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Abstract

Beamforming for LTE MBMS/MBSFN

by Illia Safiulin

Multimedia Broadcast Multicast Service (MBMS) is a feature of the Third Genera-

tion Partnership Project’s (3GPP’s) LTE to support multicast transmission to multiple

users in parallel, enabling more efficient utilization of network resources, e.g., for video

broadcasting or common messages. MBMS is mostly considered in combination with

Multimedia Broadcast Single Frequency Network (MBSFN), which further enables mul-

ticasting over multiple base stations, effectively forming a single frequency network. In

this diploma thesis, efficient beamforming algorithms are devised for MBMS/MBSFN

and their employment in vehicular communication, especially road safety applications,

are investigated. These algorithms are intended to decrease the transmission latency

of road safety messages thereby increasing the performance of data transmission within

the MBSFN area and improving network utilization. The algorithms were implemented

within an LTE compliant simulation framework.

In the first chapter, an introduction to LTE MBSFN networks is given and

basics of vehicular communication are shortly described. The aim of this chapter is to

describe main architectural nodes introduced by MBSFN and provide insight into road

safety applications. It is important to clarify which unique peculiarities experience road

safety applications and how and why MBSFN can be used in these circumstances.

Chapter 2 is devoted to an introduction of the basics of OFDM and the tech-

nique which allows to model Inter Carrier Interference (ICI). Networks with highly

mobile terminals suffer from Doppler shifts, which could cause significant performance

degradation. In order to simulate such effects commonly highly complex fast-fading

simulations are performed. Due to complexity reasons fast-fading simulations usually

are not an option in system level simulations. Nevertheless, in order to have precise

modelling, these effects should be considered. In this chapter an efficient and precise

technique to mimic fast-fading behaviour is explained and verification results are pre-

sented.

In Chapter 3 the physical layer of MBSFN transmission is presented as well as

additional mathematical techniques from the area of convex optimization. Additionally,

the main performance metrics are explained, which are used to compare the efficiency

of standard defined techniques to more advanced concepts introduced in this chapter.

In Chapter 4 simulation results and achieved improvements are shown. The

performance of the standard defined transmission in terms of latency and cell resource

utilization are compared with results, obtained with algorithms described in previous



chapters. Additionally possible gains of MBSFN networks in case of big number of

multicast users are provided and explained.

Finally Chapter 5 concludes the results, explains strong and weak parts of the

proposed algorithm and sheds a light onto questions which require further investigation.
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Chapter 1

Introduction to LTE MBSFN and

Road Safety Applications

1.1 LTE MBSFN

Delivery of broadcast/multicast services in a mobile-communication system means that

the same information is to be provided to multiple terminals simultaneously, often de-

livered over a large number of cells. The broadcast/multicast information may be a TV

streaming, system updates, information about weather conditions, common messages

for specific group of users or any other kind of information that, at a given time, should

be delivered to large number of different mobile terminals.

When the same information is to be provided to multiple terminals within a

cell it is usually beneficial to provide this information as a single “broadcast” radio

transmission covering the entire cell and simultaneously being received by all relevant

terminals, as shown in Figure 1.1a, rather than providing the information by means of

individual transmissions to each terminal, as it is done in standard unicast transmission,

which is shown in Figure 1.1b. Broadcast transmission according to Figure 1.1a also

has to support the worst-case terminals, including terminals at the cell edge. It should

be noted that it will be relative costly in terms of the base-station transmit power

to provide sufficient broadcast-service data rates. Additionally, taking into account the

limited Signal-to-Noise Ratio (SNR) that can be achieved at the cell edge, the achievable

broadcast data rates may be relatively limited, especially in the case of large cells. There

are couple of ways to increase the efficiency, one of which is to reduce the cell size, thereby

increasing the cell-edge receive power. However, this will increase the number of cells

to cover a certain area, which is undesirable for the network operators from a cost-of-

deployment point of view. As discussed above, the utilization of broadcast/multicast

services in a mobile network typically implies that identical information is to be provided

over a large number of cells. Fortunately in such case, the terminals at the cell edge

1



Chapter 1. Introduction to LTE MBSFN and Road Safety Applications

Figure 1.1: Broadcast vs. unicast transmission. (a) Broadcast. (b) Unicast.

can utilize the received signals from broadcasting cells when detecting/decoding the

broadcast data and treat it as a useful signal. This can be achieved if the broadcast

transmissions from different cells are truly identical and transmitted into the same time-

frequency resource blocks. In this case, the transmissions received from multiple cells

will appear as a transmission from single base station, which suffers from multipath

propagation. The transmission of identical time-aligned signals from multiple cells,

especially in the case of delivery of broadcast/multicast services, is sometimes referred

to as Single-Frequency Network (SFN) operation [1].

In the case of time-aligned transmissions from multiple cells, the inter-cell in-

terference due to transmissions in neighboring cells will be replaced by signal corruption

due to time dispersion. If the Orthogonal Frequency-Division Multiplexing (OFDM)

cyclic prefix covers the main part of this “time dispersion”, the achievable broadcast

data rates are only limited by noise, implying enhancement into Signal-to-Interference-

and-Noise Ratio (SINR). Furthermore, the OFDM receiver does not need to explicitly

identify the cells to be soft combined.

Thereby Third Generation Partnership Project (3GPP) has introduced Mul-

timedia Broadcast/Multicast Service (MBMS) as a means to broadcast and multi-

cast information to users in Release 6 of Universal Mobile Telecommunications System

(UMTS) [2]. MBMS enables to broadcast/multicast information in 3G networks, simi-

lar to classical radio/TV broadcast networks, targeting mobile TV as the main service

offered. Development of MBMS has continued within 4G Long Term Evolution (LTE),

evolving the technology to Evolved Multimedia Broadcast Multicast Services (eMBMS).

eMBMS supports multicasting not only from single base stations, but even from mul-

tiple strictly time- and frequency-synchronized base stations, forming a so-called MB-

SFN area. In the current Release 12 of UMTS LTE, MBMS/MBSFN is restricted to

single antenna transmission; however, discussions are ongoing within 3GPP to enable

multi-antenna support in future releases. Additionally, MBMS/MBSFN transmission

can enhance network efficiency, because common information can be delivered highly

resource and cost effective to many users in parallel. Recent interest in the technol-

ogy by network operators and equipment manufacturers exists especially in the context

2



Chapter 1. Introduction to LTE MBSFN and Road Safety Applications

Figure 1.2: Structure of LTE MBMS architecture.
Source: 4G LTE/LTE-Advanced for Mobile Broadband.

of venue casting [3], that is, multicasting/broadcasting at local events. This is con-

firmed by several technology trials conducted at sport events, such as, football games

and car racing [4–6]. At such events, MBMS can be utilized to enhance the experi-

ence of spectators by providing additional information, e.g., live video feeds from inside

race cars [5] or slow-motions of highlight scenes. Other applications envisioned include

software/firmware/operating-system updates for mobile Internet of Things devices [7]

as well as broadcasting of road safety related information to vehicles on highways and

motorways [8, 9].

1.2 LTE MBMS Architecture and Overall Channel Struc-

ture

In order to utilize enhancement into SINR, MBSFN transmission requires utilization of

the same set of radio resources along with time synchronization among the cells within

the MBSFN area. To handle such coordination, the so called Multi-cell/multicast Coor-

dination Entity (MCE) was introduced as a new logical node in the radio-access network.

The main task of MCE is allocation of radio resources and transmission parameters be-

tween base stations within the MBSFN area (management of control plane). As shown

in Figure 1.2, the MCE can control multiple UTRAN NodeBs (eNodeBs). Introduction

of the MBSFN mode also affected the core network: new entities, such as a Broad-

cast Multicast Service Center (BM-SC), MBMS gateway (MBMS-GW) and Mobility

Management Entity (MME) were presented. BM-SC is responsible for the overall con-

figuration of the data flow through the core network. The MBMS-GW, from the other

side, is a logical node processing multicast of Internet Protocol (IP) packets from the

BM-SC to all eNodeBs attached to MBSFN area. Finally, MME allows to manage ses-

sion control signalling to eNodeBs. Such network architecture allows to utilize multicast

capabilities of IP packets, which leads to significant savings in the transport network.

3



Chapter 1. Introduction to LTE MBSFN and Road Safety Applications

Figure 1.3: Structure of LTE MBMS downlink channel mapping.

As the MBSFN mode requires a particular architecture in LTE networks, a

new channel structure with specific capabilities was introduced for MBMS transmission.

The overall channel structure is depicted in Figure 1.3. A particular physical-channel

type, called Physical Multicast Channel (PMCH), is specified for MBSFN transmission,

which has specific resource-block structure and reference symbols allocation, depicted

in Figure 1.4. These reference symbols are transmitted at the same time–frequency

position and with the same values by means of MBSFN over the group eNodeBs that

constitute the MBSFN area. Hence, a channel estimation using these reference symbols

can be efficiently implemented and will be able to correctly represent the overall chan-

nels corresponding to the multicast transmissions. It should be noted that, in MBSFN

subframes only the reference signals in the two first OFDM symbols of the subframe,

corresponding to the control region of the MBSFN subframe, are actually transmitted.

