
seamless coverage and high mobility, transmitter data rates will be increased 
compared to those provided today. For hotspots, the main scene is with high UE 
density and high traffic capacity, but less requirement on mobility. 
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�y Ultra-reliable and low latency communications (URLLC): The requirements for 
URLLC in reliability , latency, and capacity are extremely stringent in all these 
three applications. Usage cases include Tactile Internet [13], smart city, vehicle-
to-everything (V2X), intelligent transportation, and wireless control of industrial 
manufacturing, etc. 

�y Massive machine type communications (mMTC): mMTC application is mainly 
considered as a very large number of electrical devices with low transmission times 
and low data rates. Devices are required to have very long battery life with low 
fixed cost. 

2.1.3 5G requirements  

Towards a system concept, the requirements of 5G is to develop a technical solution 
that support:  

�y 10-100 times higher data speed compared to the existing LTE network, reaching 1 
to 10 Gbps connections 

�y 1 millisecond end-to-end round-trip latency 

�y 1000 times higher data capacity per area [14] 

�y 10 to 100 times connected devices 

�y 90 percent reduction in network power consumption 

�y Up to 10 years battery life for mMTC. 

These requirements shall be fulfilled at similar cost as today but based on corresponding 
scenarios [19]. 

2.2 NB-IoT 

The Internet of Things is revolutionizing the whole society no matter the lifestyle or 
industrial area and is expected to create steady growth in economy. In this technology-
based society, all devices that benefit from an internet connection will eventually be 
connected. There are more than 16 billion IoT devices worldwide in 2017, and Ericsson 
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predicted that the total number will be rapidly increased to 28 billion by 2021, half of 
which will be connected to Machine-to-Machine (M2M) and consumer-electronic 
devices [15]. 

M2M or Machine-type-Communications (MTC) plays a significant role as the key sight 
of IoT deployments. Massive MTC refers to a use case in which thousands of devices 
seldom transmit and/or receive a small amount of data packets [1]. As a result, low 
power consumption, low complexity, stability, and long coverage become primary 
requirements for massive MTC. Especially from the power consumption perspective, 
the battery of these devices are expected to have up to 10 years of lifetime. As such, in 
recent years, Low Power Wide Area (LPWA) technologies have been developed to 
fulfil the great demands of the market. Technologies, such as LoRa and Sigfox, have 
become extraordinary popular for massive MTC. LoRa and Sigfox are designed to be 
deployed at an unlicensed spectrum, which is also allocated for Industrial, Scientific 
and Medical (ISM) applications. Both technologies can support thousands of 
connections with a coverage distance reaching 10 km. However, the drawback is 
apparent. Due to commonality of frequency resources in unlicensed spectrum, certain 
technologies, such as frequency hopping, are considered to prevent coexisting systems 
from interference, such as Wireless Local Area Network (WLAN) and Bluetooth 

Thus, in order to provide a satisfying capacity for massive MTC, another solution is 
look into the licensed spectrum. Licensed bands do not suffer from un-coordinated co-
channel interference from external systems. However, in the uplink the transmission 
the power is limited, while the downlink budget can be increased due to higher 
transmission power of base stations.  

The Third Generation Partnership Project (3GPP) published LTE release 13, which 
standardized a new radio access network (RAN) called narrowband Internet of things 
(NB-IoT). This network inherits the functionalities of existing LTE systems with small 
differences and operates in a narrow band of 180 kHz, i.e., 12 sub-carriers, and it is 
particularly designed for massive MTC communications. With upgrade in terms of core 
network, the existing LTE systems can directly support NB-IoT applications. This is 
paramount to determine a new radio access into commercial application and plays an 
essential part in reducing the deployment costs. 

The main benefits are obvious: less complexity, lower power consumption, less cost in 
implementation and larger coverage because of increased transmitted power spectral 
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GSM
NB-IoT

Standalone

NB-IoT
In-band

NB-IoT
Guard-band  

Figure 2-2 NB-IoT Operation Modes 

2.3 NB-IoT application s 

The application environment of mMTC includes but is not limited to environmental 
monitoring, smart city, smart home, and smart architecture, etc. 

