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Along with the tremendous growth of extremely high traffic demand, 5G radio access 

technology, is becoming the core component to support massive and multifarious con-

nected devices and real-time, and to offer high reliability wireless communications with 

high data rate. However, in order to enable the specification of 5G technologies, millime-

ter-wave (mmWave) range with a huge frequency spectrum from 3 GHz to 300GHz will 

perfectly meet the multi-gigabit communicative demand. However, mmWave usage also 

generally brings new challenges, such as coping with high attenuation or path losses. 

As an effective method to evaluate the performance of the new concept in communication 

networks, nowadays, several channel models and simulators have been proposed and de-

velopped, such as, WINNER, COST-2100, IMT-Advanced, METIS, NYU Wireless and 

QuaDRiGa etc. Some of them, such as WINNER and QuaDRiGa, which is an extension 

of WINNER channel models, provide freely open source data, while others, such as 

METIS channels, are under proprietary licences. The thesis goals have been to offer an 

overview of the advantages and disadvantages of various mmWave channel models ex-

isting in the literature, based on the published literature, and to compare based on simu-

lations some of the main features of two selected open-source models, namely the WIN-

NER 2 and QuaDRiGa channel models. The propagation paths through WNNER 2 and 

QuaDRiGa channel modes are relying on both the line-of-sight (LOS) and non-line of 

sigh (NLOS) propagation models. The channel capacity criterion, investigated in our sim-

ulations with on the Binary Phase Shift Keying (BPSK) waveforms, shows that in WIN-

NER 2, the LOS signals are received with stronger power comparing with QuaDRiGa. In 

the future, more mmWave channel models are planned to be tested and simulated for a 

better understanding of their suitability for various mmWave applications. 
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1. INTRODUCTION 

Along with the tremendous growth of extremely high traffic demand, 5G radio access 

technology is becoming a key component of the information society [1]. The overall ob-

jective for 5G is to support massive and multifarious connected devices and satisfy the 

real-time, high reliability communications. However, in order to enable the specification 

of 5G technologies, many challenges still remains such as, designing new flexible air 

interface, achieving a large system capacity, and addressing the possible spectrum short-

age etc. 

1.1 Millimeter-wave application 

With huge bandwidth, 3-300 GHz spectra are collectively referred to as mmWave bands. 

For the demand of high bandwidth connectivity, mmWave communications are proposed 

to be one of the enablers for 5G networks providing multi-gigabit communicative appli-

cations, such as high definition television (HDTV) and ultra-high definition video 

(UHDV) [2, 3]. In general, one of the most important features of mmWave is the high 

attenuation and penetration in free space, which enable the same frequency to be effi-

ciently reused at short distance. The mmWave frequencies with large spectrum resource 

can be used for various services, including the local multiple point services from 28 GHz 

to 30 GHz, the free licensed band at 60 GHz, and the E band containing 71-76 GHz, 81-

86 GHz, and 92-95 GHz [4] and promoting several standards definition for indoor wire-

less personal area networks (WPANs) and, wireless local area networks (WLANs), such 

as ECMA-387 [5,6], IEEE 802.15.3c [7], and IEEE 802.11ad [8]. Both the cellular sys-

tems and outdoor mesh networks are greatly becoming attractive in mmWave band [9-

13].In 60 GHz mmWave, typically directional antennas are applied in order to compen-

sate the large path loss and penetration attenuation in non-line of sight (NLOS) environ-

ment. Compared with lower frequencies spectrum, the directional transmission link 

formed between directional antennas at transmitter and receiver is activated with larger 

gain and less interference to each other at mmWave. However, the antenna beamwidth 

on mmWave band is narrower than that on the lower bands, which practically brings in a 

significant challenge to conduct axis alignment and aligned axes based positioning [14]. 

Correlatively, the mmWave with high frequency accounts for implementing small phys-

ical size of antennas, especially for building complex antenna arrays and integrating them 

on PCBs (printed circuit board). Moreover, transmission on the extremely high frequency 

band has a limited range, together with the narrow beamwidth, rain attenuation, and at-

mospheric absorption, the mmWave provides is privacy and security. 
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1.2 Existing simulators and channel models 

As an effective method to evaluate the performance of new concepts in communication 

networks, channel modes and simulations are proposed and verified frequently and inno-

vatively. MmWave, regarding as the core frequency candidate for 5G, is able to offering 

dramatically high data rate in broadband mobile and backhaul services [15], [16]. Hence, 

suitable channel models and accurate parameters for mmWave communication are urgent 

for implementation of the link and system level simulations particularly. Recently, the 

indoor radio channels characteristics in frequency bands, such as 10 GHz, 11 GHz [17-

19], 60 GHz [20, 21], and 70-73 GHz [22] have been studied, as well as the campaigns 

for outdoor urban cellular networks have been performed in 10 GHz, 18 GHz, 28 GHz, 

32 GHz, 38GHz, 60 GHz, 72 GHz, and 81-86 GHz [27,28]. 

Unlike in lower bands, the extremely high frequencies’ performance is prominent, which 

leads to particular features of transmission propagation channel suffering high diffraction 

loss, high diffusion and sensitivity to attenuations in specific environment, such as rain 

and foliage. Accordingly, the previous channel models designed for sub-6 GHz are par-

ticularly not useful, as they are not able to model various effects occurring at mmWave 

carrier frequencies. The adaptable models have to be designed in such a way to achieve 

both accuracy and implementation efficiency in air interface and system performance for 

mmWave communications [15, 29]. 

Based on the extensive research of the mmWave channel [29-34], several models have 

been built. For example, a map-based ray tracing model of METIS [30], the geometry 

based quasi-deterministic model of Millimetre-Wave Evolution for Backhaul and Access 

(MiWEBA) [31] and a statistical models based on power-delay-angular distributions [32, 

33]. In METIS, the detailed map of Manhattan and Madrid are applied to measure the 

electromagnetic energy interactions. Continuously, more projects corresponding to 5G 

mmWave channel modeling works have been conducted, including NYU Wireless [22, 

23], 3GPP [35], QuaDRiGa [35], and so on. 

In this thesis, we primarily introduce the 5G technology with the particular features and 

advantages, then we summarize the physical layer characteristics for 5G proposed signals  

and technologies, such as Massive multi-input multi-output (Massive MIMO), non-or-

thogonal multiple access (NOMA), Co-frequency Co-time Full Duplex (CCFD), device-

to-device (D2D), ultra-dense network (UDN) and the modulation schemes. Together with 

the analysis about the mmWave application, the research has been conducted based on 

recently existing 5G and mmWave channel models and the simulations. Furthermore, we 

compared two channel models with simulations, namely WINNER 2 and its extension 

one QuDRiGa, and we make a comparative table among most of popular channel models. 
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1.3 Author’s contributions 

The contributions to this thesis of the author can be summarized as follow 

1) an extensive Internet search of various mmWave existing channel simulator 

2) a literature overview of 5G channel models and 5G main characteristics 

3) a basic investigation of the suitability of the found open source mmWave simulator 

for communications and positioning studies 

4) an elementary simulation-based comparison of two selected mmWave simlators 

5) a theoretical comparison of various mmWave simulators with their advantages and 

disadvantages 

1.4 Thesis structure 

The thesis is structured as follows. Chapter 1 gives a brief overview of the motivation and 

goals of the thesis and the author’s contribution. Chapter 2 presents a general view of 5G 

technologies, such as the physical layer and a brief introduction about Internet of Things 

(IoT). Chapter 3 focuses on mmWave communication, together with applications and 

challenges. Chapter 4 deals with the mostly popular channel models, such as WINNER 

2, METIS, and QuaDRiGa and illustrates a comprehensive comparison among them. 

Chapter 5 implements some simulations based on WINNER 2 and QuaDRiGa channel 

models and analyses their main features. Finally, chapter 6 presents the conclusions. 
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2. 5G AND THE INTERNET OF THINGS 

5G, as a new wireless mobile communication network, is developed for fulfilling the de-

mand of mobile communications in 2020 and beyond.  A relevant vision of 5G says that 

it is a blend of pre-existing technologies, covering 2G, 3G, 4G, WiFi and others, in order 

to allow higher coverage and availability, and higher network density in terms of cells 

and devices, with the greater connectivity for machine-to-machine services and the Inter-

net of Things [128]. As being considered to be faster than existing technologies, 5G, with 

a promising prospect, enhances the applications with high social and economic value. 

Although 5G systems is still under experimental phase with inedited not-yet-available 

technical standard, it is becoming the hot issue among worldwide research institutes of 

mobile communications, such as METIS [104], IMT-2020 [129], 5G-PPP [130], etc. The 

ultimate goal for 5G is to realize seamless connection and reliable global communication. 

Because of the rapid development of Internet and ever-increasing requirement of IoT, 5G 

is promoted to have low cost and energy consumption, to be secure and reliable, to offer 

10 to 100 times of simultaneous transmission rate than 4G systems, to reach 10 Gbit/s of 

peak transmission rate, to have 10-100 times of density of devices connection and 5-10 

times of spectrum efficiency compared to 4G systems, etc. In a word, 5G is the future, 

which breaks the obstacle of time and space, where access of sharing data can be any-

where, anytime to anyone with anything [37]. Basically, four main features of 5G are 

listed as below: 

 Efficient frequency spectrum resources 

Frequency bands from 300 MHz to 3 GHz are under intensive occupation now-

adays [38], and this limitation of spectrum source has led researchers to exploit 

new bands, mainly from 3GHz to 300 GHz, for developing 5G and 5G+ gener-

ations [39]. In the meantime, Very High Frequency (VFH) and Ultra High Fre-

quency (UHF) are commonly used in the already existed communication sys-

tems. Specifically, VFH, from 30 MHz to 300 MHz with corresponding wave-

length from 10 m to1 m, is attenuated quickly and it is primarily adopted to short 

distance transmission in space wave form. Thereby, VFH is highly influenced 

by the troposphere, and greatly depending on the terrain and ground feature. 

Nevertheless, it can be used in the aviation industry and ensure the unblocked 

communication among airplanes and between air segment and ground segment 

during the flight. Moreover, Ultra High Frequency (UHF) ranges from 300 MHz 

to 3000 MHz, with wavelength from 100 cm to 10 cm. The decimeter wave is 

also suitable for short range communication with advantages of good penetrabil-

ity. Thus, UHF is effectively applied in mobile and wireless communication, and 

is broadcasting in the form of ground space wave. 
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 High system capacity 

The information society will step into a big data era with the boost of mobile 

internet. Consequently, it is expected that the communication traffic, user data 

rate, number of connection devices will increase drastically. Thus, 5G mobile 

communication systems are designed to be available to support the high system 

capacity requirements. 

 Better user experience 

User experience with efficient, secure, steady wireless internet environment will 

be the key factors, especially after data rate reaching a satisfying value to cope 

with majority mobile data services and applications. 

 Low power consumption 

Under the premise of fulfilling the service of requirement, the quality of service 

and the user experience, wireless communications in the future aims to be green 

and eco-friendly communications. 

Specifically, a set of eight requirements have been identified by vendors and organiza-

tions, such as Ericsson [40], Huawei [41], 5G-PPP [42], etc. 

 Up to 10Gbps data rate, which means 10 to 100 times of improvement over 4G 

and 4.5G networks  

 1 millisecond latency 

 1000 times large of bandwidth per unit area 

 Up to 100 times of number of connected devices per unit area (compared with 

4G LTE) 

 99.999% availability of service 

 100% coverage  

 90% reduction in network energy usage  

 Up to 10-year battery life for low power IoT devices 

2.1 5G characteristics and features 

The development and deployment of 5G are dependent on the existing and emerging key 

technologies. In this section, several 5G physical layer key techniques are introduced, 

namely massive MIMO, NOMA, full duplex for doubling spectral efficiency, D2D, 

mmWave communications, wideband communications and dense network of access 

nodes, etc. 