Thus, there is no transmission of cell-specific reference signals within the MBSFN part

of the MBMS subframe.

Additionally, a new transport channel, the so called Multicast Channel (MCH),

was introduced. MCH is used to support MBMS transmission and can be character-

ized by a semi-static transport format and scheduling. Transmission of MBMS data

has its own logical-downlink channel, specified in LTE, the so called Multicast Traffic

Channel (MTCH), which is used for downlink transmission of MBMS data. This logical

channel type corresponds to a specific MBMS service. If the number of services to be

provided in an MBSFN area is large, multiple MTCHs can be configured. Obviously, as

no acknowledgements are transmitted by the terminals, no Radio Link Control (RLC)

retransmissions can be used and consequently the RLC unacknowledged mode is used.

At the same time, Multicast Control Channel (MCCH) is specified, which is the logi-

cal channel type used to carry control information necessary for reception of a certain

MBMS service, including the subframe allocation and Modulation-and-Coding Scheme

(MCS) for each MCH. There is one MCCH per MBSFN area. Similarly to the MTCH,

4



Chapter 1. Introduction to LTE MBSFN and Road Safety Applications

Figure 1.4: Resource-block structure and reference-signal structure for MBSFN trans-
mission.

Source: 4G LTE/LTE-Advanced for Mobile Broadband.

the RLC uses unacknowledged mode [1].

In the case of MBSFN-based multicast/broadcast transmission, due to possibly

large distances between cells, the cyclic prefix should also cover the timing difference

between the transmissions received from the different cells within the MBSFN area. Such

timing differences could cause Intersymbol Interference (ISI) which leads to significant

performance degradation of the system. Therefore, MCH transmissions use an extended

Cyclic Prefix (CP). If a normal CP is used for normal subframes, and therefore also in the

control region of MBSFN subframes, there will be a small “hole” between the two parts

of an MBSFN subframe, as illustrated in Figure 1.5. This hole is unavoidable if time-

synchronization should be applied. The frequency-domain density of MBSFN reference

Figure 1.5: Resource-block structure for MBSFN subframes, assuming normal cyclic
prefix for the control region.

Source: 4G LTE/LTE-Advanced for Mobile Broadband.

symbols is higher than the corresponding density of cell-specific reference symbols. This

is important as the total channel of all eNodeBs within the MBSFN area could be treated

as a highly time-dispersive or, equivalently, highly frequency-selective. Thus, a higher

frequency-domain reference-symbol density for channel estimation is needed.

According to the 3GPPs standard there is only a single MBSFN reference signal

in MBSFN subframes. Additionally, multi-antenna transmission is not supported for

MBSFN transmission. The main argument for this is that the high frequency selectivity

of the aggregated channel itself provides significant frequency diversity. But, as it will

be shown in this work, the increase of number of transmit antennas at base station

5



Chapter 1. Introduction to LTE MBSFN and Road Safety Applications

can substantially increase the overall performance of MBSFN transmission, especially

applying some advanced beamforming or precoding techniques.

1.3 Road Safety Applications

Road crashes exact a tremendous human and societal casualties in Organisation for

Economic Co-operation and Development (OECD) member countries1. Each year, more

than 125.000 people are killed in such crashes and millions more are injured, many of

them permanently. The cost of the road safety problem in the OECD area amounts to 2%

or more of gross domestic product [10]. Since the 1970s, as illustrated in Figure 1.6, the

amount of road fatalities have declined, which is explained by the intensive collaboration

of many countries on the problem of road safety. The key elements of these achievements

are safety belts, more safe and secure vehicles, new technologies and systems embedded

in passive safety systems and road infrastructure. Improved infrastructure lays the

foundation of Intelligent Transportation Systems (ITS).

Figure 1.6: Road fatalities and vehicle kilometres travelled in nine OECD countries.
Source: OECD International Road and Traffic Accident Database.

ITS are advanced applications which aim to provide innovative services relating

to different regimes of transport and traffic management. They allow various users to

be better informed, more coordinated and to move in safer conditions. In recent years

significant amount of additional technologies were included in ITS such as car navigation,

traffic signal control systems, weather information, variable message signs, speed cameras

to monitor applications and to more advanced applications that integrate live data and

1List of OECD members: Austria, Belgium, Canada, Denmark, France, Germany, Greece, Iceland,
Ireland, Italy, Luxembourg, The Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey,
United Kingdom, United States.
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Chapter 1. Introduction to LTE MBSFN and Road Safety Applications

communicate with different sources, such as parking guidance and information systems.

Actually all ITS technologies could be divided into three groups such as autonomous

vehicle-based systems, infrastructure-based systems and co-operative systems.

Thereby substantial developments have taken place over the past few years in

the area of vehicular communication systems. After the deployment of various vehicular

technologies, schematically depicted in Figure 1.7, such as toll collection or active road

signs, vehicular communication (VC) systems have emerged. These systems include

network nodes which are vehicles and Road-Side infrastructure Units (RSUs) equipped

with on-board sensors, processing, and wireless communication modules [11]. Vehicle-to-

Infrastructure (V2I), Vehicle-to-Vehicle (V2V) and Vehicle-to-X (V2X) notions emerged.

These types of communication allow a range of applications to increase transportation

safety and efficiency, as well as video streaming [12]. Especially road safety applications

play a very important role in vehicular communications. Road safety applications rely

on short-message broadcasting in a vehicle’s neighbourhood to inform other vehicles in

order to reduce accidents on the road. As a new traffic model, these applications ex-

hibit some unique features in terms of generation patterns and delivery requirements.

Particularly, delivery requirements of road safety applications are of high importance,

since any signal delay increases the danger of accidents. Two main types of safety mes-

sages have been standardized, transmissions of which can be periodic or event-triggered.

In European Committee for Standardization (CEN) and European Telecommunications

Standards Institute (ETSI) documents [13] these messages are respectively referred to

as Cooperative Awareness Messages (CAMs) and Decentralized Environmental Notifi-

cation Messages (DENMs); Basic Safety Messages (BSMs) are the terminology used in

[14] for both periodic and event-triggered messages. CAMs are short messages periodi-

cally broadcast from each vehicle to its neighbours to provide information of presence,

position, and basic status. DENMs are event-triggered short messages distributed to

inform road users of a dangerous event. The main requirements of CAMs and DENMs

are reported in Table 1.1, together with the relevant use cases identified by ETSI [15].

In 2013, the ETSI finalized a basic set of standards necessary for the imple-

mentation and deployment of cooperative ITS systems, as requested by the European

Commission. This set of standards is mainly based on the Institute of Electrical and

Electronics Engineers (IEEE) Standards 802.11p [16] access technology for ITS commu-

nications, which are defined as ITS G5 communications by the ETSI [17]. The system is

well suited to active road safety use cases due to its very low delays and communication

range of several hundred meters.

However, the channel congestion experienced in dense scenarios and its decen-

tralized ad-hoc nature is motivating the research of other technologies, such as cellular

networks, as alternatives for ITS communications. The latest iteration of 3GPP, known

as LTE, promises better levels of quality in terms of throughput and latency compared

7
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Table 1.1: Safety message requirements and use cases.

Cooperative
awareness
message (CAM)

Periodic time-triggered
position messages
–Frequency: 1–10 Hz
–Max latency: 100 ms
–Length: up to 800 bytes
depending on the
type of application

Use cases:
–Emergency vehicle warning
–Slow vehicle indication
–Intersection collision warning
–Motorcycle approaching indication
–Collision risk warning
–Speed limits notification

Decentralized
environmental
notification message
(DENM)

Event-driven
hazard warnings
–Max latency: 100 ms
–Length: typically shorter
than CAMs

Use cases:
–Emergency electronic brake light
–Wrong way driving warning
–Stationary vehicle accident
–Traffic condition warning
–Signal violation warning
–Road-work warning
–Collision risk warning
–Hazardous location
–Visibility

with the 3G systems. Nevertheless, it is not clear whether LTE networks can support

road safety applications in an effective manner by means of standard unicast transmis-

sions. Similarly to IEEE 802.11p, there is a scalability problem related to the fact that

ITS messages have to be delivered to potentially all vehicles in a certain geographical

area and with precise delay requirements. If the unicast transmission mode is used, the

amount of resources required for the delivery of ITS messages might result in elevated

costs for the Mobile Network Operators (MNOs) as well as for the service providers (e.g.,

car manufacturers). In this context, the utilization of broadcast technologies, such as

eMBMS in LTE, appears as a possible solution to solve the scalability problem of ITS in

cellular networks. Moreover, there are several additional reasons for LTE applicability

in vehicular environments, such as coverage and mobility, market penetration, capacity,

centralized architecture, various channels and transport modes as well as different sta-

tus modes of the terminals. Based on all these arguments, finally, LTE MBSFN can be

considered as a potential way to handle vehicular applications.