2.3.1 Smart metering  

Smart metering is one use case of smart home that helps save manpower by remotely 
collecting electricity, water, and gas meter data over cellular networks [18]. The cost of 
manual meter reading, and maintenance of meter equipment will consequently be 
reduced as these two are considered as major cost drivers for conventional metering. 

2.3.2 Alarms & Event Detectors  

Home safety of human living is also a significant aspect of smart house. Multiple 
sensors will detect and then report the house status consecutively, especially for home 
intrusion or emergence situations. Both alarm and events detectors will make use of 
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in this case the orthogonality of subcarriers is maintained. This will increase the time 
duration for OFDM symbols to: 

�6L �0 �®���æE�¿�Ú 

Figure 3-3 shows the process of CP extension. 

�Äa�Å

(b)

N*Ts

�• g
�• g

 

Figure 3-3 (a) No cyclic prefix, (b) Cyclic prefix inserted 

3.2 Receiver  

On the receiver side, a general OFDM system will first translate the serial sequence to 
parallel sequence according to the length of IFFT and CP, then the cyclic prefix will be 
removed. After that, the data is fed to Discrete Fourier Transform (DFT) for detecting 
the subcarrier symbols. In practical implementations, the computationally efficient Fast 
Fourier Transform (FFT) algorithm is used. The orthogonality is then achieved, which 
can be shown by expressing the effect of the symbol modulated to subcarrier k on the 
detected symbol in subcarrier l as follows [24]: 

Í �T�à �:�G�; �®�A�?
�6���Ý�®�ß�®�á

�Ç L \
�s�á���������������������������������������HL �G
�r�á�������������������K�P�D�A�N�S�E�O�A

�Ç�?�5

�ß�@�4

 

In order to reconstruct the original information from received data, which is distorted 
by the channel and additive noise, filtering and channel equalization will be 
implemented. In this thesis, high-pass filter is employed at the transmitter to avoid the 

sidelobe effect for the combined NB-IoT signal. Therefore, in the absence of noise, the 

nth symbol is demodulated by: 
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where Y(k) is the channel frequency response corresponding to subcarrier k. 

3.2.1 Frequency Offset  

Generally, the uncertainty in carrier frequency is due to a difference of local oscillators 
in transmitter and receiver that results in a shift in frequency domain. This shift can also 
be caused by Doppler shift in the channel [26][27]. The carrier frequency offset (CFO) 
in an OFDM system is the difference between the actual carrier frequency used at the 
transmitter and the frequency used in the receiver to down-convert the signal to 
baseband. Each subcarrier experiences a frequency offset which is equal to the CFO. 

If the frequency offset is denoted as �¿�B�Ö, and �T�à �:�J�; and �;�à �:�G�; denote as generated 
OFDM signal and received signal respectively, then: 

�¿�GL
�¿�B�Ö
�B�æ
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In general, CFO destroys the orthogonality of subcarriers and introduces ICI. Typically, 
CFO is required to be less than 1 % of the subcarrier spacing. 

3.2.2 Timing Offset  

Timing synchronization between transmitter and receiver is essential for OFDM to 
correctly detect and decode the valid symbols. With the effect of timing offset, phase 
rotation of subcarriers would be introduced. In general, the cyclic prefix can absorb 
small timing offsets, but it is required that the joint effect of timing offsets and channel 
delay spread should be shorter than the CP duration. Precise adjustment of the timing 
advances of different uplink users is required to achieve this, which requires a rather 
complicated synchronization process. In case of NB-IoT, the required hand-shaking 
type synchronization protocol would introduce significant overhead in power 
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consumption and transmission resource usage, and asynchronous uplink transmission 
would be greatly preferred.  

In this thesis, both frequency offset and timing offset, as well as a nonlinear power 
amplifier model are introduced to the simulation model in order to examine the effect 
of windowing and filtering on the related interference leakage issues. 
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in the LTE uplink and multi-tone NB-IoT uplink as well). NB-IoT uses so-called �S/2-
BPSK modulation in the uplink. In our model, a modified phase rotation scheme is 
adopted to achieve the constant envelop modulation characteristic also in the presence 
of time-domain windowing.  