2.1.1 Massive MIMO 

Traditionally, MIMO has been studied extensively in 3G and 4G systems and applied to 

mobile communication systems, such as 3G, LTE, WiFi etc. In the year of 2010, Marzetta 
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proposed an original idea by deploying large scale of antennas instead of the multi-an-

tenna [43]. Then, in order to meet with the demand of high speed data traffic, it evolved 

into the massive MIMO wireless communication theory. Massive MIMO concept has 

incomparable advantages in improving spectrum efficiency, increasing quality of trans-

mission signals and enhancing the system coverage area, etc. As indicated in [43], “by 

increasing the number of antennas at the base station, we can average out the effects of 

fading, thermal noise and intra-cell interference”. And in the application of both law of 

large numbers and central limit theorem, the design of Massive MIMO system is no 

longer needed to be nonlinear, and signal processing methods can be realized in linear 

way to avoid the above mentioned interferences and improve the system performance. 

For example, in the aspect of precoding the traditional MIMO system is normally focused 

on nonlinear precoding, such as dirty paper coding (DPC), while Massive MIMO systems 

are implemented with linear precoding: max ratio transmit (MRT), zero force (ZF) and 

minimum mean square error (MMSE). And according to [44], the experiment reported in 

there illustrated that by applying linear precoding methods with lower computing com-

plexity, the system can achieve 98% of performance of what DPC has done. In other 

words, the simplest linear precoding and decoding algorithm converge to an optimization 

as well [43]. 

The research of massive MIMO technology is an emerging field even with gratifying 

progress, but still some problems are left to be solved. With the growth of antenna amount, 

the accurate channel state information (CSI) is requested in a transmitter or base station 

in order BS to ensure the reliability [45]. To acquire the expected CSI, time division du-

plex (TDD) system is an efficient method, which uses the reciprocity of channel state at 

both uplink and downlink in relevant time, moreover, in the same frequency [46-48]. In 

frequency division duplex (FDD), the uplink (UP) and downlink (DL) use different fre-

quencies, which means that the CSI referring to the uplink and downlink is not the same. 

The term of the uplink channel estimation is done at the base station while all different 

pilot sequences from users are sent to. And the required time for uplink transmitting pilots 

is independent from the antennas at the base station. Continuously, two steps are needed 

to get CSI for the downlink channel. Pilot symbols will be transmitted to all users by the 

base station, then users send estimated CSI to the base station with feedback. However, 

the time for transmission to the base station is proportional with the number of antennas. 

As the number of antennas at base station increases, the FDD system becomes impracti-

cable. Comparatively, only CSI for the uplink is required to be estimated in TDD. And in 

a concise way, a base station receives the users’ pilot sequences and uses the estimated 

CSI to detect the uplink data, and it also can support for downlink data transmission. 

However, [49] indicates another problem causes by applying TDD that is named pilot 

contamination. Briefly, the pilot sequences generated by users in adjacent cells are no 

longer staying orthogonal, since the coherence time is limited. 
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2.1.2 NOMA 

Technically, Orthogonal Multiple Access (OFDMA) scheme is applied in 4G for low cost 

and performance with a good throughput.  However, for 5G, in order to achieve approxi-

mately 5 to 15 times more spectrum efficiency than in 4G, new multiple access multi-

plexing methods are needed to be adopted. In Orthogonal Multiple Access (OMA) tech-

nology, every single user is allocated with source separately, while in Non-Orthogonal 

Multiple Access (NOMA), as shown in the Figure 2.1, the allocation is ongoing with 

multiuser simultaneously. Unlike a typical orthogonal transmission, a non-orthogonal 

transmission and successive interference cancellation are used in transmitter and receiver 

respectively, while carrying interference information in propagation proactively. Hereby, 

the aspect of receiver in NOMA is becoming more complex, but gaining higher spectral 

efficiency. Specifically, the key features of NOMA are that allocating multiuser at differ-

ent power levels and successive interference cancellation. 

 

(a) 

 

(b) 

Figure 2.1 Illustration of (a) OFDMA and (b) NOMA principles 

Due to the fact that the dramatic growth of multimedia services cannot match the rare 

radio frequency resources, NOMA is developing to improve the spectral efficiency in 
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the design of future wireless communication systems and becoming a key enabler for 

implementation of 5G. 

2.1.3 Full duplex 

In 4G systems, FDD and time division duplex (TDD) are working with two separate chan-

nels to generate orthogonal transmission and reception. However, full duplex can promote 

the spectrum efficiency by transceiving simultaneously on both the same frequency and 

time. Due to the efficiency characteristic, full duplex is also widely accepted as one of 

the promising techniques in 5G network. Co-frequency Co-time Full Duplex (CCFD) was 

proposed by G. R. Kenworthy in his paper in 1997 [50]. In CCFD wireless communica-

tion, signals are transmitted and received simultaneously in the same frequency, thus, the 

spectral efficiency in radio link is increased by double. As showing in Figure 2.2, the far-

end and near-end units are transmitting in the same time and frequency bandwidth. Com-

paring with existing TDD and FDD systems, the frequency efficiency can be promoted 

over one time theoretically. 

 

Figure 2.2 CCFD diagram 

 However, due to the co-frequency and co-time transceiving, the signal propagated by the 

transmitter may generate interference to the local receiver. As we know, the radio signals 

attenuate through propagation. Moreover signals from local station always have much 

stronger power than that from other base stations (near far effect). In this case, the main 

problem is self-interference cancellation and suppression, which directly affects the com-

munication quality of systems. In [50], the authors describe two methods to eliminate 
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self-interference, which are radio frequency cancellation and digital interference cancel-

lation technologies. Also a new method called antenna cancellation was proposed in [51]. 

Briefly, is that it installs two antennas at transmitter and a receiver antenna with reasona-

ble distance to overcome self-interference. 

2.1.4 Device-To-Device (D2D) communications 

Network capacity, spectrum efficiency and terminal user experience guide the direction 

for 5G evolution in the future. Theoretically, D2D communication leads to the prospect 

of improving system’s performance, enhancing user experience, and releasing load in BS. 

D2D communication is based on a cellular system and it is suitable for short range com-

munication. The cellular network, consisting of User Equipment (UE) and Cellular User 

Equipment (CUE), acts as an underlay network where channel resources can be shared 

from D2D pairs to existing cellular UEs and CUEs. In D2D, data are transmitted among 

terminal devices without transferring at BS and relevant control signals. Under the con-

dition of employing D2D communication in cellular network, the scheme of direct trans-

mission relieves the BS load and reduces transmission delay, lowers the terminal trans-

mitting power and furthermore, it raises spectrum efficiency [52]. For special cases, such 

as partially damaged wireless communication infrastructures and blind zone, where there 

is no Long Term Evolution (LTE) networks, terminals through D2D are still eligible for 

communication and even get access to the cellular. 

 

Figure 2.3 D2D system diagram 

Figure 2.3 shows the D2D system diagram, which illustrates that communication among 

users happens both intra-cells and inter-cells through D2D links. In the immediate future 
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with the explosive growth of terminal number, the access of D2D network is proposed to 

relieve the challenge of access load for BS. However, in a non-orthogonal co-channel 

networks, as in Figure 2.3, the interference from base station to D2D transmission line is 

definitely covering the resource share from any D2D pairs. Continuously, when D2D 

pairs share uplink cellular resources standing closed to a CUE, the desired CUE uplink 

transmission will be ruined. And the same happens for the co-channel pairs if it is sur-

rounded by any other strong interference. In [53], the authors apply mmWave transmis-

sion into the D2D systems, Thus, D2D communications may change into orthogonal ded-

icated channel model with massive available resources in mmWave bands. With the di-

rectional and narrow beam, the transmission is always eligible for relieving interference 

and increasing spatial gain. As illustrated in the Figure 2.4 (a), when the D2D pair 1, in 

the condition of downlink and located nearby the BS, is not affected by the main lobe of 

BS transmitting beam, it will stay active. For the uplink case of Figure 2.4 (b), the CUE 

1 can complete its transmission as well as the co-channel works as normal, and the inter-

ference from D2D pair 2 can be neglected. In conclusion, the performance of D2D sys-

tems with implementation of mmWave transmission will be largely enhanced. 

 

Figure 2.4 MmWave transmission in non-orthogonal D2D communications 

2.1.5 MmWave and wideband communications 

Almost all the operating frequencies in commercial wireless communication are aggre-

gated from 300 MHz to 3 GHz. Thus, the current spectrum under 3 GHz becomes in-

creasingly crowded. However, the utilization of frequency bands from 3 GHz to 300 GHz, 

known as mmWave, is still low and it is offering a chance for the reserved 5G system. 

Overall, the main challenges are path loss, penetration loss and rain attenuation. Basically, 

with the decreasing of wavelength or improving of frequency, the loss of free space prop-

agation will increase according to the free space propagation [54] model. In addition, the 
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term of low frequency signal has advantages of being easier to penetrate buildings and 

walls, which is explained in more detail in Section 3. 

As we know, the channel capacity is in directly proportion to both the available bandwidth 

and the Signal to Noise Ratio (SNR), and the higher frequencies provides larger channel 

capacity, as well as larger available bandwidth. Therefore, in order to support the data 

rate in 5G network, the ultrabroad-band spectrum is a logical choice. Even a simplified 

modulation technique, such as QPSK, can achieve 10Gpbs data rate in 1GHz wideband 

by combining with spectrum efficiency promotion like techniques, such as massive 

MIMO [55]. 

2.1.6 Ultra-dense Heterogeneous Networks (UDN) 

5G networks are developing towards diversification, broadband, totalization and intellec-

tualization. In the year of 2020, the mobile data traffic is forecast to have an unprece-

dented growth. One of the core approaches is to reduce the cell radius and to improve the 

low power node (LPN), which is able to result in satisfying 1000 times large of data traffic 

than ever before [56-58]. Thus ultra-dense Heterogeneous Network is considered to be a 

crucial method. 

More than 10 times of number of existing wireless nodes will be installed in the future. 

Specifically, the sites are located near to others within 10m while supporting 25000 users 

with the coverage of 1 𝑘𝑚2 [59-61]. At the same time, the number of active users and the 

number of active nodes will happen to be in the ratio of 1:1, which means one-to-one 

correspondence [62]. A dense networking can shorten the distance between terminals and 

nodes, and it can also enhance the power and spectrum efficiency, meanwhile improving 

the network coverage and system capacity [62]. Although UDN is eligible for a promising 

application development prospect, the distance among nodes still causes a complicated 

network topology which leading to the problem of incompatibility of the HetNet with 

existing mobile communication systems. In 5G mobile communications, interferences, 

such as same frequency interference or, sharing spectrum interference [63-65], are non-

negligible. Moreover, adjacent nodes with similar transmission loss lead to a recognition 

problem, which makes the network performance worse. To solve it, new handover algo-

rithms [66], designed for recognizing adjacent nodes effectively [67], are urgently needed, 

while existing coordination algorithms can only handle single interference source. 

2.2 Modulation types in 5G 

In communication system, baseband signals are transformed through channel transmis-

sion only after having been modulated. Thereby, the validity and reliability of transmis-

sion are highly depended on the modulation schemes. At present, two primary mecha-

nisms are applied. One is the single carrier spread spectrum technology, such as CDMA 

(code division multiple access). The second one is the multicarrier modulation technique, 
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such as OFDM. Briefly, OFDM (orthogonal frequency division multiplexing) is widely 

implemented in wireless communication, with advantages of spectral efficiency, lower 

complexity and good performance through multi-path propagation. In 5G system, a num-

ber of multicarrier waveforms scenarios are proposed, such as FBMC (filter bank multi 

carrier), UFMC (universal filter multi carrier), Discrete Fourier transform-Orthogonal 

Frequency Division Multiplexing (DFT-OFDM) and GFDM (generalized frequency di-

vision multiplexing), etc. These are briefly overviewed in the next sections. 