In the literature, comparing to popular topics from area of mobile communi-

cation, investigation of the performance of MBSFNs is not fully investigated, especially

in the case of its utilization for road safety applications. Nevertheless there are other

studies from neighbour fields, which are focused on the unicast delivery in both 3G [18]

and LTE [15] cellular networks. Regarding broadcast delivery, previous studies were

only performed in 3G cellular networks [15, 19, 20] without considering new capabilities

and solutions introduced by eMBSFN.
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Figure 1.7: Illustration of different techologies supporting vehicular communication.
Source:Kapsch

1.4 Conclusions

In this chapter a short introduction to LTE MBSFN was done. Especially the architec-

ture, overall channel structure, resource-block structures and downlink channel mapping

of MBSFN was explained in more details. A brief explanation of road safety applica-

tions, their necessity and importance was stated. Additionally, I explained the main

types of road safety messages, their delivery requirements, generation features and rele-

vant use cases. Besides, I considered different possible technologies to handle vehicular

communications and provided a short literature research on different solutions. After

this investigations, I can claim that LTE could be considered as a possible technology

to handle road safety applications, especially in the special case of MBSFN transmis-

sion.

9





Chapter 2

Theoretical Basics of OFDM and

ICI Modelling

2.1 Introduction to Physical layer of LTE

In this section the aspects of physical layer LTE will be considered. Additional con-

sideration of modelling ICI in high mobility scenarios will be performed. To start with

basics of OFDM physical layer transmission, at first point explanation of generation of

transmitted signal should be performed. The explanation is done in similar way how it

is performed in [9].

Let us assume that data symbols xn,k; k = 0, 1, . . . , Nc−1 should be transmitted

over a duration T at time instant n and transmit symbol can be expressed as

s(t) =

∞∑
n=−∞

Nc−1∑
k=0

xn,kgT,k(t− nT ), (2.1)

Thus, data symbols are modulated with the help of a pulse shaping filter, which has a

rectangular shape in time domain

gT,k(t) =

{
1√
T
ej2πk

t
T 0 ≤ t < T

0 else.
(2.2)

For such type of pulse shaping filter, the modulation tends to a so-called OFDM modula-

tion that can be efficiently implemented by a Fast Fourier Transform (FFT). The number

of subcarriers Nc defines the number of individual data streams being transmitted over

the wireless channel. Typically the number of subcarriers is equivalent to the order

NFFT = Nc of the FFT operation. One of the important parameters in OFDM modula-

tion is the subcarrier spacing, which can be in this case calculated by dividing the entire

transmit bandwidth Bc by the number of active subcarriers Nc, thus ∆f = Bc
Nc

= B
NFFT

.

However, OFDM modulation theoretically requires an infinite bandwidth due to the
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Figure 2.1: Frame structure of 3GPP LTE.

unlimited frequency spread of pulse shaping filters in frequency domain. This unlimited

spread can be understood from actual calculation of gT,k(t):

gT,k(t) = gT,k(t) · rectT (t). (2.3)

Next I assume transmission over a time variant channel. This type of channel

is common assumption, especially in the case of highly mobile terminals. The impulse

response of such channels can be denoted as c(t, τ). The transmission of generated signal

s(t) over such channel corresponds to convolution in time domain of the signal with the

impulse response of the channel. Additionally the signal is corrupted by additive noise,

which is usually assumed independent on the channel and transmitted signal. At the

receiver antenna the distorted signal can be calculated as

r(t) =

∫ τmax

0
c(t, τ)s(t− τ)dτ + v(t), (2.4)

corrupted by the channel as well as additive noise v(t). To avoid distortions caused

by a channel with maximal duration τmax, a so-called cyclic prefix is introduced, that

is simply a fractional repetition of the transmit signal, placed in front of the signal.

Introduction of CP serves two purposes: as a guard interval, it eliminates the ISI from

the previous symbol and as a repetition of the end of the symbol, it allows the linear

convolution of a frequency-selective multipath channel to be modelled as circular con-

volution, which in turn may be transformed to the frequency domain using a discrete

Fourier transform. Additionally, the last purpose allows for simple frequency-domain

processing and representation of the overall transmission system.

In the Downlink (DL) of LTE two possible values of a CP are standardized, a

short one of duration Tcp =4.7µs and a long one of Tcp =16.7µs. Seven OFDM symbols

together with their CP make up one slot (Nf = 7). Then the pattern starts again, as

is shown in Figure 2.1. The pulse shaping with CP can be best modelled by modifying

12



Chapter 2. Theoretical Basics of OFDM and ICI Modelling

the pulse shaping filter to:

gTs,k(t) =

{
1√
T
ej2πk

t
T −Tcp ≤ t < T

0 else
. (2.5)

With such pulse shape, the actual signal duration becomes longer: Ts = T + Tcp which

leads to reduced number of time slots in the transmission and as a consequence reduced

achievable rates. From the other side this insertion in many cases allows to combat

major channel distortions. Applying a rectangular pulse shape and assuming that the

channel delays are within Tcp duration, the received signal in (2.4) now can be calculated

during the period T of the OFDM symbol at time instant n as:

rT (t) =

∫ Ts

0
c(t, τ)

Nc−1∑
k=0

xnkgTs,k(t− τ − nTs)dτ + v(t) (2.6)

At the receiver end it is necessary to sample the observed signal. To connect

transceiver parameters sampling could be performed with NFFT samples per period T .

The receiver thus performs at every time instant n a Fourier transform of the sampled

symbol:

rn,k =

√
T

NFFT

NFFT−1∑
m=0

rT (tm = m
Ts
Ns

+ (n− 1)Ts + Tcp)e
−j2π mk

NFFT + vn,k (2.7)

where tm indicates the sampling position within the OFDM symbol.

Now I would like to reformulate this equation in terms of the time-variant

transfer function of the channel. The time-variant transfer function of the channel Ct,f

can be obtained by applying a Fourier transform with respect to the variable τ of the

impulse response of the channel. Introduction of the transfer function leads to more

simple and clear representation of the received signal, which can now be expressed as:

rn,k =
1

NFFT

NFFT−1∑
m=0

Nc−1∑
k′=0

Cm−NFFT+nNs,k′xn,k′e
j2π

(k′−k)m
NFFT + vn,k. (2.8)

Further work on this equations is needed in order to understand why OFDM transmission

could be performed in an efficient way and could be clearly described in terms of simple

matrices and vectors.

It is preferable to obtain a simple relationship between transmitted and re-

ceived data such as rn,k = xn,k + vn,k, where distortions are caused only by the additive

noise term vn,k. Unfortunately due to the presence of frequency and time variation of

the channel there is an additional element, the so called time-variant transfer function

Cn,k′ of the channel, which depends on the specific subcarrier and time index and as a
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consequence the received noisy signal can be expressed as

rn,k =

Nc−1∑
k′−1

Cn,k′xn,k′ + vn,k (2.9)

Nevertheless, further simplification is possible. In the case, when the subcarrier index

of the received signal coincides with the index of the time-invariant transfer function (

(k = k′ and dependence on time index n vanish) just one element of transfer function

remains and (2.9) collapses to

rn,k = Ckxn,k + vn,k (2.10)

It means that the time invariant channel matrix collapses just to a single scalar. This

allows to reformulate the last expression in terms of matrices and vectors. For example

it is possible construct a diagonal channel matrix D containing all elements of Ck on its

diagonal. Then it is straightforward to transform the whole transmission model from

transmit symbols xn,k to observed noisy symbols rn,k after the FFT operation at the

receiver in vector notation:

rn = Dxn + vn, (2.11)

where all data symbols xn,k at time instant n over all subcarriers are represented by a

single vector xn ∈ CNc×1 and all values of the sampled received signal rn,k are included

in vector rn ∈ CNc×1.

The receiver processing can be reduced to simple matrix multiplication in the

case when prefect channel knowledge conditions are fulfilled. Perfect channel knowledge

means that at the receiver the full information of D is provided. Than it is possible to

obtain estimates of xn,k:

x̂n = D−1rn = rn + D−1vn, (2.12)

which is the well-known Zero Forcing (ZF) receiver, specified for SISO transmission.

As soon as the channel is time-variant, however, the situation becomes more

complicated. Eq. (2.8) tells now that all data symbols xn,k at time instant n of all

Nc subcarriers have an influence on the decoded value. Even in the absence of noise,

there exists ICI that corrupts the data and prevents simple detection schemes. It is

still possible to describe the connection between xn and rn by a matrix-vector notation.

