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                                                                                Abstract 

The rapid increase of mobile data growth and the use of smart phones are creating 
unprecedented challenges for wireless service providers to overcome a global bandwidth
shortage.The millimeter wave (mmWave) frequencies offer the availability of huge 
bandwidths to provide unprecedented data rates to next-generation cellular mobile terminals. 
MmWave communications will play a major role in the Fifth generation of mobile 
networks,they will provide much greater throuput and much lower latency despite the issues 
related to the higher frequencies;To mitigate these problems the use of directional beams and 
an high density deployment are needed.
In this thesis we want to test the performance of a mmwave network in a real urban area 
analyzing the quality perceived by the users(vehicles) considering different scenaries .For this 
purpose we make use of the ns-3 simulator,using the LTE-5G tight integration architecture 
provided by the ns-3 mmwave module.
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                                                                         Sommario

                  

La rapida crescita del traffico mobile e dell'uso degli smarthones stanno creando una sfida 
senza precedenti per gli Wireless internet service provider per superare la carenza di banda 
globale.Le frequenze millimetriche offrono una enorme disponibilità di banda per fornire 
datarates senza precedenti ai terminali mobili  che sfruttano la prossima generazione cellulare.
Le comunicazioni ad onde millimetriche svolgeranno un ruolo chiave nelle reti di quinta 
generazione.Essi forniranno un throuput molto più elevato e un ritardo molto più basso 
nonostante i problemi ben noti relative a frequenze più elevate.Per mitigare questi problemi 
l'uso di fasci direzionali e  un spiegamento ad alta densità delle celle  è necessario.
In questa tesi vogliamo verificare le prestazioni di una rete ad onde millimetriche in un area 
urbana reale e analizzare la qualità percepita dagli utenti(veicoli) considerando diversi scenari 
di simulazione.A questo proposito utilizzeremo il simulatore ns3,usando l'architettura di 
integrazione LTE-5G fornita dal modulo NY mmwave. 
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1.4  Advantages and disadvantages

Millimeter waves offer an huge availability of spectrum. Today, the spectrum from DC    
through microwave (30 GHz) is really crowded. Government agencies worldwide have 
allocated all possible spectrum in that range. There are spectrum shortages and conflicts. The 
expansion of cellular services with 4G technologies like LTE depends on the availability of 
new  spectrum. 

For this reason, spectrum  it’s really expensive.  Mmwave frequencies partially cope with this  
issue because it provides the possibility of expansion. 

Millimeter waves also permit very high data throuput. Wireless data throuput in microwave 
frequencies and below are now limited to about 1 Gbit/s. In the millimeter-wave range, data 
throuput can reach 10 Gbits/s and more.

The disadvantages is that while this spectrum provide us more spectrum, it isn’t useful for all 
types of wireless applications. It has its limitations. To solve those issue has been the 
challenge of making this frequency comunication  practical and convenient. That time has 
come.

One of the big problem of mmwave frequencies is the limited comunication range. We know  
that the shorter the wavelength this means higher the frequency, the shorter the comunication 
range for a certain level of  power. 

The free space loss in dB is calculated with:

L = 92.4 + 20log(f) + 20log(d)

d is the line-of-sight (LOS) distance between transmit and receive device 

in kilometers, and f is the frequency in gigahertz. For example, the path loss at 10 meters at 
60 GHz is:

L = 92.4 + 35.6 – 40 = 88 dB

we can reduce this loss with an improved receiver sensitivity, higher transmit power, and 
higher antenna gains.

Another contribution to the loss is given by atmosphere,in fact  the atmosphere absorbs 
millimeter waves, reducing more the comunication range. Rain, fog in the air provide an 
important signal attenuation , reducing even more comunication distance. Oxygen (O2) 
absorption is very high at 60 GHz (Fig. 1.4). Water (H2O) absorption is very relevant in some 
interval of frequencies providing other peaks of attenuation. We need to choose carefully 
frequencies within the curve valleys that  minimizes the loss. The advantage is that with an 
high-gain antenna we can push up the effective radiated power (ERP), significantly increasing 
comunication range.
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1.5 Applications

The challenge is to cop with the explosion of online video that require the greatest bandwidth 
and, accordingly, a higher data rate. Speeds of many gigabits per second are needed to 
transmit 1080p high definition (HD) video,now more and more popular are becoming the 
Ultra HD video(4K) that it requires even more.The reduction of the datarate can be achieved 
through video compression techniques before the transmission. 

Compression techniques  usually reduce the quality to allow available wireless standards like 
Wi-Fi 802.11n to be used. Standards like 802.11ac that use greater bandwidth in the 5-GHz 
band are now available to achieve gigabit data rates. Millimeter-wave technologies make 
gigabit rates commonplace and relatively easy to achieve, making uncompressed video a 
reality.

Due to its potential for multi-gigabit and low latency wireless links, millimeter wave 
(mmWave) technology is expected to play a central role in 5th generation (5G) cellular 
systems. 

5G will use small cells . Smaller cells are limited-range basestations that are being deployed 
to fill in the gaps in macro basestation coverage. With limited range, these small cells will 
adopt frequency reuse techniques to provide more efficient use of the spectrum available.
The small-cell movement, also called heterogeneous networks or HetNets, is becoming the 
fifth generation (5G) of cellular systems.

Mmwave are perfect candidate for satellite comunications because at higher latitude of orbits 
it operates perfectly with  massive datarate and low latency.

Automotive applications is an hot topic;Autonomous driving require detection of passengers 
or other obstacles;detection and decision are to be taken with very low latency,so mmwave 
can be used for detection radar in the vehicles.

Another very important application is body scanner,Technology giants like Rohde&Schwarz 
has recently introduced millimeter wave human body scanner for airport security that it works 
at frequency range between 70 Ghz and 80 Ghz.

Virtual reality applications are the future of multimedia world. Millimeter waves perfectly fit 
for virtual reality devices because mmwave can support high bandwidth which is necessary 
for high definition video and audio transmission.

Common applications include video transmission from a set-top box (STB) to an HDTV set 
or transmission between a DVD player and the TV set or from a game player to the TV set. 
Video also can be sent wirelessly from a PC or laptop to a video monitor or docking station.

6



The thesis is organized in the following way:

          - Chapter 2 describe the property of the mmWave channel and the state of the art
           solutions for beam alignment. 

          - Chapter 3 introduce briefly the current LTE network architecture and give a         
           detailed description of the mmWave network implemented in the NY mmWave   
           module of ns-3.

         - Chapter 4 outlines how to couple ns-3 with the SUMO outputs.

         - Chapter 5 describe the simulation scenario and analyze the related results.

         - Chapter 6 derive some conclusions and suggests some possible improvements. 
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Tipically the NLOS component is 20dB weaker than the best LOS component,so tipically the 
range of the NLOS components is fairly limited.  

The range of the NLOS paths cannot be increased only by power control for different 
reasons.Mainly the required range for power control is very wide and there are regulations 
that constraints the maximum trasmitted power.

The LOS component is dominat for different reasons.

First the NLOS components are not direct but are reflected components due to the presence of 
objects in the sorrounding enviroment.So the trasmit power is not concentrated in the 
direction of the obstacle since the antennas focus the radiated energy in the main lobe.The 
power of the indirect components drops very quickly even with small angular offset. The 
coverage of the indirect components can be improved even with a smaller gain antenna.  

