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Abstract

In the current radio planning of wireless cellutetworks, analysis of system performance is
based on Signal to Noise Ratio (SNR). However, Mdadeband system such as LTE, the
performance depends not only on the SNR but alsethenamount of frequency and spatial
diversity that the system can exploit. These ditiessrely on the delay and angular profile of the
radio channel which are often quantified in terrhgleay spread (DS) and angular spread (AS).
From an operator's point of view, in order to geliable prediction of network capacity and
coverage, delay spread and angular spread shoeiddfahe be taken into account in the radio
planning. In this thesis, the effect of delay sdraad angular spread on LTE system performance
is investigated by performing LTE system level ditions. LTE system level simulation models
AMC (Adaptive Modulation and Coding) hence it abgwith how the system works in reality.
However, to implement AMC, system level simulatiteeds an accurate prediction of link level
performance in terms of BLER. For this reason, AW@ level simulation is required. The
simulation results show that different delay spreadues do not significantly affect the
performance of LTE. This indicates that delay sprisanot an important parameter to be taken
into account in LTE radio planning. On the othendhafirst result shows that per path angular
spread strongly affects the performance of LTEsThiggests that it should be included in the
radio planning of LTE.

Keywords: delay spread, angular spread, AMC, LTE performance
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Chapter 1
| ntroduction

1.1 Background

LTE deployment worldwide

The continuous demand on high data rate and mutarservices motivated 3GPP to develop a
new cellular wireless communication system call@&L(Long Term Evolution). LTE and its
radio access technology called E-UTRAN (Evolved UWB/Terrestrial Radio Access Network)
are expected to provide high speed data transmidsiar latency, and high spectral efficiency as
well as support for high mobility. These featuraepport many demanding applications such as
interactive TV, mobile video blogging, and advangadning. Moreover, LTE works on scalable
bandwidth starting from 1.4MHz up to 20 MHz whictakes it flexible for telecommunication
operators to deploy this system.

The operator commitments to invest in LTE are grgmMaster than other technologies. In May
2011, 20 LTE networks in 14 countries were comnadisciavailable as shown in Table 1. In
addition to this, 208 operators in 80 countriesemevesting in LTE network deployment and
pre-commitment trials [1]. One of these countrigstie Netherlands. The auction for LTE
spectrum in the Netherlands was conducted in 210 with offered frequencies in the 2.6 GHz
band. Of the 190 MHz bandwidth made available 13%fzMas reserved for newcomers. License
for paired use or FDD (Frequency Division Duplexdsnoffered in blocks of 2x5 MHz whereas
unpaired licenses used for TDD (Time Division Duplevere offered in blocks of 5 MHz. The
joint venture of Ziggo and UPC and Tele2 becametdbebidders in this auction and won 2x20
MHz band. Meanwhile the incumbent operators, i.€NK Vodafone, and T-Mobile were
awarded 20 MHz, 20 MHz, and 10 MHz respectivelylyQuaired spectrum was sold and 69.7
MHz of unpaired spectrum was left unsold.



Table 1.1 Twenty commer cial LTE networksin 14 countriestill May 2011[1]

Country Operator Launched
Norway TeliaSenora 15.12.09
Sweden TeliaSenora 15.12.09
Uzbekistan MTS 28.07.10
Uzbekistan UCell 09.08.10
Poland Mobyland & CenterNet 07.09.10
USA MetroPCS 21.09.10
Austria Al Telekom Austria 05.11.10
Sweden TeleNor Sweden 15.11.10
Sweden Tele2 Sweden 15.11.10
Hong Kong CSL Limited 25.11.10
Finland TeliaSenora 30.11.10
Germany Vodafone 01.12.10
USA Verizon Wireless 05.12.10
Finland Elisa 08.12.10
Denmark Telia Senora 09.12.10
Estonia EMT 17.12.10
Japan NTT Docomo 24.12.10
Germany Deutsche Telekom 05.04.11
Philippines Smart Communication 16.04.11
Lithuania Omnitel 28.04.11

Wideband channel properties affect MIMO and OFDM performance

In a wireless channel, transmitted signals expederflection, diffraction, and scattering due to
objects in the environment such as buildings, trgeple etc. Reflection, diffraction and
scattering cause the signals to propagate throiffginesht paths. Some signals propagate through
direct path which is often called Line of Sight &Dpropagation, while some other signals
propagate through non-direct path, which is callh Line Of Sight (NLOS) propagation as
depicted in Figure 1.1. The phenomenon that replafathe transmitted signals arrived at the
receiver through two or more different paths idechinultipath propagation.

