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Abstract 

The fifth generation (5G) network needs to evolve in order to increase the capacity 1000 times 

higher than the fourth generation of networks by 2025. Small cells (Dense Nets), millimeter 

wave (mmW) and massive multiple-input multiple output(MIMO) deployment have emerged as 

key technologies for mobile systems in fifth generation (5G).However, less study have been 

done on combining the three technologies into the existing systems. In this paper, we provide an 

in-depth capacity analysis for the integrated Dense Nets mmW systems. First, small cells are de-

ployed on the top of single macro cell scenario for enhance the capacity. Instead, by extending 

the blockage models; a simpler mmW channel is implemented. It turns out that mmW signals are 

responsive to blockage, leading the LOS and NLOS conditions to have very different PL rules. 

In addition, they divide the power research into low signal-to-noise (SNR) and high SNR re-

gimes based on dominant signal-to-interference factors plus the noise ratio. In noise-dominated 

(high-SNR regime), the capacity analysis is derived by simplest assumptions of Shannon Hartley 

theorems. Our results show that, under NLOS and LOS scenario, mmW frequency and distance 

between UE and BS decreases logarithmically for system capacity. In addition, the results show 

that densification is also essential to allow channel capacity through MIMO and increase the 

SNR in the term of through the antennas. Finally, the results of the computer simulation validate 

the theoretical analysis and show that the integrated Dense Nets mmW systems can achieve sig-

nificant capacity improvement. 
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CHAPTER ONE 

Introduction 

1.1. Motivation and Overview 

Wireless communication technologies have gone through numerous revolutions over the past cen-

tury. Nevertheless, the exponentially increasing number of demands and the ever-increasing de-

mands of high data rates present challenges to existing cellular networks, such as long-term de-

ployments (LTE) and their advancement in terms of high network capacity and wide coverage to 

meet the demand of wireless subscribers[1]. The increase in the number of linked devices and the 

wide variety of their service requirements impose an additional burden to the already loaded under 

fourth generation (4G) wireless networks. Due to this, new enhanced capabilities must be added 

up in the next generation wireless systems to those already available in 4G networks [2]. Therefore, 

the 5G system could be to overcome the band deficiency and help more number of users, beyond 

4G. In addition, by consider demands and growing interest in cellular systems, best clarifications 

are usage of mmW bands, the range between 30-300 GHz that existing bandwidths are much wider 

than the current mobile systems [3]. 

When technologies become more advanced, it will take for granted that wireless bandwidth is 

always required. As a result of the popularity of the high network capacity requirement for 5G 

networks, the major technological dimensions suggested by the majority of industry experts and 

academics include the dense deployment of small cells, NOMA, broad spectrum aggregations and 

high spectral efficiency. Such combination results show an indirect effect of the installation of the 

systems by denser BS deployment with large MIMO and soft transmission beams with mmW [4]. 

Consequently, as stated in our 5G report, we use the mmW spectrum and small cell implementa-

tions as primary strategies to achieving further data rates. Nevertheless, the mmW implementation 

is still under debate due to its disadvantages, such as the large free space PL in the short range due 

to higher frequency. Since, these limitations can be face through Dense Nets with hundreds of 

antenna systems, that provide very high capacity enhancement in conjunction with short-range 

mmW technology as figure 1.1 [4]. 

This work address two key problems in a two-tier dense deployment of small cells with mmW as: 

▪ To support LOS and NLOS for mmW in the dense deployment of small cells at user range. 

▪ Investigation of the SNR regimes at mm Wave frequency range. 



Page | 2  

 

Generally, compared with current (4G) drifts; it is assumed that 5G network address the following 

problems that are not addressed by the current system. From those challenges below; we are fo-

cusing only on capacity analysis by mmW band and deploy small cells.  

  

Figure 1. 1. The 5G challenges, facilitators, and design fundamental [5] 
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1.2. Problem Statement 

The current LTE networks have been facing difficulty to meet the overall network capacity, to 

address the high data rate demand from the users and the continual increase in mobile user sub-

scriptions. The new generation 5G of the wireless communications, which conceived to address 

the increasing capacity demand in a sustainable way [6]. 

In general, there are three fundamental research directions identified for the improvement of net-

work capacity in 5G technology are; firstly[1], for large spectrum aggregation, micro wave fre-

quencies (below 3GHz), have already been occupied, in order to increase the spectrum bandwidth. 

For high spectrum availability (above 6GHz), we propose mm wave frequency bands into 5G net-

works. Secondly [6], to achieve high spectral efficiency, massive MIMO technology have been 

installed to increase the number of parallel paths in order to achieve high spatial multiplexing. 

Thirdly [2],is the ultra-dense heterogeneous networks that take advantages of the reuse of spectrum 

and shorter distance from small cell BSs and UEs.  

This study have aim to explore combination of densification of small cells and mm wave frequency 

based on the NLOS and LOS scenarios for 5G capacity performance analysis.      

1.3. Objectives 

In order to address the dimensions, and to achieve the high network capacity demand for 5G net-

works, we propose combination of the dense Nets and large spectrum aggregation issues.  

General Objective 

To analyze the system capacity of 5G by densely deployment of small cells with mmW systems. 

Specific Objectives 

▪ To investigate the effect of small cells deployment on the capacity overlaid on macrocell. 

▪ Capacity investigations using MIMO technology. 

▪ To investigate the system capacity under SNR regimes for LOS and NLOS scenarious. 

▪ To investegate the system capacity on the same and frequency employment of smallcells 

over the macrocell. 
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1.4. Significances of the Research 

Obviously, network densification with mmW systems can significantly improve the 5G network 

capacity. Appreciate this tremendous increase in Shannon capacity through an increase in perfor-

mance of the spectrum availability, and massive densification of small cells. The wireless spectrum 

below 6 GHz is already congested and will not be enough to meet these requirements. Therefore, 

there has been growing interest in moving up frequency into mmW bands, between 30 and 300 

GHz, where a tremendous amount of bandwidth is available. Consequently, such a research are 

important for the following reasons. To fulfil demand requirements in channel capacity.  

▪ To achaive visions of low latency. 

▪ To improve in performances, spectrum availability and densification of small cells. 

▪ For enhancement of internet of things (IoT). 

▪ To serve as a reference for other studies, decision makers, telecomm. and companies. 

1.5. Scope of this work 

The study on 5G networks already been started, and there are a number of researches that have 

addressed the questions on channel capacity improvements. This thesis scopes are to examine the 

effect mmW frequency and small cell deployment overlaid for PL modeling and the SNR regimes 

for small cell coverage and backhaul networks in the coverage of single macro-cell for capacity 

analysis. Hence, we verify the whole concepts analytically and simulate the relevant scenarios in 

order to analyze capacity performance of 5G networks under frequency standard such as mmW 

frequency for small cells at 73GHz and /or femtocell BSs at 2GHz interrelated with microwave 

frequency for macro cell at 2GHz. 

1.6. Related Works 

There are fewer recently related works under 5G capacity analysis on the Dense Nets with mmW 

communications. Some of those related research works are explain as follows.  

The most related and recent study are in [7],presented that key technologies to boost capacity are 

by integrated NOMA, mmW, and massive MIMO as in [8],[9].The finding method for capacity 

analysis was derived by the deterministic equivalent method with stieltjes–Shannon transform. 

The result showed that user number had a strong positive effect on capacity improvement due to 

non-orthogonal user multiplexing in the same frequency resource block allowed by the NOMA. 
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The study done by the author in [4], investigated that the user-cell association problem for ultra-

dense two- tier networks with massive MIMO deployment and small cells operating in mmW 

spectrum. The results showed average bandwidth gains of between 20% and 40% for the majority 

of demands when large MIMO UDHN networks are run in the mmW range compared to the ex-

isting sub-6 GHz bands under optimum user-cell association schemes. 

Study done in [8], described massive MIMO increases the network capacity and energy efficiency 

using simple linear processing. This dissertation investigated issues that affect the performance 

massive MIMO such as the angle spread, angle of arrival, pilot length and antenna spacing. In 

addition, the results showed that the low angle spread and allocation many user  negatively affects 

the channel capacity performance as studied in [1],[10],[11].  

Another study done in [11], presented the best way for enhancing the network capacity is to in-

crease the number of cells. The result indicated that for all the deployment scenarios, the network 

was assumed a full load condition, which is the worst-occasion scenario, doing so deployment 

results are pushed to their extreme capacity restrictions. In addition, the findings from the study 

observed that the cell spectral efficiency has a massive difference values between macro cell BSs-

only deployment compared with, femto cell BSs-only and macro-femto cell BSs deployment. The 

influence of the macro-cell densification on the network throughput in heterogeneous network 

environments also studied in [4].  

The authors in [12] discussed that feasibility of mmW massive MIMO based wireless backhaul for 

5G ultra dense networks. The proposed BS macro-cell systems are capable of instantaneously sup-

porting multiple small-cell BSs with multiple streams for each small-cell BS, which is essentially 

different from the merging systems typically restricted to single-user MIMOs with multiple 

streams or multi-user MIMOs with single streams for each user, which are also studied in 

[9],[13],[14]. 

The study done in [13] examined dense deployment of small cells in the higher spectrum availa-

bility as the refrain of the 5G network for design consideration in [14],[15].  

Results have shown that densification in terms of an increasing number of antennas is also ener-

getic to enable spatial multiplexing through MIMO and support beamforming to improve SINR, 

which ultimately improves the data rate. 
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In [16] published on the increasing necessities in capacity for the goals of 5G wireless networks 

for 5G HetSNets. The study presented on system capacity of 5G, along with more than current 

values, investigates that it approves the opportunity to achieve system capacity of more than 

10Gbps per second (10Gbps) in the development of 5G networks also studied in [12],[18 ]. 

Ultimately, the analysis by in [9] examined the quality and interworking of resolutions that have 

increased, as critical fragments for improving efficiency in 5 G are Het Nets, mmW, and NOMA. 

In addition, the finding was investigated that combination of  mmW and NOMA in Het Nets are 

the key solution to increases the network capacities, as studied in [17], [18]. 

All of the above studies have shown that the mmW MIMO system can be used to improve network 

capacity. While this study has shown how mm wave with MIMO antennas can be used for both 

boosting power and spectral efficiency in LOS and NLO scenarios under low and high SNR re-

gimes. In comparison, some of the above studies used the mmW and Het Nets method for quanti-

tative analysis, while Dense Nets instead used HetNet for analysis in this study. In addition, in 

some studies, the mmW system and small cells reported interference effects where our thesis as-

sumes that interference is insignificant (i.e. the interference effect for this study is negligible). 

Furthermore, this thesis consists of channel models that adapted from [5] with an additional dif-

ference of considering utility as a function of path losses. Nonetheless, in the proposed system 

design, small BSs and macro BS work in different spectrum with different bandwidth and use the 

MIMO antenna system to improve the system's efficiency. 

In addition, we assume the blocking models suggested by the 3GPP model differentiating between 

LOS and NLOS links under the Low and High SNR 5 G capacity analysis regimes. 

1.7. Methodology 

In this sub sections, we explain methodologies that used to achieve the objectives of this research.  

Mathematical Analysis:  

Based on the inputs retrieved from review of related literatures and the statement of the problem 

in mind, the analytical analysis of this study are as follows. 

First thing, we are assuming Shannon’s theorem for interpret the system capacity specifically the 

SNR regimes of the transmitted and received signal for wireless system for both LOS and NLOS 

links. Next to this, we analyze the impact of small cells and number of users on system capacity 
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under fixed SNR. Afterward, we employ MIMO for boosting the system capacities of 5G. Finally, 

we will see also by employing mm wave frequency of small cells bands under the deployment of 

macro cell for the given PL model assumptions for enhancing system capacity. 

Simulations: 

The tool we used to outline simulation workflows that can be used is MATLAB. The simulation 

capabilities of MATLAB are used to analyze the effects of the mmW and small cells, the device 

capability and spectral efficiency using the mathematical model. 

1.8. Contributions 

The contributions of this thesis presented below: 

➢ We discuss possibility of Dense Nets with mmW compared with convesional work as 

frequency carrier below 3GHz based on LOS probabilitstic model. 

➢ We see the sights that the key issues and potential research directions of cost effective 

Dense Net mmW systems. 