Second the higher attenuation of the NLOS components is not only due to the longer distance 
but also the interaction with the object should be taken into account.In particular the 
penetration loss is higher due to the higher penetration depth at these frequencies[7][8].

Respect to the lower frequencies at the mmW frequencies the multipath components are not 
only weaker but also are very reduced in number.Since the components are not approximately 
uniformely distributed but are clustered the enviroment is considered sparse[9][10][5].

As the distance from the trasmitter and the antenna directivity increase,the less evident is the 
clustering behaviour(signal less spread over angle-delay domain)[7][6][3].

This clustering behaviour has different consequences. 

First the CCI(co-channel interference)is very reduced due to high attenuation,devices 
operating at the same frequencies not  easily interfere each other.Also controlling trasmit 
power can adress the reduction of the CCI[3][5].

Second since the comunication between tramitter and receiver is possible through a limited 
number of viable paths,the mmwave channel is denoted as low rank.A limited number of 
parallel data stream is supported, and low-order spatial multiplexing, i.e., MIMO processing 
is possible. [9][5]

Third while channel is time-variant, the paths are reciprocal[9].

 Moreover, the mmW channel maintains the polarization of the transmitted signal over LOS 
links. Some polarization mixing is evident in NLOS schemes due to interaction with the 
environment . For instance, the handedness of circularly polarized signals is changed upon 
reflection [11]. Furthermore, degradation due to polarization mismatch of up to 20 dB can be 
expected, suggesting for polarization diversity.

Last but not least the need for beam alignment since there are only a handful of different 
directions where the signal quality is good enough for a reliable link[12][6].

The high directional antenna and the potential presence of obstacle between trasmitter and 
receiver  pose two problems:deafness and blockage;

Deafness refer the situation in which the main beam of trasmitter and of the receiver are not 
aligned each other,this prevent the establishement of a high quality mmwave link.

Blockage due to obstacles can cause a severe signal attenuation,even the human body can 
reduce the signal strength by 20 dB. Thus, an unblocked Line of Sight (LOS) link is highly 
desirable for mmWave systems.This very high attenuation cannot be compensated by just 
increasing few dB of  trasmission power  or using narrower beams.
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A mmWave link may have three kinds of blockages, namely, static, dynamic, and self-
blockage. Static blockage due to buildings and permanent structures may cause permanent 
blockage of the LOS link. The dynamic blockage due to mobile humans and vehicles 
(collectively called mobile blockers) which may cause frequent interruptions to the LOS link. 
the self-blockage due to a user’s body plays a key role in mmWave performance. 

Different models has been proposed to study the impact of the three type of blockage[30].
Solving blockage requires a search for alternative directed spatial channels that are not 
blocked;

2.2 Beamforming

Beamforming is the key technique to compensate the severe channel attenuation and to reduce 
interference in mmWave networks. 

Instead of having one large element, an antenna may also be made more directive using 
multiple smaller elements placed close to each other. 

Feeding these elements simultaneously constitutes an antenna array. Arrays are preferred for 
their steerability and other benefits, achieved at an acceptable cost of increased feed network 
complexity. In practice, most arrays are uniform, i.e., comprise similar equispaced elements 
for easier analysis and synthesis. 
Antenna arrays operate based on interference,and steerability is achieved by controlling the 
directions in which waves interfere constructively and destructively. 

A versatile pattern generation is possible if both the phase and amplitude of each individual 
element are controlled. In addition to being able to control the beamwidth and sidelobes 
levels, we may use multiple beams and place nulls toward multiple interferers. Still, uniform 
weighting is favored for its lower complexity and limited power consumption, and such 
systems are commonly referred to as phased antenna arrays.

Moreover, the phase control is often implemented using a number of predetermined, 
enumerated values taken from a codebook. 
A codebook is table that maps a number of predetermined beams to sets of antenna excitation 
values. A single set determines the weights for each element corresponding to a certain beam. 
Such a collection of weights is commonly referred to as a beamforming vector. 
Different beamforming approaches may be divided into three categories: analog 
beamforming,digital beamforming and hybrid beamforming.[13]

Analog beamforming:In these cases, beamforming is performed in radio frequency (RF) 
through a bank of phase shifters (PSs) – one per antenna element.This architecture reduces the 
power consumption by using only one pair of analog to digital converters (ADC) and digital 
to analog converters (DAC) at the Rx and Tx, respectively, per digital stream. 

This technique shapes the output beam with only one RF chain using phase shifters, On the 
positive side, a simple beam-searching procedure can be used here to efficiently find the 
optimal beams at the transmitter and the receiver, as already established in existing mmWave 
WPAN and WLAN standards.
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cost and power consumption constraints at mmwave frequencies, even if promising results 
have been found using digital beamforming (DBF) operating at a low quantization 
resolution[14].

We present different architectures and protocols within the state-of-the-art solutions  that try 
to find the best beam pair and try to overcome blockage. Different solutions exploit different 
different strategies  with the goal of reducing the beamforming latency. 

Exhaustive approach

The naive approach to find the best alignment would have the transmitter and receiver scan 
the 3D space with their beams to find the direction of maximum power .The receiver has to 
repeat the scan for each choice of beam direction on the transmitter side. Thus, the complexity 
of this exhaustive search is O (N²), where N is the number of possible beam directions. 

IEEE 802.11ad 

To speed up the search, the 802.11ad standard decouples the steering at the transmitter and 
receiver[15]. 

The current scheme for the IEEE 802.11ad requires that the transmitting antenna scan the 
whole space exhaustively to find the best beam steering direction that will generate the largest 
receiver SNR through the ACK frame from the receiver.

The IEEE 802.11ad discretizes the search space for beamforming by dividing the antenna 
azimuth into virtual sectors.Beamforming procedure defined by IEEE 802.11ad can take 
place in two phases. First, coarse-grain antenna sector selection needs to be performed by 
sector-level sweep (SLS). Each BS transmits probe frames at different sectors with unique 
identifiers. UE receives these frames from both BSs with a quasi-omni-directional antenna 
pattern, selecting the BS and a its coarse-grained BS transmit sector which has higher SNR , 
and sending the best transmit sector ID to that BS. The same procedure is inverted to find a 
list of transmit sectors of UE. This procedure generates high overhead since each probe frame 
is transmitted from each sector at the lowest PHY rate (MCS 0), which may take up to several  
seconds(so it  can seriously degrade the system performance)[15].

Given an antenna sector, beam refinement phase (BRP) follows. During BRP, the coarse-
grained transmit sectors founded in SLS phase is refined. The optimum transmit and receive 
sectors are determined to optimize the data rate between BS and UE.In fact,BRP is faster than 
SLS.The frame exchanges and BRP can rely on the directional link built during the SLS 
phase.

This approach reduces the search complexity to O(N). Still, for a beam of a few degrees, the 
delay can be hundreds of milliseconds to seconds, which would easily stall realtime 
applications. 
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A legacy 802.11ad link transits between 3 states: Norm, Outage, and Scan. An 802.11ad link 
responds to the blockage event by triggering beam-scanning that searches for the best 
alternative beam pair. However, whether to use an aggressive or conservative threshold 
remains an open problem, due to a tradeoff between overhead and responsiveness[15]. 