BPSK 
Mapping

Binary
Bits

Phase 
Rotation Zero Padding

IFFTAdd CP,
Prefix & PostfixWindowing

 

Figure 4-1 NB-IoT symbol generation 

The symbol generation for NB-IoT signal requires certain phase rotation to overcome 
the effect of IFFT and time domain windowing to achieve a desirable output. Symbols 
are generated by: 

�������������������5�U�I�>�K�H�OL �t �®�:�$�E�P�OF�s�; �®�A
l�@�Ý�®

�
�.
�A�®�:�>�4�ã�Ç�Þ�?�5�?�;p

�®�A�@
�.�®� �®�Ö�®�½�²

�-�.�4
�®�®�Ý�A�®�:�>�4�ã�Ç�Þ�?�5�?�;����    (4-1) 

�����.�º L �%�2E�9  

where CP is the length of cyclic prefix, W is the length of the additional cyclic extension 
for time-domain windowing, and k is the subcarrier used single tone NB-IoT. �0�æ is the 
length of generated symbols. In Equation. (4-1), the first exponential term corresponds 
to the phase rotation used for the common �S/2-BPSK modulation, while the second 
exponential term aligns the phases of overlapping cyclic extensions to ±�S/2 phase 
difference.    

4.2.1 Zero Padding  

In-between OFDM symbols, a guard band is inserted for the duration of the channel. 
The goal is to make the received symbols mutually independent. That is the reason why 
the zero-padding is applied. In this thesis, a very special case of NB-IoT is considered 
where only a single subcarrier is active. Therefore, the input of all the other subcarriers 
is zero.  
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NB-IoT IFFT OUTPUT

W W CP
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Figure 4-2 OFDM symbol extension and time-domain windowing (a) IFFT output (b) 
extended Samples (c) Windowed Samples (d) time domain windowing  

Symbol i Symbol i+1

Overlapped
 

Figure 4-3 Symbol overlapping 

After the cyclic extension insertion, a window of same length as N+CP+2*W is applied. 
The most common method is to define the transitions of the time domain window as a 
Raised-Cosine (RC) windows. In this thesis, both Root- Raised-Cosine (RRC) and 
Raised-Cosine (RC) windowing are considered and compared to evaluate the resulting 
performance. 

A RRC function is defined as: 
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where L is the length of the time-window, and W is length of both transition parts. 

 

Figure 4-4 RRC-type time-domain of windowing function with L=141 and W=4. 

According to the equations and Figure 4-4 above, it can be seen that the RRC window 
is symmetrical, i.e.: 

�������������������������������������L�:�s�; L �L�:�.�;�á�L�:�t�; L �L�:�. F �s�;�á�®�á�L�:�9 �; L �L�:�. F �9 E�s�;��        (4-2) 

�������������������������������������������������������������L�:�s�;�6 E�L�:�9 �;�6 L ���L�:�t�; E�L�:�9 F �s�;�6 L�á�®�áL �s��������������������������������    (4-3) 

As for the RC function, it is very similar with RRC windowing, and its generation 
model can be expressed as: 
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Figure 4-5 Effect of RRC time-domain windowing on NB-IoT single-tone signal with 
CP=5, W=4 

The suppression performance of windowing function is depicted in Figure 4-5. The 
frequency spectrum of NB-IoT signal shows a relatively high suppression performance 
compared to the basic CP-OFDM. The useful band remains the same as before, but the 
sidelobes are greatly decreased. 
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where �9�á is defined as: 
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The IFFT matrix is defined by the elements �9�á
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4.5 Single -tone NB -IoT signal generation model  

There are two cases which deserved to be discussed in the single-tone NB-IoT context.  
(i) The Direct Current (DC) subcarrier (k=0) is applied or (ii)  more general cases where 
kM0.  