2.2.1 FBMC 

Compared to OFDM, filters are allocated to every single subcarrier respectively in FBMC 

for the purpose of eliminating inter-carrier interference (ICI), and the cyclic prefix (CP) 

is not necessary while FBMC is based on OQAM to ensure the orthogonality and avoid 

inter symbol interference(ISI) [131]. 

2.2.2 UFMC 

UFMC waveform is a derivative of OFDM waveform combined with post-filtering by 

utilizing individual filter per sub-band [132]. 

2.2.3 GFDM 

GFDM waveform is based on the time-frequency filtering of a data block, which leads to 

a flexible, non-orthogonal waveform [68]. In GFDM, it is necessary to implement an in-

terference cancellation scheme and add CP to the end of each block of symbols. 

2.3 Introduction to IoT cocept 

Defined by ITU-T, The Internet of Things is "a global infrastructure for the information 

society, enabling advanced services by interconnecting (physical and virtual) things 

based on existing and evolving interoperable information and communication technolo-

gies (ICT)" [69]. IoT is seen as the world-wide network, which consists of various heter-

ogeneous physical objects, such as devices, vehicles, buildings, mobile phones, sensors 

[70] and possible items embedded within electronics, software etc. The communication 

capabilities provide a smart environment with collecting and sharing data among "things". 

The term IoT is widely used nowadays and covering an extensive range of fields, includ-

ing healthcare, transportation, smart city, home automation, especially wireless commu-

nication. 

IoT is composed of different networks which are conducted with individual objectives. 

For example, combining with LPWAN (Low Power Wide Area Network) which can of-

fers wide-area coverage in 5G technologies, is able to intend to cover wide area. It has 
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been addressed in the 3rd Generation Partnership Project (3GPP), also with relevant re-

lease, Rel-13. EC-GSM-IoT [71] and LTE-MTC [72]. Generally, LPWAN contains many 

technologies, such as LoRa, Sigfox, NB-IoT, Wireless-N, Amber Wireless, OnRamp, 

Telensa, eMTC and PlatanuS. These are listed below. 

 LoRa (Long Range) 

LoRa was published in 2013 by Semtech company with a spectacular sensitivity 

around 111 dBm to 148 dBm, which highly illustrated the reliability of network con-

nectivity. With the sensitivity, the communication systems can be arranged in long 

range, long life time of battery, large capacity and low cost. Moreover, LoRa is based 

on SS (spread spectrum) chirp modulation, and it is used in the unlicensed frequency 

bands, for example, 433 MHz, 868 MHz and 915 MHz. 

 NB-IoT 

NB-IoT is a new 3GPP radio-access technology requiring 180 kHz minimum system 

bandwidth at both downlink and uplink, respectively [73]. NB-IoT follows the design 

of LTE extensively, utilizing OFDMA (orthogonal frequency-division multiple-ac-

cess) for downlink and SC-FDMA (single-carrier frequency-division multiple-access) 

for uplink. The data rate is less than 100 kbps. 

 eMTC 

LTE-M, also kown as LTE-Machine-to-Machine (M2M), is based on the evolution 

of IoT technologies. It is also named as Low Cost MTC and LTE enhanced MTC 

(eMTC) in Rel-12 and Rel-13, respectively. Its channel bandwidth is 1.4 Mbps, and 

peak rates are 1 Mbps at both uplink and downlink.  Meanwhile, eMTC provides 

half-duplex FDD and TDD. 

The Table 2.1 illustrates more of the LPWA technologies with reference performance. 

Table 2.1 Comparison of LPWA technologies 

 Distances 
(km) 

Frequency ISM-
band 

Symmetry 
of downlink 
and uplink 

Data-rate OTA 
(over-the-

air technol-
ogy) 

Standardi-
zation 

LoRa 

Suburban: 

15-22 

Urban: 3-8 

Broadband Yes NO 0.3-5 kbps 

 

Yes NO 

OnRamp 4 Sub-GHz Yes NO 8bps-8kbps Yes IEEE 

Platauns 
Hundreds 2.4 GHz Yes NO 500 kbps 

Yes Weightless-

p 

SigFox Rural: 50 

Urban: 10 
868,902 Yes NO 100 bps 

Yes 
NO 

Telensa 
8 868,915,470 Yes Yes Low 

Yes 
NO 

Amber 

Wireless 20 
434, 868 

2.4 GHz 
Yes - 500 kbps 

Yes 
NO 
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3. MMWAVE COMMUNICATION 

The range of 3-30 GHz spectrum is generally known as the super high frequency (SHF) 

band, while 30-300 GHz is referred to as the extremely high frequency (EHF). More pre-

cisely, the frequency range from 26.5 to 300 GHz with bandwidth of 273.5 GHz is named 

mmWave band. In a broader definition, due to the similar propagation characteristics in 

both SHF and EHF, the spectrum of 3-300 GHz is sometimes collectively known as 

mmWave with wavelength ranging from 1 to 100 mm. In general, the EHF is transmitted 

in space with straight narrow beam, providing good performance of directivity and highly 

depended on the propagation environment, such as atmospheric absorption, obstacles, 

rain, etc. But due to the extremely high frequency, the mmWave communication is be-

coming stable and reliable with less interference sources. 

With the development of 5G networking, the mmWave communication with a possible 

gigabit-data service, is considered as the one of the key enablers to implementation for 

5G broadband cellular communication networks. The mmWave concept has been prelim-

inarily unleashed and primarily exploited for short-range and wireless communications 

nowadays, as shown in the Figure 3.1. 

 

Figure 3.1 MmWave spectrum 
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The authors in [38] indicated that the unlicensed ultra-wideband (UWB) ranging from 

3.1-10.6 GHz frequencies can support high data rate connectivity in personal area net-

work. Also the band within 57-64 GHz, with oxygen absorption, is promoted to enable 

multiple gigabit data rates for short-range connectivity and wireless local area networks. 

Meanwhile, the spectrum between 164 and 200 GHz is water vapor absorption [74]. It is 

illustrated from the Figure. 3.1 approximately around 252 GHz bandwidth is suitable for 

mobile broadband. Additionally, local multipoint distribution service (LMDS), standard-

ized by the IEEE 802 LAN/MAN Standards Committee by the IEEE 802.16.1 Task Group 

("Air Interface for Fixed Broadband Wireless Access System" for 10-66 GHz) is a broad-

band operating on frequencies from 28 to 30 GHz. It applies a cellular infrastructure and 

supports point-to-multipoint communication. And later the Federal Communications 

Commission (FCC) auctioned two LMDS licenses of A and B block, respectively and 

announced three segments, 71-76 GHz, 81-86GHz and 92-95 GHz, combing as E band 

(71-76 GHz, 81-86 GHz, and 92-95 GHz), which is available for ultra-high-speed data 

communication. 

3.1 Overview of the mmWave band 

Since the published of mmWave communication standards for wireless personal area net-

works (WPAN) at 57-64 GHz and 60 GHz bands by IEEE 802.15 Task Group 3c (TG3c) 

[75] and IEEE 802.11ad (WiGig) [76], respectively,  mmWave frequencies in future 5G 

cellular networks are highly stimulating for researching and potential commercial use. 

Additionally, an enormous amount of spectrum around 28-30 GHz carrier frequencies is 

investigated for the local multi-point distribution service. The free licensed band at 60 

GHz and the E band, which is announced by the Federal Communications Commission 

(FCC) in 2003, can be dedicated for developments in 5G era. Recently, the majority of 

current research is focused on the 28 GHz band, the 38 GHz band, the 60 GHz band, and 

the E band [77]. However, there are numerous fundamental characteristics and challenges 

of mmWave communication should be considered when comparing with existing systems 

conducting in the microwaves band. 

3.1.1 Beamforming technology 

With small wavelength of signals in mmWave communication, a large number of trans-

mitting antennas are implemented but with limited special radio frequency (RF) chains. 

And in the traditional cellular system, the number of RF chains is the same as the trans-

mitting antenna numbers while beamforming is implemented in the baseband. As shown 

in Figure. 3.2, the hybrid beamforming architecture consisting of analog beamforming 

and digital precoding. As indicated in [16], both analog and digital beamforming in 

mmWave transmission are operating independently and cooperatively to optimize system 
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capacity through MIMO techniques. In general, the RF chain, including low noise ampli-

fiers (LNA), down converters, A/D converters and so on, are essential at both transmitters 

and receivers. 

 

Figure 3.2 Beamforming diagrams (a) sub-3 GHz (b) mmWave system 

Furthermore, from digital beamforming and precoding perspective, the diversity gain [78] 

can be reduced by using directive antennas. As an advantage, the physical size of antennas 

at mmWave frequencies is proposed to be small and to contain build in complex antenna 

arrays, in order to integrate easily into chips or PCB [79]. Afterwards, the antenna ele-

ments can be applied by altering the signal phase and steering the beam towards to make 

intensive gain through single direction. Besides, the directional antennas may combat 

fading, multi-path and interference in transmission channel, which can promote also the 

development of D2D [80]. 

3.2 Examples of mmWave applications 

3.2.1 Heterogenuous Networks (HetNet) 

Due to the limited coverage, it is greatly proposed to arrange mmWave communications 

coexisting with other systems, such as LTE and WiFi, and thus forming a heterogeneous 

network (HetNet). In HetNets [81], various types of base stations are co-existing, such as 

traditional macro ones, low power and cost micro ones, like picos, femtos, and relays in 

order to promote system capacity. Thereby, the cooperation and interaction among dif-

ferent networks in HetNet are the promising way to explore and study and solve potential 

problems, such as mobility, vertical handover, load balance [82], inter-cell interference, 

etc. As shown in Figure. 3.3, a pico-cell in 60 GHz band coexists with macro-cells and 

micro-cells [77]. Apparently, cells with microwave bands are performing a larger cover-

age and smaller cells, like BBSs (defined in IEEE 802.11ad, basic service set), in 60 GHz 

band are providing higher capacity. In terms of a hybrid HetNet [83], characteristics of 
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spectrum at 60 and 70-80 GHz are exploited to resist the interference. In [84], a combi-

nation of mmWave and 4G system is indicated. Its architecture with TDMA-based me-

dium access control (MAC) structure is regarding as a candidate for 5G cellular network. 

The mmWave communication systems with large capacity are eligible to offload traffic 

from the macro-cells and perform good services for traffic. Meanwhile, at both mmWave 

and microwave bands, the control messages are distributed for channel access and coor-

dination [38]. In this case, control signals, such as synchronization and channel access 

requests, transmits in all directions in microwave and cause a tradeoff based on network 

coupling between complexity and performance in heterogeneous networking [77]. 

 

Figure 3.3 Heterogeneous networks, including macrocells, microcells, WLANs 

and picocells 

3.2.2 Satellite communications 

As we know, the electromagnetic waves are highly depended on their wavelength and 

obstacles’ size while diffracting. With a small wavelength in the 60 GHz band, the trans-

mission line is highly sensitive to blockages, for example due to humans as obstacles. 

However, the mmWave communications, with abundant spectrum resources and particu-

lar characteristics, can be appropriately developed for satellite communications. First, the 

greater penetrability through dust, smog, plasma, make mmWave satellite communica-

tions available and all-weather. Also because of the atmospheric absorption by water va-

por, oxygen and rain, the straight-line distance of point-to-point communications is lim-

ited. The weak signals in the area over the distance are hard to be detected, which avoids 

from intercepting and interfering. The term of atmospheric window indicates frequency 

band at 35 GHz, 45 GHz, 94 GHz, 140 GHz and 220 GHz, at which the attenuation is 

reducing. In addition, mmWave can be applied in positioning application, such as emer-



18 

gency rescue and unmanned vehicles. In [85], it says that in 5G networks traditional po-

sitioning systems like GNSS will be complemented by mmWave and massive MIMO 

technologies to enable the positioning services in indoors and dense urban areas where 

GNSS signals are not available at present. 