For wide adoption, the latency problem in beam alignment at mmWave frequencies must be 
addressed.

Inferbeam system and protocol

InferBeam protocol can drastically reduce the setup cost for beam alignment for a new 
environment, and also the latency in acquiring a new beam under intermittent blockage. 

InferBeam for inferring millimeter-wave BS and aligning beams is based on conditional 
random field (CRF), a class of statistical modeling method for structured inference in machine 
learning. CRF is applied popularly to computer vision tasks such as image segmenta- tion and 
object recognition.The key idea is to train CRFs to segment a wireless environment modeled 
as a 3D grid such that via CRF inference every discrete point within the environment is 
associated with its optimal antenna and sector[16].

InferBeam protocol  focuses on minimizing the required samples in inferring best beams. 

Example:we assume that the optimal antenna and sector selections are known for the two 
samples,i.e. UE1 and UE2. We further assume that UE3 is located between UE1 and UE2, the 
distance between UE1 and UE3 is 0.5m, while the distance between UE2 and UE3 is 0.7m. 
To infer the antenna and sector selection for UE3, we may take the information from both 
samples into consideration. Moreover, we need to find the spatial correlation on BS and sector 
selection between the sample points and the point we want to infer.We use CRF to construct 
an undirected graphical model that captures a wireless environment. This motivates the 
InferBeam, which uses CRF to infer optimal BS selection and antenna sector decision, using 
only small number of samples from the environment’s 3D grid.The results indicate that the 
system can make best beam selection for 98% of locations in test environments,while 
sampling fewer than 1% of locations[16].

InferBeam has the following advantages:
1. InferBeam enables quick beamforming by skipping the SLS phase. 
2. InferBeam enables fast beam adjustment as environment changing (i.e. blockage). 
The InferBeam system consists of two cascaded CRFs, CRF1 and CRF2. CRF1 is dedicated 
for BS selections while CRF2 will be used to select transmit sector. 
The algorithm(Training ) outputs the model parameters for CRF1 and CRF2. 
The results show that InferBeam can greatly reduce the latency for beam adjustment. 
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Agile-link approach 

A new protocol that can find the best mmWave beam alignment without scanning the space. 
Given all possible directions for setting the antenna beam, Agile-Link provably finds the 
optimal direction in logarithmic number of measurements. 

In particular, for highly directional mmWave devices operating under 802.11ad, the delay 
drops from over a second to 2.5 ms. 

it can deliver the best alignment in O (K*log N ) measurements, where K is the number of  
paths traveled by the signal. Since K is typically 2 or 3 paths, Agile-Link significantly reduces 
the beam alignment delay[17].

At a high-level, it works as follows: Instead of creating a narrow beam and sampling the 
power along one spatial direction each time, Agile-Link manipulates the phase shifters to 
create multi-armed beams, which can sample multiple spatial directions simultaneously (see 
Fig 2.8(a)). Since a multi-armed beam combines the power along multiple directions, the 
receiver cannot immediately tell which direction has produced the resulting power. Agile-
Link however uses a combination of randomized multi-armed beams, which together provide 
enough information to identify the signal power along all spatial directions. 

Agile-Link works in two stages. First, it randomly hashes the space into bins (using multi-
armed beams) such that each bin collects power from a range of directions. Second, it uses a  
voting mechanism to recover the directions that have the power.

Example:Say for example, that there are 16 possible directions in space, i.e., N = 16. Agile- 
Link can sample all of these directions using 4 multi-armed beams, each covering N /4 = 4 
directions in space. Fig. 2.8(a) shows four such multi-armed beams,  Fig. 2.8(b) shows how 
together they cover the whole space of directions.

Such set of multi-armed beams operates like a hash function, where N = 16 directions are 
hashed into 4 bins, and each bin covers N /4 = 4 distinct directions. The value of the bin 
represents the combination of the signals that hash into it. For example, if the signal is coming 
along the 60° direction and 60° hashes to bin number 1, then only bin one will have energy 
whereas the other bins will have no energy, Thus, one can ignore directions that hash to bins 
2,3, and 4, and focus only on directions that hash to bin 1. This significantly reduces the 
search space to the directions that hash to the first bin.

At this stage, we know that the signal could have come from the directions covered by the 
first bin i.e., 0°, 60°, 90° and 120°. But we do not know which among them is the correct 
direction. Thus, we change the hash function and try again. To do so, we use a second set of  
multi-armed beams which together hash the whole space of directions into a set of bins. The 
hash however is randomized with respect to the previous hash so that directions that got 
hashed together are unlikely to hash together again. 

The first bin now collects energy along 30°, 80°, 110° and 140°. Since the signal is arriving 
along 60°, it will be captured by the third bin which is represented in blue in Fig. 2.8(f). 

Hence, in this second hashing, only the energy of the third bin will be large. This suggests that 
the signal arrived along one of the directions that mapped to the third bin which in this case 
are 40°, 60°, 105° and 150°. Since the 60° direction is the only common candidate from both 
the first hashing and the second hashing, Agile-Link picks it as the direction of the signal[17].
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To identify the affected paths, BeamSpy makes the following approximation, inspired by 
observation human blockage annihilates existing skeleton paths, but does not create new 
paths.  

Given the estimated the blocked/non-blocked states of all the skeleton paths , and the pre-
blockage path skeleton,BeamSpy can reconstruct the CIR of any unobserved beam. The 
reconstructed CIR can be straightforwardly converted to link quality metric, like RSS or 
effective SNR, based on which BeamSpy can identify the best beam.

BeamSpy does not guarantee a blocked link can be recovered via beam switching – such 
feasibility solely depends on Tx/Rx placement and environmental reflectivity.However, 
BeamSpy can predict how likely a link deployment is to fail completely when blockage 
occurs. 

They call this scheme risk assessment. Risk assessment is critical when a 60 GHz link is 
deployed as a fixture, e.g., from ceiling/wall to a furniture in home. 

BeamSpy predicts quality of all beams under each possible blockage pattern, and computes 
deployment risk κ as fraction of cases where no beam can sustain the minimum bit rate. 

BeamSpy acts as a meta-protocol to augment 802.11ad so as to quickly recover from link 
outage without the high-overhead beam searching.

It achieves comparable throughput performance with an oracle that knows exact beam quality, 
and outperforms 802.11ad significantly in application tests[19]. 

UbiG

 

UbiG implement a mmWave wireless access network  that can deliver ubiquitous gigabits per 
second wireless access consistently to the commercial-off-the-shelf IEEE 802.11ad devices. 

It can provide latency guarantees, even using today’s cheap COTS hardwares. First, it  
introduce an efficient beam alignment algorithm that can identify the best beam for a 
mmWave link with guaranteed latency that is independent of the size of the phase-array 
antennas.Second, it devise an infrastructure-side predictive AP switching solution to 
guarantee consistent Gbps connectivity under device mobility and blockage.UbiG needs to 
implement the algorithms on standard-compliant COTS mmWave hardwares(low hardware 
cost)[20].

UbiG’s fast beam alignment algorithm is built upon a simple observation — while the channel 
gain and phase change with steering different beam directions, the underlying physical paths 
along which the signals travel from transmitter to receiver remain the same. 