Figure 1.1 Multipath propagation in a wireless channel



Multipath propagation causes variations in timeagehmplitude, phase and angle of departure
and arrival (AoD & AoA) of the received signals. iidequently, the received signal power

fluctuates in space due to angular spread and/fredquency due to delay spread and/or in time
due to Doppler spread [2]. This fluctuation in siblevel is called fading and generally degrades
the performance of wireless communication systems.

Multipath propagation can be exploited as a bedfiMIMO (Multiple Input Multiple Output)

in some circumstances and the impairment thatuses can be combated to a large extend by
OFDM (Orthogonal Frequency Division MultiplexingMIMO employs multiple antennas at
different locations to take the advantage of difarradio paths that exist. Hence, MIMO may
result in higher capacity or quality compared togle antenna system. Because of this capability,
MIMO has recently attracted much attention anddsestdered as a breakthrough in wireless
communication [3]. On the other hand, OFDM separdlbe signal bandwidth into subcarriers
yielding longer symbol duration. It reduces theeeff of Inter Symbol Interference (ISI)
introduced by multipath propagation.

In current radio planning of wireless cellular netlts, analysis of system performance is based
on signal to noise ratio (SNR) required to achiaweertain BLER (block error rate) target. This
assumes narrowband systems where the effect ofipahitis flat for the whole system
bandwidth. However, for wideband OFDM systems, #ffect of multipath is frequency
selective. Thus the performance depends on the mnmfufrequency diversity that can be
exploited. Meanwhile, for MIMO systems, the effaaft multipath is exploited by different
antennas by means of spatial diversity. Thereffme MIMO-OFDM based systems such as
LTE, the performance does not only depend on the Bt also on the amount of frequency and
spatial diversity that the system can exploit B]] [These diversities rely on the delay and angular
profiles of the channel which are often quantifiadterms of delay spread (DS) and angular
spread (AS) [6] [7]. From mobile operator’s poititview, in order to get reliable prediction of
network capacity and coverage, the impact of delag angular spread to LTE performance
should be taken into account in the LTE radio pilagn

1.2 Objectives

The objectives of this study are:
1. To investigate the effect of wideband channel priig® (more specifically delay spread
and angular spread) on LTE system performancetimstef throughput
2. Based on the investigation results, provide reconttatons for LTE radio planning



1.3 Contribution

The relations between wideband channel propertigs the performance of LTE have been
investigated in [8]. The investigation was donepayforming link level simulations. However,
LTE link level simulation does not model AMC (Adam Modulation and Coding). Hence, it
does not align with how the system works in realitlye main contribution of this study isthe
analysis of the effect of wideband channel properties (delay spread and angular spread) on

L TE system performance by taking into consider ation the implementation of AMC.

In the Netherlands, LTE systems are still to bdetblout. In this phase, a radio planning is
required in order to get an estimate of capacity emverage of the network while at the same
time maintains quality of services. The coverage eapacity estimation determines the cost of
infrastructure provisioning. Hence, the estimatiaccuracy is important. Furthermore, this
accuracy depends on the accuracy of propagatioreinuséd in the radio planning tool [#nd
thus, the second contribution of thisthesisis provide recommendations for radio planning
based on more accurate propagation models taking into account wideband channe
properties, i.e. delay spread and angular spread.

1.4 Outlineof the Master Thesis

This thesis is organized in 5 chapters including itfitroductory chapter.

Chapter 2 gives an introduction to LTE including jthysical layer and key technologies. This
chapter also provides an overview on radio propagatharacteristics, wideband channel
properties and Spatial Channel Model. In genelha thapter provides relevant background
information from literatures.