➢ We address benefits of wireless backhaul for 5G Dense Nets with mmW MIMO system 

under capacity performance anlysis. 

➢ We demonstrate the deployment of smallcells overlaid single macrocell scenarios have 

high performance at different frequency rather than same frequency deploymnets. 

1.9. Thesis Organizations 

The break of the thesis is organized into six chapters. Chapter 1 defines the objectives, the attitudes, 

and a short introduction part that is presented to the concern where the studies was made. Chapter 

2 explains the theoretical basics of 5G Dense Net elements of 5G  technologies which are related 

in this work and this gives background knowledge for further conversations over 4G systems.  

Chapter 3 describes the fundamental of mmW MIMO system that used to enhance the system 

capacity performance. In addition, this chapter presents channel modeling for path loss that de-

scribe specifications of outdoor communication system under LOS and NLOS scenarios. Chapter 

4 presents the impact of SNR regimes over Dense Nets with mmW MIMO system for capacity 

enhancement by considering Shannon formulas. Chapter 5 discusses Simulation analysis and Re-

sult of our works. The simulation parameters are described here. In addition, simulation results are 

discussed in details and finally chapter section 6 concludes with summary of the entire thesis and 

discusses possibilities of future research.  
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CHAPTER TWO 

Literature Reviews 

2.1. Overview on 5G and Dense Nets  

The 5G at this time known as beyond 4G or beyond 2020 mobile communication systems is one 

of the forthcoming axioms for the future’s mobile communication in the world.  

The constant increase in the number of mobile users, high end-user data speed, expanded use of 

real-time communication, rich multimedia functionality, trendy apps, large video sharing, smart 

end phones, high mobility requirements, etc. make the existing (4G) difficult to meet the demands 

of mobile users and introduce the new generation of mobile devices (5G). 

The 5G mobile network represents the future of mobile communications. The need for 5G stems 

mostly from the exponentially increasing demand for higher data rates (mainly from video appli-

cations); in addition, with the IoT boom, it is projected that billions of devices will be linked to the 

mobile network by 2020[9],[20]. Three of the leading candidate data improvement methodologies 

for 5G mobile networks include: the deployment of large numbers of small cells, the mmW spec-

trum and massive MIMO systems that are important for achieving the 2020 targets [5].Hence, 5G 

have vision in order to achieve some goals than 4G-network system comparisons are list below. 

Furthermore, 5G networks should attain the following scenarios[1],[19]: 

▪ The system capacity improvement by 1000 times. 

▪ The spectral efficiency and energy efficiency improment by 10 times.  

▪  The average cell throughput improvement by 25 times.  

▪ The longer battery life time improved 10 times.  

▪ The latency reduced by 5 times. 

▪ The aggregate data rate (or area capacity) increased by 1000 times. 

▪ The cell-edge rate values improved by 100 times (0.1 Gbps to 1 Gbps).  

▪ The user data rate higher 10-100 times. 

▪ The number of connecting devices higher 10-100 times. 

▪ The peak data rate are 10 Gbps for low mobility and 1 Gbps for high mobility.  

▪ 10-100 times cheaper mmWave spectrum (as compared to below 3GHz spectrum). 

▪ 10-100 times cheaper small cells than macrocells.  

▪ Connect the whole world. 
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2.1.1. Elements of Dense Nets 

Dense Net is an evolution of Het Net with a large small cells deployed in the coverage of macro-

cell by operator or user setups. The small cells (pico cell, femtocell, RRH, etc.) have low power 

BSs and cover a certain portion of macro cell area based on scenarios requirement [1],[20],[21].  

The small cells are installed with one of the two major goals [22]:  

(i) Coverage improvement:- Extend the scope of the cellular communication system by 

implementing the deployment of small cells at the edge of the macro cell. The coverage of 

the small cell and the coverage of the macro cell may be somewhat over-laping. This type 

of small cell can be installed both indoor and outdoor, and can be thought of as a range 

extension for macro cells where marginal coverage areas at the cell edge require QoS and 

improved data throughput[22].  

(ii) Capacity enhancement:- Increasing the data throughput of the cellular communication 

system by installing small cells within the macro cell coverage.Generally, the coverage of 

the small cells and the coverage of the macro cell overlap largely[22].  

Small cells can be planned or unplanned. Planned small cells are those that are deployed under the 

control of the cellular operator. Unplanned small cells are those deployed by end users as figure 

2.1. 

Macro-cell: is characterize by the high transmit power, wide cell coverage, open access for all 

users, associating high-speed users, etc. It also have the unique property of being effective in 

providing wide area coverage; on the other hand, they are not as efficient if high-speed information 

per area is returned due to the large coverage they provide. Since macro-cells are more influential 

than any other type of cell, a much larger number of users [1], [22], can therefore use them. 

Pico-cells: are low transmit power BSs with limited cell coverage and limited transmit power as 

compared to the eNBs. A pico-cell in cellular networks deployed to extend and supplement the 

coverage of the macro-cell in areas where the wireless signal coverage is poor[23]. It improve data 

throughput for mobile terminals (MT) while increasing device efficiency in the cellular (macro-

cell) network.  

Femto-cells: are low power BS with transmits power typically less than pico-cell, and covers a 

limited area less than a pico-cell.  Femtocell is a low power device planned for use in home or 

small commercial environment for improving the indoor coverage and function of radio signals 

within buildings[21]. 
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 Figure 2. 1. Small cells and their parallel-proposed deployment areas [21] 

Remote Radio Head (RRH): like a macro-BS, the RRH is a high transmission power BS that is 

typically dense in size and small in weight. RRHs are connected to the macro-BS through high-

speed links, such as optical fiber, and all the control and base band signal processing performed 

for RRHs on the macro-BS. The aim of RRHs is to assign cell coverage to remote BSs rather than 

to be centralized as in the case of traditional macro-BS [1]. 

Relays: also, these low-power nodes relay signals from macro-BS to UEs and UEs-macro-BS. The 

relay node uses wireless backhaul to connect to macro-BS. Common relay types are:  

Type 1 relays are characterize by in band, self-controlled cell with a separate physical cell ID. It 

includes, Type 1a, which functions out band and Type 1b are works in band with satisfactory 

antenna separation. An in band with no physical cell ID characterizes type 2 relay shown table 2.1.  

Table 2. 1. A comparative framework of Dense Network elements [25] 

Small cells Deploy cases Coverage Power access scenario Backhaul 

Pico(fully 

functioning) 

Planned (in/out-

door) 

upto 

100m 

Indoor(<100mW) 

outdoor(0.25-2W) 

Open access ideal 

Femto (fully 

functioning) 

Unplanned(in-

door) 

10 to 30m <100mW Open/closed 

/hybrid access 

non ideal 

Relays (macro 

extension) 

Planned(in /out 

door) 

upto 

100m 

indoor(<100mW) 

outdoor(0.25-2W) 

Open access Wireless 

RRHs(macro 

extension) 

Planned(out-

door)` 

upto100

meter 

outdoor(0.25-2W) Open access Ideal 
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The small cells can be mounted indoors (e.g. femto cells) or outdoors. When deployed outdoors, 

small cells are typically deployed at a lower height than a macro cell (e.g. on street lamp posts) 

and have a lower transmitting power to the target area. Generally, the types of deployment are as 

below[22]: 

▪ Indoor:  

Indoor small cells provide capacity enhancement. It can be additionally divided into a) large indoor 

areas such as shopping malls, airports, stadiums, etc. and b) multi-room scenarios such as office 

buildings. Most of the indoor scenario links are LOS channels, but some can be LOS channels due 

to obstacles created by human bodies or furniture, such as tables, chairs, cabinets[22]. 

▪ Outdoor:  

These are installed to provide coverage and/or capacity in conjunction with macro cells coverage 

or in the separation of macro cells, such as support for disaster recovery and in rural areas. The 

standard outdoor deployment scenario is to locate HF small-cell BSs with open-ended facilities, 

such as street light poles, bus stops, etc. Backhaul links: i) the link between macro and/or femto 

BS and core network; ii) the link between macro and femto BSs for all of them (>6GHz) [23]. 

2.1.2. Cooperative communication (Cooperation) in Dense Nets 

Cooperation defined as a communication process whereby, in terms of cellular wireless network-

ing aspects, a number of BSs and UEs cooperate with each other to achieve the common goal of 

the network. Cooperative communication can normalize by the 3GPP, as matched multi-point 

communication and relay stations [23], [26]. 

 

2.1.3. Relay Station Cooperative Systems 

Relay stations are used to retransmit signals to a target node AF. The relay node uses three common 

schemes: amplify-and-forward (AF), decode-and forward (DF), and compress-and forward (CF). 

AF relaying is known as analog relaying or non-regenerative relaying. In this mode, relay receives 

the message (useful messages with noise) from the transmitter (BS or MS), amplifies it and re-

transmits. The transmitting station only magnifies the received signal from the start point node and 

forwards it to the end point station. Since AF relay does not perform decoding, it introduces min-

imum delay[1]. 
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DF is also digital relay or regenerative relay. It also demodulates, decodes, then re-encodes, and 

demodulates before it resends the received signals to the destination. In this mode, only the useful 

message retransmitted, i.e., it does not retransmit the received noise. In DF relay, decoding and re-

encoding process introduce system delay time longer than AF schemes [24]. 

CF relay is compressed versions of its received message.CF relay extract the most relevant part of 

received message, decode and forward to the receiver. CF relaying scheme performs better than 

DF scheme in the scenario when relay node is located far away from BS and closer to the MS. If 

the backhaul link is poor, AF and CF protocols are favorable; however, for good link condition at 

the relay backhaul, DF protocol is more advantageous[21].  

The main difference between CF and DF/AF is that CF relay transmits a quantized and compressed 

version of the received message [21], [24]. 

2.1.4. CoMP Cooperative Systems 

The key objective of the coordinated multipoint (CoMP) is to create a cluster of neighboring macro 

cells to maximize the UE throughput. The CoMP may hold joint either processing or coordinating 

strategies between communicative nodes. The CoMP mainly uses two means: joint transmission / 

joint reception (JT/JR) and coordinated scheduling / coordinated beam forming (CS/CB) [1]. 

The main difference between them is, in JT/JR, users will receive multiple copies of the same data 

from different BSs in the synchronized array, and the signal transmitted from BSs outdoors will 

be fixed as interference. In CB/CS, however, beam-forming vectors are shared between coordi-

nated BSs [24], [27]. 

It is verified in [1], that JT/JR plan suggestions better performance than CB/CS because of higher 

degrees of freedom from receiving multiple signals and expand user throughput. Hence, it can be 

determine that the use of cooperation values has an important role on the 5G network capacity 

accomplishment.  

In all network deployment strategies, the inter-cell interference (ICI) is more effective in the uplink 

(UL) than downlink (DL). The techniques used for CoMP both the UL and DL explain as follows: 

▪ DL: ICI occurs due to parallel transmissions from adjacent base stations. 

▪ UL: ICI occurs due to simultaneous transmission by users in adjacent cells.  
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The small BSs are designed and naturally used to spread coverage in cells boundaries and to add 

network capacity in areas with dense data usage[26]. In addition to ICI mitigation, CoMP help to: 

▪ Improve the network performance. 

▪ Increase rates on cell edges. 

▪ Improve load balancing between the cells. 

1. Scenarios for CoMP 

Four scenarios (for ideal backhaul) consider for CoMP in Rel.11 are explain as below. The begin-

ning of the two scenarios are focus on homogeneous and the remaining are on the heterogeneous 

networks shown below figure 2.2. 

✓ Scenario1: A single eNodeB is helping multiple sectors (networks with intra-site CoMP). 

✓ Scenario 2: Multiple high-transmit power RRHs connected to eNodeB (Inter-site CoMP). 

✓ Scenario 3: Macro cells and small cells are jointly deployed using different cell identities. 

✓ Scenario 4: Macro and small cells all employ the same cell ID.  