As long as a transmitter can extract the properties (complex gain and directionality) of the 
paths, it can align the best beam without scanning through the entire space. 

UbiG judiciously selects a fixed number of beams to probe and then employs a space-time 
analysis on the channel measurement of the beams to extract the properties of all dominating 
paths. The number of probings under this approach is independent of the size of the phased-
array antenna and thus the number of beam directions N .
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time for training, the IEEE 802.11ad beam training duration can exceed the beam coherence 
time for large arrays such as 32×32[21]. 
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While the CN(EPC) consists of many logical nodes, the access network( E-UTRAN) is made 
up of essentially just one node, the evolved NodeB (eNodeB), which connects to the UEs. 
Each of these network elements is interconnected by means of interfaces that are standardized 
in order to allow multi-vendor interoperability. 

The core network 

The core network (called EPC in SAE) is responsible for the overall control of the UE and 
establishment of the bearers. The main logical nodes of the EPC are: 

• PDN Gateway (P-GW) 

• Serving Gateway (S-GW) 

• Mobility Management Entity (MME) 

In addition to these nodes, EPC also includes other logical nodes and functions such as the 
Home Subscriber Server (HSS) and the Policy Control and Charging Rules Function (PCRF).

 

The logical CN nodes are shown in Figure 1 and discussed in more detail below: 

P-GW: The PDN Gateway is responsible for IP address allocation for the UE,as well as QoS 
enforcement and flow-based charging according to rules from the PCRF. It is responsible for 
the filtering of downlink user IP packets into the different QoS-based bearers. This is 
performed based on Traffic Flow Templates (TFTs). The P-GW performs QoS enforcement 
for guaranteed bit rate (GBR) bearers. It also serves as the mobility anchor for interworking 
with non-3GPP technologies such as CDMA2000 and WiMAX® networks. 

S-GW: All user IP packets are transferred through the Serving Gateway,which serves as the 
local mobility anchor for the data bearers when the UE moves between eNodeBs. It also 
retains the information about the bearers when the UE is in the idle state (known as “EPS 
Connection Management — IDLE” [ECM-IDLE]) and temporarily buffers downlink data 
while the MME initiates paging of the UE to reestablish the bearers. In addition, the S-GW 
performs some administrative functions in the visited network such as collecting information 
for charging (for example, the volume of data sent to or received from the user) and lawful 
interception. It also serves as the mobility anchor for interworking with other 3GPP 
technologies such as general packet radio service (GPRS) and UMTS. 

MME:The Mobility Management Entity (MME) is the control node that processes the 
signaling between the UE and the CN. The protocols running between the UE and the CN are 
known as the Non Access Stratum (NAS) protocols. 

The main functions supported by the MME can be classified as: 

• Functions related to bearer management–This includes the establishment,maintenance and 
release of the bearers and is handled by the session management layer in the NAS protocol. 
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• Functions related to connection management–This includes the establishment of the 
connection and security between the network and UE and is handled by the connection or 
mobility management layer in the NAS protocol layer. 

HSS: The Home Subscriber Server contains users’ SAE subscription data such as the EPS-
subscribed QoS profile and any access restrictions for roaming. It also holds information 
about the PDNs to which the user can connect. This could be in the form of an access point 
name (APN) (which is a label according to DNS naming conventions describing the access 
point to the PDN) or a PDN address (indicating subscribed IP address(es)). In addition the 
HSS holds dynamic information such as the identity of the MME to which the user is 
currently attached or registered. The HSS may also integrate the authentication center (AUC), 
which generates the vectors for authentication and security keys. 

PCRF: The Policy Control and Charging Rules Function is responsible for policy control 
decision-making, as well as for controlling the flow-based charging functionalities in the 
Policy Control Enforcement Function (PCEF), which resides in the P-GW. The PCRF 
provides the QoS authorization (QoS class identifier [QCI] and bit rates) that decides how a 
certain data flow will be treated in the PCEF and ensures that this is in accordance with the 
user’s subscription profile. 

The access network 

The access network of LTE, E-UTRAN, simply consists of a network of eNodeBs, as 
illustrated in Figure 3. For normal user traffic (as opposed to broadcast), there is no 
centralized controller in E-UTRAN; hence the E-UTRAN architecture is said to be flat. 

The eNodeBs are normally interconnected with each other by means of an interface known as 
“X2” and to the EPC by means of the S1 interface — more specifically, to the MME by 
means of the S1-MME interface and to the S-GW by means of the S1-U interface. 

The protocols that run between the eNodeBs and the UE are known as the “AS protocols.” 

The E-UTRAN is responsible for all radio-related functions, which can be summarized briefly 
as: 

• Radio resource management (RRM) – This covers all functions related to the radio bearers, 
such as radio bearer control, radio admission control, radio mobility control, scheduling and 
dynamic allocation of resources to UEs in both uplink and downlink. 

• Header Compression – This helps to ensure efficient use of the radio interface by 
compressing the IP packet headers that could otherwise represent a significant overhead, 
especially for small packets such as VoIP. 

• Security – All data sent over the radio interface is encrypted. 

• Connectivity to the EPC – This consists of the signaling toward MME and the bearer path 
toward the S-GW. 
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An important feature of the S1 interface linking the access network to the CN is known as 
“S1-flex.” This is a concept whereby multiple CN nodes (MME/S-GWs) can serve a common 
geographical area, being connected by a mesh network to the set of eNodeBs in that area.  An 
eNodeB may thus be served by multiple MME/S-GWs, The set of MME/S-GW nodes that 
serves a common area is called an MME/S-GW pool, and the area covered by such a pool of 
MME/S-GWs is called a pool area. This concept allows UEs in the cell or cells controlled by 
one eNodeB to be shared between multiple CN nodes, thereby providing a possibility for load 
sharing and also eliminating single points of failure for the CN nodes. The UE context 
normally remains with the same MME as long as the UE is located within the pool area. 

In ns3-simulator the P-Gw and S-Gw are located in the same node.

3.1.1  User and control plain architecture

The radio protocol architecture of LTE is subdivided in a control plane and a user plane 
architecture.
In the user plain architecture, the application creates data packets that are processed by 
protocols such as TCP, UDP and IP, while in the control plane, the radio resource control 
(RRC) protocol writes the signalling messages that are exchanged between the base station 
and the mobile. In both cases, the information is processed by the packet data convergence 
protocol (PDCP), the radio link control (RLC) protocol and the medium access control 
(MAC) protocol, before being passed to the physical layer for transmission.

User plane

The E-UTRAN user plane protocol stack between the e-Node B and UE consists of the 
following sub-layers:

-PDCP (Packet Data Convergence Protocol)
-RLC (radio Link Control)
-Medium Access Control (MAC)

On the user plane, IP packets for a UE in the core network (EPC) are encapsulated in a 
specific EPC protocol and tunneled between the P-GW and the eNodeB. Different tunneling 
protocols are used depending on the interface. GPRS Tunneling Protocol (GTP) is used on the 
S1 interface between the eNodeB and S-GW and on the S5/S8 interface between the S-GW 
and P-GW. 
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Medium Access Layer (MAC)

MAC layer is responsible for Mapping between logical channels and transport channels, 
Multiplexing of MAC SDUs from one or different logical channels onto transport blocks (TB) 
to be delivered to the physical layer on transport channels, de multiplexing of MAC SDUs 
from one or different logical channels from transport blocks (TB) delivered from the physical 
layer on transport channels, Scheduling information reporting, Error correction through 
HARQ, Priority handling between UEs by means of dynamic scheduling, Priority handling 
between logical channels of one UE, Logical Channel prioritization.