Chapter 3 explains the approach taken in this study

Chapter 4 describes the LTE system level simulaiged in this study.

Chapter 5 provides the system level simulation ltesand the discussion on LTE system
performance in relation to wideband channel progert

Finally chapter 6 concludes this thesis and pra/ideommendations for future work.



Chapter 2
LTE and Radio Propagation

This chapter gives a summary of literature studst thas been done. Section 2.1 provides
overview of LTE (Long Term Evolution), followed bis physical layer structure and key

technologies in section 2.2 and 2.3. Then radigpg@gation is given in section 2.4 which covers
both large and small scale fading, wideband chapmglerties and spatial channel model.

2.1 Overview of Long Term Evolution

3GPP Long Term Evolution represents the latestdstahin cellular network technology. It was
designed to meet the continuous demands on high &, improved system capacity and
coverage, low user latency and high user mobility].] The improved system performance
ensures the competitiveness of LTE compared tor @kisting systems. Table 2.1 provides the
main performance requirements to which the firktase of LTE (3GPP Release 8) was designed
compared to HSPA Release 6 performance [10]. Tadsanced performances can be achieved
thanks to physical layer technologies such as MIigMultiple Input Multiple Output) and
OFDM (Orthogonal Frequency Division Multiplexing)hieh will be explained in detail in
section 2.3.

2.2 LTE Physical Layer

The LTE Physical Layer is highly efficient meanscofiveying both data and control information
between an enhanced base station (called eNodeBTkh terminology) and mobile user

equipment (UE) [18]. Although the LTE physical layspecification describes both FDD
(Frequency Division Duplex) and TDD (Time Divisidbuplex), the study in this thesis is

focused on FDD, thus only LTE physical layer withF is discussed below. Furthermore, only
downlink data transmission is considered.



Table2.1 Summary of key performance requirement targetsfor L TE compared to HSPA [10]

DOWNL INK
LTE HSPA Comment
Peak transmission rate >100 Mbps 7x14.4 Mbps LTHEIMHz FDD, 2x2 spatial
Peak spectral efficiency > 5bps/Hz 3 bps/Hz multiplexing. Reference: HSDPA

in 5 MHz FDD, single antenna
transmission

Average cell spectral
efficiency

>1.5-2.1 bps/Hz/cell

3-4 x 0.53
bps/Hz/cell

LTE: 2x2 spatial multiplexing,
Interference Rejection Combining
(IRC) receiver [3]. Reference:
HSDPA, Rake receiver, 2 receive
antennas

Cell edge spectral >0.04-0.06 2-3x0.02 bps/Hz Assumed 10 users per cell
efficiency bps/Hz/user
Broadcast spectral > 1 bps/Hz N/A Dedicated carrier for broadcast
efficiency mode
UPL INK
Peak transmission rate > 50 Mbps 5x11 Mbps LTEOMMz FDD, single
Peak spectral efficiency > 2.5 bps/Hz 2 bps/Hz antenna transmission. Reference:
HSUPA in 5 MHz FDD, single
antenna transmission
Average cell spectral > 0.66-1.0 2-3x0.33 bps/Hz | LTE: single antenna transmissig
efficiency bps/Hz/cell IRC receiver. Reference: HSUPA
rake receiver, 2 receive antennas
Cell edge spectral > 0.02-0.03 2-3x0.01 bps/Hz | Assumed 10 users per cell
efficiency bps/Hz/user
SYSTEM
User plane latency (two | < 10 ms <100 ms
way radio delay)
Connection set-up <50ms May exceed Dormant stat® active state
latency 1000 ms
Operating bandwidth 1.4 -20 MHz 5 MHz (initial veeement started at 1.25

MHz)

VolIP capacity

NGNM preferred target is > 60 sessibtiHz/cell

2.21 LTE Frame Structure

Figure 2.1 depicts the generic frame structure uUplink and downlink operation in LTE
according to [12]. The duration of one frame in L3¥stem is 10 ms with each frame is divided
into 10 sub-frames of 1 ms. Each sub-frame is éurtfivided into two time slots, each with
duration of 0.5 ms. Each time slot consists ofegithor 6 OFDM symbols depending on the type
of cyclic prefix (CP) employed.