3.3 MmWave Challenges 

At present, 5G mmWave communication technologies are still in the stage of testing stage, 

but the mmWave band has demonstrated its potential prospects by applying it to 5G cel-

lular systems. For example, researchers from SAMSUNG in [39] indicate that they have 

designed an antenna performing at 1 Gbit/s data rate at 2 km away, with beamforming in 

mmWave band. However, to enable mmWave communications in 5G cellular networks, 

there are still certain concerns referring to the extremely high frequency transmission, 

namely path loss, atmospheric absorption and penetrability, etc. 

Traditionally, mmWave communications suffer from high transmission loss, comparing 

with other systems operating in lower frequencies. According to the Friis transmission 

law with the following equation: 

                                                                 
𝑃𝑟
𝑃𝑡
= 𝐺𝑡𝐺𝑟(

𝜆

4𝜋𝑅
)
2
                                                           (3.1) 

where 𝑃𝑟 and 𝑃𝑡 are received and transmit power, respectively; 𝐺𝑡 and 𝐺𝑟are the antenna 

gains of the transmitter and receiver gains, respectively; λ is the wavelength and R is the 

distance from the receiver to the transmitter (in meters). Apparently, it can be generated 

and calculated directly that, with isotropic antennas (𝐺𝑡 = 𝐺𝑟 = 1), the effective aperture 

area decreases with the frequency and the path loss is corresponding to the value of λ. 

Hence, for mmWave bands with high carrier frequency, the path loss is correspondingly 

high. However, considering the short wavelength, more antennas can be packed into the 

same active aperture area and transmitted and received more energy through narrow di-

rected beams with high gains [16, 38, 86]. As indicated in [16], the path loss for propa-

gation with different carrier frequencies, e.g., ranging from3 GHz to 30 GHz, can be the 

same. Regardless of the frequency, once the physical size and number of antennas are 

designed applicably, the received power arranged in 30 GHz can even larger than that of 

the 3 GHz case. 

Unlike lower frequency signals, mmWave signals hardly penetrate through most solid 

materials, such as buildings. In Table 3.1, the attenuation values for common materials 

are provided by [87, 88]. The signals, when penetrating through buildings will suffer 

propagation losses, and researches show that signals in lower frequency are more easily 

penetrating buildings (i.e., with less loss). Moreover, the propagation distance of 

mmWave is limited, together with the attenuation, will cause a failing transmission from 
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outdoor to indoor environment. Although some signals may reach inside through win-

dows, the signal is becoming weak and even out of the receiver sensitivity. To solve it, 

60 GHz WiFi using mmWave, defined in IEEE 802.11ad, and mmWave femtocell can be 

installed inside and serve all the inside coverage. 

 

Table 3.1 Attenuation for different materials [dB] 

 

Due to the roughly similar size between raindrops and radio wavelengths in mmWave, 

the presence of rain also causes significant attenuation in mmWave transmission by scat-

tering. As indicated in [78], the category of rain is classified by the rate of precipitation: 

rate of 0.25mm-1mm per hour stands for light rain; 1mm-4mm per hour means moderate 

rain; heave rain with rate of 4mm-16mm per hour; very high rain means 16m-50mm per 

hour. Specifically, for a very heavy rain at the rate of 50 mm per hour, the rain attenuation 

at 30 GHz carrier frequency is approximately 14 dB/km. The authors in [15, 78] indicate 

that with 200m of cell coverage as radius in the mmWave communications, the rain at-

tenuation is going to be surmounted and the effect is minimized. 

 Dry-
wall 

Clear 
glass 

Mesh 
glass 

Wood plasterboard Concrete  

Thickness 
(cm) 

Carrier fre-
quency 

2.5 0.3/0.4 0.3 0.7 1.5 10 

 

<3 GHz 

5.4 6.4 7.7 5.4 - 

17.7 

Attenuation  40 GHz 

- 2.5 - 3.5 2.9 

175 

 60 GHz 

6.0 3.6 10.2 - - 

- 
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4. EXISTING 5G AND MMWAVE SIMULATORS 

Nowadays, a number of organizations and researchers are working on channel modeling 

in mmWave bands. Regarding of the previous channel models, such as 3GPP-SCM, 

WINNER models, they can only be partially implemented when combining 5G technol-

ogy with mmWave. The reasons are basically based on the challenges of path loss, rain 

attenuation, directivity, and sensitivity to blockage during data transmission [89] and the 

configuration of antenna arrays, etc. 

Due to the higher carrier frequency compared with regular micro-wave, mmWave com-

munications are suffering from huge propagation loss. Theoretically, the free space prop-

agation loss is proportional to the square of the carrier frequency. For example, a 30 GHz 

mmWave experience around 20 dB path loss more than a 3 GHz signal, according to the 

Friis free space equation [90]. In this case, the mmWave propagation models are critical 

for designing proper antennas in regular scenarios for obtaining ideal data rate and the 

coverage. The authors in [91] indicate that by applying omni-directional antennas, the 

propagation distance is typically less than 20 meters. Besides, the mmWave with weak 

diffraction ability, are sensitive to blockage by humans or buildings. The authors in [92] 

shows, with a propagation measurement in a realistic indoor environment, that the chan-

nel blocked time is 1% to 2% of the whole experiment, with the number of person is 

ranging randomly from 1 to 5. Thus, previous models in UHF band cannot be applied to 

analyze mmWave networks directly. Additionally, the blockage will cause substantial 

differences in both NLOS and LOS path loss performances, which also observed in UHF 

bands [93]. But in mmWave where few clusters exist [94] and the diffraction effects are 

inappreciable [38], the influence becomes much more significant. Another distinguishing 

feature when modeling mmWave communication is the propagation environment. 

MmWave signals suffer penetration loss [95], rain attenuation and atmospheric absorp-

tion [96, 97]. Therefore, indoor receivers are unavailable to be covered by outdoor base 

stations. Furthermore, in mmW-wave communications, large scale antenna arrays are de-

sired in base station and potentially in terminal end for beamforming, in order to compen-

sate the large propagation loss. As indicated in [98], a size of 66mm×66mm plate embed-

ded 1024 antenna elements at E band forms half power beam width to the narrow value 

of 3 degree. 

So far, many geometry based stochastic channel models exist and are widely used. Figure 

4.1 illustrates an overview of an evolution about the geometry based stochastic channel 

models [36]. In 2003, the 3rd generation partnership project (3GPP) spatial channel model 

(SCM) started. Between 2004 and 2008 the Wireless World Initiative for New Radio 

(WINNER) projects were developed. The QUAsi Deterministic Radio channel generator 

(QuaDRiGa) started in 2011. One year later, the mobile and wireless communications 
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enablers for twenty-twenty (2020) information society (METIS) project was co-funded 

by the European Commission as an integrated project under the seventh framework pro-

gram (FP7) for research and development, which later is known as the 3GPP-3D channel 

model [99]. In this thesis, we will describe in more detail the three models, namely WIN-

NER 2, METIS, and Quadriga, as the ones having the best available documentation and 

being available, fully or partially, under open-access terms. 

 

Figure 4.1 Evolution of geometry-based stochastic channel models [36] 

4.1 WINNER 2 

WINNER is a global research project under framework program 6 (FP6) of the European 

Commission. It develops the new radio interface for systems beyond 3G. As a part of the 

Wireless World Initiative (WWI), known as a series of cooperating projects in FP6, the 

objective of WINNER has been to develop a common radio access system which is eli-

gible to general mobile communication scenarios at both short and wide area. The term 

of WINNER 2 is an extension from WINNER 1 project. As indicated in [100], the radio 

interface of WINNER 2 supports the requirements beyond 3G. WINNER phase one was 

developed by the cooperation of several institutions and corporations,namely Elektrobit, 

Helsinki University of Technology, Nokia, Royal Institute of Technology (KTH), Swiss 

Federal Institute of Technology (ETH), and Technical University of Ilmenau. At the be-

ginning, the first phase of project was launched based on two standardized models, 3GPP-

SCM and IEEE 802.11n. Specifically, 3GPP-SCM and IEEE 802.11n are used in outdoor 

and indoor simulations, respectively. Moreover, a wideband extension (100 MHz) of 

bandwidth in WINNER 1 was developed comparing with 5 MHz of it in SCM model. In 

WINNER 2 project, developed by Elektrobit, University of Oulu / Centre for Wireless 

Communications (CWC), Technical University of Ilmenau, Nokia, and Communication 

Research Centre (CRC) Canada, a set of new propagation scenarios and environments, 

showing in the Table 4.1, were developed, including indoor-to-outdoor, outdoor-to-in-
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door, bad urban micro-cell, bad urban macro-cell, feeder link BS-FRS (Fixed Relay Sta-

tion), and moving networks BS-MRS (Mobile Relay Station), MRS-MS [100]. The ex-

tension enabled the original functions with the same channel data in both link and system 

level simulations. The transceiver techniques, such as coding, modulation and equaliza-

tion techniques, were added. Overall, the model enhanced in two aspects, including up to 

6 GHz frequency range and a number of new scenarios [100,101]. 

 

Table 4.1 New scenarios in WINNER II compared to WINNER I 

 

WINNER channel model is a geometrical stochastic model, which models propagation 

parameters and antennas separately. Furthermore, the channel parameters are deter-

mined stochastically from every single snapshot, and extracted from channel measure-

ment. Practically, antenna geometries and field patterns are all defined by users. The 

small scale parameters, such as delay, power, angle of arrival (AOA) and angle of de-

parture (AOD), are generated by geometrical principle of rays. 

4.1.1 Channel modelling approach 

In WINNER project, a cluster is comprised by amounts of rays and the cluster is consid-

ered as a propagation path, which diffused in space. The MIMO channel with antenna 

arrays and propagation paths is illustrated in Figure 4.2. 

Scenario Definition LOS/NLOS Mobility 
(km/h) 

Frequency 
(GHz) 

Concept 
Group 

A2 Indoor to outdoor NLOS 
2-6 2-6 Local Area 

 

B2 
Bad urban 

Microcell 
NLOS 

0-70 2-6 Metropolitan 

Area 

 

B4 
Outdoor to indoor, 

microcell 
NLOS 

0-5 2-6 Metropolitan 

Area 

 

C3 
Bad urban 

macrocell 
NLOS 

0-70 2-6 - 

 

D2 

BS-MRS 

rural 
LOS 

0-350 2-6 Wide Area 

 MRS-MS 

rural 

LOS/OLOS/

NLOS 

0-5 2-6 Local Area 
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Figure 4.2 The MIMO channel 

As indicated in [101], the transfer matrix 𝐻(𝑡; 𝜏) for the MIMO channel is 

𝐻(𝑡; 𝜏) = ∑ 𝐻𝑛(𝑡; 𝜏)
𝑁
𝑛=1                                                       (4.1) 

where t is time factor (available for dynamic radio channel), 𝜏 represent delay, 𝐻𝑛 (with 

cluster of n) is the channel response matrix, composed with antenna array matrices 𝐹𝑡𝑥 

(transmitter) and 𝐹𝑟𝑥 (receiver), and it is computed as follows 

 𝐻𝑛(𝑡; 𝜏) = ∬𝐹𝑟𝑥(𝜑)ℎ𝑛(𝑡; 𝜏,𝛷,𝜑)𝐹𝑡𝑥
𝑇 (𝛷)𝑑𝛷𝑑𝜑                                           (4.2) 

Specifically, the channel between Tx antenna element s and Rx element u with cluster n 

is 

𝐻𝑢,𝑠,𝑛(𝑡; 𝜏) = ∑ [
𝐹𝑟𝑥,𝑢,𝑉(𝜑𝑛,𝑚)