However, matrix D is no longer diagonal and also depends on time-instant n:

rn = Dnxn + vn, (2.13)
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In particular the elements on the main diagonal k = k′, are the time-averaged values

Hn,k of the channel transfer function Cm,k at time instant n:

Hn,k =
1

NFFT

NFFT−1∑
m=0

Cm−NFFT+nNs,k (2.14)

With hn = Diag(Dn), it is possible to reformulate Eq. (2.13) in another compact form :

rn = Diag(hn)xn + yICI
n + vn, (2.15)

where the data is separated into a useful symbol part associated with hn and an inter-

ference part yICI
n , related to off diagonal elements of D and data from other subcarriers

xn,k′ . In contrast, for the case of time-invariant channels, yICI
n is equal to 0. If we know

the off-diagonal elements of matrix D, then also the part yICI
n can be considered useful.

Nevertheless, in my work I do not consider ICI cancellation techniques.

As shown in Eq. (2.15) the ICI component is relatively complex as it contains

data as well as channel components. In literature it is often argued that due to a sum

of multiple independent sources, the Central Limit Theorem would hold and the corre-

sponding signal is Gaussian distributed, the nature of this signal is not easily described

as such. It certainly can be described by a Gaussian mixture process [21]. Neverthe-

less, once multiple transmit antennas come into play, ICI can become more Gaussian

and with additional coding the obtained ICI impacts throughput of OFDM transmis-

sion systems very much like Gaussian distortions with proper signal power. In the next

section I will describe how to model ICI in system level simulations. Additionally I will

validate obtained results comparing performance with results obtained in Vienna Link

Level Simulator[9].

2.2 Analytical ICI Model

The goal of this subsection is to explain how to model a fast fading situation by assuming

block fading and adding extra ICI noise. In order to describe the impact of ICI some

precalculation on the channel should be done. Assume that the impulse response of the

channel is described by cm,m′ , where the indices denote the tap gain of the m′-th tap at

time instant m. I can express cm,m′ as: cm,m′ = L · c̃m,m′ , where L denotes macroscopic

pathloss and shadow fading that remains a constant for a longer time period and c̃m,m′

represents microscopic fading. I consider for this a so-called Wide-Sense Stationary

Uncorrelated Scattering (WSSUS) channel model [22, 23], where the channel can be

characterized by its statistics, such as the PDP and its scattering function [23], which is

a common assumption in mobile communication. According to these assumptions, and

further assuming a two-dimensional propagation scenario, the autocorrelation function
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of the channel at time indexes m1, m2 and channel taps m′1,m
′
2 can be derived as in [24]:

E{cm1,m′1
c∗m2,m′2

} = c|L|2J0
(

2πfdTs(m1 −m2)

)
δ(m′1 −m′2), (2.16)

where c is a normalization constant, J0(·) denotes the zeroth-order Bessel function of

the first kind, fd is the Doppler frequency and Ts is the sampling time. The inverse

Fourier transform of the Doppler spectrum is its autocorrelation function which is in

two-dimensional propagation scenarios well described by the zeroth-order Bessel function

J0(·) of the first kind [25]. Additionally, if it is necessary to introduce the impact of

transmit power, the Eq. (2.15) can be rewritten as

rn,k = Hn,k

√
PTXxn,k + yICI

n,k + vn,k, k = 0, 1, ..., Nc. (2.17)

where PTX is transmit power. Introduction of transmit power also impacts the power

of ICI. As derived in [26], the power of the ICI term can be calculated as

E{P ICI
n,k } =

|L|2PTX
N2
FFT

Nc−1∑
m=0,m 6=k

NFFT−1∑
m1=0

NFFT−1∑
m2=0

J0

(
2πfd∆t(m1 −m2)

)

· exp

[
j

2π(m1 −m2)(m− k)

NFFT

]
. (2.18)

It is now clear that the ICI power is a function of the subcarrier index k. Further I will

indicate the overall ICI power at subcarrier k as P ICI
k = E{|yICI

n,k |2}. Obviously here, the

averaging has been performed over all possible data and thus the dependency on symbol

n is lost.

2.2.1 Extension to MIMO Transmissions

Applying described technique, it is possible to extend ICI modelling to the case of

Multiple-Input and Multiple-Output (MIMO) transmission. Let Fk be an NT ×NL di-

mensional semi-unitary precoding matrix. Assuming equal power allocation at transmit

antennas (which is consistent with LTE standard) and making an assumption that the

channels between the transmit antennas at each base station are statistically indepen-

dent, it is possible to extend the model as

rn,k = Hn,kFn,kxn,k + yICI
n,k + vn,k (2.19)

where rn,k is the received vector of size NR × 1, Hn,k is the averaged channel matrix of

size NR×NT , vn,k is the noise vector and vector yICI
n,k introduces the total ICI power at

each time instant n.
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Figure 2.2: Comparison of BLER between fast-fading and block-fading simulation
with shortened block-fading length. Simulations of block-fading channels with block

fading length of 1, 3, 4, 7 and 14 OFDM symbols are considered.

Under an isotropic precoder assumption, the autocorrelation of the transmit

signals can be expressed as

E{(Fn,kxn,k)(Fn,kxn,k)
H} =

PTX
NT

I (2.20)

where E{‖xn,k‖22} = NL and E{Fn,kF
H
n,k} = PTX

NT
I. Based on this assumption, the

ICI terms from different antennas are uncorrelated. The ICI on receive antenna i, i.e.,

element [yICI
n,k ]i of vector yICI

n,k , is obtained by summing up the contributions from all

NTX transmit antennas:

[yICI
n,k ]i =

NTx∑
m=1

yICI,m
n,k

1

NT
. (2.21)

This finally allows to compute ICI in MIMO transmissions and then add it as additional

Gaussian noise in a simple model. Even though the ICI is not Gaussian distributed, it

might converge to Gaussian due to central limit theorem for sufficiently large NT .

2.2.2 Performance Evaluation

In this subsection I provide the validation of my ICI analytical model. The results,

which are shown in this subsection, are outcomes from [27]. As already mentioned at

the receiver the ICI noise can be approximated as additional complex-valued Gaussian

noise with distribution

yICI
n,k ∼ CN (0, P ICI

n,k · I). (2.22)

To obtain a similar performance to fast fading simulations, however, it is necessary to
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Figure 2.3: Justification of ICI abstraction model at 2 GHz center frequency. Simu-
lations of block-fading channels with block fading length of 1, 3, 4, 7 and 14 OFDM

symbols are considered.

additionally decrease the length of the fading blocks in case of block fading simulations

of high user velocity systems, to account for the reduced coherence time of the channel.

Below I demonstrate the validity of the implemented ICI abstraction model by compar-

ing the throughput obtained with fast-fading simulations, i.e., when the channel varies

during one OFDM symbol causing ICI, to the performance achieved with block-fading

simulations and adding Gaussian noise to emulate the ICI effects. To demonstrate the

validity of the implemented ICI abstraction, I compare results with the Vienna LTE

Link Level Simulator that allows a very detailed modelling of the various signal sources

[9]. In Figure 2.2 and Figure 2.3 I compare the achievable throughput and BLER. Now

according to Figures 2.2,2.3, it is clear that adding ICI noise alone is not sufficient.

Additionally, shortening the block length improves the accuracy of the model. It is clear

that with appropriate ICI calculation and shortened block-fading length it is possible to

almost perfectly mimic the fast-fading behaviour and, as a consequence, simulate with

high accuracy systems with high mobility users. Similar performance can be observed

in the case of MIMO transmissions which is depicted in Figure 2.4 and 2.5, where I

compare performance of Vienna LTE Link Level Simulator with fast fading and Vienna

LTE System Level Simulator with block fading and extra ICI noise.
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2.3 Conclusions

In this chapter I provided description of the physical layer of OFDM, with respect to

the LTE specification. I showed that introduction of movement in the system causes

significant degradation due to the channel variation within one OFDM symbol. Such

variations cause additional distortions, caused by ICI, which plays significant role as soon

as I consider highly mobile terminals. In order to simulate such behaviour usually highly
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computationally complex fast fading simulations are performed. Due to complexity

reasons, fast fading simulations usually are not an option in system level simulators

where commonly block fading simulations are preferred. Nevertheless, ICI modeling

technique, which was described in this chapter, allows to mimic fast fading behaviour

with reasonable complexity. Utilizing this approach I can accurately simulate systems

with high mobility users, which helps me further and more precise evaluate performance

of LTE MBSFN in the case of road safety applications. Additionally, it should be added,

that the complexity of the described technique even for the case of MIMO transmission

is comparatively low, which makes this technique even more beneficial.
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Chapter 3

Physical Layer of LTE MBSFN

3.1 System Model

In this chapter I consider the specification of LTE MBSFN transmission from the physical

layer point of view. At first I want to introduce the main difference in the input-output

relationship between multicast and unicast transmission. Then the main performance

metrics will be considered and explained and as well as the ways of their calculation.