€ 1 frame (10 milisecond) >
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Figure2.1 LTE Frame Structurewith 7 OFDM symbols per time slot

Cyclic prefix (CP) is a copy of the last portiontb& data symbol which is inserted in front of the
same data symbol during the guard interval. LTE leygal two types of cyclic prefix, namely
normal CP and extended CP. The duration of nornfabfid extended CP is given in Table 2.2.
Tsis the standard sampling time unit used throughloeitl TE specification documents and | is
the index of OFDM symbol in a slot.

Table 2.2 Cyclic Prefix Duration

Configuration Cyclic Prefix Length
Ts HSec
Normal CP 160 forl=0 521 forl=0
_ 144 for1=1,2,...5 469forl=1,25
Extended CP Af =1%Hz 512 16.67
1024 33.33

In the case of FDD (Frequency Division Duplex),salb frames are assigned either for downlink
or uplink transmission as shown in Figure 2.2. Bhe arrow represents downlink transmission
and the black arrow represents uplink transmission.

1 frame (10 milisecond)

- >

AR AR AR AR AR 2R 2R AR AR
rITTTIT T TITITT

Figure 2.2 Uplink-Downlink Configurationsfor LTE FDD

As mentioned above, LTE uses OFDM as one of thet&elgnologies. In OFDM, the whole
transmission bandwidth is divided into subcarri€wsther, in LTE physical layer 12 consecutive
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subcarriers are grouped into one PRB (Physical iReseBlock). A PRB has duration of 1 time
slot. Within one PRB there are 12x7 or 12x6 rese@ements as depicted in Figure 2.3. A PRB
is the smallest element allocated to a user. TaBlg@rovides total number of available PRBs for
different spectrum bandwidth.

1slot (0.5 milisecond)

N 2 Physical Resource Block (PRB)

3 Resource Element (RE)

N subcarriers
12 subcarriers

—
-

N

7 OFDM symbols

Figure 2.3 LTE downlink resourcegrid [12]

Table 2.3 Available PRBsfor different bandwidth
Bandwidth (MH2) 14 | 3 | 50 | 100 | 150 [ 200

Subcarrier bandwidth (kHZz) 15
Physical Resource Block (PRB)
bandwidth (kHz)

Number of available PRBs 6 | 15 | 25 | 50 [ 75 [ 100

180

2.22 LTE Downlink Reference Signal Structure

For terminal mobility and channel estimation pumogeference signals are inserted into the
PRBs. These signals are inserted in the first aedifth OFDM symbol of each slot when the

normal CP is used and in the first and fourth OFBjnbol when extended CP is used.
Reference signals are sent on every sixth subcarfiggure 2.4 depicts the position of reference
signals in a PRB.
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Figure 2.4 Position of reference signalsin a PRB [12]

2.23 LTE Downlink Physical Channd

Physical channels convey information from highgeta in the LTE stack. Each physical channel
defines algorithms for bit scrambling, modulatitayer mapping, CDD (Cyclic Delay Diversity)
precoding and resource element assignment. Thethr@e downlink physical channels in LTE.
Physical Downlink Shared Channel. PDSCH is designed for high data rate transmisgich as
data and multimedia services. It uses QPSK, 16 (@hlll 64 QAM as the modulation schemes.
Spatial multiplexing is exclusively implementedtitis channel.

Physical Downlink Control Channel. PDCCH is used for UE-specific control information.
Instead of high data rate requirement, robustressore important for this channel. PDCCH is
mapped into resource elements in up to the firgettOFDM symbols in the first slot of each
subframe. QPSK is the only modulation used in¢hesnnel.

Common Control Physical Channel. CCPCH carries cell-wide information. Same as PDCCH,
robustness is more important for this channel aR$K is the only modulation scheme used.
CCPCH is transmitted close to the center frequency.

224 LTE Downlink Transport Channel

In LTE Physical Layer, transport channels act asice access point (SAPs) for higher layers.
There are four downlink transport channels in LyEtem.