𝐹𝑟𝑥,𝑢,𝐻(𝜑𝑛,𝑚)
]

𝑇

𝑀
𝑚=1 [

𝑎𝑛,𝑚,𝑉𝑉 𝑎𝑛,𝑚,𝑉𝐻
𝑎𝑛,𝑚,𝐻𝑉 𝑎𝑛,𝑚,𝐻𝐻

] [
𝐹𝑡𝑥,𝑠,𝑉(𝛷𝑛,𝑚)

𝐹𝑡𝑥,𝑠,𝐻(𝛷𝑛,𝑚)
] × exp(𝑗2𝜋𝜆0

−1(𝜑̅𝑛,𝑚 ×

                                        𝑟̅𝑟𝑥,𝑢))× exp(𝑗2𝜋𝜆0
−1(𝛷̅𝑛,𝑚 × 𝑟̅𝑡𝑥,𝑠)) × exp(j2π𝑣𝑛,𝑚t) × δ(𝜏 − 𝜏𝑛,𝑚)                  (4.3) 

where u and s are the antenna elements, and 𝐹𝑟𝑥,𝑢,𝑉 and 𝐹𝑟𝑥,𝑢,𝐻 mean the field patterns for 

vertical and horizontal polarizations. Moreover, 𝜑̅𝑛,𝑚 and 𝛷̅𝑛,𝑚 are AOA and AOD unit 

vectors respectively. The 𝑎𝑛,𝑚 represents the complex gain, while VH is the transition 

from vertical to horizontal, vice versa. Also 𝑟̅𝑡𝑥,𝑠, 𝑟̅𝑟𝑥,𝑢 are the location vectors, and 𝑣𝑛,𝑚 

is the Doppler frequency component of ray n and m. 

4.1.2 Modelling process 

The process of modelling WINNER 2 channel is divided into three segments. The first 

part is started by defining the propagation scenarios, such as the environment, the antenna 
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parameters, and network layout. The second part consisted of the data analysis, and the 

last step was about the channel model realization, as indicating in Figure 4.3. The diagram 

illustrates all the procedures including defining the general parameters, especially for the 

Large Scale Parameters (LSRs) of delay spread (DS), angle spread (AS), shadow fading 

(SF) and K factor. Then, the small scale parameters through channel measurements are 

generated. And last, there is coefficient generation. 

 

Figure 4.3 WINNER 2 channel modelling process 

In term of the network layout, it has to be noted that, WINNER models enables both link 

and system level simulations. In this case, multiple links can be simulated simultaneously. 

Figure 4.4 shows that system level simulation contains multiple base stations, relay sta-

tions and terminals. Also in this picture, each short blue line stands for a channel segment 

with fixed LSRs. And the dashed line area means a link level simulation. 

 

Figure 4.4 System level approach 

Comparing to models of cluster level approach, the geometrical stochastic WINNER 2 

channel model [100, 102] follows a system level approach. As mentioned, WINNER 2 
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channel model can be conducted at both link level and system level for the evaluation of 

wireless systems. The model also supports multi-antenna technologies, polarization, 

multi-user, multi-cell, and multi-hop networks. 

4.2 METIS 

While conventional channel models such as SCM, WINNER, and International Mobile 

Telecommunications-Advanced (IMT-Advanced) were implemented for frequencies up 

to 6 GHz, other models such as IEEE 802.11ad particularly support the 60 GHz band. 

Due to actuality, the METIS channel model was designed to deal with the full frequency 

range from cellular bands of below 6 GHz up to 86 GHz [103]. 

METIS, known as Mobile and Wireless Communications Enablers for Twenty-twenty 

(2020) Information Society, is a project co-funded by the European Commission as an 

Integrated Project under the Seventh Framework Program (FP7) for applying 5G technol-

ogy into commercial and industrial worlds. As described in [104], since none of the ex-

isting channel models such as WINNER, IMT-Advanced, COST 2100, and IEEE 802.11 

fully fulfill all the 5G network requirements, the ultimate goal for METIS is to satisfy the 

particularly envisioned 5G scenarios and test cases. The original requirements as planned 

include the highly wide frequency range from 86 GHz to beyond, very high bandwidths 

around 500 MHz, completely 3D version, large array antennas, and dual-mobility for 

D2D, etc. Basically, the METIS channel models contain three types, including a map-

based model, a stochastic one and a hybrid channel model, which is combined by the 

former two models. The comparison between the various METIS models, given in [104] 

is reproduced in the Table 4.2. Particularly, the map-based model applies ray tracing and 

describes the propagation environment in a three dimensional geometric way. Thereby, 

the model illustrates the propagation mechanism clearly, such as diffraction, regular re-

flection, diffuse scattering, blocking, and supports precise channel properties for realizing 

massive MIMO, advanced beamforming and path loss modeling. On the other side, the 

stochastic model is developed from the GSCM, WINNER for the objective of enabling 

multiple dimensional shadowing maps with low complexity, millimeter wave parameters, 

power angular spectrum sampling and so on. As a combination of the hybrid model, it 

generates a flexible model framework in balancing the simulation complexity and realism. 

As an example given by [104], “shadowing attenuation may be based on a map while 

small-scale fading is stochastic” 
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Table 4.2 Comparison of models in METIS 

 METIS Model 

 Stochastic Map-based Hybrid 

Center Frequency up to 70 GHz up to 100 GHz up to 70 GHz 

Bandwidth 100 MHz < 6 GHz 

1 GHz @ 60 GHz 

10 % of the center 

frequency 

100 MHz < 6 GHz 

1 GHz @ 60 GHz 

Pathloss separate, empirical implicit implicit 

Shadowing separate implicit implicit 

Parameterization by 

measurements 

easy easy easy 

Massive MIMO limited yes limited 

Spherical waves no (except the lus-

ter location is fixed) 

yes no (except the lus-

ter location is fixed) 

3D yes yes yes 

Millimeter wave partly yes partly 

Dynamic modelling no yes no 

Polarization model-

ling 

XPR Ray-based XPR 

Public implementa-

tion available 

no no no 

 

4.2.1 Propagation scenarios and test cases 

The scenarios depict an internally consistent view of what the future might turn out to be 

[105], and summarize the scope of METIS from end-user perspective, also illustrate a 

specific challenge. Defined by METIS, five generic propagation scenarios (PSs) [106] 

are described for the fundamental challenges of the 5G mobile systems. There are: 

 Scenario 1: Amazingly fast to reflect the very high data rate challenge 

 Scenario 2: Great service in a crowd to address the challenge of very dense crowds 

of users 

 Scenario 3: Ubiquitous things communicating to represent very low energy, cost, and 

a massive number of devices challenge 

 Scenario 4: Best experience follows you to address the mobility challenge 
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 Scenario 5: Super real-time and reliable connections to set the very low latency chal-

lenge 

Moreover, twelve test cases (TCs) [106] are defined by covering the veritable applications 

of 5G system, while each of TC contains the assumption, constraint and requirements, 

and belonging to several scenarios. TCs are listed below in Table 4.3. 

Table 4.3 METIS Test Cases (TC) 

TC  Definition 

1 Virtual Reality Office 

2 Dense Urban Information Society 

3 Shopping Mall 

4 Stadium 

5 Teleprotection in smart grid network 

6 Traffic Jam 

7 Blind Spots 

8 Real-time remote computing for Mobile Terminals 

9 Open Air Festival 

10 Emergency Communications 

11 Massive Deployment of Sensors and Actuators 

12 Traffic Efficiency and Safety 

 

4.2.2 Modelling approach 

Since the stochastic channel models in METIS follow the similar principles as in WIN-

NER 2, the map-based model is developed for realizing spatial channel properties. And 

it is based on ray-tracing, realizing the propagation modelling with low complexity, es-

pecially in a simple and symmetrical map such as Manhattan and Madrid grid of TC 2. 

More specifically, the procedure of METIS map-based modeling can be divided into four 

sections, shown in Figure 4.5. 
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Figure 4.5 METIS map-based modeling diagram 

In terms of creation of the environment, for METIS scenario of Manhattan (PS 1 and 2), 

the first step is to define the map in global coordinate system. For instance, the user and 

allocate the building of length and width with X and Y coordinates, respectively and the 

height in Z axis. Then, the user initiates the shadowing and scattering objects by defining 

the coordinates in X, Y, Z, according to some known regular pattern, for example the 

windows or seats indoor, or by drawing randomly from the uniform distribution [104] as 

         o𝑛(𝑥, 𝑦, 𝑧) = (𝑋𝑛, 𝑌𝑛 , 𝑍𝑛)                                                                   (4.4) 

where 𝑋𝑛~𝑈(0, 𝑋𝑚𝑎𝑥), 𝑌𝑛~𝑈(0, 𝑌𝑚𝑎𝑥), 𝑍𝑛 = 1, 𝑛 = 1, … (𝑋𝑚𝑎𝑥𝑌𝑚𝑎𝑥D),𝑋𝑚𝑎𝑥  and 𝑌𝑚𝑎𝑥 

are the edges of the map on x and y axis, respectively. D means the different distribution 

densities, which depends on various scenarios. The distribution densities should follow 

the rule not staying too close, for example closer than half of the object width. And the 

shadowing screen size is relevant to the object height and width, such as vehicles, trees 

and humans. In PS 1 and 2, the parameters are given as object height (1.5/4), object width 

(0.5/3) [104]. Once considering the moving cases, the trajectory and speed of motion have 

to be defined separately. The next step is to define the point source distributions, which 

are corresponding to the density according to the antenna angular resolution requirement. 

Practically, the center points of the tiles can be calculated as below (the tile centers are 

parted in vertical direction and in horizontal direction) 
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{
𝑁𝑧 = ⌈

𝑤𝑎𝑙𝑙 ℎ𝑒𝑖𝑔ℎ𝑡

√𝛥𝑠
⌉

𝑁𝑥𝑦 = ⌈
𝑤𝑎𝑙𝑙 𝑤𝑖𝑑𝑡ℎ

√𝛥𝑠
⌉
                                                                (4.5) 

where Δs is the high limit of tile area. The x coordinates of tile centers are calculated by 

dividing the x coordinates of the wall to 𝑁𝑥𝑦 equal parts and taking each of the center 

parts as x coordinate of a tile. Also the y and z coordinates follow the same method by 

the given parameter of 𝑁𝑥𝑦 and 𝑁𝑧, respectively. As a consequence, the new tile area can 

be determined as 

 𝛥𝑠 =
𝑤𝑎𝑙𝑙 ℎ𝑒𝑖𝑔ℎ𝑡·𝑤𝑎𝑙𝑙 𝑤𝑖𝑑𝑡ℎ

𝑁𝑥𝑦𝑁𝑧
                                                             (4.6) 

Normally, the first three steps are just implemented once, then the whole procedure is 

completely deterministic. In the next step, starting by defining the transmitter and receiver 

locations, multi-radio links, which are corresponding to the specified environment 

through former three steps are modelled coherently by repeating next steps. In the single 

radio link case, the position vectors of antenna in transmitter (elements of s) and receiver 

(elements of u) are 

{
𝑟𝑢
𝑅𝑥 = [𝑥𝑢 𝑦𝑢 𝑧𝑢]𝑇

𝑟𝑠
𝑇𝑥 = [𝑥𝑧 𝑦𝑠 𝑧𝑠]𝑇

                                                                   (4.7) 

where u=1,…, U and s=1,…,S. U and S represent the number of antenna elements.  

In the second section of the procedure, the objective is to determine propagation pathways. 