 

Figure 2. 2.  Scenarios for CoMP (a) Scenario-1 (b) Scenario-2 (c) Scenarios-3/4 [1],[27] 

New scenarios (on top of Rel.11) that assume non-ideal backhaul is called Rel.12 as explain below: 

▪ Scenario 5: CoMP used among cells belonging to different macro eNBs 

▪ Scenario 6: CoMP used between a macrocell and one of its smallcells (smallcell eNBs) 

▪ Scenario 7: CoMP used among small cells (small cell eNBs) in a macro cell (macro cell 

and small cells use different channel, but small cells share the same channel). 
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2. Backhauling for CoMP 

Backhaul (referred to as a back-net or backbone or transport network) in cellular networks is a 

network that connects eNBs to the core network and consists of committed fiber, copper, micro-

wave, and sometimes satellite connections. Current backhaul networks are mostly based on the 

microwave links and fiber / copper links with varying proportions per operator and country [29].  

CoMP transmissions using backhaul links require higher network reliability and very low interval 

management. In terms of backhaul operating frequency, both in-band and out-band backhauling 

are optional. Where in-band backhauling for mm Wave small cells allows single antenna use for 

both access and backhauling purposes, with concerns about mutual interference and efficiency 

trade-offs between access and backhaul connections. The mm W spectrum is, by its definition, 

ideal for backhauling due to its Propagation Characteristics Directive. On the other hand, extra 

spectrum resources are required for out-band backhauling as shown on figure 2.3 [23]. 

 

Figure 2. 3. Wireless backhaul for mmW and microwave communication [28] 
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2.2. Fundamentals of Millimeter Wave MIMO Systems 

The 21st century has already seen an exponential growth in wireless data usage, thanks to the high 

proliferation of smart devices and ever-increasing mobile applications. These new generation of 

wireless networks, often referred to as "5G" is targeting a data capacity increase of (100-1000x) 

from the current 4G LTE networks [4],[20].  

This has motivated the most recent research interests towards the merger of mmW spectrum and 

massive MIMO technology with the deployment of ultra-dense networks that is essential known 

as small cell deployment. Cell densification with different types of BSs such as macro and small 

BSs with different transmit powers is a technique that already has been deployed in the current 4G 

cellular networks[4].  

The main enabling technologies for the 5G network capacity are more system bandwidth through 

mmW spectrum aggregation to the exiting microwave spectrum, high spectral efficiency through 

massive MIMO by achieving more parallel links (i.e., high multiplexing gain) between network 

nodes (e.g., BSs and UEs). Due to the high sensitivity of the mmW to static blockages such as 

buildings, there is a significantly high loss of path for the mmW links, which results in significantly 

different PL exponents for both the LOS and the NLOS scenario [5]. 

2.2.1. Millimeter Wave Communications 

Millimeter wave is among the most important technology to meet the ever-growing desires in the 

capacity, which enables multi-Gbps transmission rates. As the word indicates, mmW systems work 

on wavelengths in mm scales (about 10mm to 1mm) [29].  

In the academic and the industry works, the hot and attractive fields are mmW technology. Since 

then, various studies of revised works have investigated the features of the mmW channels in ways 

that make full use of these features to achieve a higher data rate. 

One of the main challenges facing the current 4G LTE systems is the lack of spectrum in typical 

microwave frequencies used for wireless access and backhaul connections. Technological details 

improved, for example MIMO and CoMP, and the Het Nets help to increase the network ability 

for LTE-A jobs, they are not sufficient to meet the high-speed demand required in the high-speed 

traffic market. 
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Prerequisite for improved network efficiency and therefore better spectrum distribution, the devel-

opment of D2D communications in the mmW band has recently led to the resourceful use of broad 

bandwidth (multiple GHz).Yet, there are spectrum bands in mmW which are available for mobile 

communications[30]. 

 

Figure 2. 4. Available bandwidth in microwave, cmW and mmW spectrum [31] 

The E-band (71-76 and 81-86 GHz) includes a 80GHz license with a multi-Gbps capacity. The 

other frequency band is V-band (around 60 GHz) and unlicensed at 60GHz. Licensing is free in 

most countries, but attenuation caused by absorption of O2 at 60 GHz causes problems over longer 

connection time. Each frequency band has their unique flavors in the propagation channel model. 

The mmW propagation channel are mostly affected by the path loss, rain attenuation and absorp-

tion caused by the atmospheric effects as shown on figure 2.4 [32]. 

At this time [33], the most popular mmW bands are 28GHz, 38GHz, 60GHz and E-band, which 

are usually unlicensed. With a massive bandwidth available, the Gb data rate is theoretically fea-

sible, which eliminates the challenging capacity that occurs in lower-frequency backhaul networks. 

The large amount of underutilized mmW as well as unlicensed V-band (57- 67GHz) and lightly 

licensed E-band (71-76GHz and 81- 86GHz) (from country to country the particular standard may 

vary) can provide the potential GHz transmission bandwidth [3].  
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For instance, more than  1Gbps backhaul capacity can be supported over 250 MHz channel in E-

band [12]. Hence, the studies focused on mmW links at E-band (around 73GHz). We select this 

band due to the following reasons as shown on table 2.2 [14]:  

1. The band is in worldwide scale either lightly licensed or non-licensed.  

2. There is multiple gigahertz of bandwidth available at this E-band. 

3. There are no significant attenuation spikes caused by atmospheric gases at the E-band. 

In addition, the E-band offers more spectrum at 10 GHz, allowing higher frequency reuse and 

higher capacity; these are the main reasons for selecting the E-band as a possible clarification for 

fixed and directional backhaul links. The other possible frequency band is V-band (about 60 GHz). 

Hence, with the upper part of the E-band for the backhaul, implementation will help to avoid in-

terference within the same portion of the E-band near small cells [9]. Similarly, the impact of 

interference is very important for research, especially in an environment with such high frequen-

cies [3]. The backhaul in the certified 71-76 GHz and 81-86 GHz bands provides Gigabit data rates 

between the core network and a number of cellular mobile systems. 

In the mmW band, however, ranging from 30 to 300 GHz, the consumption of the signal is much 

smaller. Military transmissions, vehicular radar and backhaul connections are some of the instal-

lations operating at mm W frequencies. On the other hand, there is a massive amount of bandwidth 

available at these frequencies. 

The 60 GHz band, also known as the V-band, ranging from 57 to 66 GHz, considered a 9 GHz 

continuous chunk of unlicensed spectrum available. The E-band, consisting of two 5 GHz chunks 

of 71-76 GHz and 81-86 GHz, offers a total of 10 GHz of available spectrum. Certain hopeful mm 

W bands for 5 G are 28 GHz and 38 GHz, which combined roughly 4 GHz of spectrum [9].  

The millimeter wave bands generally referred to in the guideline are those least affected by in-

creased attenuation due to the absorption of atmospheric gases. 

The E-band between 70-90 GHz is one of the frequency bands that has recently become popular 

for licensing in most countries. Mobile employees are currently using it as a point-to-point (P2P) 

fiber replacement for BSs or a small cell "last mile" link as shown on figure 2.5 [15]. 
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Table 2. 2. A brief pros and cons of mmW communication in several frequency bands [33] 

Frequency Band Advantage (Pros) Disadvantage (Cons) 

28G`Hz      

(Ka- band) 

Suffers the minimum PL; minimum oxy-

gen absorption and rain Attenuation. 

Lightly licensed; Relatively the 

bandwidth is small. 

38GHz   

(Q- band) 

Attenuation caused by oxygen absorption 

and rain are relatively less. 

Applications and studies done 

are less. 

60GHz   

(V- band) 

Unlicensed bands; to accomplish multi-

gigabit rate need large bandwidth. 

Peak point of oxygen absorption; 

Rain attenuation relatively large. 

73GHz    

(E- band) 

Special effects of atmospheric absorption 

is small. 

Rain attenuation is large; Due to 

high frequency point, PL is large. 

 

 

Figure 2. 5. Example of a mm Wave network [9] 
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2.2.2. Millimeter Wave Propagation Characteristics 

The mmW frequency propagation characteristics are definitely different from the classical sub-

3GHz bands in [9], [18],[30] as shown on figure 2.6. The common types of propagations are: 

LOS: occurs if there are no blockages for the signal in its path from transmitter to the receiver. 

NLOS: is the other propagation in case of blockage of signal in its path.  

  

Figure 2. 6. Millimeter wave propagation characteristic 

Free-space Losses 

The communication loss of mmW have accounted for basically by free space loss. Conventionally, 

the friis transmission law gives as Eq. (2.1) in [18]:  

Pr

Pt
= GtGr (

λ

4πd
) 2                                                               (2.1) 

Where Pr and P𝑡 represents for the received and transmit powers, Gt and Gr are the antenna gains 

of transmit and receive antennas, respectively. λ is the wavelength and d is the distance between 

transmitter and receiver. The PL express as the relation of transmitted to receive signal. Assuming 

unity antenna gains and from equation (2.1), hence, free space PL written in dB as Eq. (2.2): 

PL (d, f) = 20 log (f) + 20 log (d) +20 log ( 
4π

c
)                                  (2.2)  

Foliage Losses 

The foliage losses at mmW frequencies are very high and a point of concern.  An empirical formula 

was established by Marcus and Patten in [32],[18] address the foliage loss:  

 L = 0.2 f 0.3 Df
0.6                                                               (2.3) 

mmWave 
propagation

Foliage 
attenuation

Atmospheric 
attenuation

Propagation 
mechanism

Matrial 
Penetration

Rain fading

Free 
spaceloss

𝐻2

O 

𝑂2 

Refraction 

Diffraction 

Scattering 

Multipath 



Page | 21  

 

Where L is the foliage loss in dB, f is the frequency in GHz, Df  is the depth of foliage in meters, 

and applies for Df < 400 m and 20-95 GHz frequencies as shown on figure 2.7.  

 

Figure 2. 7. Foliage Attenuation vs Frequency [18] 

Atmospheric Gaseous Losses 

Atmospheric gaseous losses of mm-wave contact due to the concentration of oxygen molecule 

(solid line) and water vapor (broken line), generally only at certain frequencies (separately between 

60 GHz and 180 GHz) as shown in Figure 2.8, effects of high attenuation of the radio signal. In 

contrast, these absorption bands do not significantly affect the additional spectral areas of the 

mmW. 

Rain Loss 

In case of heavy rain, the mmW may suffer very strong attenuations. Nevertheless, when the mmW 

network is disrupted by heavy rainfall, the hold-up cellular network protects these areas in order 

to preserve network connectivity with the correct QoS [13]. Definite attenuation (dB/km) increases 

as well as the increase in operating frequency and the length of the path. The  ITU-R model for 

frequency and rain rate specific attenuation are given as following expression as shown on table 

2.3 [14],[34]:  
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                 Lrain/km[f (GHz), R (mm/h)] =  k (f) Rα(f)[dB/km]                                            (2.4) 

 Where k (f) (𝑖𝑛 𝑑𝐵) = 1.203log (f) −2.290      and      α (f) = 1.703−0.493log (f) 

Table 2. 3. The frequency dependent oxygen loss α (f) [dB/km] [34] 

f(GHz) <52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 >68 

α(f)[dB/km] 0 1 2.2 4 6.6 9.7 12.6 14.6 15 14.6 14.3 10.5 6.8 3.9 1.9 1 0 

 

 

Figure 2. 8. Specific attenuation curves of O2, H2O and rain at sea level [32] 

In above figure 2.8, the O2 absorption curves are most observed at 60 GHz and 119 GHz frequen-

cies, with a peak of 15 dB/ km and a loss of 1.4 dB /km respectively. Nevertheless, by being active 

at short distances, the loss of O2 absorption is more limited. For example, by reducing the range 

of cells from 1 km to 100 m, the absorption of O2 at 60 GHz and 119 GHz is reduced to only 1.5 

dB and 0.14 dB respectively. 

However, H2O molecules can resonate at 23 GHz, 183 GHz and 300 GHz, with losses of 0.18 

dB/km, 28.35 dB/km and 38.6 dB/km respectively. As a result, atmospheric attenuation exerts a 

minor influence on mmW signals, especially when transmitted over short distances. Where the 

definite rain attenuation at a given rain rate R in mm/hr increases exponentially up to the critical 

frequency, both for the light rain and for the heavy rain. The light and heavy rain-rates apply a 

maximum of 2.55 dB/km and 20 dB/km, respectively, at the upper frequency of mmW [14], [32]. 
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2.2.3. Millimeter Wave Channel Models  

The channel models are mandatory for simulating propagation model and correctly planned and 

compared radio air interfaces and device implementation. Common wireless channel model pa-

rameters include carrier frequency, bandwidth, height, two or three-dimensional distance between 

transmitter and receiver, environmental effects and other requirements needed to build universally 

regular equipment and systems as shown on figure 2.9 [33], [36]. 