At first point I want to consider SISO transmission in the downlink of a cellular

network. The transmitter employs OFDM modulation to convert the frequency selective

channel into a set of non-interfering frequency-flat subcarriers indexed by k. The input-

output relationship of user i at subcarrier k in case of MBSFN transmission is

ri,k =
∑

j∈MBSFN

hi,j,k · xMBSFN,k +
∑

l 6∈MBSFN

hi,l,k · xl,k + vi,k (3.1)

where j denotes the base station index in the MBSFN area, xMBSFN,k denotes MBMS

data, which is the same for all multicast users, vi,k is Additive White Gaussian Noise

(AWGN) and hi,j,k is complex channel coefficient which can be expressed as hi,j,k =

γj · h̃i,j,k, where γj denotes macroscopic pathloss and shadow fading and h̃i,j,k represents

microscopic fading.

For standard MBMS transmissions the input-output relationship for user i can

be expressed as

ri,k = hi,j,k · xMBMS,k +
∑
l 6=j

hi,l,k · xl,k + vi,k (3.2)

where xMBMS,k denotes the MBMS data to be transmitted. Based on (3.1) I can express

the SINR of multicast user i in case of MBSFN transmission as

SINRi,k,MBSFN =
|
∑

j∈MBSFN hi,j,k|2

σ2v +
∑

l 6∈MBSFN |hi,l,k|2
. (3.3)

where the term |
∑

j∈MBSFN hi,j |2 denotes the total power of useful signal received from
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all base stations within the MBSFN area, while the term∑
l 6∈MBSFN |hi,l|2 indicates the power addition of the interference sources. Similarly,

based on (3.2) the SINR of MBMS user i in case of single cell transmission can be

expressed as

SINRi,k,MBMS =
|hi,j,k|2

σ2z +
∑

l 6=j |hi,l,k|2
. (3.4)

Simulation results evaluating the impact of applied channel model can be found in [27].

3.2 Multicast Transmit Beamforming

As a more advance technique, which allows to increase the system performance, multi-

cast transmit beamforming could be applied. Multicast transmit beamforming exploits

multiple antennas at the transmitter to steer the signal energy towards the served users

and to maximize the minimum SINR of multicast users, while constraining the avail-

able transmit power. Additionally, as already the max-min SNR beamforming problem

for the MISO multicast channel is NP-hard [28], I can conclude that the extension to

multiple transmission sources is NP-hard as well.

Assume that I have in total J base stations within the MBSFN area, each base

station serving K multicast User Equipments (UEs). In the case of road safety applica-

tions, multicast UEs denote car users. In order to introduce the impact of beamforming

in the case of frequency-flat channel Eq. (3.1) should be rewritten with Multiple-Input

Single-Output (MISO) extension as

ri =
∑

j∈MBSFN

hHi,jfjxMBSFN +
∑

l 6∈MBSFN

hi,lxl + vi (3.5)

with fj ∈ CNT×1 denoting the beamforming vector for base station j and hi,j ∈ CNT×1

denoting the channel vector from base station j to user i. It should be noted that I

do not apply any beamforming to base stations which are not within the MBSFN area.

The achievable SINR of the multicast user i from base station j can be calculated as

SINRi,j =
|
∑

j∈MBSFN hHi,jfj |2

σ2n + 1
NT

∑
l 6∈MBSFN |hi,l|2

(3.6)

In the multicast channel the common message is transmitted to all multicast users in

parallel. Hence, the multicast transmission rate of the MBSFN area is limited by the

minimum of the achievable user rates to ensure error-free reception by all users. The

user rate is maximized when the smallest SINR is maximized. I can denote the minimum

SINR of the multicast users at base station j as

SINRj = min
i∈{1,...,K}

SINRi,j (3.7)
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where I simply take the smallest SINR value from the multicast users.

In order to introduce final beamforming problem, some terms require additional

explanation. At first point, it should be indicated that joint optimization over all mul-

ticast users within MBSFN area is performed. As soon as I have a single optimization

problem for multiple base stations I need to introduce general channel vectors, which

contain all channels from all base stations within MBSFN area. For example the com-

mon channel to user i will be indicated as hi ∈ CNT ·J×1. Additionally the beamforming

vectors fj are collected into f ∈ CNT ·J×1.

The beamforming problem of maximizing the minimum SINR can be expressed

as

max
F

SINR = max
F

min
j∈{1,...,J}

min
i∈{1,...,K}

SINRi,j (3.8)

subject to:
trace(F ·Cj) 6 Pj , ∀j ∈ {1, . . . , J} (3.9)

rank(F) = 1 (3.10)

F � 0 (3.11)

where in (3.9) Pj introduces the power constraint of base station j, (3.10) is the rank

constraint on solution F, which is a positive semidfinite transmit covariance matrix

F = ffH and Cj ∈ RJ ·Nt×J ·Nt is the base station dependent power limiting matrix. This

matrix has a specific structure: it is a zero matrix, which has ones only on the main

diagonal. The amount of these ones and their position depends on the total number of

transmit antennas and the total number of base stations within the MBSFN area. For

example, if I consider base station 2 and all base stations have 2 transmit antennas and

there are 3 base stations in the MBSFN area, then C2 will look like

C2 =



0 0 0 0 0 0

0 0 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 0 0

0 0 0 0 0 0


(3.12)

Such type of matrix allows to keep individual power constraints in the joint optimization

algorithm. Such problems as (3.8) are semidefinite programming problems, which have

a non-convex rank constraint and, hence, cannot be solved efficiently [29]. However,

I can apply Semidefinite Relaxation (SDR) to the rank constraint to obtain a convex

semidefinite program [30]. Introducing a slack variable z ∈ R and defining the global

channel Gramian matrices Ri = hih
H
i , it is possible to arrive at the following relaxed
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optimization problem:

max
F∈CNT ·J×NT ·J ,z∈R

z (3.13)

subject to
z 6

1

σ2I,n
trace(RiF),∀i ∈ {1, . . . ,K} (3.14)

trace(FCj) 6 Pj ,F � 0, ∀j ∈ {1, . . . , J} (3.15)

where σ2I,n is the sum of noise and interference power.

The problem (3.13) can be solved efficiently by any appropriate solver. In

my work I applied CVX in the simulations, a MATLAB-based software package for

specifying and solving convex programs [31],[32] . The optimal solution F∗, however, is

in general not a rank one matrix. Therefore, it is still necessary to convert the optimal

solution F∗ to a feasible solution for f .

3.2.1 Beamformer Randomization

In this subsection, an approach to transform the optimal solution from problem (3.13)

into a feasible and efficient solution of the beamformer f is explained . If F∗ is already a

rank-one matrix, the eigendecomposition can be applied to determine the corresponding

beamformer. In general, however, it will not output a rank-one matrix; then, randomiza-

tion is an efficient way to extract a rank-one solution, which, in some cases, provides even

provable approximation accuracy with respect to the original (not relaxed) optimization

problem [30, 33]. In my work I consider a global randomization method that can be

applied by a higher level entity, coordinating the operation of multiple base stations.

Given the optimal transmit covariance matrix F∗, the higher level entity, so

called coordinator, randomly generates N candidate beamformer solutions employing

Gaussian randomization [30]:

f̃n = cnφn, φn ∼ CN (0,F∗), n ∈ 1, . . . , N (3.16)

The normalization constants cn ∈ R are selected such that the power constraint is not

violated.

Finally the coordinator selects the beamformer f̂ that maximizes the minimum

signal power of all multicast users within MBSFN area. The final beamforming vector

f̂ , which contains beamforming vectors for all base stations in MBSFN area, is obtained

as

f̂ = arg max
n∈1,...,N

min
j∈{1,··· ,J}

SINRj , j ∈ {1, · · · , J} (3.17)

The next step is to extract from common beamforming vector f̂ individual beamformers

f̂j and distribute them to the base stations within MBSFN area.
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Figure 3.1: Explanation of latency calculation.

3.3 Performance Metrics

3.3.1 Latency Evaluation

The work [34] is the basis for the outcomes described in this subsection. In my work

I assume delay- and error-free uplink transmission from vehicles to base stations and

mainly focus on the downlink domain. According to Figure 3.1 I assume that each car

user generates MBMS data of size pS bits at random starting time r and then produces

packets every T ms. Such packet generation refers to road-safety applications, when

CAMs are generated. These data should be successfully distributed to all other vehicles

within the MBSFN area via multicasting. The buffer size of car user i at time ñ can be

calculated as

bi[ñ] = ps −
np∑
m=1

pt[ñ−m] (3.18)

where pt[ñ−m] is successfully transmitted packet of size pt bits at time [ñ−m] and np

is specified as

np =

n− b
n
T cT − r , r < ñ, ñ = n− b nT cT

n− (b nT c − 1)T − r , r > ñ, ñ = n− b nT cT
(3.19)

which denotes the time difference between packet generation and time instance ñ. I

consider latency as time interval between data generation and successful delivery to all
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appropriate users within the MBSFN area. The latency value can be calculated for

both cases of erroneous and error free transmission. According to LTE standard the

Hybrid Automatic Repeat Request (HARQ) is not specified in MBMS transmissions.