Radio Link Control (RLC)

RLC operates in 3 modes of operation: Transparent Mode (TM), Unacknowledged Mode 
(UM), and Acknowledged Mode (AM).

RLC Layer is responsible for transfer of upper layer PDUs, error correction through ARQ 
(Only for AM data transfer), Concatenation, segmentation and reassembly of RLC SDUs 
(Only for UM and AM data transfer).

RLC is also responsible for re-segmentation of RLC data PDUs (Only for AM data transfer), 
reordering of RLC data PDUs (Only for UM and AM data transfer), duplicate detection (Only 
for UM and AM data transfer), RLC SDU discard (Only for UM and AM data transfer), RLC 
re-establishment, and protocol error detection (Only for AM data transfer).

Radio Resource Control (RRC)

The main services and functions of the RRC sublayer include broadcast of System 
Information related to the non-access stratum (NAS), broadcast of System Information related 
to the access stratum (AS), Paging, establishment, maintenance and release of an RRC 
connection between the UE and E-UTRAN, Security functions including key management, 
establishment, configuration, maintenance and release of point to point Radio Bearers.

Packet Data Convergence Control (PDCP)

PDCP Layer is responsible for Header compression and decompression of IP data, Transfer of 
data (user plane or control plane), Maintenance of PDCP Sequence Numbers (SNs), In-
sequence delivery of upper layer PDUs at re-establishment of lower layers, Duplicate 
elimination of lower layer SDUs at re-establishment of lower layers for radio bearers mapped 
on RLC AM, Ciphering and deciphering of user plane data and control plane data, Integrity 
protection and integrity verification of control plane data, Timer based discard, duplicate 
discarding, PDCP is used for SRBs and DRBs mapped on DCCH and DTCH type of logical 
channels.

Non Access Stratum (NAS) Protocols

The non-access stratum (NAS) protocols form the highest stratum of the control plane 
between the user equipment (UE) and MME.

NAS protocols support the mobility of the UE and the session management procedures to 
establish and maintain IP connectivity between the UE and a PDN GW.
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3.2 Toward 5G....

5th generation mobile networks or 5th generation wireless systems, abbreviated 5G, are the 
proposed next telecommunications standards beyond the current 4G/LTE. 

Actually researches and engineers from entire world are working on 5G, while 3GPP (Third 
Generation Partnership Project) is trying to synthetize the 5G standard, foreseeing which 5G 
will be on air around 2020.
The design of a end to end cellular systems to achieve very high throuput and ultra-low 
latency require  innovations across all the layer of the comunication protocol stack.
Research has been done on channel modelling,beamforming and other physical layer 
procedures;The use of high directional beam increases the complexity  of a number of MAC 
layer procedures such as syncronization,control signalling,cell search and initial access that 
translates in delay and robusteness.

3.2.1 Key problems:

Adaptive beamforming and beam tracking:
RX and TX must continuosly track the channel in order to align their antennas to achieve the 
maximum directional gain.At the mmwave frequency the shadowing become criticale, so the 
signal can be blocked also by small obstacles.Fortunately recent research demonstrate that the 
comunications is possible through reflected power that could be sufficient in NLOS case,so 
by steering the beam we can recover through an alternate NLOS path.
The User Equipment (UE) and base station must then jointly initiate a procedure to search for 
and select another path to reestablish the link. 

Directional syncronization and broadcast channel:
The cell discovery and the initial acess procedures require an innovative approach.Traditional 
cells periodically broadcast syncronization signal(ex PSS in LTE) omindirectionally which 
are receives by all devices under the coverage range and used to  initially  connect to the cell.
Here we cannot adopt this approach because the signal would not benefits from directional 
gain and might not have adeguate range to be detected by many Ues.The gNBs and the UE 
must perform an angular search so that users can detect the PSS and adjust on the optimal 
TX/RX beamforming angles.  

Issues in MAC,Network and transport layer:
The high variability of the mmwave channel and the high suscettibility to shadowing will 
require very frequent handover between 4G or mmwave RAT's.
In case we make use of TCP protocol,the high variability in the  mmwave channel capacity 
require some inovations in the TCP congestion control to better exploit mmwave channel 
capacity without create too much congestions in the network. 

 
An End-to-End network simulator for mmWave cellular networks is an invaluable tool that 
can help address these challenges.
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In particular the solutions proposed by the ns3-mmWave module implements custom PHY 
and MAC layers.
In particular we can analize briefly the innovations to cop with the previuos issues.

3.2.2 MmWave module for ns–3

 

The ns–3 discrete-event network simulator is a very powerful tool available to communication 
and networking researchers for developing new protocols and analyzing complex systems. 

The ns–3 simulator is organized into multiple folders. The src folder provides a collection of 
C++ classes, which implement a wide range of modular simulation models and network 
protocols. The different modules can be aggregated and instantiated to build diverse simulated 
network scenarios. 

In the following sections, we will describe in detail the mmWave module for ns–3. 

The ns–3 mmWave module is designed to perform end-to-end simulations of 3GPP-style 
cellular networks.It leverages the detailed implementation of LTE/EPC protocols. 

The structure, high-level functions and naming scheme of each class closely follow the LTE 
LENA module. 

3.2.2.1 Class diagram for the end-to-end mmWave module

The MmWaveEnbNetDevice and MmWaveUeNetDevice classes, which represent the 
mmWave eNB and UE radio stacks, respectively, along with a perspective on the end-to- end 
structure of the simulator. 

The ns–3 mmWave module also includes a McUeNetDevice, which is a NetDevice with a 
dual stack (LTE and mmWave), i.e., a device capable of connecting to both technologies. 

The MmWaveEnbMac and MmWaveUeMac MAC layer classes implement the LTE module 
Service Access Point (SAP) provider and user interfaces, which enable the interoperation 
with the LTE RLC layer. 

Support for RLC Transparent Mode (TM), Saturation Mode (SM), Unacknowledged Mode 
(UM), Acknowledged Mode (AM) is built into the MAC and scheduler classes (i.e., 
MmWaveMacScheduler and derived classes). 

The MAC scheduler also implements a SAP for configuration at the LTE Radio Resource 
Control (RRC) layer (LteEnbRrc). 

Hence, every component required to establish Evolved Packet Core (EPC) connectivity is 
available. 

The MmWavePhy classes handle directional transmission and reception of the DL and UL 
data and control channels based on control messages from the MAC layer. 

Similar to the LTE module, each PHY instance communicates over the channel (i.e., 
SpectrumChannel) via an instance of the MmWaveSpectrumPhy class, which is shared for 
both the DL and the UL(since the design of the mmWave PHY layer is based on Time 
Division Duplexing (TDD)).
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The antenna is modeled in the class AntennaArrayModel as a Uniform Planar Array (UPA), 

In the current implementation we support a single rectangular panel per BS/UT, with C 
columns and R rows. 