The requirements for channel modelling are as follows [35]. 

Generally, the channel model can providing frequency range up to 100 GHz. 

✓ Take care of mmW propagation features such as blocking and atmosphere attenuations. 

✓ The model mostly dependable both in space and frequency. 

✓ It support large channel bandwidths (up to 10% of carrier frequency). 

The goals for the channel model is to cover a range of coupling loss in view of current typical cell 

sizes, e.g. up to km range for macro cells. 

Note: this is to enable the inspection of the implication of the 5G system using HF bands to the 

existing deployments. 

   

 

 

  

 

 

 

 

 

Figure 2. 9. Classification Channel models. 

Physical channel model is created on the basis of the electromagnetic characteristics of the signal 

propagation between transmit and receive antenna arrays, whereas an analytical channel model is 

defined on the basis of a scientific analysis of the channel [14],[33].  

Physical channel models are categorized into two main groups, explained as follows: 

               Channel model Classification 

 

          Analytical model 

 

      Physical model 

 

Deterministic 

 

Stochastic 

 

Propagation Based 

 
Correlation Based 

 

Considered Here 
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1. Deterministic channel models: 

Deterministic systems clearly describe the real environmental quality of the system. These further 

divided into three subsections: the closed-form approach, the quantitative approach (based on 

measurement) and the ray tracing approach. The two-way signal model, a very simple model that 

allows theoretical and analytical analysis for different transmission schemes, is a good example of 

a closed-form approach. In the other hand, the empiric method derives channel parameters from 

data collected in channel measurements performed in a specific study setting. 

Therefore, the observed methodology is perfect, regardless of its scientific simplicity. Conversely, 

the ray tracing approach, uses for electromagnetic theory and simulation tools [36],[37]. 

2. Stochastic channel models: 

In contrast to deterministic models, stochastic models produce a channel compulsion response that 

shows the spatio-temporal characteristics of the channel MPCs as a probabilistic model based on 

large quantities taken from different scenarios and environments. Stochastic models capable of 

considering simple models that require less time and less computational difficulty; from now on, 

they are used for system design and simulation [33]. Stochastic solution can be divided into two 

major subcategories: a stochastic model based on geometry and a model based on correlation. The 

geometry-based stochastic model was also discussed as a ray-based model. In a geometry-based 

stochastic model, scatters are distributed in an exact style to a certain predefined geometric shape, 

such as an ellipse or a circle between the transmitter and the receiver, in order to reproduce the 

result of wave propagations [38]. 

The ultimate problem with the 5G channel design is to provide the requisite physical basis. In 

recent times, a large research contract expected to accept the spread of mechanisms and channel 

conduct at frequencies above 6 GHz has been published in [3]. 

We explain common channel model such as LOS probabilistic model and large-scale path loss 

model as shown below based on major organization reviewed in the past years. Those are: 

1. The third Generation Partnership Project (3GPP TR 38.901): to provide channel models from 

0.5-100 GHz based on a difference of 3GPP’s wide power to develop models from 6 to 100 

GHz in TR 38.9. 3GPP TR documents are a repeated work in evolution standards for the 5G. 

2. Mobile and wireless communications Enablers for the Twenty-twenty Information Society 

(METIS): A large research project sponsored by European Union.  



Page | 25  

 

3. 5G Channel Model (5GCM):  a group of 15 companies and universities that developed models 

based on extensive measurement campaigns and helped see 3GPP understanding for TR 38.9. 

4. mm-Wave Based Mobile Radio Access Network for 5G Integrated Communications (mm 

MAGIC): is another hot research project that sponsored by the European Union.  

Channel model includes LOS probabilistic ,and PL and shadowing model explain in[36],[38] are: 

▪ LOS Probability of models 

LOS probability of model is a function of Tx-Rx separation distance and is frequency-independent; 

it also specially based on outline of an environment or scenario. Hence, common scenarios are: 

Urban Macro scenario: uniformly distributed users are serve by macro BSs that are located at 

the center of each hexagonal area. Each macro BS has very large cell area and serves only outdoor. 

Urban Micro scenario: micro BSs have smaller cell radius and serve both indoor and outdoor 

users uniformly distributed in a dense urban environment. 

The first (5GCM) LOS probabilistic model for UMi scenario was considered, the d1/d2  model 

which is the current 3GPP/ITU model as shown on figure 2.10 [36],[38]. 

PLOS = min (
d1

d2D
 , 1) (1 – exp (

−d2D

d2
 )) + exp (

−d2D

d2
)                                      (2.5) 

Where d2D is the Tx-Rx distance in meter, d1 =20m and d2 = 66m are both are a set of data (or 

scenario parameters). The other model is, NYU (New York University) squared model, in [38] is: 

PLOS = ( min (
d1

d2D
  , 1) (1 –  exp (

−d2D

d2
))  +  exp (

−d2D

d2
))2                              (2.6) 

Where d2D is the Tx-Rx distance in meter, d1 = 20m and d2 = 160m. 

 
Figure 2. 10.Characteristics of  d2D and d3D for outdoor UTs [35] 

The figure 2.10 describe as d2D= d is the distance between the UE and the BS at ground level, in 

addition, d3D is the distance from the top of the UE to the top of BS; both variables are in meter. 
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UMa LOS Probability: UMa scenarios typically have BSs mounted above rooftop levels of sur-

rounding buildings (e.g., 25-30 m) with UE heights at ground level (e.g.,1.5m) [36],[38]. 

UMi LOS Probability: UMi scenarios include high user density open areas and street canyons 

with BS heights below rooftops (e.g., 3-20 m), UE heights at ground level (e.g., 1.5m).  

The current [38], 3GPP LOS probability model mainly used above 6GHz as shown on table 2.4. 

Table 2. 4. LOS Probability model for 3GPP TR 38.901 and METIS [36], [38] 

UE Scenarios LOS probability models (distances are in m) parameter 

METIS for UMa  PLOS = (min(
d1

d2D
, 1)(1 − exp(

−d2D

d2
)) + exp (

−d2D

d2
))   

(1 + C(d2D, hUE)), where C(d2D, hUE) = 0 ; hUE < 13𝑚 

d1 =18 

d2 =63 

3GPP TR 38.901for  

street canyon UMi  

PLOS = min(
d1

d2D
, 1)(1 − exp(

−d2D

d2
)) + exp (

−d2D

d2
))   d1 =18 

d2 =36 

 

▪ Path loss and shadowing models 

The PL and shadowing (large-scale fading) effect source are the difference between the transmitted 

and received signal power. This model includes the attenuation of transmitted signals with distance 

(PL), blocking of signals by large obstacles where the received signal slowly varies over received 

signal (shadowing), and combination of transmitted signals with rapid variation over short time 

scale, reflected and scattered signal at the receiver (multipath fading) as shown on figure 2.11[39]. 

 

Figure 2. 11. Received signal attenuation and variation over wireless channel [39] 
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The significant path loss models are apply to forecast mmW signal power over distance for the 

huge mmW frequency range with antenna gains included in the link budget and not in the slope of 

path loss. The figure  2.12 shown below are common mmW PL models [32], [36].     

  

            

                                                                            

Figure 2. 12. Path loss models considered for mm Waves 

Based on the general measurements carried out for the 28 GHz, 38 GHz, 60 GHz and 73 GHz 

frequency bands, more of the PL models have been working in[36] ,[40],[32]. 

At the beginnings of channel measurements, the major path-loss modeling energies considered the 

so-called reference PL model [36] [41]. Then, for the sake of better matching the measurements, 

the revised alpha-beta intercept model used in the 3GPP and WINNER II standards was introduced 

in[3]. After that, the PL model was extended from a single-slope model to a dual slope model in 

[41] in order to model the PL at distances beyond the 200 m range. The three basic types of the 

large-scale PL models to predict mmW signal power over distance are clarify as below. 

A. Close-in (CI) reference distance PL model:  

The easiest path loss model in Figure 2.12 used to relate PL and shadowing effects at mmW is the 

CI reference PL model, where the PL between the transmit array and the receive array is given 

over a distance and at a given carrier frequency f (in GHz) by [ 39],[17],[33],[15 ].                  

PL =  PLo + 10 ∙ np log(
d

do
) +  Sδs

 ,  Sδs
 ~ N [0, δs

2)]                                   (2.7) 

Where do(m) is the free-space reference distance, and PLo  shows the reference free-space loss at 

distance do and np is the PL exponent. Whereas Sδs
 represents the lognormal shadowing related 

with a standard deviation of δs. The shadow fading loss can demonstrated by lognormal distribu-

tion (Gaussian in dB) with zero mean and standard deviation δs(dB), as follows: 

Sδs
(x) =  

1

√2πδs
e

(−
x2

2δs
2)

                                                                  (2.8) 

Nevertheless, of the shadowing parameter ,Sδs
, Eq. (2.7) defines the power attenuation of the trans-

mitted signal at distance d with respect to d0 and the simple linear demonstration of the PL exe-

cuted by buildings. However, np describes the gradient of the PL as a fraction of the distance d, 

and depends on the specific scenario considered, including the LOS and NLOS scenarios. The 

Close-in reference 

distance PL model 

Modified PL 

model 

Floating intercept (Alpha-

beta-gamma) PL model  
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LOS link has a lower PL due to the lack of multipath reflections, which leads to low PLE values. 

While, the PL in the NLOS scenario is significantly higher than in the LOS scenario [3], [18], [39]. 

Furthermore, the added gains Gt  and Gr of the transmitter and receiver antennas can be considered 

in the overall PL expression by incorporating these parameters in [32], so it becomes: 

PL =  PLo + 10 ∙ np log(
d

do
)  +  Sδs  + Gt + Gr                                      (2.9) 

Detailed values of the best case Sδs
, np, LOS ,NLOS at the 28 GHz, 38 GHz ,60 GHz and 73GHz 

frequency bands can be found in [41],[36],[32]. 

B. Modified Path Loss Model:  

The other is modeling the PL presented in Figure 2.12 considered in [5], [16] and [40] proposed 

that a revision to the reference PL equation in order to familiarize to the NLOS PL measurements 

attained. A linear approach that used with a slight change of Eq. (2.7), which expressed as below: 

PL =  αp + 10 ∙ βp log(d) + Sδs
                                                  (2.10) 

Where αp and βp accounts for the floating intercept and the linear slope, respectively. 

The main difference of Eq.(2.10) when compared to  Eq.(2.7) lies in its ability of manipulating 

two parameters at a time (αp and βp) instead of only one (np), which effects in higher degrees of 

freedom in rectifying the model to suitable the measured PL values. Generally, detailed values of 

the best case Sδs
, np, αp , βp and γp at the 28 GHz, 38 GHz ,60 GHz and 73GHz frequency bands 

can be found in [3],[36],[32]. 

Moreover, Akdeniz et al. reported in [3] LOS ,NLOS and Sδs
 values for αp and βp  at 28 GHz and 

73 GHz for cellular communications are as shown below table. The  αp is the floating inter-

cept,the  βpis the slope of the line, and δs is the standard  deviation of the zero-mean Gaussian 

random variable (shadow factor) about the least squares best fit line for the range of distances 

specified for each frequency band as shown on table 2.5 and table 2.6 respectively.  

Table 2. 5.Parametersαp, βp and δs for NLOS or LOS of 28 and 73 GHz [18], [23] 

 28GHz 73GHz 

αp βp δs (dB) αp βp δs (dB) 

NLOS 72 2.92 8.7 86.6 2.45 8 

LOS 61.4 27 5.8 69.8 2 5.8 
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Table 2. 6. Considerations of  np and  δs for 28, 38, 60 and 73 GHz [23], [30] 

      28GHz 38GHz 60GHz 73GHz 

np δs (dB) np δs (dB) np δs (dB) np δs (dB) 

5.76 9.02 3.18 11 4.22 10.12 4.6 9.7 

 

C. Floating Intercept (alpha-beta-gamma) PL Model: 

The FI/ABG path loss models are given as[36][38] 

                      PL =  10 αp log(d)  + βp + 10γp log(fc) + Sδs
                                      (2.11)  

Where αp, βp and γp specifies the slope of path loss with log distance, the floating offset value in 

dB, and models the frequency dependence of path loss respectively. 