According to the METIS map-based model concept, all possible secondary nodes with a 

LOS path are visible to the transmitter and receiver, as well as via a single regular reflec-

tion. Normally, the possible secondary nodes can be corners, scattering objects and 

sources. Consequently, the coordinates and reciprocal points can be determined, as well 

as the pathway can be recognized as blocking by wall directly or reflected. After that, the 

progress is repeated and complete amount of reflection and diffraction interaction by 

starting from defining the transmitter and receiver positions. As a result, a set of vectors 

ψ𝑘={ψ𝑘𝑖}={x𝑘𝑖,y𝑘𝑖,𝑧𝑘𝑖,T𝑘𝑖,}, k=1,…, k, i=1,…, I𝑘 is generated, where K and I𝑘 mean the 

number of pathways and path segments, respectively. x𝑘𝑖,y𝑘𝑖,𝑧𝑘𝑖 are the coordinates in x, 

y and z axis of 𝑖𝑡ℎ interaction point of K. T𝑘𝑖 means the type of interaction, contains direct, 

reflection, diffraction, and scattering. 

In the 6th step, the direction of arrival and departure for K paths are determined as a wave 

form of vectors, such as 𝐾𝑘,𝑢,𝑠
𝑇𝑥  and 𝐾𝑘,𝑢,𝑠

𝑅𝑥 . The vectors are pointing from transmitter to the 

starter of interaction point and from the end interaction point to receiver, respectively. 

Continuously, the length 𝑑𝑘,𝑖,𝑢,𝑠 for every single segment of path k is calculated by ap-

plying Euclidean distance. And the transmission delay is 𝜏𝑘,𝑢,𝑠=
𝑑𝑘,𝑢,𝑠

𝑐⁄   (c is the speed 

of light), the total path length is 
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𝑑𝑘,𝑖,𝑢,𝑠 = ∑ 𝑑𝑘,𝑖,𝑢,𝑠
𝐼𝑘
𝑖                                                    (4.8) 

In terms of the shadowing caused by blocking objects, Figure 4.6 illustrates approxi-

mately a rectangular screen case. The screen is installed in vertical and perpendicular 

direction while two nodes connect through the links, which provide two types of view. 

The shadowing loss can be modelled by a simple knife edge diffraction model [107] as 

𝐿𝑠ℎ|𝑑𝐵 = −20 log10((1 − (𝐹ℎ1 + 𝐹ℎ2)(𝐹𝑤1 + 𝐹𝑤2))                        (4.9) 

where 𝐹ℎ1, 𝐹ℎ2 𝑎𝑛𝑑 𝐹𝑤1, 𝐹𝑤2 account for diffraction at four edges referring to the height 

and width. For every single edge of shadowing, it is 

F =
atan (±

π

2
√
π

𝜆
(𝐷1+𝐷2−𝑟))

π
                                                     (4.10) 

where 𝐷1, 𝐷2 are the distances between the nodes and screen surface,  λ is the wave length 

and r represents the distance between the transmitter and receiver 
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Figure 4.6 (a) Shadowing screen model (b) Different views from above and side 

For a dense distribution case of screens, such as open air festival scenario, the sum of 

pathlosses due to multi-screens will generate unreasonable superabundant loss. Thus, the 

blocking model of Walfisch-Bertoni [108] can be supplemented. As shown in Figure 4.7, 

the main shadowing screen is adjacent to the Rx. The shadowing  𝐿𝑠ℎ of this screen fol-

lows knife edge diffraction model. After that, the additional loss corresponding to the 

multi-screen is generated 

                                  𝐿𝑚𝑑|𝑑𝐵 = −20 log10(2.35𝑔𝑝
0.9), 𝑔𝑝 =

θ

θ𝑜
√
𝑑

λ
                          (4.11) 

where θ𝑜 is 1 rad, θ (varies from 0 to 𝜋/2) represents for the elevation angle between the 

main screen of upper edge to the Tx, d is the average distance among the screens. The 

total shadowing loss is 

𝐿𝑠ℎ_𝑡𝑜𝑡 = 𝐿𝑠ℎ|𝑑𝐵 + 𝐿𝑚𝑑|𝑑𝐵1                                                (4.12) 
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Figure 4.7 Shadowing of multi-screen 

In another case [104], both the height of transmitter and receiver are low, showing in the 

Figure 4.8. The angle is 

                               θ =
max (ℎ𝑜𝑓𝑓;ℎ𝑇𝑥−ℎ𝑠𝑐)

𝐷2𝑅𝑥
θ𝑜, ℎ𝑜𝑓𝑓 = (2.35

𝑑

λ

−0.9
𝑑𝑜)                      (4.13) 

The loss related to the screens which are closest to Rx and Tx are multiplex to the multi-

screen loss, as 

𝐿𝑠ℎ_𝑡𝑜𝑡|𝑑𝐵 = 𝐿𝑠ℎ_𝑡𝑥|𝑑𝐵 + 𝐿𝑠ℎ_𝑟𝑥|𝑑𝐵 + 𝐿𝑚𝑑|𝑑𝐵                                (4.14) 

 

Figure 4.8 Shadowing model case with lower Tx and Rx 

Furthermore, a 2×2 matrix of polarization transfer for the LOS path segments k and i is 

given 

 ℎ𝑘,𝑖,𝑢,𝑠 = [
1 0
0 −1

]                                                (4.15) 
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and the divergence factor of LOS path 𝐹𝐿𝑂𝑆 equals to 1 𝑑𝑘,𝑖,𝑢,𝑠
⁄  . Relating to all path seg-

ments (with regular reflection), the 2×2 matrix is 

ℎ𝑘,𝑖,𝑢,𝑠 = 𝛽𝐴𝑘,𝑖,𝑢,𝑠
𝑟𝑒𝑓

                                                   (4.16) 

where i is the number of nodes, β is the ratio power of reflection and scattering, whose 

value is availably set as 0.5 by [104]. Overall, from the METIS deliverable D1.4, we can 

get the brief complex impulse response (CIR) between transmitter and receiver antennas 

(with motion of transceivers) 

𝐻𝑢,𝑠(t, τ)

= ∑𝑔𝑢
𝑅𝑥

𝐾

𝐾=1

(−𝑘𝑘,𝑢,𝑠
𝑅𝑥 (𝑡))

𝑇

𝑒
𝑗2𝜋𝑑𝑘,𝑢,𝑠(𝑡)

𝜆 (∏ ℎ𝑘,𝑖,𝑢,𝑠(𝑡)𝐹𝑘,𝑖,𝑢,𝑠
𝑇𝑘𝑖 (𝑡)

𝐼𝑘

𝑖=1
) 𝑔𝑠

𝑇𝑥 (𝑘𝑘,𝑢,𝑠
𝑇𝑥 (𝑡)) 

𝛿(𝜏 − 𝜏𝑘,𝑢,𝑠(𝑡))                                                                                                     (4.17) 

where 𝑔𝑢
𝑅𝑥 and  𝑔𝑠

𝑇𝑥 are vectors of the complex polarimetric antenna pattern, 𝐹𝑘,𝑖,𝑢,𝑠
𝑇𝑘𝑖 is the 

divergence factor according to the path segment. In Berg recursive option [133], 𝐹𝑘,𝑖,𝑢,𝑠
𝑇𝑘𝑖 ≡

1 for pathways with diffraction. The parameter t is exchangeable for parameters relating 

to the Tx and Rx locations (with moving speed, except for the scattering kinetic object 

which has time dependent coefficients but temporal variation independent Rx and Tx lo-

cations). 

In a conclusion, according to [109], the model can be simplified by accounting only for 

diffracted paths, which are in a lower order of Fresnel zones is referring to the matching 

specular and direct path. Specifically, the diffracted path should be considered while the 

specular and direct paths are shadowed. For more details see [109]. In addition, the ob-

jective of METIS map-based model is implemented for all radio channel characteristics. 

So far, most of the properties have already been successfully fulfilled with results and 

outcomes as demonstrated according to the METIS deliverables. 
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4.3 QuaDRiGa 

QuaDRiGa was developed in the year of 2011 by the Fraunhofer Heinrich Hertz Institute 

within the Wireless Communications and Networks Department, with the partner Euro-

pean Space Agency. The main objective was to enable the modeling of MIMO radio 

channels for the decided network configurations, such as indoor, satellite and heteroge-

neous. The work was supported by the European Space Agency (ESA) in the Advanced 

Research in Telecommunications Systems (ARTES) program, the German Federal Min-

istry of Economics and Technology (BMWi) in the national collaborative project Intel-

liSpektrum, the European Commission co-founded the project METIS as an Integrated 

Project, the GreenTouch consortium within the funded project “LSAS Channel Model-

ling”, and the European Commission co-founded the project millimeter-MAGIC as an 

Integrated Project.  

It is known that channel models are crucial methods to estimate the performance of up-

dated concepts in mobile communications. QuaDRiGa, as an enhancement of the WIN-

NER model, also follows a stochastically geometry based channel modelling approach, 

and it can be comprehensively considered as a WINNER model in a full 3D version with 

extension requirements for satellite propagation scenarios. Comparing with WINNER 

models, several new features are originally ongoing to implement, such as  

 Time evolution. The channel coefficients of short-term time evolution is implemented 

with the updating delays, arriving angel, departing angle, polarization, shadow fading, 

and K-factor. 

 Scenario transition. Considering that user terminals move through fading channels 

within several scenarios for long-term time evolution, QuaDRiGa provides smooth 

transitions between nearby segments. 

 Variable speeds for mobile terminals. Accelerating and slowing down of user termi-

nals. 

 Common framework for NLOS and LOS simulations. Same method for LOS and 

NLOS scenarios which decreases the complexity and implements free multi-cell sce-

narios. 

 Geometric polarization. Both of NLOS and LOS polarizations are calculated based 

on ray-geometric approach. 

 Improved method for calculating correlated LSP. Using filtered random numbers to 

generate maps of correlated parameters, and enhancing the algorithm for off-angle 

movement directions. 

 New functions for modifying antenna patterns. Antenna patterns are rotated in 3D 

coordinate. 

In QuaDRiGa, an arbitrary two-way direction radio channel was created. And the model 

is antenna independent, while the configuration and element patterns are defined manu-

ally. The channel parameters based on statistical distribution are extracted from channel 
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measurements. Meanwhile, the distribution of DS, delay value, AS, SF and XPR are de-

fined. Specifically, the channel is generated by rays with parameters, such as delay, power, 

AOA, and AOD. Different parameters result various scenarios through the same approach. 

The modelling approach features are listed [36]: 

 Free configuration of network layouts with multi-transmitter and multi-receivers 

 Same modeling approach, as well as satellite scenarios 

 Various frequencies bands for modeling while setting available parameters 

 Eligible for multiple antennas technology, polarization, multiple users, and multiple 

hop networks 

 3D dimension of antennas and propagation scenarios (the importance of a 3D exten-

sion for researching cross-polarized antennas on MIMO capacity is indicated in 

[110].) 

 Available for massive MIMO antennas at BS and MS 

Unlike the typical ray racing approach, in QuaDRiGa it can be considered as a statistical 

ray tracing model with distributing scatterer positions randomly. As illustrated in Figure 

4.10 with a simple example of only two paths, a scatterer is present and it creates an 

NLOS component. For every single path, the model is built with AOD, AOA and the total 

path length. Basically, each circle of a scatterer with several dots represents a scattering 

region causing one cluster, which is modeled by an individual reflection. Normally, 20 

dots, containing in the scatterer as sub-paths, are combined into a signal and represent a 

path. In a rich scattering environment, the angular spread increases as well as the number 

of scattering clusters. Thus, QuaDRiGa provides up to 42 clusters. Normally, the amount 

of discrete clusters depending on AS and diffuse scattering are around to 10 and for LOS 

propagation and 20 for NLOS propagation, respectively. 
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Figure 4.10 Overview of simple modeling approach 

4.3.1 Modelling approach 

From the general perspective of QuaDRiGa, the modeling approach consists of two steps, 

including generating LSPs stochastically and calculating the 3D positions of scattering 

clusters randomly. In Figure 4.11, it illustrates a particular procedure. For every propaga-

tion environment, such as urban, suburban, and rural, the channel performance is pre-

sented in terms of the statistic LSPs, which are inserted manually, such as DF, AS, SF, 

and Ricean K-factor. Additional parameters, such as the decorrelation distance, illustrate 

the quick changes of channel.  