The number of antenna elements for each device can be set using the AntennaNum attribute of 
the MmWaveEnbNetDevice and MmWaveUeNetDevice classes. This allows to specify a 
different number of antennas for the BSs and the UTs, as it would happen in a realistic 
deployment. The default values are 64 antennas for the BS, arranged in a square with 8 × 8 
elements, and 16 for the UT, in a square with 4 × 4 elements. The horizontal and vertical 
spacing dH and dV are stored in two private variables of the AntennaArrayModel class, and 
expressed as multiples of the wavelength λ = c/fc. The default value is 0.5, but it is possible to 
update it using the AntennaHorizontalSpacing and AntennaVerticalSpacing attributes. 

The method GetAntennaLocation which computes the coordinates of an antenna element,the 
method GetRadiationPattern returns the antenna radiation pattern, given the angle of 
departure or arrival. 

In the implementation, once one of the scenarios is set ,it is possible to select the LOS 
condition and the indoor/outdoor state statistically, geometrically or deterministically. The 
pathloss then depends on the UT status, the distance on the horizontal plane (2D distance) and 
the 3D distance from the UT to the BS. 

The class MmWave3gppPropagationLossModel, which extends the PropagationLossModel 
interface, handles O2O or indoor to indoor transmissions and performs the pathloss 
computation in the GetLoss method.In this class it is possible to deterministically set the LOS 
condition, using the ChannelCondition attribute, so that the UT is always in a LOS or NLOS 
condition, or opt for the statistical approach proposed by the 3GPP model. With the latter, 
given the selected scenario, the 2D distance and the height of the BS and UT, it is possible to 
compute a LOS probability PLOS. Another optional component is the shadowing, which is 
enabled by the Shadowing attribute. For a moving UT, the shadowing is correlated in space. 
The pathloss and the shadowing (if enabled) are updated at every transmission, while the LOS 
condition is fixed for the whole duration of the simulation. 

The class MmWave3gppBuildingPropagationLossModel provides an alternative model for 
pathloss computation. This class takes ad- vantage of the ns–3 Buildings module in order to 
geometrically model the LOS/NLOS and the indoor/outdoor conditions. In par- ticular, it is 
possible to place buildings in the simulation scenario, randomly or deterministically, and, 
once the UTs and BSs positions are specified, a 3D ray tracing algorithm determines whether 
there is LOS or not. Once the LOS/NLOS condition is set and the possible penetration loss is 
computed, this class relies on the shadowing and pathloss computation performed in the 
MmWave3gppPropagationLossModel class. 

The fast fading modeling is implemented in the class MmWave3gpp-Channel.

The fast fading modeling rappresent the bottleneck of system level simulations with wireless 
channels,so assumptions and simplifications are introduced. 

The main method of this class is DoCalcRxPowerSpectralDensity, which implements the 
interface specified in SpectrumPropagation-LossModel and returns a SpectrumValue object, 
i.e., a vector with the values of the PSD for each subcarrier of the OFDM symbol transmitted. 
In order to get this PSD, two steps are required: the first is the actual computation of the 
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channel matrix H(t,τ ) with the large scale and small scale fading effects, and the second is the 
generation of the beamforming vectors and of the beamforming gain. 

The channel matrix is generated for all the possible BS-UT links, but the beamforming 
vectors are computed only for the links involved in a communication, i.e., those for which a 
UT is attached to a BS. 

The analog MIMO beamforming scheme implementation  can be used together with the 
channel model.Once pathloss, shadowing and channel coefficient matrix are generated, the 
beamforming vector at transmitter and receiver and the gain are computed and the latter is 
applied to the PSD object handled by the DoCalcRxPowerSpectralDensity method of 
MmWave3gppChannel. 

The framework assumes analog beamforming and a TDD physical layer frame. Since with 
analog beamforming a single stream is transmitted, each antenna element only applies a phase 
shift to the transmit signal, so that it is concentrated in one direction. 

The beamforming gain is obtained by multiplying the transmitter and receiver beamforming 
vectors with the channel coefficients matrix H(t,τ). 

We have two ways to compute the beamforming vector, The two default methods are:power 
and cell scan method,it is possible to select one of the two using the CellScan attribute.

The power method computes the optimal beamforming vector for the transmitter and the 
receiver, assuming a perfect knowledge of the channel matrix, and it is implemented in the 
PowerMethodBeamforming method. 

The cell scanning method does not assume that the transmitter and receiver known the 
channel information.Basically, the cell scanning method divides the coverage area of the cell 
into several sectors and steers the beam to one of the directions by selecting the beam- 
forming vector from a predefine codebook. This means that, if the transmitter wants to 
transmit in sector M, it selects from a list (i.e., the codebook) the beamforming vector 
corresponding to that sector and the signal will be directed in that sector. The method 
CellScan of the class MmWave3gppChannel currently implements a simplified cell scanning 
approach, based on a brute force approach, i.e., it tries all the possible BS-UT sector 
combinations and selects the one that returns the maximum received power.

For 5G requirements and applications, conventional drop-based modeling is inadequate.

Closely spaced channel snapshots should have similar delays, AOAs and AODs ,scattering 
environment ecc. should be similar,spatially consistent models are required to capture smooth 
transitions of channel characteristics  over relatively closely spaced locations. 

For simulations in which the mobility is an important factor, the spatial consistency of the 
channel throughout the path on which the UT moves can be simulated by enabling this option 
in the MmWave3gppChannel class. 

In the current implementation, it is supported spatial consistency for both LOS and NLOS 
communications. 
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The MmWaveEnbPhy and MmWaveUePhy classes model the physical layer for the mmWave 
eNB and the UE. These objects (i) handle the transmission and reception of physical control 
and data channels(ii) simulate the start and the end of frames, subframes and slots, and (iii) 
deliver received and successfully decoded data and control packets to the MAC layer. 

MAC layers

The proposed scheme make use of analog beamforming (where the transmitter and receiver 
align their antenna arrays to maximize the gain) so we are constrained to the TDMA scheme;
With digital beamforming(base station transmit and receive in multiple direction at the same 
time) would be possible the use of SDMA or FDMA.The key performance indicator of the 5G 
MAC layer  is the latency,the over-the-air latency have been prposed by bodies as 
International Telecomunication Union is 1ms.
The well-known drawback of the TDMA is that TTIs or fixed slots lead to an non optimal 
resource utilization and latency ,very dramatic when we have many intermittent,small packets 
must be transmitted or received.
Based on these considerations, variable TTI-based TDMA frame structures and MAC 
schemes have been proposed.

So this approach permit to adapt slot sizes according to the lenght of the packet or TB to be 
transmitted,so that different kind of traffic are targeted(from bursty to file transfer).

The MAC layer implementation can be found in the MmWaveEnbMac and MmWaveUeMac 
classes, whose main role is the coordination of procedures such as scheduling and 
retransmission. Moreover, they interact with the RLC layer to receive periodic reports on the 
buffer occupancy, i.e., the Buffer Status Reports (BSRs), and with the physical layer classes 
for the transmission and reception of packets. 

We have an Adaptive Modulation and Coding(AMC) tecnique  to adapt the modulation and 
coding scheme to the channel quality. The AMC is implemented in the MmWaveAmc class.
In the simulator, this translates into (i) mapping the CQI(Channel Quality Information report) 

into the Modulation and Coding Scheme (MCS), using the error model implemented in the 
MmWaveMiErrorModel and described in Section V-D, and (ii) computing the avail- able TB 
size for a subframe given the MCS. This information is then used by the scheduler to perform 
radio resource management. 