▪ Path loss Comparison to 3GPP Channel model 

It is beneficial to connect distance-based PL, as we have seen for mm W signals with models for 

predictable cellular systems as a function of distance for a number of models, as discussed below: 

Empirical NYC: These curves are the omnidirectional PL expected by linear model in Eq. (2.12).  

                               PL =  αp + 10βp log(d) + Sδs
                                                  (2.12) 

Where d is the distance and, 𝛼𝑝 and 𝛽𝑝 considerations are the LOS and NLOS values.  

Free space: The imaginary free space path loss is given by Friis’ Law[14]. As a consequence, 

many of the works such as [3], [33] which presume free space propagation may be optimistic in 

their capability predictions to a certain degree.  

It is also helpful to find out that, one of the models assumed in [3] (PLF1) is, precisely free space 

propagation + 20 dB- a modification factor rather than assumptions.                      

  PL (d, f) = 92.4 +20 log (f [GHz]) + 20 log (d [km])                            (2.13) 

Omnidirectional PL in Urban Micro: The ordinary METIS UMi NLOS path loss model with 

hexagonal deployments [4] as given below and also LOS PL model was explain in table 2.7: 

         PLMETIS =  23.15+ 36.7log 10( d3D) +26log 10( fc) −0.3(hUE)                       (3.14) 

The 3GPP TR 38.901 UMa and METIS UMi channel models with hexagonal deployment in[9], 

[42] that used to determine the path loss for a given distance. Since the channel models have LOS 

break- points, the average path loss 𝑃𝐿𝑎𝑣(d) of the NLOS and LOS parts is used.  

This model have the result that many users enter an area with LOS probability (𝑃𝐿𝑂𝑆(d)).             

    PLav (d) = PLLOS(d )PLOS (d)  +PLNLOS(d )(1 − PLOS(d))                               (3.15) 
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Generally, based on the previous classification of PL models, table 2.7 explains the omnidirec-

tional PL models in 3GPP for UMa and METIS for UMi on LOS and NLOS scenarios. For sim-

plicity, omnidirectional PL models with the assumption of unity gain antennas as we see follows. 

Table 2. 7. METIS for UMi scenario and 3GPP for UMa PL model specifications [35], [36] 

 PL [dB], fc is in GHz, d3D is in meters Fading St. 

deviation 

Ranges and Parame-

ters 

3GPP 

UMa 

LOS 

PLUMa−LOS = {
PL1 ,10m ≤ d2D ≤ d′BP

PL2,d′BP ≤ d2D ≤ 5km
 where 

PL1 =28.0+22log 10( d3D)  +20log 10( fc) 

PL2 =28.0+40log 10( d3D)  +20log 10( fc) − 

9log10((dBP)2 + (hBS − hUE)2)where 

d′BP =4(hBS − 1) (hUE − 1) (fc(Hz) × 109)/c 

δSF =4 0.5< fc < 100GHz 

10 ≤ d2D ≤ 5000m 

1.5≤ hUE ≤ 22.5m 

hBS = 25m 

3GPP 

UMa 

NLOS 

PL =max(PLUMa−LOS(d2D), PLUMa−NLOS(d2D)) 

PLUMa−NLOS =13.54 + 39.1log 10( d3D) +20

log 10( fc) −0.6(hUE − 1.5) 

δSF =6 0.5< fc < 100GHz 

10 ≤ d2D ≤ 5000m 

hBS = 25m 

METIS 

UMi 

Street 

Canyon 

LOS 

PLUMa−LOS = {
PL1 ,10m ≤ d2D ≤ dBP

PL2,dBP ≤ d2D ≤ 5km
 where 

PL1 =28.0+22log 10( d3D)  +20log 10( fc)  +

PL0 Where PL0 = 3.34 −1.38log 10( fc). 

PL2 =40log 10( d3D) + 7.8 − 18log(hBShUE) 

+ 20log 10( fc)  + PL1(dBP) where 

𝑑𝐵𝑃 =0.87 exp (
− 𝑙𝑜𝑔 10( 𝑓𝑐)

0.65
)

4(ℎ𝐵𝑆 −1) (ℎ𝑈𝐸 −1)

𝜆
 

δSF =3 0.45< fc < 6GHz 

10 ≤ d2D ≤ 5000m 

1.5m ≤ hUE ≤ 22.5 

hBS = 10m 

METIS 

UMi  

PL =max (PLUMa−LOS(d3D), PLUMa−NLOS(d3D)) 

PLUMa−NLOS =23.15+ 36.7log 10( d3D) +26

log 10( fc) −0.3(hUE) 

δSF =4 0.45< fc < 6GHz 

1.5≤ hUE ≤ 22.5m 

          hBS = 10m  

 

At mmW frequencies, the use of a breakpoint is debated because it has not occurred in the meas-

urements, but some ray tracing simulations assume that this will happen [36]. In NLOS cases, the 

UMa-NLOS model uses the ABG model form [36], with a frequency-dependent term that indicates 

PL increasing with frequency and has an extra height correction term for the UE. 
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2.3. MIMO Technology 

Within the SISO-schemes, there is only one antenna at each end of the wireless connection. This 

strategy is often low-grade to MIMO antenna systems in terms of device efficiency and perfor-

mance, while the ease of installation, cost and use is still lower. 

MIMO systems increase the wireless capacity by multiplying by adding more antennas to the an-

tenna array and by increasing the signal strength of the antenna array [7], [8], [44]. As a result, 

BSs with large antenna arrays are capable of serving more consumers, resulting in significant 

MIMO demonstrations of high spectrum performance, which greatly increases the throughput [5], 

[8]. Due to the rapid growth of wireless communications, customers are increasingly eager for 

system capacity and spectral efficiency. Numerous solutions to this challenge have been devel-

oped, such as increasing the system bandwidth and increasing the order of variation. On the other 

hand, increasing the system bandwidth only increases the system capability without effectively 

raising the spectral efficiency and increasing the modulation order only increases the spectral ef-

ficiency to a restricted degree because the modulation order is doubled. MIMO systems can deliver 

more than double spectral efficiency. 

As an alternative to SISO, MIMO uses several transmitter and/or receiver antennas in tandem with 

various signal-processing methods. In general, SIMO, MISO, and beam formation are all found in 

MIMO systems [45]. 

Opportunities of gaining system capacity improvement from using MIMO system [20],[43],[44]: 

i. Spatial multiplexing denotes the de-multiplexing of a single stream of data and the 

assignment of a stream effect to a number of transmitting antennas. The aim of spatial 

multiplexing is to improve spectral efficiency by applying the propagation environment. 

ii.  Spatial diversity services provide a range of mechanisms to minimize small-scale fading 

impact. Until now, spatial heterogeneity has not been widely explored in area of mmW. 

iii. In the case of mmW systems, beam forming is a very common MIMO technique used. By 

means of beam forming, high gain and very direct beams can be produced by electronically 

phased antenna elements in an antenna array. 

iv. Hybrid precoding incorporates beam-forming and spatial multiplexing techniques in such 

a way that spatially multiplexed streams produce stream-based beams to serve users. 

In this research and some of the next chapters, we are going to study a new way to use multiple 

antennas. The capacity of the MIMO channel with n transmit and receive antennas is proportional. 
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CHAPTER THREE 

System Models and Descriptions on System Capacity 

3.1. Effects of SINR on the Capacity 

In most of the studies to cope with the ever-growing capacity demand, is to add cells and densify 

the networks said to be cell densification techniques. This technique can boost the network capac-

ity with high density deployment and offer user offloading from macro BS to small BSs[42],[45]. 

However, limitations (due to high-density deployment) of cell densification can be overcome 

through deployment of mm W frequency spectrum that is very suitable candidate for outdoor P2P 

backhaul links. Hence, this paper explores the network densification for capacity enhancement 

over space (dense deployment of small cells) and over frequency (using mmW frequency bands).  

Assume that the system capacity is approximately the same as that of the throughput at the UE. 

Hence, the three important concepts regarding the user throughput are explain as follows. The SNR 

and SINR both have closely related to maximum bit rate. Whereas the other is the maximum data 

rates that are transmitted over a channel (channel capacity). 

i. SNR 

The SNR that measured at the output of the target-receiver is more important and useful in dimen-

sioning and evaluating the overall fidelity of the networks. Thus ,the received SNR is the ratio 

between the received signal’s power 𝑃𝑟 and receiver noise power 𝑃𝑛 given Eq.(3.1) in[45],[46]:                                                               

       SNR =
Pr

 Pn
=

Pr

B∙ N
                                                                       (3.1) 

Where N is the power spectral density of noise, Pn is noise power and B is channel bandwidth.  

ii. SINR 

The SINR is a good indicator of user throughput ,and the higher SINR means the signal is stronger 

to the noise and interference [47]. The common ways of increasing the SINR, either by increasing 

the transmission power or by bringing the UE closer the BS, thus reducing the propagation losses.  

The capacity expression of co-channel interference and noise is complex, it explain as Eq. (3.2):                                                  

     SINR =
Pr.|ℎ|2

I +  Pn
                                                                  (3.2) 

The numerator Pr denoting the average received power and |ℎ|2 the fading channel gain (assume 

unit mean). The denominator I is the term due to the interference from the user in the neighbor-

ing cell. This interference is due to small-scale fading or the physical location of the user in the 

other cell, which is reusing the same channel. To reduce ICI, we propose frequency reuse factor. 
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iii. Channel Capacity  

The channel capacity is describe as the maximum data rates that can be transmitted over a channel 

when the error probability approaches zero (i.e. not reach the capacity limits are upper bounded). 

Assume that using Shannon’s capacity formula, the system capacity (in b/s/Hz) of a macro cell for 

a P2P communications are  given below[1]:                                             

      C =  [log2(1 + SINR)]                                                             (3.3) 

Where SINR is the signal to interference noise ratio. In case of the radio communication systems, 

bandwidth is a function of its center frequency fc i.e. B=α 𝑓𝑐 due to radio regulations. 

This study focus on the SINR dominated factor for representing user throughput as low (interfer-

ence dominated) and high (noise dominated) SNR regimes.  

The main difference between the high and the low SNR regimes include bandwidth-limited (the 

higher the SNR, the smaller the effect on capacity), and power-limited (the SNR is low and capac-

ity is linear in the SNR) regimes respectively. We observe at low and high SNR as: 

log2(1 + SINR) ≈ SNR log2(e)  when SINR ≈ 0, for low SNR (noise dominated) regime.  

log2(1 + SINR) ≈ log2(SNR)       when SINR >>1, for high SNR (interference dominated) regime. 

Low SNR Regime 

At low SNR, the system is not degree of freedom limited and the interference is small relative to 

the noise; thus, the rate is insensitive to the reuse factor and for small x. The channel capacity as: 

C = ∑ E[log (1 +
SNR

𝑛𝑡
 |λi|

2)]

nmin

i=1

 

≈ ∑  (
SNR

𝑛𝑡
E[ |λi|

2])

nmin

i=1

log2(e) 

=
SNR

𝑛𝑡
E[ ∑ |hij|

2

nmin

i=1

]log2(e) 

     = 𝑛𝑟 ∙ SNR log2(e)bits/s/Hz                                                           (3.4) 

Consequently, at low SNR, an 𝑛𝑟 x 𝑛𝑡  system yields a power gain of 𝑛𝑟 over a SISO. Hence, at 

low SNR and without channel information at the transmitter, multiple transmit antennas are not 

very important where performance of an 𝑛𝑡 x 𝑛𝑟 channel is comparable with that of a 1 x 𝑛𝑟 [48]. 
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High SNR Regime 

Capacity of MIMO is a function of sharing the singular values of the random channel matrix h. At 

high SNR, the distortion increases as well and the disturbance is of the same magnitude as the 

background noise. Therefore, in order to have a large capacity, we need multiple transmit and 

multiple receive antennas instead of SISO. We see that the efficiency of SISO and SIMO is sig-

nificantly lower than that of the 𝑛𝑡𝑥𝑛𝑟 network in the high SNR range and the 𝑛𝑡𝑥𝑛𝑟 MIMO 

stream, the capacity increases linearly with n over the entire SNR range [48]. The channel strength 

of the high SNR regime can be expressed as the following equations. 