When modelling QuaDRiGa practically, the model starts by configuring the network lay-

out, which including transmitter position (satellite orbital positions are available in QuaD-

RiGa), antenna properties at both transmitter and receiver, user terminal trajectory, the 

scenarios along the trajectory, and assigning a propagation environment for each scenario. 

Both the trajectory and scenarios are performed by the state sequence generator (SSG) 

[36], which supports manual definition of all parameters and measurement of trajectory 

and scenario sequence from data. The trajectory accounts for the position of the mobile 

terminal. And for the scenarios assigning along the trajectory, clusters are measured in 

accordance with LSPs. Every single cluster is divided into 20 sub-paths, with the calcu-

lated corresponding AOA, as well as for the position of user terminals along the trajectory. 

Then, the phases are measured according to the position of the terminal antennas, which 

is corresponding to the clusters. And the terminal trajectory describes how the phase 

changes in Doppler spread. Additionally, the MIMO channel response is created after 

summing up the coefficients of 20 sub-paths. The channel coefficients of adjacent sce-

narios are merged, where the progress contains the birth and death of clusters, [111] in-

troduced more research as well as the lifetime of individual scattering clusters [112]. After 

all, all the channel coefficients combing with the path delays are generated and for further 

analysis. 
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During the modeling approach, the time evolution requires a particular description of the 

terminal mobility, which is supported by assigning tracks to every mobile terminal. In 

practical scenarios, acceleration, decelerations and velocity to pedestrians and vehicles 

are also included. Thus, in order to calculate the channel coefficients, [113] states a con-

stant sample rate which is fulfilled the sampling theorem and used to minimize the com-

putation and internal storage 

𝑓𝑇 ≥ 2𝐵𝐷 = 4𝑚𝑎𝑥|∆𝑓𝐷| = 4
𝑚𝑎𝑥|𝑣|

𝜆𝑐
                                      (4.18) 

where 𝐵𝐷 is the Doppler spectrum width, ∆𝑓𝐷 is the maximum change of frequency cor-

responding to the velocity v, and 𝜆𝑐 is the carrier wavelength. Therefore, the suitable sam-

pling rate is relative to the peak speed of the terminal.in a normalized manner knowing 

as sample density (SD), a temporal sequence for varing speeds is measured by manipulate 

the coefficients in post-processing: 

𝑓𝑆 =
𝑓𝑇

𝑚𝑎𝑥|𝑣|
≥

4

𝜆𝑐
                                                      (4.19) 

𝑆𝐷 =
𝑓𝑆

𝜆𝑐/2
≥ 2                                                         (4.20) 

where 𝑓𝑆 is the sampling rate measuring in samples per meter. 

In details, the modeling approach is illustrated in the Figure 4.11. In the diagram of the 

grey parts are changes made from WINNER, including departure and arrival angles, drift-

ing, polarization of channel coefficients, and transitions between scenarios. When calcu-

late four angles for clusters, the additional elevation angle of departure 𝜃𝑑 and arrival 𝜃𝑎 

are added in QuaDRiGa. The angles are calculated in the same method but with different 

angular spread 𝜎𝛷. Thereby, the parameter of 𝜎𝛷 represents for 𝜎𝛷𝑎, 𝜎𝛷𝑑, 𝜎𝜃𝑎 and 𝜎𝜃𝑑  

in the following equations. Assuming that the power angular spectrum in a wrapped 

Gaussian distribution for all clusters [101, 114] 

  P(𝛷) =
1

𝜎𝛷√2𝜋
exp (

−𝛷2

2𝜎𝛷
2 )                                             (4.21) 

and function 𝐶𝛷(𝐿, 𝐾) correct he variance to ensure 𝜎𝛷 is correctly reflected in the meas-

ured angles 

                                             𝐶𝛷(𝐿, 𝐾)=
1

𝜎𝛷
𝑚𝑎𝑥 ∫

𝜎̅𝛷(𝜎𝛷)

𝜎𝛷

𝜎𝛷
𝑚𝑎𝑥

0
𝑑𝜎𝛷                              (4.22) 

where L ∈ |2,42| and K ∈ |−20,20| [112], 𝜎𝛷 is dependent of 𝜎𝛷(𝜎𝛷) which generated 

from the individual angles of 𝛷𝑙. While neglecting the scaling factor 1/(𝜎𝛷√2𝜋), the 

angle 𝛷𝑙 is obtained through normalizing the power angular spectrum 
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𝛷𝑙 =
𝜎𝛷

𝐶𝛷(𝐿,𝐾)
√−2 ln(𝑃𝑙/max (𝑃𝑙))                                       (4.23) 

The next step is creating two random parameters, 𝑋𝑙 and 𝑌𝑙, where 𝑋𝑙 ranges from  {-1, 1} 

as plus and minus sign, 𝑌𝑙~N(0, 0.01∙ 𝜎𝛷
2).. Then 

𝛷𝑙
[2]
= 𝑋𝑙 ∙ 𝛷𝑙 + 𝑌𝑙                                                    (4.24) 

𝛷𝑙
[2]

 exceeds ±π while the power of a path is less than the peak one, and the changes to 

𝛷𝑙
[3]
= (𝛷𝑙

[2]
+ π mod 2π) − π                                         (4.25) 

Considering the elevation spreads, possibly ranging from -π/2 to π/2, the correct values 

of 𝛷𝑙
[3]

 is modified 

𝛷𝑙
[4]
=

{
 
 

 
 𝛷𝑙

[3]
,            𝑓𝑜𝑟 𝑒𝑙. |𝛷𝑙

[3]
| <

𝜋

2
 𝑎𝑛𝑑 𝑎𝑙𝑙 𝑎𝑧. 𝑎𝑛𝑔𝑙𝑒𝑠

𝜋 − 𝛷𝑙
[3],                               𝑓𝑜𝑟 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝛷𝑙

[3] >
𝜋

2

𝛷𝑙
[3]
− 𝜋,                            𝑓𝑜𝑟 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝛷𝑙

[3] < −
𝜋

2

             (4.26) 

Finally, each cluster in NLOS are divided into 20 sub-paths to simulate intra cluster AS, 

while no sub-paths in LOS. 

 𝛷𝑙,𝑚 = 𝛷𝑙
[4]
− 𝛷1

[4] + 𝛷𝐿𝑂𝑆 + 𝑐𝛷 ∙ 𝛷̂𝑚,     𝑓𝑜𝑟 𝑙 > 1                       (4.27) 

where m is the order of sub-path, 𝑐𝛷 means the root mean square (RMS) angular spread 

and 𝛷̂is the offset angle corresponding to the sub-path. Moreover, the pair of angles 

(𝜃𝑙,𝑚
𝑑 ,𝛷𝑙,𝑚

𝑑 ) at transmitter coupled with random angles (𝜃𝑙,𝑚
𝑎  𝛷𝑙,𝑚

𝑎 ) at receiver. 
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Figure 4.11 QuaDRiGa channel modeling diagram 

Continuously, [36] indicates combining the antenna patterns, polarization and phases into 

the measurement of channel coefficients for the scenario snapshots. The 3D polarimetric 

F is defined for antennas, including vertical and horizontal polarization 

F(θ,𝛷) = (𝐹𝑉
(θ,𝛷)

𝐹𝐻(𝜃,𝛷)
)                                                   (4.28) 

The antenna gains from transmitter and receiver antennas is calculated previously among 

departure and arrival angels, then the coefficient 

𝑔𝑟,𝑡,𝑙,𝑚,𝑠
[1]

= 𝐹𝑟(𝜃𝑟,𝑙,𝑚,𝑠
𝑎 , 𝛷𝑟,𝑙,𝑚,𝑠

𝑎 )𝑇 ∙ 𝑀 ∙ 𝐹𝑡(𝜃𝑡,𝑙,𝑚,𝑠
𝑑 , 𝛷𝑡,𝑙,𝑚,𝑠

𝑑 )                  (4.29) 

Normally, the changes of polarization corresponding to the propagation path is captured 

by the matrix M, while WINNER models use random coefficients to deal with the effects. 

As explained in [115], the random coefficients cannot account for all polarization effects 

in MIMO radio link. Thereby, M matrix based on linear transformation is proposed in 

QuaDRiGa. Due to multipath component of initial phase ψ0, a random cluster power is 

generated by summing of 20 sub-paths. Normalizing the first sum of complex phase and 

averaging the power among all S scenario snapshots, the channel coefficients are updated 

                                         ψ𝑟,𝑡,𝑙,𝑚,𝑠
+ = exp (−𝑗ψ

𝑙,𝑚
0 − 𝑗ψ

𝑟,𝑡,𝑙,𝑚,𝑠
)                                (4.30) 

                                      𝑔𝑟,𝑡,𝑙,𝑠
[2]

= √
𝑃𝑡

𝛽
∙ ∑ 𝑔𝑟,𝑡,𝑙,𝑚,𝑠

[1]
∙ ψ𝑟,𝑡,𝑙,𝑚,𝑠

+20
𝑚=1                                 (4.31) 

β =
1

𝑆
∑ (∑ ψ𝑟,𝑡,𝑙,𝑚,𝑠

+20
𝑚=1 )2𝑆

𝑠=1                                         (4.32) 

where 𝑃𝑡 is the initial power of each cluster. 

Generally, the calculation of initial delays and cluster powers, DOA and AOA, and po-

larization coefficients, and application of path gain, SF and K factor are independent for 

scenarios of the mobile terminal trajectory. In QuaDRiGa, those segments are combined 
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into a long time-evolving sequence of channel coefficients for the purpose of transition 

between scenarios. The path power of old segment is decreasing and a new one from other 

segment is increasing. Furthermore, the region is split into several subintervals, as mod-

eling the power ramps 

𝜔[𝑠𝑖𝑛] = 𝑠𝑖𝑛2 (
𝜋

2
∙ 𝜔[𝑙𝑖𝑛])                                             (4.33) 

𝜔[𝑙𝑖𝑛] is a linear ramp range belonging to (0,1), and 𝜔[𝑠𝑖𝑛] is a sinusoidal ramp with an 

invariable slope at both start and end of the overlapping. In LOS, the clusters at both 

segments are the same and only power and phase need to adjust. In order to minimize the 

effect for the instantaneous LSPs value, clusters have to be matched carefully. For in-

stance, a strong cluster ramps down with a large delay and a similar cluster with a small 

delay ramped up, the DS decreases. To avoid the fluctuation, the clusters from both seg-

ments are paired, which is supported by calculating the DS at the beginning and ending 

of the transition. 

In QuaDRiGa, the model extended the popular WINNER channel model with new fea-

tures and allowed freely configuration to the network layouts with multi-transmitters and 

multi-receivers. The scalability covers from single link, single antenna to heterogeneous 

multi-link MIMO scenarios. Furthermore, the model was implemented a new polarization 

model [113] and was merged by the same method to calculate both LOS and NLOS chan-

nels, while WINNER implemented different ways. All the existing WINNER parameters 

showing in the deliverables are available for using in QuaDRiGa, which allow to conduct 

virtual trials in some new scenarios. 

4.4 Comparison among the main existing mmWave channel 

models 

Nowadays, there are several channel models including 3GPP-SCM, WINNER I, WIN-

NER II, COST 2100, IMT-Adv., IEEE 802.11ad, QuaDRiGa, and METIS etc. With the 

explosively growing of demand in high data rate transmission, channel modeling as cru-

cial method for evolution and trials in wireless communication is prosperously boosted. 