As in the LTE network we have support for the HARQ which enables fast retrasmissions with 
incremental redundancy.
the HARQ mechanism is based on multiple stop and wait retransmission processes, and a 
maximum of 8 simultaneous HARQ processes can be active at any given time . The HARQ 
retransmissions have priority with respect to new transmissions, thus the available resources 
are given first to HARQ processes and then to the data queued in the RLC buffers.

Despite being fundamental in protecting from the losses of packets due to rapid variations in 
the channel quality, the HARQ mechanism introduces additional latency [19], [21], therefore 
the optimization of its performance is necessary to enable the target of sub-1-ms latency for 
ultra-low-latency communications. 

 The MmWaveHarqPhy class along with the functionalities within the different scheduler 
classes are based heavily on the LENA module code. 
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The scheduler at the eNB uses the information provided by HARQ feedback messages to 
assign new resources to the HARQ processes that require retransmissions. Each transport 
block is granted a maximum number of transmission attempts, which is set to 3.

The multiple HARQ processes per user can be created  not only for the downlink but also for 
the uplink,and the maximum number of proccesses per user is not fixed(it can be configured 
through the NumHarqProcesses attribute in MmWavePhyMacCommon), 
this permit to control the simultaneous stop and wait retrasmissions processes to optimize the 
bandwith utilization.
Finally using a flexible TTI physical layer allows  reduction in the latency of the 
retransmissions. 

RLC layer

The RLC layer is basically very similar to the one implemeted in the LTE module of ns3 , 
expect for the RLC AM retrasmission entity that is modified to be suitable for the mmwave 
PHY and MAC layers;An Active queue management(AQM) for the RLC buffer is added.
In RLC AM we have retrasmission and reordering.Since in the mmwave module we have a 
shorter frame structure we have to reduce the timers of the RLC entity.In the RLC AM 
proposed setup  is implemented the segmentation also for the retrasmissions,its important 
especially with a high variable mmwave channel where the channel capacity change 
suddenly,otherwise in order to transmit the segment we need to wait that the trasmission 
opportunity is big enough so we can halt the retrasmission.
Active Queue Management techniques are used in the buffers of routers, middleboxes and 
base stations in order to improve the performance of TCP and avoid the manual tuning of the 
buffer size. AQM strategies allow the network to avoid congestion at the buffers, because 
they react early to the increase in the buffer occupancy by dropping some packets before the 
buffer is full. 

In the mmWave module, the RLC layer can use either the default Drop-tail approach or more 
sophisticated AQM techniques, that can be enabled by setting the EnableAQM attribute to 
true. The default AQM is the CoDel(Controlled Delay)scheme. CoDel works by monitoring 
the minimum queue delay in every 100 ms interval, and only drops packets when the 
minimum queue delay is more than 5 ms. 

RRC layer

the RRC layer was expanded in order to add the dual connection control 
procedure.Specifically the uplink measuraments framework ,the gNBs receive the uplink 
reference signal,they compute the SNR for each UE and send the infos to the LTE eNB 
through the X2 link.Thanks to this Framework the LTE act as coordinator for the nearby gNB 
and find the best association in term of SNR between Ues and gNBs.

3.2.2.4 Dual Connectivity integration

The layer at which the 5G mmWave stack and the legacy 4G stack converge is called 
integration layer.There are several proposal with advantages and disadvantages;
The integration layer chosen  in the simulator is the PDCP layer.
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the ns–3 NetDevice and provides an interface between the ns–3 TCP/IP stack and the custom 
lower layers. 

The McUeNetDevice holds pointers to the custom lower layer stack classes, and has a Send 
method that forwards packets to the TCP/IP stack. 

This method is linked to a callback on the DoRecvData of the EpcUeNas class, which as 
specified by the 3GPP standard acts as a connection between the LTE-like protocol stack and 
the TCP/IP stack. 

The McUeNetDevice describes a dual connected UE with a single EpcUeNas, but with a dual 
stack for the lower layers, i.e., there are separate LTE and mmWave PHY and MAC layers. 
Moreover, there is an instance of the RRC layer for both links. 

Besides, the LTE RRC manages both the LTE connection and the control plane features 
related to DC, while the mmWave RRC handles only the mmWave link. 

The usage of a secondary RRC, dedicated to the mmWave link, avoids latency in control 
commands (i.e., the mmWave eNB does not have to encode and transmit the control Packet 
Data Unit (PDU)s to the master LTE eNB). The EpcUeNas layer has an interface to both 
RRC entities to exchange information between them. 

The LTE RRC manages also the data plane for the DC devices. In particular, for each bearer, 
a dual connected PDCP layer is initialized and stored in the LTE RRC. 

The classes describing the DC PDCP layer are McEnbPdcp and McUePdcp, respectively at 
the eNB side and at the UE side. 

However, while McUePdcp simply has to communicate with a local RLC in the UE, the 
implementation of McEnbPdcp requires new interfaces to the class describing the X2 links 
between eNBs (i.e., EpcX2). In particular, in downlink the eNB PDCP has to send packets to 
the X2 link and the mmWave RLC layer has to receive them, and vice versa in uplink. 

With FS, the UE is in the RRC CONNECTED state with respect to both eNBs, but only 
transmits data to one of the two. 

As to the physical layer, the two stacks rely on the mmWave and LTE channel models. 

The RRC layer implementation of the original LTE ns–3 module was extended in order to 
account for DC-related control procedures,In particular, the multi-connectivity uplink-based 
measurement framework.The MmWaveEnbPhy instance simulates the reception of uplink 
reference signals,computes the SINR for each UE in the scenario, and sends this information 
to the LTE eNB on the X2 link. 

the control packets with the SINR values must be transmitted on an ns–3 PointToPointLink, 
which adds a certain latency and has a certain bitrate. 

Thanks to this framework, the LTE eNB is able to act as a coordinator for the surrounding 
mmWave eNBs, and learns which is the best association (in terms of SINR) between UEs and 
mmWave secondary eNBs. This enables automatic cell selection for mmWave eNBs at the 
beginning of a simulation, and the control of mobility-related operations. The DC module is 
indeed capable of simulating FS procedures between mmWave and LTE links and Secondary 
Cell Handover (SCH) (i.e., handovers between mmWave eNBs that do not involve the MME 
in the core network) initiated by the central controller in the LTE eNB. 

Different handover (either inter-RAT or SCH) algorithms can be tested, by implementing 
them in the LteEnbRrc class. 

48











if  Γopt < ∆LT E , we switch to LTE stack or continue to use it.
Otherwise if the  Γopt > ∆LT E  we can have three cases:
-if the current attached gNB is not already the optimal one and the ∆>∆his    and  we are using 
the mmWave stack,  we swich initially to LTE one(to guarantue service continuity),then we 
trigger the switch to the optimal mmWave.
-Otherwise if the current attached gNB is not already the optimal one and the ∆>∆his    but  we 
are using the LTE stack we trigger directly the switch to the optimal mmWave.
-In the case in wich the current attached mmWave is already the optimal and we are using the 
LTE stack ,we trigger a swicth to the mmWave gNB.
                                       

3.2.2.6 Bug and problems in the ns-3 mmWave NY module

-the handover between LTE Cells is not implemented.