C = E[log (1+
SNR

𝑛𝑡
 ∑ |hi|

2n
i )] bps/Hz                                                 (3.5) 

At moderate to high SNR, the capacity of 𝑛𝑡𝑥𝑛𝑟  channel is n times the capacity of a 1x1 system.  

If ℎ𝑗,𝑖 represents the small-scale fading between a user k and a femto BS j, then (ℎ𝑗,𝑖)
2 is a nor-

malized gamma random variable. However, due to the effect of channel establishment in massive 

MIMO systems, the impact of small-scale channel coefficients is ignored in the model, i.e., it is 

considered that |ℎ𝑗,𝑖|= 1 as shown on figure 3.1. 

 

Figure 3. 1. An illustration of a 𝑛𝑡𝑥𝑛𝑟  MIMO systems [29] 
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3.2. System Models and Link budget calculations 

As mentioned above, the main advantages provided by mmW bands are the large amount of spec-

trum available (i.e.up to 10 GHz of free spectrum can be found at these frequencies), and high data 

rates with peak speeds of 10-25 Gbps can be achieved [4]. When combined mmW with Het Nets, 

the main task in Het Nets is the inter-cell interference (ICI) for in-band deployment, if microwave 

frequencies are used for macro cell and small cells. Since, the fractional frequency reuse is a best 

solution. On the other hand, out of-band deployments are more interesting to minimize inter-cell 

interference and have more bandwidth for each stage of Het Nets. When using mmW small cells, 

they can work as capacity boosters and help to achieve high data rates [7], [9], [45], and [46].  

Our work mainly consider, UE is inside coverage of small cells (i.e., uniformly random distributed 

positions with 10 small cell sites); if the UE is not located inside a small cells, a new position used 

(i.e., Joint search method (JSM)). For the JSM, it is assumed that the UE continuously reports to 

the macro cell the channel conditions. If the UE is not found in any sector, the small BS assumes 

that it is unreachable; if after a predefined time window the UE is not connected to a small cell, 

the macro BS starts the process all over again of reporting the UE location to the small BS [7]. 

The location of the UEs is estimated according to the desired SINR (i.e., to calculate the distance). 

In Figure 3.3, the link between the systems model that considers the small cells interference are 

negligible, user is uniformly distributed, and assumes that all cells are LOS. The combination of 

blockage effects results in separate PL laws for LOS and NLOS connections show in figure 3.2 

show that NLOS interference is to be negligible under heavy BS deployments. In other words, 

large mmW networks are subject to LOS interference [52].  

In outdoor communication, blockages cause very different PL values for LOS and NLOS links. 

However, the function calculates the LOS probability based on the LOS region for the user k de-

termined by the location of the nearby buildings [53]. The lower the probability that a UE inside 

the coverage of a small cell implies that less of the macro cell area is covered by the small cells 

using probabilistic model.For the macro cell, microwave frequencies are considered and a maxi-

mum reach of 500 m is set. The figure 3.3, assume the small cells, the 73 GHz mmW band is used 

and it is assumed that the wireless link is established in a semi-directional communication mode. 

With this setup, and the research work in [9], the maximum reach (up to 100m) of the mmW small 

cells (d), can be expected through a simple distance-dependent propagation model as Eq.(3.12). 
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Figure 3. 2. A sample blockage models [4] 

A link is most often between a UE, and its serving BS, but it could also a relay that acts as a mid-

link between UE and BS that only receives and retransmits the signal towards the transmitter. A 

signal sent from a UE to a BS has an UL and a signal transmitted from a BS to a UE has a DL. 

The purpose of calculating a link budget for this study is to find the received power at the receiver 

sides. After that, we compare it with the receiver sensitivity due to the power is high enough for 

the receiver to detect the signal sufficiently. For evaluate receiver power, consider distance and 

frequency dependent 𝑃𝐿 that are calculated previously Eq. (2.2) or Eq. (2.13). However, sensitivity 

of a receiver express as below. 

Sr(sens) = ( 
S

N
 )dB + N                                                                   (3.6) 

Where  
S

N
  states the SNR requirement for specific MCS and N is the thermal noise that derived as:                                   

  N (dB) = 10 log(Kb ∙ TK)  +10 log(B)  + NF                                         (2.7) 

In the thermal noise calculation, 𝐾𝑏 is the Boltzmann constant, 𝑇𝐾 is the receiver system tempera-

ture in Kelvin, B is the bandwidth, and 𝑁𝐹 specifies noise figure of the receiver.  

Generally, link budget calculations are a function of PL, antenna gain and transmission power as: 

Pr = Pt − PL(d) + AG                                                               (3.8) 

Where 𝑃𝑟  , 𝑃𝑡 ,𝑃𝐿, SW and AG are the receive power, the transmit power, the path loss, the shad-

owing and antenna gain (unity gain assumption) loss respectively. 
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PL and shadowing fading takes different values based on whether a link is NLOS or LOS. Whereas 

both thermal noise and interference are included in calculations, the SINR is as Eq. (3.9):                                                                                                                                   

 SINR = Pr − (I + N)                                                                     (3.9) 

Where I is interference and N is thermal noise. 

SINR has two special cases; namely, noise-limited case and interference-limited case in [7],[46]. 

The noise-limited case results when the noise power is dominant compared to interference power 

such that the impact of interference is negligible. Hence, for noise-limited case, the expression in 

Eq. (3.9) reduces to instantaneous SNR given in Eq. (3.1). When the receiver is able to average 

out multipath, we obtain the case when shadow fading and PL are experienced. Whereas the inter-

ference-limited case, interference is dominant compared to noise, the impact of noise is negligible 

and the expression in Eq. (3.9) reduces to give the instantaneous SIR[46]. We know that mmW 

systems are not interference limited but it is noise limited. Hence, in calculation of SINR Eq. (3.9), 

the effect of interference is negligible due to the high PL and shadowing  give as Eq.(3.1) [4].  

To formulate SNR for mmW system, first the 𝑃𝑟 (in dB) at a distance d is calculated as Eq. (3.10): 

                            Pr =  SNR + N                                                                   (3.10) 

Where as to ensure adequate performance at the receiver, the minimum received power of Eq. 

(3.8) should be greater or equal to the required receiver sensitivity of Eq. (3.6) as Eq. (11) in [37]. 

Pr  ≥ Sr(sens) 

Pt – PL(d) ≥  ( 
S

N
 )dB  + N 

                          ( 
S

N
 )dB = Pt − PL(d)  − N                                                       (3.11) 

Using Eq. (3.11), there are two ways of increasing the SNR, either by increasing the transmission 

power or by bringing the UE closer the BS, thus reducing the propagation losses. In another way 

after knowing the requirement of SNR, it is possible to calculate the transmitted power as in[14]. 

Pt  = SNR − Gt −Gr  + Lt,sys + Lr,sys + PL + Latm + Lrain +Lother + N                     (3.12) 

Where Latm is atmosphere loss and, Lt,sys and Lr,sys transmitter and receiver system losses orderly. 

Once the necessary of the transmit power is the radiated power (called effective isotropic radiated 

power or EIRP) are define by the transmit power, transmit antenna gain and transmit system 

losses[14] as shown on table 3.1. 

                                 EIRP = Pt  + Gt  −Lt,sys                                                                 (4.13) 
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In our paper, the interests of using mmW can further evaluated, by comparing two HetNet deploy-

ments, in this assumption, the first tier corresponds to the macro cells operating at 2 GHz, while 

the second tier corresponds to the small cells operating at 73 GHz on urban propagation model. 

The density of small cell sites (10 small cells) on each macro cell site depends on the UEs density. 

Hence, a dense deployment is used for macro cell sites that are constantly fully loaded. For the 

small cell tiers, the ICI is not considered; because of the propagation characteristics of mmW, the 

signal power will be concentrated in the main link and any secondary link will dissipate rather fast, 

not affecting neighboring cells[9].  

The most common ways to boost the system capacity is that small cells deployment on the top of 

the macro cell area. Furthermore, the system model used in this work, the bandwidth of macro BSs 

have less than the small cell BSs. As a result, the very high bandwidth enhances the capacity in 

mmW spectrum. The mmW frequencies can reduce the physical size of the antenna arrays [4].  

Specifically, we choose UMi path loss model for outdoor scenarios, since it is the most suitable 

for outdoor mmW small cells in UDNs. Depending on the LOS or NLOS conditions, the path 

losses are calculate the distance from table 3.6. The mmW equations from table 3.6 are valid for a 

distance between the UE and BS; a UE height ℎ𝑈𝐸  =1.5m; and a BS height,  ℎ𝐵𝑆 = 10m[4], [9].  

From the path losses, the same model for mmW outdoor at 73 GHz presented in [9] was used, but 

in this case, both LOS and NLOS scenarios are considered. Thus, such a PL can de estimated as: 

PL =69.8dB + A log (d) + 𝑆𝛿𝑠
                                                    (3.14) 

Where 𝑆𝛿𝑠
 represents the shadowing factor and it is a random gaussian variable with mean zero 

and standard deviation σ = 5.2 dB and σ =7.6dB for LOS and NLOS, respectively. For LOS A=19 

and NLOS A=33. Once the PL calculated, the received power and SINR can be estimated using 

Equations 3.8 and 3.9, respectively. 

In this work, we considers mmW deployment in two-tier network under two different set ups as:  

1) Set up -1: HF-HF (both tiers operating at HF) deployment. 

2) Set up -2: HF-mm Wave frequency (macro BSs operate at HF, femto BSs at mmW frequency). 

Operating a network only HF spectrum should not be the only option, and mmW PL model are 

consider in our analysis. It does not consider bandwidth since both femto cells and macro cell 

operate at same HF, and the bandwidth is same both for femto cells and for macro cell. However, 

we consider when macro cell and small cells operate at different frequencies and both have differ-

ent bandwidths [4].  
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Figure 3. 3. System model for capacity evaluation of single macro cell in mmW small cells [9] 

Table 3. 1. Example of mmW outdoor link budget calculations for 72 GHz [22] 

 LOS NLOS 

Transmitter power (dBm)  26 

Path loss (dB)  PL(d) = 69.59+36.7 log(d) PL(d) = 69.59+28.6 log(d) 

Transmitter antenna gain (dBi)  34 

Transmitter e.i.r.p. (dBm)  60 

Receiver antenna gain (dBi)  21 

Bandwidth (GHz)  2 

Receiver noise figure (dB)  7 

Receiver Noise density -74 

Implementation loss (dB)  10 

Capacity and coverage calcula-

tions 

1Gbps:122.92m 

10 Gbps: 37.98m 

1Gbps:477.18m 

10 Gbps:105.86m 

NB; high degree of gains vital for any considerable small cell radii (higher gain achieve high rates).  
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3.3. Significances of High frequency and Small cells  

Let us also go back to Shannon’s capacity theorem to describe why high frequency and the small 

cells are significant parameter to analysis coverage and capacity.  

A. Frequency and Coverage 

The coverage of the system that explain by a minimum mandatory SINR as 𝑆𝐼𝑁𝑅𝑂.To keep 𝑆𝐼𝑁𝑅𝑂 

constant and we can define the resultant received power Pro = SINRO ∙ B ∙ N as a function of fre-

quency. Afterward, let us see the coverage of radio systems in terms of frequency. Based on the 

simple Friis Eq. (3.1), the received power of the system in a free space are using 𝑓𝑐. The coverage 

𝑑𝑂 are explain below as the distance that realizes the minimum SINR of 𝑆𝐼𝑁𝑅𝑂 and by replacing 

Eq. (3.1) into Friis law as follows: 

(dO)2 =
c2

α.SINRO.N.(4π)2  Pt Gr Gt 
1

(fc)3  = q ∗ 
1

(fc)3                                     (3.15) 

Where 𝑞 is constant value related to the minimum signal to noise ratio. 