It means that in case of the unsuccessful transmission of a packet, the packet will not

be retransmitted but instead I accumulate the latency until I successfully receive the

next packet from the same user. Additionally, if during waiting time new packets were

generated, the old packets replace them. In Figure 3.1 two cases of latency calculation

are shown in more details. In the lower part of Figure 3.1, the latency evaluation in case

of successful transmission is described, while in the upper part the procedure of latency

accumulation in case of unsuccessful transmission is explained. Assuming a total number

of MBMS users equal to Nm ue and each of them generating in total Npackets packets, I

stack corresponding latency values into a large matrix L of size Npackets ×Nm ue, with

elements

Ls,i =

ti , error free transmission

ti + T · k , errorneous transmission
(3.20)

where ti is the time when bi[ti] = 0, i.e. complete transmission of packet s and k is the

number of required retransmissions. During my investigation I came to the conclusion

that the latency evaluation should be performed highly accurately and transparently

since interpretation mistake of one of the most important parameters in vehicular com-

munication leads to improper decisions in network specification. Thereby I define three

different ways of latency performance indicators:

Combined latency CDF: I transform matrix L into a vector L̂ of sizeNpackets·Nm ue×1

and calculate the empirical cumulative distribution function (ECDF)

CDFcombined = ECDF
(
L̂
)
. (3.21)

It should be noticed that the main contribution to this latency evaluation is added by

the users that have high SINR and, as a consequence, represent significant amount of low

latency receptions. Due to relatively big number of small latency, the overall statistic is

biased towards small values which, as a consequence, misrepresents final results.

CDF of mean latency: I determine the mean latency for each user position

(average over all latency values s obtained at a given user i) and calculate the CDF of

these mean latencies.

CDFmean = ECDF
(
L̃
)

(3.22)

where L̃i = 1
Npackets

∑Npackets

s=1 Ls,i. From one side this method allows to avoid an exces-

sive impact presented by previous approach; from the other side it does not represent

the worst latencies, which are, however, critical indicators especially for safety-relevant

applications (road-safety transmission).
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Latency of individual users: I determine the latency ECDF of each user

position individually, i.e., I obtain Nm ue CDFs corresponding to different car users

within the network.

3.3.2 Network Utilization

Network utilization is considered as another important performance metric which gives

better understanding of the price to be paid in terms of throughput of ordinary unicast

users for supporting MBSFN transmission. In my investigation I evaluated network

utilization as a percentage of resources to be used for sustaining MBMS traffic. It can

be calculated as

Util =
ps ·Nm ue

NRB ·NRE · EfficiencyCQI[n]

· 100% (3.23)

where NRB is a number of resource blocks, NRE denotes number of recourse elements

per resource block and EfficiencyCQI[n] is the efficiency of the CQI (in bits per resource

element) chosen for transmission of MBMS data. With Eq. (3.23) I can calculate the

appropriate number of subframes to be reserved for MBMS data transmission, thus

satisfying a trade off between MBSFN subframes and subframes used for supporting of

ordinary users. The outcome of Eq. (3.23) can be found in Figure 3.2 and Figure 3.3,

where I show required number of MBSFN subframes to be reserved for specific CQI

value and different number of multicast UEs in the MBSFN area. Additionally this

approach helps not to go into network congestions and avoid reservation of excessive

number of subframes for MBSFN transmission which is beneficial for the throughput of

ordinary unicast users. Network congestion in general meaning indicate the situation

when the old message from specific user is not delivered to all MBSFN users while the

new message is already generated. This situation has an avalanche effect which leads to

significant degradation of the system in terms of latency.

3.4 CQI Adaptation

In my work I want to investigate the performance of systems that utilize rate adap-

tation. Irrespective whether rate adaptation was applied, I reserve the same number

of subframes for MBMS data, calculated with Eq.(3.23). However, for rate adaptation

the real amount of used subframes could be reduced and unused MBMS subframes can

instantaneously be reassigned for ordinary traffic, which may not be feasible in practice.

The Channel-Quality Indicators (CQIs) of all users in the MBSFN area are calculated

according to the technique proposed in [35] and stored in the vector CQI. From the

vector CQI I choose the smallest CQI index for transmission, in order to support all

users. During my research I found that using the smallest CQI index for transmission
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Figure 3.2: Utilization of cell resources for different number of UEs.
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Figure 3.3: Comparison of utilization of cell resources for 21 and 49 UEs

can cause traffic congestions (since the number of reserved subframes for MBSFN trans-

mission is too small for supporting communication with such a low efficiency) and I

should specify some lower bound (CQIbound) to assure that the generated MBMS traffic

can be sustained by the network. Therefore the CQI index at time n to be used for

transmission can be calculated as

CQI[n] = max(min
i

(CQI[i]),CQIbound) . (3.24)
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3.5 Conclusions

In this Chapter I explained physical layer transmission of LTE MBSFN. I indicated ma-

jor differences between MBMS and MBSFN transmissions. Additionally an advanced

multicast beamforming technique was presented and an efficient suboptimal convex ap-

proximation was derived. It should be noted that such types of beamforming techniques

usually require full channel knowledge at the transmitter side, which is usually infeasible

in real world.

In road safety applications transmission latency is usually considered as on of

the most important performance metrics. That is why deep and detailed explanation

of latency evaluation was shown. It is remarkable that there are three different types

of latencies, all of which have their own advantages and drawbacks. Additionally I

explained a mechanism of calculation of network resource utilization, which is another

important parameter. The importance of network utilization is explained by the fact that

I have standard UEs together with car UEs and I want to handle road safety applications

and simultaneously keep the throughput of standard UEs as high as possible. The

proposed technique allows me to maintain this trade-off. Finally I explained mechanisms

of rate adaptation technique, which I will use in my simulations.
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Performance Evaluation

In this chapter I provide a description of the final algorithm that allows to increase the

total network performance of MBSFN transmission in the case of its usage in road safety

applications. In Chapter 3 physical layer transmission of LTE MBSFN was explained and

an efficient multicast beamforming algorithm was presented. This chapter is intended to

show how application of the proposed beamforming technique can reduce transmission

latency and cell resource utilization in MBSFN systems. Final simulation results will be

explained and shown at the end of this chapter.

4.1 Description of Simulation Setup

The schematic description of the proposed algorithm can be seen in Algorithm 1. The

actual Matlab code for the MBSFN coordinator and CVX solver can be found in Ap-

pendix A. The processing chains of the algorithm can be described as follows: through

the ideal backhaul MBSFN base stations immediately deliver channel coefficients of

all car UEs (obtained from the uplink feedback or other way) to the MBSFN coordi-

nator. At the MBSFN coordinator, calculation of multicast transmit beamforming is

performed. This is done via solving the relaxed optimization problems described in Eq.

(3.13), then applying beamformer randomization via utilizing Eq. (3.16). According

to new SINR values of car UEs, the transmit CQI is determined, applying Eq. (3.24),

where CQIbound is obtained with Eq. (3.23). The transmit CQI contains information re-

garding modulation, which should be applied in transmission, together with code rates.

After that, eventual beamformers fj , j ∈ 1, · · · , J with calculated CQI information are

delivered back to the base stations. Finally, the MBSFN base stations transmit road

safety messages (CAMs), applying beamformers and modulation, obtained from MB-

SFN coordinator.
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if support transmit multicast beamforming then
initialization;

for All base stations in MBSFN do

for All car UEs do
get htot and hint from the feedback.

Pint = 1
NTX

(hinth
H
int);

Pn,int = σ2n + Pint;

end

end

F = solve convex problem;

for All base stations in MBSFN do

for All car UEs do

SINRold = 1
NTX
· 1
Pn,int

· (htoth
H
tot);

SINRtheor = 1
Pn,int

· trace(htoth
H
totF);

end

end

randomization;

choose the best precoders fj , j ∈ 1, · · · , J ;

calculate new SINR values; SINR ⇒ CQI;

CQI adoptation: CQI[n] = max(mini(CQI[i]),CQIbound)

end

Algorithm 1: Schematic description of implementation of proposed algorithm.

My simulations were carried out with the Vienna LTE System Level Simulator

[36],[37], where I consider an MBSFN area with several high mobility users (”cars”) and

ordinary unicast users as illustrated in Figure 4.1. Main simulation parameters are listed

in Table 4.1. As I explained in previous chapter, car users generate CAMs of size ps = 300

bytes randomly with interval of T ms. These messages should be distributed among cars

within the MBSFN area. MBMS data should be transmitted in reserved subframes and

the standard unicast full buffer users are served with the remaining resources. It should

be indicated that for the case of 3 car UEs per base station I reserved 3 subframes

within each radio frame for MBMS data and for case of 6 UEs - 5 subframes. These

values could be calculated utilizing Eq. (3.23) and applying efficiency corresponding

to CQIbound. Additionally, all simulation were done with respect to modelling of ICI,

described in Section 2.2.

After this explanation the discussion of the size of the MBSFN area arises.