-A bad channel condition during a handover/swith procedure is not handled so it causes  a 
crash in the simulation.

- scalability issue with respect to the size of the simulated scenario (number of nodes, 
buildings,application rate,....).

- the Ns3 simulator does not contain libraries to handle polygons as obstacles(problems 
solved by introducing  a new module in ns3 package created by the MIT university). 
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5  
         

         Simulation Results And          
            Performance Analisys

5.1 Simulation

5.1.1 Introduction

The simulations  that will be obtained in this chapter use the ns-3 simulator with the NY 
mmWave module described in Chap. 3 and Chap. 4.
In particular we analyze the behiaviour  of a mmWave vehicular network;
We consider a portion of  luxembourg city and we locate a different number of gNB’s.For this 
purpose,we exploit some predefined locations that are semaphores and bus stops; We use an 
intuitive positioning of the gNB's,starting to consider first all the semaphores(crossings) that 
are traversed by the largest amount of vehicles and then, in decreasing order the other 
semaphores,last we consider the bus stops taking into account always the traffic.

Figure 5.1 Map of the considered area and the relative placement of the antennas  
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We see in the Figure 5.1 the placement of the antennas, the red squares represent the 
 gNB's and the blue one represent the LTE eNB.

Since mmWave cells are expected to have a coverage radius of at most 200 m, they will be 
deployed with a density higher than that of LTE cells (which are already installed) .

This simulation we test the dual connectivity mmwave with fast switching tecnology(FS);

The simulations are performed with two different RLCs, AM and UM; 

Then, in order to get the mean throughput PDCP per user , we account the received packets 
per user  averaged over the total simulation time, then we averaged the user’s throuputs.

The PDCP throughput is mainly a measure of the rate that the radio network can offer, given a 
certain application rate. In this particular scenario after some tests we saw that in ns-3 we 
cannot increase too much the application rate because of the scalability issue;

Since we a UDP packet every one ms ,the UDP application rate at which every vehicle should 
receive a new packets  at PDCP is Sin = 8.432 Mbit/s. Using RLC AM If the PDCP 
throughput SPDCP is higher than Sin, it means that the contribution given by unneeded 
retransmissions (that increase the throughput) is more significant than that of packet losses 
(that decrease the throughput), and vice versa if SPDCP < Sin. The number of unnecessary 
retransmissions decreases as the number of switches decreases(we explain later). 

The NYU mmWave module provides a  antenna model for a Uniform Linear Array (ULA) in 
the AntennaArrayModel class, that supports analog beam forming.In the NS-3 framework, 
analog BF is implemented through Uniform Linear Array (ULA) . 

In ULA, a set of two dimensional antenna arrays is used at both BS and UE. The array can be 
comprised of 8×8, 4×4 or 2×2 elements. The spacing of the elements is set at λ/2, where λ is 
the wavelength.  (for instance, at 28 GHz, a 4×4 array will have a size of roughly 1.5 cm ×1.5 
cm). It must be noticed that there exists a strong correlation between beamwidth, number of 
antenna elements and BF gain. we can see the variation of beamwidths and gains by varying 
the number of elements in the ULA;The more antenna elements in the system, the narrower 
the beams, the  higher the BF gain, the more precise and directional the transmission.For an 
8x8 array beams can be at most 22.5º wide;for 4x4 system,they are 45º wide;for a 2x2 
configuration,beams are 90º wide.

We concentrate our analysis on the average throughput perceived by the vehicles for a 
different number of mmwave gNB and changing their beamwidth;Let's see first the simulation 
parameter  that we adopt to get the results.
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5.1.2   Simulation Parameter

Simulation time 50 seconds

DL-UL Ptx 30dbm

UDP application data rate 8.432 Mbit/s

Frequency Band LTE 20MHz

Frequency Band mmwave 1GHz

LTE carrier Frequency 2.1GHz

Mmwave carrier Frequency 28GHz

Area Radius 200m

Mobility trace size 34 vehicles

Beam type analogic

∆LT E -5dB

∆hys  3dB

BRLC 20MB

DX2 0.5ms

DMME 10ms

Table 5.1 Simulation Parameters

 

The BRLC  rappresent the buffer size of the RLC entity,the DMME  is the delay to the MME node 
and model both the propation delay to the MME node and   processing delay of the MME 
node.The DX2  rappresent the one-way delay of the X2 link;We've already discussed about the 
other parameters.  

5.1.3     Average PDCP throughput  and jain's fairness index analysis  with 
RLC UM and ULA 4x4 

The first simulations are performed with  RLC UM(Unacknowledged mode in RLC is meant 
for delay sensitive applications such as VOIP);
At RLC layer no retransmission is performed, and packets are simply declared lost (even if a 
single segment of the entire packet is missing).Anyway the MAC layer offers a retransmission 
mechanism (HARQ), but is limited by a maximum number of retransmissions(in our case 3). 
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                                                                                  6

      Conclusions And  Future Work 

In this thesis,first we extensively discussed about the property of the mmWave channel and 
all the derived consequences.The need of beamforming and in particular we introduce some 
of the  state-of-the-art solutions for beam alignment.
After a brief review of the current LTE network architecture we describe the proposed 
mmwave architecture developed by NYU and implemented in ns-3 simulator.
This architecture present a LTE-5G tight integration at the PDCP layer.
The dual connection with Fast switching setup permit to have the best performance in term of 
throughput and latency.
In particular we tested a mmWave vehicular network using the ns-3 simulator and we 
concentrated our analisys on the performance perceived by a relevant number of vehicles in a 
real urban area.
The simulation results underline different aspects of the mmwave comunications; In particular 
the coverage range  can reach relevant distances especially in LOS scenario and the 
comunications  in an  NLOS condition are not negligible.
Different scenarios for delay-sensitive applications and with delay-insensitive Application 
were tested.
Moreover we modify the beamwidth of the UE's and the gNB's to test the performance 
indexes and evaluate the possible design choiche like an optimization problem (i.e.  Minimize 
the number of antenna to be deployed at similar level of performance). We showed some 
maps to underline the areas where the vehicles are served by the mmwave tecnology or by the 
LTE one.

The simulation with the NY mmwave module present some weaknesses, the hysteresis is not 
sufficient to cop with  the high number of switches/handovers ,so it will be necessary to 
introduced a more sophisticated algorithm.  
In our simulation we make use of UDP protocol,in case we need to work with the TCP 
protocol we need an algorithm to follow in a proper way the high fluctuations in the channel  
capacity.
In the current implementation of the module is not implemented the handover between LTE 
cells.The scalability of the current implementation of ns-3 is not able to simulate very large 
scenario ,we used a size scenario to get a reasonable simulation time. 
The mmwave module still need an improvement across all the layers ,as an example at the 
PHY layer is used OFDM;
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The choiche of OFDM can be reasonable for different reason: it's computationally 
simple,high compatibility with MIMO,simple modulation and demodulation but on other 
hand present disadvantages like the high OOB emissions,require cyclic prefix and perfect 
syncronization and does not support different numerologies.One proposal is the filtered 
OFDM that overcome most of the OFDM issue turning down OOB emissions and to have 
coexistence of different numerologies,and relaxed syncronization requirements.
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