From Eq.(3.15), we analysis that a propagation environment in [47] with PLE values 𝛽 = 2 (for 

free space) like mm W band and omnidirectional antenna that working at transmitter, coverage is: 

dO =  q ∗ (fc)
−3

2                                                                               

In the general case with β parameters: coverage of the system calculated as Eq. (3.15) 

                                  dO =  q ∗ (fc)
−3

𝛽                                                                          (3.16) 

We conclude that, if β = 3 (shadowing urban cellular radio [47]) are fulfilled, the coverage is 

inversely proportional to frequency.  

As shown on table 3.2, we present typical used path loss exponents for some environments: 

Table 3. 2. Used path loss exponents for different environments[47] 

Environment Type Path Loss Exponent 𝛽 

Free space 2 

Urban area cellular radio  2.7 to 3.5 

Shadowed urban cellular radio  3 to 5 

In building LOS  1.6 to 1.8  

Obstructed in building 4 to 6 

Obstructed in factories 2 to 3 
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B. Frequency and User Rate 

The latter step is calculate the data rate per user by assuming multiple users access in a single BS. 

In addition, bearing in mind that a number of users located in the coverage as NUE, the user data 

rate CUE in bps/user can be  calculate as Eq.(3.17) in [45]. 

           CUE =  
B log2(1 + SINR)

NUE 
                                                                     (3.17) 

Where the number of users NUE  can calculate as   NUE = π𝜂dO
2
. 

Where 𝜂 in user/m2 is the user density. As a final point, substitute assumptions (dO)2 = q ∗ (fc)−3 

and B= αfc  in to Eq.(3.16) and Eq.(3.17), we attain and determine user rate as the Eq. (3.18)[45]. 

                                     CUE = 
α log2(1+SINR) 

πηq
(fc)3 =  O ∗ (fc)3                                             (3.18) 

This calculation leads us to the age of HF and small cell. Hence, if 𝛽 =3 (Shadowed urban system 

[47]), Eq.(3.18) shows that 10 times frequency accomplishes 1000 times user rate. Moreover, we 

have seen coverage is inverse with frequency, denotes the density of small coverage BSs that im-

proved with the order of O ∗ (fc)2 to succeed system rate gain with same order of the Eq. (3.18). 

We summarize that, in 5G communication systems for urban environment, 1000 times user rate is 

attained by as a minimum 10 times bandwidth and 100 times small coverage BSs.  

C. Frequency and user throughput 

This section also assumes that there is a constant number of Nx users in the network region. Cell 

area reserved constant while the number of cells increases, with decreased cell size to be appro-

priate for network regions. Additionally, assume we have number of cells Nc in the network area. 

The number of user per cell is then M=
Nx

Nc
 .  Note that each cell constantly has active users, i.e. 

there are no empty cells. To end, using the total throughput per cell Tc (calculated using Shannon 

capacity theorem or Eq. (3.3)), the Eq. (3.19) defines the user throughput U as calculated below: 

U =
Tc

M
  = Nc ∙  

Tc

Nx
                                                                         (3.19) 

Where Tc = C = B [log2(1 + SINR)]             

3.4. Spectral Efficiency and Capacity Analysis of Dense Nets with mm Wave  

Spectral efficiency defined as the data rate that can be transmitted over a given bandwidth in a 

specific communication system. In contrast, the maximum theoretical data rate is the received data 

rate, assuming error-free conditions that are robust for a single mobile station, when all conveyable 

radio resources are used for the corresponding link path as shown on figure 3.4. 
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The spectral efficiency targets are 30bps/Hz for DL and 15bps/Hz for UL. The higher frequency 

bands indicate that higher bandwidths, on the other hand, have lower spectral efficiency, while 

lower frequency bands have lower bandwidth effects but higher spectral efficiency. As result, the  

data rate cannot be straight resulting from the spectral efficiency and bandwidth multiplication[48]. 

 

Figure 3. 4. Deployment of mmW Het Nets in the macro LTE cell [22] 

Nevertheless, using beamforming is a technique that can increase the SINR value. In this work, 

we are not use beamforming techniques in simulation. Instead, another mechanism that using in 

MATLAB simulation are large-scale fading which said to be shadowing and PL to enhance SINR. 

A general detailed list of MATLAB simulation parameters are list in table 3.5.The PL model for 

mmW  small cells is taken from [49] and a two-slope PL models for macro cells and small cells 

both operating at HF spectrum are as shown on table 3.3 and table 3.4  presented in[4],[36]. 

By considering Eq. (3.7) and its maximum transmit power, we calculate SINR as tables below. 

Table 3. 3. Specification values of B and 𝑃𝑡   for tier network setup-1 

 Frequency Bandwidth Transmit power Maximum SINR (in dB)  

Macro-cell 2GHz (HF) 20MHz 16dB 16 − PL1(d) − N = SINRmax 1                     

Femtocell 2GHz (HF) 20MHz -1dB −1 − PL2(d) − N = SINRmax 2 

 

Table 3. 4. Specification values of B and 𝑃𝑡 for tier network setup-2 

 Frequency Bandwidth Transmit power Maximum SINR (in dB) 

Macro-cell 2GHz (HF) 20MHz 16dB 16 − PL1(d) − N = SINRmax 2                 

Femtocell 73GHz 2000MHz -8dB −8 − PL3(d) − N = SINRmax 3 
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As a result, from tables; the communication distance and SNR can be express as in Eq. (3.20)  

   Cmax i =  B ∙ log2[ 1 + 10(
SINRi

10
 )]                                                    (3.20) 

In addition, MIMO systems are grow capacity proportional with the smallest number of antennas 

M =min(nt ; nr) where nt and nr are number of transmitter and receiver antennas[1],[37]: 

CMIMO = min (nt,nr)× B log2[ 1 + 10(
SINR

10
) ]                               (3.21) 

Table 3. 5. Parameters assumption for capacity calculations for omnidirectional model 

Parameters Values 

Bandwidth of mmW BS, Frequency 2.0 GHz, 73 GHz 

Bandwidth of macro BS, Frequency  20 MHz,2 GHz 

NF, TK,Kb 7dB, 290k ,1.38x10-23 J/K 

3GPP UMa LOS PL model of HF macro 

BS [36],[35] 

22 log(d) + 34.02 + Sδs
 , if 10 < d <100m and  

40 log(d) –11.02 + Sδs
, if 100 < d<5000m ; δs = 4 

3GPP UMa NLOS PL model of HF 

macro BS [36],[35] 

39.1log(d) + 19.56 + Sδs
, with δs = 6 

METIS UMi Street Canyon LOS PL 

model of HF femto BS [36],[35] 

22log(d) + 34.02 + Sδs
, if 10 < d <100m and  

40log(d) – 3.36 + Sδs
, if 100 < d<5000m ; δs  = 3 

METIS UMi Street Canyon NLOS PL  

model of HF femto BS [36],[35] 

36.7log(d) + 30.53 + Sδs
, with δs =4 

UMi mmW outdoor channel  PL model 

of  mm Wave femto BS[4][9] 

20log10(
4π

λ
) +10αLOS/NLOS log(d) + Sδs

 

LOS: αLOS  = 1.9  and  δs  =4.6  where as 

NLOS: αNLOS =3.3 and   δs  =  12.3 

3GPP for UMa probability of LOS for 

HF macro BS [36],[35],[38] 

PLOS(d) = min (
18

d
, 1) + (1 − e

−d

63 ) ∗ e
−d

63  

METIS for UMi probability of LOS  for 

mmW femto  BS [36],[35] ,[38] 

PLOS(d) =min (
18

d
, 1) + (1 − e

−d

36 ) ∗ e
−d

36                               

Number of users per macro cell 10-1000 

Height macro, femto , mmW femto BS  25m, 10m, 3m  

Radius of small cells 30m 

Number of small cells per macro cell 10-100 
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The general capacity analysis flow chart are express as shown on figure 3.5. 
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Figure 3. 5. Flow chart of simulation of mmW with dense network for capacity analysis 

Calculate Path loss 

Start 

Select propagations channel model 

Calculate SINR under different scenarios 

Repeat the process for different variables 

Calculate all the total system capacity by taking average of all realizations 

MATLAB Simulations 

Documentation 

End 

Is the system capac-

ity analysis meet the 

requirement? 



Page | 45  

 

CHAPTER FOUR 

Results and Discussions 

4.1. Technical analysis evaluation of channel capacity 

This chapter describes the results and technical analysis of the study presented in the previous 

chapters. To this end, some detailed evaluations and calculations are carried out here for furthers.  

Firstly, we determine the thermal noise for each bandwidths using NF = 7dB using Eq. (3.6), we 

get the result following as shown on table 4.1 and table 4.2. 

Table 4. 1. Analytical results of thermal noise for tier networks setup -1 

 

 

                             

Table 4. 2. Analytical results of thermal noise for tier networks setup -2 

 

 

 

 

Next to this, by considering those above thermal noise values and the PL model, we can determine 

the maximum SINR as below. 

                                           SINRmax 1 = 16− (−124) − PL (d) = 140 − PL1 (d) 

                                                SINRmax 2  = −1− (−114) − PL (d) = 113− PL2 (d) 

                 SINRmax 3  = −8 – (−104) − PL (d) = 96 − PL3 (d)                     (4.1) 

Where to compare values of the distance dependent PL calculation for different model as follows: 

1. Empirical NYC; at 73GHz; PLLOS(d)  = 69.8 +20. log10(d) + Sδs
 

                                                         PLNLOS(d)  = 86.6 +24.5 log10(d) + Sδs
                     

                                  at 28GHz; PLLOS(d)  =61.4 +20. log10(d) +  Sδs
                                                           

      PLNLOS(d)  =72 +29.2 log10(d) +  Sδs
                                (4.2)                                      

2. METIS for UMi,                           PLLOS(d)  = 22 log (d) + 34.02  +Sδs
 and/or 

                                   = 40 log (d) – 3.36 +Sδs
                                         

                             PLNLOS(d) = 36.7log (d) + 30.53 + Sδs
                                (4.3) 

 Carrier Frequency Thermal noise 

Macro-cell 2GHz (HF) −124                 

Femtocell 2GHz(HF) −124 

 Carrier Frequency Thermal noise 

Macro-cell 2GHz (HF) −124                 

Femtocell 73GHz(mm W) −104 
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3. 3GPP for UMa 

                                                      PLLOS(d)  = 22 log (d) + 34.02  +Sδs
 and/or 

                    = 40log (d) – 11.02 + Sδs
                   

               PLNLOS(d) = 19.56 +39.1 log10(d)  + Sδs
                                   (4.4) 

4.  Millimeter wave frequency path loss at 73GHz 

PLLOS (d)  = 69.8 +19 log10(d) + Sδs
 

                    PLNLOS(d) = 69.8 +33 log10(d) + Sδs
                                           (4.5) 

5.  Free space at 73GHz 

             PLfree   = 20 log10(d) +20 log 10( fc) – 147.55                                (4.6) 

Finally using relationship between SINRmax and the corresponding path loss model, we estimate 

the maximum Shannon capacity values as follow: 

                       Cmax i =Blog2[ 1 + 10(
SINRmax i

10
)]                                                         (4.7) 

1. Empirical NYC; at 73GHz;  Cmax = 2000log2[ 1 + 10(
96−PL (d) 

10
)] 

     At 28GHz; Cmax = 200log2[ 1 + 10(
121 − PL(d) 

10
)]                                                 (4.8) 

2. METIS for UMi scenarious; 

       C3GPP LOS = 20log2[ 1 + 10(
140−PL3GPP(d)  

10
)] 

             C3GPP NLOS = 20log2[ 1 + 10(
140−PL3GPP(d)  

10
)]                                  (4.9) 

3. 3GPP for UMa scenarious; 

    CMETIS LOS = 20log2[ 1 + 10(
113−PLMETIS(d)  

10
)] 

              CMETIS NLOS = 20log2[ 1 + 10(
113−PLMETIS(d)  

10
)]                               (4.10) 

4. Millimeter wave frequency PL model for UMi scenarios: 

   CLOS = 2000 log2[ 1 + 10(
96−PLLOS(d)  

10
)]  

                      CNLOS = 2000 log2[ 1 + 10(
96−PLNLOS(d)  

10
)]                                 (4.11) 

5. Free space at 73GHz:    

                   Cfree = 2000 log2[ 1 + 10(
96−PLLOS(d)  

10
)]                                     (4.12) 
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4.2. Simulation results  

In this sub-section, we verify our theoretical analysis based on simulation results. First, we com-

pare LOS and NLOS scenarios for different channel and PL models. On the other hand, for capac-

ity analysis in both LOS and NLOS scenarios stated on previous chapters, different MIMO antenna 

systems are also compared. However, figure 4.1 show compression of different mmW frequency 

bands with microwave frequency. The result indicates that, mmW are increases as the operating 

frequency increases. Note carefully that the PL and frequency are related linearly rather logarith-

mic ,and mmW frequency have high PL values than microwave frequency as studied in [32].  