As mentioned above, NB-IoT symbols are generated as: 

�5�U�I�>�K�H�OL �t �®�:�$�E�P�OF�s�; �®�A�@�:�Ý�®
��
�6�;�®�:�>�4�ã�Ç�æ�?�;���A�®�A

l
�6�®�� �®�Þ�®�:�¼�É�>�Ð�;

�5�6�< �®�Ýp�®�:�>�4�ã�Ç�æ�?�; 

where 

�t �®�:�$�E�P�OF�s�; �Ð�<�s�áF�s�= 

If  k=0, the latter complex exponential term is unity, and the scheme is equivalent to the 
basic �S/2-BPSK, without any additional phase rotation. More details are explained later 
in this section. 
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The �S/2-BPSK scheme introduces 90 degrees phase-shifting between consecutive 
symbols, resulting in the following symbol sequence:  
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The output of IFFT is obtained as follows: 
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Multiplied with RRC windowing function and implement overlapping, we obtain: 

�V�6�:�s�; L �T�5�:�s�; �®�L�:�. F �9 E�s�; E�T�6�:�s�; �®�L�:�s�; �®�F 

�V�6�:�t�; L �T�5�:�s�; �®�L�:�. F �9 E�t�; E�T�6�:�s�; �®�L�:�t�; �®�F 

� 

�V�ê�:�t�; L �T�5�:�s�; �®�L�:�.�; E�T�6�:�s�; �®�L�:�9 �; �®�F 

According to the property of RRC windowing expressed in Equation.(4-2) and 
Equation.(4-3) Follows that: 

�V�6�:�s�; L �T�5�:�s�; �®�L�:�9 �; E�T�6�:�s�; �®�L�:�s�; �®�F 

�����������������V�6�:�t�; L �T�5�:�s�; �®�L�:�9 F �s�; E�T�6�:�s�; �®�L�:�t�; �®�F 

� 

�V�ê�:�t�; L �T�5�:�s�; �®�L�:�.�; E�T�6�:�s�; �®�L�:�9 �; �®�F 
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���V�6�:�s�;�� L ¥�T�5�:�s�;�6 �®�L�:�9 �;�6 E�:�T�6�:�s�;�6 �®�L�:�s�;�6 

For the single-tone binary modulation:�� 

�T�5�:�s�;�6 L �T�6�:�s�;�6  

Therefore, according to Equation. (4-3): 

���V�6�:�s�;�� L ���T�5�:�s�;�� L ���T�6�:�s�;�� 

This operation can be done for the whole matrix calculation, which manifests that the 
output signal has constant envelope. The general idea can also be explained as in Figure 
4-7.  

 

Figure 4-7 Polar coordinate based analysis of window overlap 

Here p(1) and p(w) represent the weighting factors. Vectors �T�5�:�s�;  and �T�6�:�s�; 
represent complex overlapping symbol, and �V�6�:�s�;is an output sample. 
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As for more general case with �GM�r, 
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If we take CP and overlap extension into consideration, the output matrix can be 
expressed as: 
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The edge of �O�U�I�Ü is overlapped with adjacent symbols �O�U�I�Ü�>�5. This operation is 
summarized in Table 1. 

Table 1: Windowed symbol overlapping model 

Postfix of symbol  (i) Prefix of symbol  (i+1) 

�T�Ü�:�G�; 
�A�:

�6���Ý�®�:�Ç�?�¼�É�?�Ð�;�®�Þ
�Ç �; �®�T�Ü�>�5�:�G�; 

�A�:
�6���Ý�®�Þ

�Ç �; �®�T�Ü�:�G�; �A�:
�6���Ý�®�:�Ç�?�¼�É�?�Ð�>�5�;�®�Þ

�Ç �; �®�T�Ü�>�5�:�G�; 

� � 

�A�:
�6���Ý�®�:�Ð�?�5�;�®�Þ

�Ç �; �®�T�Ü�:�G�; �A�:
�6���Ý�®�:�Ç�?�¼�É�>�5�;�®�Þ

�Ç �; �®�T�Ü�>�5�:�G�; 

 

Polar coordinates are then utilized to better explain the idea of constant envelope 
procedure in Figure 4-8.  

 
 

Figure 4-8 Polar coordinate based analysis of window overlap in general case 

Same as before, �V�Ü�:�G�; is the output symbol and �T�Ü�:�G�;  and �T�Ü�>�5�:�G�;  are two 
overlapped symbols, a,b,c,d are corresponding real/imaginary parts. 
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possible to ensure that the sidelobes of both signals will not interference with each other. 
The time and frequency responses both filters used in the simulations of this thesis are 
shown in Figure 4-9and Figure 4-10. 