Specially, when entering into the 5G era, the 5G channel models are emerged one by one. 

Here Table 4.4 and Table 4.5 illustrate the comparison among most of the popular models 

in both literature and technical ways. 
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Table 4.4 Literature comparison 

 

Table 4.5 Technical comparison 

 

 3GPP-

SCM 

WINNER I WINNER 

II 

COST-2100 IMT-Adv. QuaDRiGa METIS 

Accessibil-

ity 

Open 

source 

Open 

source 

Open 

source 

Licensing con-

dition 

Licensing 

condition 

Open 

source 

Licensing 

condition 

Released 2003 2005 2006 2007 2008 2012 2015 

Ease of 

use 

Medium Good Good Low Low Good Good 

Available 

documen-

tation 

Low level 

of detail 

Very de-

tailed 

Very de-

tailed 

Low level of 

detail 

Low level of 

detail 

Very de-

tailed 

Low level 

of detail 

2D or 3D 2D 2D 2D 2D 2D 3D 3D 

Refer-

ences 

[116,111,1

18] 

 

[119,120,12

1] 

[100,101,

128] 

[122,123,124] [125,126,12

7] 

[36,113] [103,104,1

06] 

 

Feature 

 

3GPP 

SCM 

 

IMT-2100 

 

IEEE 

802.11ad 

METIS  

QuaDRiGa Stochastic Map-based 

Frequency-

Range (GHz) 

1-3 1-6 0.45-6 60-66 Up to 70 Up to 100 

Bandwidth 

(MHz) 

5 100 100 2000 100 MH < 6 

GHz 

1 GHz @ 60 

GHz 

10% of the 

Center fre-

quency 

Massive 

MIMO 

No limited No Yes Limited Yes 

Spherical 

Waves 

No No No No No Yes 

3D 

(Elevation) 

No No No Yes Yes Yes 

MMWave No No No Yes Partly Yes 

Dynamic 

Modeling 

No Very Lim-

ited 

No Limited No Yes 
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From the former table, we can see that WINNER 2, available in open source, has very 

detailed references and good level for ease use and is suitable for beginners to study, 

while QuaDRiGa as an extension of WINNER 2, may be a perfect choice for widened 

and advanced research accounting for 5G. The newest model, METIS, is not available in 

open source (only authorized use) and it has limited deliverable documents. In terms of 

the performance comparison, WINNER and IMT-Advanced models implemented versa-

tile set environments, varying from indoor to outdoor and transitions. The COST 2100 

model is closely similar to the WINNER models, while QuaDRiGa extends the WINNER 

models into a 3D model with geometric polarization and applies to terrestrial as well as 

satellite communications. In METIS, the model employed a combination of map-based 

and stochastic channel models, which is suitable for Massive MIMO. The model uses ray-

tracing method to obtain large scale fading characteristic and 3GPP-like approaches to 

generate the small scale statistics. So far, QuaDRiGa fulfills all the features that allows 

to modeling in a promising way for 5G networks. 
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5. SIMULATION 

5.1 Implementation and analysis of WINNER 2 

As an elementary model, the focused was first on WINNER 2 channel. The Matlab-based 

open source model is provided at the WINNER official website [134]. The first step in 

the simulation was to set up a relevant fading channel, which can have single or multiple 

links. For the simplification, a system simulation with two mobile stations and one base 

station was implemented. The distances between mobile station and base station were 5 

(1st mobile station) and 20 (2nd mobile station) meters, respectively. The field pattern for 

each elements is defined in WINNER Element Coordinate System (ECS), which actually 

is not suitable for complex simulation, but all array element are measured separately and 

the patterns are analytically descripted. In this case, the geometry are Uniform-Circular-

Array (UCA) with 8, 2, and 4 elements, and radius of 20, 10, and 5 cm are defined to base 

station, 1st and 2nd mobile station respectively. The number of links were set to 2. A 

simple spectrum analysis is illustrated as Figure 5.1. The spectrum of the received signals 

at base station shows frequency selectivity, and the distance impact, where power is 

higher at close distance than at a longer distance mobile station between the transmitter 

and the mobile station. 

 

Figure 5.1 Spectrum analyzer with different distance 

Furthermore, multiple base stations and mobile stations were implemented with multiple 

MIMO links. In the channel model, a base station with several sectors are assigned to 

mobile stations with an antenna array. First, 16 elements with a radius of 30 cm for base 

stations and 4 elements with radius of 5 cm for mobile stations are in UCA were defined. 

Totally, 6 links assigned with scenarios (B4, outdoor to indoor), (C2, urban macrocell 

outdoor to indoor), (C4, urban macrocell) [101] and NLOS propagation were mapped as 

shown in the Figure 5.2. The 1st base station is connected with the 1st (50m) and 2nd 
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(111.8m) mobile stations, the 2nd base station is connected to the 3rd (65m) mobile sta-

tion. Meantime, the 3rd base station is connected to 4th (120.4m) and 5th (75m) mobile 

station. 

 

Figure 5.2 Station layout 

The center frequency in this implementation is 5.25 GHz corresponding to WINNER 2 

channel models. As results show in Figure 5.3, due to the same scenarios and almost the 

same distance, the CIR of 3rd and 4th links are similar but significantly worse than others. 

Meanwhile, the propagation in C2 scenario is measured with higher magnitude than the 

CIR in B4. It is the Author’s view that, the propagation in link 6 with high power may be 

influenced less by shadow fading that the other links. Figure 5.4 illustrates the frequency 

sensitivity. The link connected to 4th mobile station has the largest average power, which 

is actually the same result as in the previous test. Practically, as assigning with the urban 

macro-cell outdoor-to-indoor scenario to the 4th and 5th mobile stations, and urban 

macro-cell scenario to the 3rd mobile station, the 5th link may propagate with more clus-

ter and due to the reflection, the power received between 4th and 5th links are almost the 

same. The 6th link (with shortest transmitter-receiver distance) definitely has the largest 

power through the propagation. 
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Figure 5.3 Channel impulse response among different distance and scenarios 

 

Figure 5.4 Impulse response among three links 

Although WINNER channel model is constructed as antenna independent model, an an-

tenna array model is necessary to obtain signals at the output of the radio-channel. This 

model is deterministic and permanent from the viewpoint of the simulation, and can be 

created independently from channel model simulations. Therefore certain type of array 

requires only single construction, which should be performed independently from WIN-

NER 2 simulations - in pre-processing phase. It is not a good strategy to construct arrays 

each time when WINNER 2 models are used, instead defined antenna arrays should be 

stored and retrieved when needed. This becomes particularly important when large num-

ber of operations is performed in this phase, i.e. when 3D field patterns are rotated from 

ECS to ACS. 
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5.2 Comparison between WINNER 2 and QuaDRiGa 

To implement the simulation work, all the original parameters are accordingly based on 

[134] and [36], as well as the propagation models such as path loss model and shadow 

model etc. Overall, the simulation work relative to WINNER 2 are based on [134], where 

the input user defined parameters, the MIMO radio link parameters and antenna parame-

ters are described in [101]. The simulation of QuDRiGa is according to the [36]. 

In those two models, every path is split into 20 sub-paths with individually path delay. 

After extracting the channel coefficient and the delay corresponding to each sub-path, the 

channel impulse response was simulated, which illustrates the link performance. As seen 

in the Figure 5.5 (a), the power of multiple paths in WINNER 2 is distributed more inten-

sively accounting for lower delay. On the contrary, the power at NLOS path around high 

delay is limited. In (b), both LOS and NLOS happens along with different delays, which 

is more uniform than in WINNER 2. In this case, WINNER 2 propagation environment 

is highly influenced by LOS path and QuDRiGa models are adapted to an extensive sce-

narios. 

 

(a) 
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(b) 

Figure 5.5 Channel impulse (a) WINNER 2 (b) QuDRiGa 

 

 

(a) 
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(b) 

Figure 5.6 Channel frequency response (a) WINNER 2 (b) QuaDRiGa 

After a Discrete-time Fourier Transform (DTFT), with sample period of 0.0014s and 

0,00056s in WINNER2, QuaDRiGa respectively, the corresponding frequency responses 

are obtained, as shown in Figure 5.6. Apparently, the channel frequency response of WIN-

NER 2 is relatively flat compare to the result of QuDRiGa, where the amplitude of fluc-

tuation of frequency response is larger and it is highly dependent to the frequency changes. 

Thus, in QuDRiGa, the propagation has a strong frequency selective fading due to the 

multiple path interference. 

 

(a) 
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(b) 

Figure 5.7 LOS and NLOS probability (a) WINNER 2 (b) QuaDRiGa 

The plot in Figure 5.7 shows the distribution of LOS and NLOS probability, where the 

channel coefficients together with the corresponding delays can be found in [36, 128]. 

Conclusively, the probability of a LOS path delay of WINNER 2 is larger than that of 

QuaDRiGa. Also the low path delays happen less in WINNER 2 NLOS propagation, than 

in QuaDRiGa. The probability of NLOS is comparatively large, even with low path delay. 

Thus, we can say that QuaDRiGa channel models are influenced by the NLOS path in a 

deeper way than WINNER 2. 

 

(a) 
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(b) 

Figure 5.8 Channel capacity versus distance (a) WINNER 2 (b)QuaDRiGa 

From the simulation of Figure 5.8, we can know that both the WINNER 2 and QuaD-

RiGa channel capacity are not responded to the distance. Because the channel capacity 

is not influenced directly by the distance, and no matter how the distance changes, both 

the LOS and NLOS paths are still existing. In this case, due to the frequency selective 

fading, the capacity of QuaDRiGa will remain almost the same. Moreover, WINNER 2 

models are highly dependent on LOS propagation. Thus, the channel capacity of WIN-

NER 2 shows dramatic peaks but in QuaDRiGa, it is just regular fluctuating. From other 

perspective, as illustrated in Figure 5.9, taking the probability at the 0.5 %, the observa-

tion shows that WINNER 2 has a larger average capacity. Generally, WINNER 2 has a 

wider bandwidth and smaller fast fading than QuaDRiGa. 
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(a) 

 

(b) 

Figure 5.9 Channel capacity (a) WINNER 2 (b) QuaDRiGa 
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6. CONCLUSIONS 

5G networks aim to satisfy the extremely high traffic demand. At the same time, the 

mmWave provides abundant spectrum sources. Thus, a combination of 5G and mmWave 

will enable a high speed connected world serving a huge amount of users and devices. 5G 

mmWave channel modeling, as an efficient method to promote 5G and mmWave tech-

niques maturity, needs to be accurate, applicable and sustainable. There are several exist-

ing mmWave channel models in the current literature. After reviewing them, we have 

focused on two main ones, available as open source: WINNER and QuaDRiGa. QuaD-

RiGa model is a statistical geometrical wideband channel mode, and it is extended from 

WINNER.  

In this thesis, the performance of several mmWave channel models was compared ac-

cording to literature overview and basic simulations. Firstly the CIR of two channel mod-

els was compared. The results showed that WINNER 2 channel model is much more 

relying on LOS signals, whereas the power of NLOS is much lower than in QuaDRiGa. 

In terms of the link performance, QuaDRiGa models with uniform distribution are 

adapted to a wider environment than WINNER 2. Moreover, the frequency response il-

lustrates that QuaDRiGa model has a strong selective fading due to the multiple path 

interference. The simulation of LOS and NLOS distribution tells that the probability of 

LOS increases along with the small delay and large receiving power, while NLOS prob-

ability is more likely to be high with larger delay and weak power. Due to the strong LOS 

signals, WINNER 2 has a larger channel capacity than QuaDRiGa. It is clearly space for 

further research and verification. To conclude, a comparison table among mostly popular 

channel models was also included, including WINNER 2 and QuaDRiGa, which provide 

a direct view of channel performance. 
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