 

Figure 4. 1. Free space loss at mm Wave frequencies and single microwave frequency 

4.2.1 Simulation results for different distance based PL models 

The PL compression is beneficial to brief the distance-based PL. we saw for mmW signals with 

models for conventional cellular systems. In both LOS and NLOS scenarios the useful signal 

power (received power) are important to analysis the signal strength. The figure 4.2 show that the 

received power is varying inversely over the separation distance at a given frequency. In addition, 

figures reveals that microwave frequencies have high receive power than mmW frequency over 

the entire separation distance that is also studied in [32]. 
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Figure 5. 1 

Figure 4. 2. Received power at microwave (HF) and at mm Wave frequencies for BS tiers 

In addition, when compare PLs of macro cell and femtocells, mmW frequency have higher PL 

than HF as figure 4.3. This is because at mmW frequencies PL is high as studied in [22],[50],[51]. 
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Figure 4. 3. Path loss Compression at HF macro BS, HF femto BS and mmW femto BS 

Furthermore, the result indicate figure 4.4 shows that high PLs effects are taking place on NLOS 

than LOS scenarios. Hence, mmW femto BS model have high PL than empirical NYC at 73GHz.  

In addition, the curves labeled figure 4.4 indicate that, the mmW outdoor model in NLOS case that 

derived in this paper for 73 GHz comparison to that of free space propagation and “Empirical 

NYC” for the same frequencies have higher PL value below 500m separation distance as in[50].  
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Figure 4. 4. 73GHz comparison of distance-based path loss models 

4.2.2. Domination results of SINR versus distance for simulations 

Based on theoretical SINR dominated factor, the figure 4.5 are illustrates the SINR variations on 

the  y-axis upon the communication distance on the x-axis for mmW frequency and HF ranges.  

The result of figure 4.5 show that, the SINR show that the linear decreasing behavior as the dis-

tance of BS to UE increases. In addition, the figure indicate that microwave frequency have better 

SINR value than mmW frequency due to blockage effects. However, a high SINR requires either 

a short distance between transmitter and receiver, or a high transmit power, or high gain antennas 

that was also investigated in [18],[51].  

We conclude, the macro cell at microwave frequency have high SNR (the interference is dominate) 

and the femtocell at mmW frequency have low SNR (the noise is dominate) based on the SINR 

dominated factor. Hence, small cells at mmW band deployment, the interference can be negligible.  
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Figure 4. 5. The SINR vs. separation distance 

According to SINR dominations incases of interferer signal and blockage model, first, calculates  

a distance dependent  probability function by probability of model. A LOS probability calculate 

based on a LOS for a user locations according to BSs shown as figures 4.6. 

  

(a) LOS probability for macro-cell              (b) LOS probability for femtocell 

Figure 4. 6. LOS Probability of base stations (all cells) 
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4.2.3. Capacity Analysis of SNR regimes for SISO system 

In this system, antennas at both transmitter and receiver with a single antenna. Grounded on the 

given assumption parameter from [4] LOS and NLOS for PL models of same and /or different 

frequency deployment of the small cells (using mmW for femtocell) from macro-cell. For single-

band, HetNet requires macro cell-small cells ICI mitigation techniques due to use same bands. 

However, when we use different frequency bands; drawbacks are the UEs are required to support 

dual connectivity, mismatch between the coverage of small cells and location of UEs and handover 

failure of networks). Therefore, to over this challenge we propose C/U plane - splitting technology. 

Figures 4.7 shows, increasing bandwidth returns a rapid growth in capacity due to the increase in 

degrees of freedom more than compensates for the drop in the SNR. When bandwidth is small, the 

SNR per degree of freedom is high, and the capacity is unaffected to small changes in the SNR.  

Thus, increasing bandwidth makes sense only if the SNR is sufficiently high as studied in [48]. 

In addition, in both scenarios the system capacity (LOS is higher than NLOS) is higher at the SNR 

regime for the higher bandwidth. Moreover, we observe from our results are as follows: 

i) In NLOS scenario, SNR is low and hence the capacity enhance gradually with bandwidth. 

ii) In LOS scenario, SNR is high and so that the system capacity improve quickly with bandwidth.  

 

(a) Effect of low SNR variations on the capacity 
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(b) Effect of high SNR on the capacity 

Figure 4. 7. Effects of SNR regimes over the channel capacity for LOS/NLOS 

However, the figures 4.8 observed that, a capacity is logarithmically decreases with distance, and 

is increases proportionally for both scenarios as studied in [37]. To this effect, the mmW frequency 

have better capacity performance in LOS cases than NLOS (due to different blockages) compared 

with microwave frequencies for short-range communications.  

We conclude that, the figures 4.8 indicates the distance between BS and the UE have negative 

impacts on the capacity improvements for both scenarios.  
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(a) Effect of distance on capacity under LOS conditions 

 

(a)  Effect of distance on capacity under NLOS conditions 

Figure 4. 8. Capacity Vs. separation distance for SISO systems 
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4.2.4. Spectral efficiency and User throughput for MIMO Systems 

MIMO system is another solution to increase the overall system capacity. It can provide a good 

capacity even at low SNRs. Hence, figure 4.9 shows the relation between number of antennas and 

capacity of MIMO. To better understanding of the useful to contrast MIMO scenarios in [48] are: 

• MISO channel with a large transmit antenna Scenario: is a 𝑛𝑡x1 channel. It yields capacity; 

                          C𝑛1 = E[log (1+
SNR

𝑛
 ∑ |hi|

2n
i )] bps/Hz, as n→∞,  

                    C𝑛1 = log (1 + SNR) = CAWGN                                                   (4.13) 

• SIMO channel with a large receive antenna Scenario: a 1x 𝑛𝑡 channel. Capacity is Eq. (4.14). 

                                                        𝐶1𝑛 = E[log (1+SNR ∑ |hi|
2n

i  )] bps/Hz, as n→∞, 

                      C1𝑛 = log (n SNR) = log (SNR) + log (𝑛)                                (4.14) 

• MIMO channel with a large receive antenna Scenario: is a channel. The capacity increases 

logarithmically with n over the entire SNR range. Thus, the capacity can explain as below. 

                           𝐶𝑛𝑛 = E[∑ (log (1 +
SNR

𝑛
 |hi|

2n
i )] bps/Hz, as n → ∞, 

               C𝑛𝑛 =  log (SNR) + 2log (𝑛)                                                         (4.15) 

Moreover, figure 4.9 show that MIMO has better performance than SIMO and MISO. We say that, 

simultaneously there is a logarithmic increase in the number of BS antennas n that studied in[48]. 

 

Figure 4. 9. Spectral efficiency of MISO, SIMO and MIMO as a function of n, for SNR = 10dB 
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Furthermore, figure 4.10 shows, at high SNR, 𝑛𝑡x 𝑛𝑟 have high performance than a 1x𝑛𝑟 due to 

only one degree of freedom in a 1x𝑛𝑟 channel. In addition, the higher capacity can achieve with 

higher SNR and large antennas. However, 𝑛𝑡x 𝑛𝑟 capacity improve n times 1x1, studied in [8],[52]. 

 

(a) Spectral efficiency over SNR improved by MIMO model 

 

(b) Capacity of MIMO channel for different SNR values 

Figure 4. 10. Capacity analysis of MIMO model under high SNR 
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Additionally, ways of increasing the capacity of the channel is by increasing the number of small 

cells and channel bandwidth. Figure 4.11 shows that BS with large number of antennas perform 

better as it accommodates more user. Hence, result shows user rate, always increases when adding 

more cells and bandwidth, assuming the users are spread equally over the system that studied in[8]. 

 

(a) Impact of users on capacity with 20MHz 

 

(b) Impact of users on capacity with 2000MHz 

Figure 4. 11. The user throughput versus number of users at SNR =10dB 
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When consider effect of the users, figure 4.12 shows the capacity of a single cell can achieved with 

the lower number of users that capacity start regarding as the number of users. In addition, the 

influence of user on the capacity as the number of antennas is increased. We conclude that, when 

small cells are deploy higher bandwidth, system capacity can grow linearly as studied in [8],[53]. 

 

(a) Impact of base station antennas on capacity with 20MHz 

 

(b) Impact of base station antennas on capacity with 2000MHz 

Figure 4. 12. Throughputs Vs. the number of BS antennas at SNR =10dB 
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Furthermore, using evaluated SNR regimes (in decimal) values given by 28.984, 36.64 and 88.81. 

The figure 4.13 show that with SNR increasing, the throughput is decreasing with the number of 

user. However, figure 4.14 show that capacity have  positive correlation with users such are studied 

in [7].The reasons behind that was the dominated factor of the SINR is the interference. 

 

Figure 4. 13. Throughputs versus users at high-SNR LOS scenarios for MIMO systems 

  
Figure 4. 14. Capacity versus users at high-SNR for MIMO systems 
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When considering effects of SNR's overall capacity in figure 4.15(a) indicates that, the MIMO 

antenna systems maximize the LOS Shannon capacity of all frequencies. The same is true for 

NLOS in Figure 4.15 (b); the MIMO antennas can increase the device efficiency. However, in this 

case, we achieve better performance data rates using the mmW frequency as studied in [48]. 

.  

(a) Effect of low SNR differences on the capacity  

 

(b) Effect of high SNR differences on the capacity 

Figure 4. 15. Capacity vs. SNR regimes for MIMO systems 
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Finally, figure 4.16 shows that system capacity degraded when distance between BSs and UE are 

far apart. Hence, figure 4.16 (a) indicates, the variations in mmW channel allow being better suited 

at mmW frequency compared to HF while the reverse is not true in figure 4.16(b) due to blockages. 

  

(a) Effect of distance variations on the capacity 

 

(b) Effect of separation distance variations on capacity 

Figure 4. 16. Capacity Vs. separation distance for MIMO systems 
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CHAPTER FIVE 

Conclusions and Recommendations for Future Works 

5.1. Conclusions 

This work explore that deployment of dense small cells with mm-wave communication has been 

regarded as a viable and possible technology for an outdoor 5G network that could provide a much 

greater device capability than traditional low-frequency communication. Here, we concentrated on 

the 2GHz and 73GHz mm wave models for both LOS and NLOS scenarios. Hence, our result 

shows mmW outdoor model has highest channel capacity on both LOS and NLOS scenarios due 

to short-range distances.  

We have done on 73GHz frequency on the mmW outdoor model, indicate that,it has the highest 

capacity in both LOS and NLOS scenarios than HF for macro and femto BS-tier. In addition we 

have done, for dense small cell deployment, at the same frequency as the macro cell or at different 

frequencies such as the mmW range.  In both cases, the interference in a small cells deployment is 

assumed negligible between each cells.  

To sum up, the mmW spectrum can be one of the best candidates to boost the user throughput 

along with massive MIMO technology, since it enables packing of large antenna arrays in a smaller 

area. In addition, the performance of MIMO is expected to improve as the number of users in-

creases; the maximum number of users that can be served without affecting performance depends 

on the number of BS antenna. As a result, the higher the number of antennas, the better the number 

of users increases the capacity of the system. 

 

5.2. Recommendations for Future research works 

5G is a new technology that faces many challenges and issues that need investigation. Recently, 

there has been very little research on 5G-capacity analysis, so we have not added and assessed all 

the issues in our studies. Hence, our work have limitations that the models adopted from in [36] 

and the assumption scenario in[5] is on based 3GPP TR 38.901 and METS Urban micro and macro 

outdoor deployments. I recommended that for a complete of the system capacity evaluation need 

both indoor and outdoor deployment as co-channel interference considerations. 
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