 

Figure 4-9 Low-pass filter in time & frequency domain for NB-IoT 

 

Figure 4-10 High-pass filter in time & frequency domain for LTE 
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4.6.1 Matched F ilters  

Matched filters refer to the optimum filters that are usually applied at the receiver to 
enhance the link performance. In general, the received signal consists of a transmitted 
signal that is distorted by by channel. The channel noise is usually considered as 
additive Gaussian white noise. To minimize the noise effect, this requires a matched 
filter. In one-words, matched filters maximize the SNR when the channel impulse 
response is known and the received signal is affected by additive white Gaussian noise. 
However, in a filtered OFDM system, the main purpose of the receiver sub-band 
filtering is to suppress interference leakage from the active subcarriers of adjacent, 
possibly asynchronous, resource blocks. The filtering requirements are similar to those 
of the transmitter side, so it is natural to use the same filters on both sides. Since linear-
phase FIR filters are used, this is also a matched filter solution.  

The representation of matched filter is shown in Figure 4-11.  

Matched Filter
h(t)

Noise 
n(t)

Input 
x(t)

Received 
s(t)

 

Figure 4-11 Matched filter in receiver 

For a received signal s(t), transmitted signal x(t) and noise n(t). 

�O�:�P�; L �T�:�P�; E�J�:�P�; 

�U�:�P�; L �O�:�P�; �Û�D�:�P�; L �T�:�P�; �Û�D�:�P�; E�J�:�P�; �Û�D�:�P�; 

Considering there is filtering implemented at transmitter, the simplest matched filter 
h(t) or equivalently frequency response H(w) are corresponding to the filter at the 
transmitter. 
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The effects of filtering on the NB-IoT and LTE signals are evaluated through simulation 
in Chapter 5. The testing model for NB-IoT is shown in Figure 4-12. In this thesis, the 
matched filters are same as the transmit filters. The main purpose of matched filter is 
to eliminate out-of-band interference and ensure the transmission quality. 

NB-IoT Generation
Windowing Filtering

Channel

Matched filterDemodulation

 

Figure 4-12 Testing system to evaluate the link performance of filtered NB-IoT. 

4.7 Power Amplifier   

Power Amplifier (PA) is a device that amplifies the signal to the targeted transmission 
power level. Ideally, a power amplifier increases the signal strength linearly according 
to its gain, while in practice power amplifiers saturate at some point because of 
electronic circuit limitations and the used supply voltage. This range of limitation is 
named as nonlinear part of power amplifier [31][32]. Therefore, if a signal with high 
PAPR passes through a power amplifier, there is huge probability of causing nonlinear 
distortion. This results in clipping or distortion of the output signal. The clipping of a 
signal in frequency domain can be considered as increased sidelobes of original signal, 
which can cause interference to the adjacent subcarriers. 

The ideal situation would be a PA operating within the linear range, close to saturation 
point, so that the signal power is well increased while less distortion is introduced. The 
various regions of operation of a power amplifier are shown in Figure 4-13. 
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4-14 and Figure 4-15 represent the constellation diagrams for BPSK modulation signals 
subject to the Rapp model of nonlinearity with two different Back-Offs (BO) and also 
that of the linear PA model. It may be noticed from the figures that the effect of 
nonlinearity on BPSK constellation can be seen as compression. Still all the points of 
the constellation are affected rather linearly. In other words, because of simple 
modulation of BPSK, the decision regions of the constellation points do not change. In 
this model, the output power level is significantly reduced with very small back-off. 
This effect is compensated in the performance simulations such that the transmission 
power level is always the same while the back-off is varied. 

A power amplifier can be operated with high input back-off in the linear region but at 
the expense of efficiency. In other words, lower back-off gives higher efficiency but it 
distorts the signal. In practice, a tradeoff has to be found between the power efficiency 
and acceptable level of nonlinear distortion. 

 

Figure 4-14 Before Power Amplifier, CP=5,W=4 


















