It is clear that with including more and more base stations in the MBSFN area we

decrease the number of potential interference sources which leads to improvement of

SINR. Nevertheless the large size of the MBSFN area can cause high delay echoes which
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Table 4.1: Simulation Parameters

Parameter Value

Center frequency 2.14GHz

System bandwidth 1.4MHz

Channel Frequency flat fading

Number of b.s. in MBSFN 7

Number of ordinary users per b.s. 1

Number of car users per b.s. 3/6

Speed of car users 100 km/h

Transmission multicast

Packet size to be transmitted ps 300 bytes

Packet generation interval T 100 ms

ICI modelling Utilized

Transmission rate Rate adaptation for car users

Rate adaptation for ordinary unicast users

Feedback delay immediate full channel delivery

Antenna configuration 1× 1, 4× 1, 8× 1

can further reduce the performance of the system introducing ISI. It should be added

that the amount of multicast users will increase with including more base stations and,

as a consequence, the amount of generated data will also increase. In the case of common

TV broadcasting or any other similar transmission, such effect of data ”explosion” will

not occur, as the amount of data does not depend on the number of multicast UEs. In

contrast, in the case of road safety applications the amount of data is highly dependent

on the number of car UEs in the specific area. Thus, high number of car users could

cause undesirable congestions in the network and significant delays in transmission due

to buffer overflows. Also with increasing the MBSFN area we increase the number of

recipients for which the information could be irrelevant. All these circumstances impact

the preferred simulation size of the MBSFN area. Applying the network architecture

depicted in Figure 4.1, the MBSFN area of seven base stations is surrounded by a ring

of interference base stations, which allows to simulate both practical conditions and

beneficial features of broadcasting information while avoiding network congestions.
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Figure 4.1: Illustration of simulated network.

The performance of the baseline scenario is depicted in Figure 4.2. In this and

next figures CDFs of mean latency (solid black), combined latency (dashed black) and

individual users latency (dotted, color depends on applied beamforming) are presented.

These results were obtained with 1× 1 transmission and applying previously explained

CQI adaptation. I want to indicate that the results, which are shown in Figure 4.1 are

obtained with transmission, performed according to the LTE standard. According to

presented results, the mean transmission latency is 80 ms, which fulfils time constraints

required by the standards of CAMs. Nevertheless, the amount of active car UEs in

the network is considerably small and the performance can get worse considerably, as

soon as the number of car UEs will increase. One possible solution is to increase the

number of required MBMS subframes, which will lead to decrease of the latency and to

degradation of the achievable throughput of standard unicast UEs. The other solution

is to introduce multiple antennas and utilize proposed beamforming technique. Next I

want to investigate the impact of MISO transmission and to compare the performance

with and without multicast transmit beamforming.
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Figure 4.2: Latency distribution of baseline scenario with 1 × 1 transmission and 3
car UEs per base station.

4.2 Performance with 4x1 Antenna Configuration

In this section the simulation results with 4 transmit antennas per base station and

different number of multicast UEs will be presented. As can be seen in Figure 4.3a ex-

tension to MISO without applying any kind of beamforming reduce the mean latency to

33ms. This is achieved due to significant enhancement into SINR of car UEs. Utilization

of beamforming technique reduce latency even further, up to 10 ms.

Nevertheless, situation changes dramatically if the number of car UEs is dou-

bled. The latency ecdfs could be seen in Figure 4.4a and Figure 4.4b for the both cases:

with and without beamforming. For the case of transmission without beamforming the

mean transmission latency is 74 ms. When the number of car UEs per base station is

higher then the number of transmit antennas, the performance of beamforming algo-

rithm falls considerably and as a consequence the gain in latency is noticeably reduced:

from 74 ms to 70 ms.

In the next step I want to investigate the performance of transmit beamforming

algorithm in the case of large number of multicast UEs. I want to explore the impact of

beamforming on the SINR distribution of car UEs in the network. Due to complexity

reasons I only investigate the case when MBSFN area consist just only of a single base

station. In Figure 4.5 the SINR before beamforming, theoretical upper bound and

actual SINR distribution are shown. In order to present gains in more transparent way,

I collect the smallest values of all three types of SINR (which actually determine the

final multicast rate) in Table 4.2. According to results, presented in Table 4.2 I can
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state that even in the case of high number of users, proposed algorithm can improve the

performance.
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(a) Latency distribution without beamforming.
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(b) Latency distribution with beamforming.

Figure 4.3: Comparison of latency distribution in case of 4×1 transmission and total
number of 21 multicast UEs in MBSFN area.

36



Chapter 4. Performance Evaluation

10
0

10
1

10
2

10
3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Latency [ms]

C
u

m
u

la
ti

v
e 

p
ro

b
ab

il
it

y

(a) Latency distribution transmissions without beamforming.
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(b) Latency distribution with beamforming.

Figure 4.4: Comparison of latency distribution in case of 4×1 transmission and total
number of 42 multicast UEs in MBSFN area.

Table 4.2: Comparison of achievable SINRs with beamforming for 4 × 1 antenna
configuration and different number of multicast UEs.

NUEs

4× 1

Old SINR Actual SINR Theoretical bound

2 -6.84 -0.82 -0.82

4 -6.46 -1.21 -1.21

8 -10.52 -4.62 -3.2

16 -9.3 -7.53 -4.07

32 -8.71 -7.83 -5.3
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Figure 4.5: Comparison of achievable with multicast beamforming SINR values for
different number of multicast UEs per base station in case of 4 antennas per base

station.

4.3 Performance with 8x1 Antenna Configuration

The next step is to show how the performance will behave in the case of 8 transmit

antennas per base station. The explanation goes in similar way to the previous section.

As previously, I consider two different number of multicast UEs in the network

and performance with and without beamforming. According to Figure 4.6a and Figure

4.6b the performance is even further improved comparing to baseline scenario or scenario

with 4 transmit antennas per base station. The mean transmit latency values are 11 ms

for the case without beamforming and 8 ms with beamforming. The beamforming gain

is not so significant in this case, nevertheless, if situation with 6 car UEs per base station

will be considered, the mean latencies will be 54 and 27 ms respectively. Appropriate

latency distributions can be found in Figure 4.7a and Figure 4.7b for both cases.

Considering large number of multicast UEs, the beamforming gains are signif-

icantly higher, comparing to 4× 1 case. The SINR distribution and the most important

numbers are shown in Figure 4.8 and Table 4.3. It is remarkable, that even in the case

of 32 UEs, it is possible to achieve 3dB gain in SINR.
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(a) Latency distribution transmissions without beamforming.
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(b) Latency distribution with beamforming.

Figure 4.6: Comparison of latency distribution in case of 8×1 transmission and total
number of 21 multicast UEs in MBSFN area.

Table 4.3: Comparison of achievable SINRs with beamforming for 8 × 1 antenna
configuration and different number of multicast UEs.

NUEs

8× 1

Old SINR Actual SINR Theoretical bound

2 -2.78 6.24 6.24

4 -6.12 2.9 2.9

8 -7.53 0.78 0.84

16 -6.37 -0.92 0.76

32 -5.69 -2.13 0.49
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(a) Latency distribution transmissions without beamforming.
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(b) Latency distribution with beamforming.

Figure 4.7: Comparison of latency distribution in case of 8×1 transmission and total
number of 42 multicast UEs in MBSFN area.

4.4 Utilization

The question of cell resource utilization will be answered in this section. As men-

tioned previously, cell resource utilization is another important parameters, especially

for MNOs. In Table 4.4 I provide comparison of cell resources consumed by road safety

messages. According to presented results, the utilization can be reduced by 33% compar-

ing baseline scenario and 8×1 case with beamforming. However, in the dense networks,

achievable gains are much smaller and usually in order of 1%.
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Figure 4.8: Comparison of achievable with multicast beamforming SINR values for
different number of multicast UEs per base station in case of 8 antennas per base

station.

Table 4.4: Final comparison of cell resources consumed by road safety messages.
Baseline scenario as well as 4× 1 and 8× 1 with different number of multicast UEs are

considered

3 car UE 6 car UE

1× 1 29.75% -

4× 1 no beamforming 28% 49.67%

4× 1 with beamforming 21.94% 49.64%

8× 1 no beamforming 24.57% 49.57%

8× 1 with beamforming 20% 48.84%

4.5 Conclusions

In this chapter simulation results of the proposed beamforming algorithm in comparison

with transmission without beamforming were presented. According to Table 4.5 utiliz-

ing beamforming techniques allows to dramatically increase the system performance in

terms of latency. Even already the extension to MISO, without max-min beamforming,

can improve the situation, especially in the case of small number of multicast UEs in

the network. Moreover, the proposed algorithm allows to reduce consumption of cell

resources, which is highly preferable for standard unicast UEs.

Additionally in this chapter I showed potential gains for the case of large num-

ber of multicast UEs, especially having 8 antennas at the base station I can increase

the minimum SINR by a factor of at least 2.27 for the system with 32 multicast UEs
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per base station. And this gain could be increased even further if more and more base

stations will be included in the MBSFN area.

Table 4.5: Final comparison of mean transmission latency between performance of
standard LTE MBSFN transmission and more advanced approaches for different num-

ber of car UEs in the network.

3 car UE 6 car UE

1× 1 80 ms -

4× 1 no beamforming 33 ms 74 ms

4× 1 with beamforming 10 ms 70 ms

8× 1 no beamforming 11 ms 54 ms

8× 1 with beamforming 8 ms 27 ms
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Conclusions

In this work, the performance of MBSFN transmission in connection with road safety

applications was investigated. As additional tools which allow to increase preciseness of

simulations and to enhance the performance of the system, ICI modelling and transmit

beamforming techniques were introduced.

In Chapter 1 a short introduction to the architecture of MBSFN area was

presented, as well as a brief explanation of vehicular communication, specifically road

safety application, was provided. Due to advanced broadcast/multicast capabilities in-

troduced by MBSFN, possibility to support road safety application through cellular

networks emerged. From the road safety messages point of view, due to their specific

generation and delivery peculiarities, MBSFN transmission could be seen as one of the

most promising candidate.

As preliminary investigation, technique for modelling ICI effects was introduced

in Chapter 2. ICI presence is a result of time-varying nature of the wireless channels,

especially in systems with high mobility terminals. Due to severe effects on the perfor-

mance, ICI should be precisely modelled and accounted in such systems. Nevertheless,

direct calculation of ICI requires utilization of computationally complex fast-fading sim-

ulations, which are usually not an option in system level simulations. However, according

to the results represented in Chapter 2 of this work, ICI can be modelled as additional

coloured Gaussian noise which can be added at the receiver. Moreover, this approach

does not introduce any significant complexity problems, which allows to use it efficiently

in my simulations.

In Chapter 3 I presented basics of MBSFN physical layer transmission where

I showed the advantage of MBSFN versus MBMS in terms of SINR. Additionally I

introduced several concepts of transmission latency evaluation. I should point out one

important consequence: the full picture of packet delivery latency is only provided if

I do not apply any kind of latency aggregation over users and/or time. As a helpful

tool, I showed how precalculation of expected amount of resource consumptions allows
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to avoid traffic congestions for multicast UEs and simultaneously to retain throughput

of ordinary UEs as high as possible.

Introduction of multiple antennas at base stations permits to utilize different

beamforming technique. One probable beamforming approach was presented in Chapter

3. The idea of this approach is to increase the minimal SINR value of multicast users

in order to increase the multicast transmission rates. It should be noted that this

algorithm introduces some new features, such as joint optimization over multiple base

stations with individual power constraints. Additionally, through the particularity of

multicasting, where the signals from multiple base stations are treated as useful, from

the point of view of the users, joint optimization could be treated as optimization over

one base station with huge amount of antennas. This interpretation allows potentially

to have tremendous gains, especially for the small amount of multicast users.

Due to their non-convex nature it is not always possible to obtain optimal solu-

tion for beamforming optimization problems. However, via utilization of randomization,

it is possible in some cases to obtain provable approximation accuracy with respect to

the theoretical upper bound. To the drawbacks of proposed beamforming technique I

can attribute a high sensitivity to the feedback delay and obligatoriness of the perfect

channel knowledge. In my work I always assumed instantaneous channel knowledge at

the MBSFN coordinator which is not feasible in real world circumstances. For real world

scenarios, the proposed technique requires an additional extension. All my simulations

were performed with 1.4 MHz transmission bandwidth, which means optimization was

done over six resource blacks. The utilization of a bigger bandwidth could increase

the computational demand to an infeasible level in real life application, which could be

pointed as another drawback. One possible way to improve the robustness to channel

variations is to perform transmissions with CQI values smaller than those obtained with

Eq. (3.24).

Chapter 4 showed that the extension of the LTE MBSFN standard to multiple

antennas in itself brings alone significant improvements. As was shown in Table 4.5

and Table 4.4 the employment of the proposed algorithm allows to reduce transmission

latency by a factor of 10 and resource utilization by 33% comparing to the baseline

scenario.
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Detailed description of the

applied algorithm

Listing 1: Actual Matlab code for the transmit multicast beamforming calculation.

1 NU = length(UEs)/length(obj.MBSFN_area_eNodeBs);

2 TX = obj.MBSFN_area_eNodeBs(1).nTX;

3 NB = length(obj.MBSFN_area_eNodeBs);

4 H_tot = zeros(TX*NB,NU,NB);

5 H_int_tot = zeros(TX,TX,NU);

6 noise_and_int = zeros(1,NU,length(obj.MBSFN_area_eNodeBs));

7 bb_ind = false(TX*NB,NB);

8 bb_l = false(TX*NB,NB);

9 for bb = 1:NB

10 if size(H_tot,1)/length(obj.MBSFN_area_eNodeBs) == 4

11 bb_ind(bb*TX-3:bb*TX,bb) = true;

12 else

13 bb_ind(bb*TX-7:bb*TX,bb) = true;

14 end

15 bb_l(:,bb) = ~bb_ind(:,bb);

16 for u_i = 1:NU

17 H_tot(bb_ind(:,bb),u_i,bb)= ...

18 squeeze(obj.MBSFN_area_eNodeBs(bb).attached_UEs_vector(u_i).feedback.H_0(:,:,1));

19 h_i_temp = ...

20 obj.MBSFN_area_eNodeBs(bb).attached_UEs_vector(u_i).feedback.H_i(:,:,1,1,:);

21 int_power = 1/TX*(h_i_temp(:,:)*h_i_temp(:,:)’);

22 noise_var_temp = ...

23 obj.MBSFN_area_eNodeBs(bb).attached_UEs_vector(u_i).thermal_noise_W_RB;

24 noise_and_int(:,u_i,bb) = noise_var_temp+trace(int_power);

25 end

26 end

27 %calling optimizer

28 F = network_elements.max_min_precoder_MBSFN_interf(H_tot,TX,NB,NU,noise_and_int);

29 for bb=1:NB

30 for u_i = 1:NU

31 SINR_theoretical_new(u_i,bb) = ...
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32 (1/noise_and_int(:,u_i,bb))*trace(H_tot(:,u_i,bb)*H_tot(:,u_i,bb)’*F);

33 SINR_old(u_i,bb) = ...

34 (1/TX)*(1/noise_and_int(:,u_i,bb))*trace(H_tot(:,u_i,bb)*H_tot(:,u_i,bb)’);

35 end

36 end

37 [U,S,V] = svd(F);

38 %% Randomization part

39 fi_tot = zeros(size(F,1),500);

40 sqrtF = U*sqrt(S)*V’;

41 for prec_ind = 1:500

42 fi_tot(:,prec_ind) = ...

43 sqrtF*1/sqrt(2)*(randn(size(F,1),1)+1i*randn(size(F,1),1));

44 %renormalization

45 for i = 1:NB

46 fi_tot_mat(:,i) = fi_tot(i*TX-TX+1:i*TX,prec_ind);

47 norm_fi(i) = norm(fi_tot_mat(:,i));

48 end

49 [max_norm,ind] = max(norm_fi);

50 fi_tot(:,prec_ind) = fi_tot(:,prec_ind)/max_norm;

51 %finding the smallest SINR

52 for i = 1:NB

53 for u_i = 1:NU

54 SINR_temp(u_i,i) = ...

55 (1/noise_and_int(:,u_i,i))*abs(H_tot(:,u_i,i)’*fi_tot(:,prec_ind))^2;

56 end

57 end

58 SINR_min(prec_ind) = min(min(SINR_temp));

59 end

60

61 [var,prec_index] = max(SINR_min);

62

63 for i = 1:length(obj.MBSFN_area_eNodeBs)

64 for u_i = 1:NU

65 SINR_new(u_i,i) = ...

66 (1/noise_and_int(:,u_i,i))*abs(H_tot(:,u_i,i)’*fi_tot(:,prec_index))^2;

67 end

68 end

Listing 2: Matlab code for CVX solver.

1 function F = max_min_precoder_MBSFN_interf(h_full_bar,Tx,Nb,UU,noise_and_int)

2

3 cvx_begin quiet

4 variable F(Nb*Tx,Nb*Tx) complex semidefinite

5 variable z

6 maximize z;

7 subject to

8 C = zeros(Nb*Tx,Nb*Tx,Nb);

9 for i = 1:Nb

10 A = zeros(1,Nb*Tx);
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11 A(Tx*i-(Tx-1):Tx*i) = 1;

12 C(:,:,i) = diag(A);

13 trace(F*C(:,:,i)) <= 1;

14 end

15 for bb = 1:Nb

16 for uu = 1:UU % channel gain

17 z <= trace(F*h_full_bar(:,uu,bb)*h_full_bar(:,uu,bb)’)/noise_and_int(:,uu, bb);

18 end

19 end

20 cvx_end

21 end
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