Broadcast Channd. BCH is used to broadcast the system parameters asichndom access

related parameters to enable the device accedsingystem. Ihas fixed format and must be

broadcast over entire coverage area of a cell.



Downlink Shared Channel. DL-SCH carries user data information for point trn connection

in the downlink. It supports Hybrid ARQ (HARQ) artynamic link adaptation by varying
modulation, coding and transmit power. It is sugalor transmission over entire cell coverage
area and use with beamforming. It supports dynamni semi-static resource allocation and also
discontinuous receive (DRX) for power save.

Paging Channd. PCH is used to carry paging information. It suppatiscontinues receive
(DRX) in user equipment (UE). It is a requirememnt broadcast over entire cell coverage area
and is mapped to dynamically allocated physicadueses.

Multicast Channel. MCH is used to transfer multicast data to the UEhim downlink. Same as
PCH, MCH is a requirement for broadcast over enté# coverage area. It supports MB-SFN
and semi-static resource allocation.

2.25 Mapping Downlink Physical Channel to Downlink Transport Channd
Transport channels are mapped to physical chaaseshown in Figure 2.5. PCH and DL-SCH

are mapped to PDSCH. BCH is mapped to CCPCH.Hbig under consideration that BCH and
MCH is mapped to PDSCH.

PCH DL-5CH MCH

BCH
DL Transport Channel O_ - - O
—

under consideration

DL Physical channel O —— O

CCPCH PDSCH PDCCH

Figure 2.5 Mapping Downlink Transport Channelsto Physical Channels

2.3 LTE key technologies

231 Multiple Input Multiple Output (MIM O)

As the name implies, MIMO system employs multipiéesmnas at both transmitter and receiver.
Figure 2.6 depicts a diagram of a MIMO wirelessisraission system with N transmit antennas
and M receive antennas. The idea behind MIMO i tia signals on the transmit antennas at
one end and the received antennas at the othememdesmbined in such a way that the quality of
the communication for each MIMO user will be impedv[3]. The improved quality can be
guantified in terms of error rate or throughputtédeate) depending on how MIMO combines the
signals.
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A key feature for MIMO is its ability to turn muftath propagation, traditionally a problem in
wireless communication, into a benefit for the uddiMO effectively takes the advantages of
random fading [13] [14]. In the presence of rand@ting, the probability of losing the signal
decrease with the number of decorrelated anteramaegits being used [3]. Thus, in MIMO, one
of key parameters which determines the performandtiee spatial correlation between antenna
elements. This spatial correlation determines ttiependency between antenna elements and
thus the amount of spatial diversity that can h@ated.

Transmitter
Receiver

Figure 2.6 Block diagram of MIM O wirelesstransmission system

Capacity of MIMO

According to Shannon theory, the capacity of a eystusing single antenna at both the
transmitter and the receiver or often called SIS@dle Input Single Output) system is given by

[3]:
Csiso = logy (1 + p[h|?) bit/s/Hz (2.1)

where h is complex gain of the fixed wireless cl@mm that of praticular realization of random
channel ang is the SNR at any Rx antenna. When more antemeadeployed at the receiver,
the system becomes single input multiple outpu¥i®) and the capacity is given by [3]:

Csimo = log2(1 +P21i\i1|hi|2) bit/s/Hz (2.2)

Whereh; is the channel gain between the transmitter andetbeive antenria From the above
equation it can be seen that by implementing SINM® tapacity of the system increases
logarithmically with the number of receive antenn&milarly, when more antennas are
implemented in the transmitter, the system becdwi&O (Multiple Input Single Output) and the
capacity is given by [3]:
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Cuiso =logy (1+ 28X Ihy|?)  bit/s/Hz (2.3)

Whereh; is the channel gain between the transmittard the receive antenna. The normalization
by N ensures that the total transmitted powerxsdi Again, the capacity of the system has a
logarithmic relationship with the number of transmintennas. Furthermore, when N antennas
are employed at the transmitter and M antennasraptoyed at the receiver giving rise to MIMO
systems, the diversity is exploited in both trartsmiand receiver yielding a famous capacity
equation [3] [13] [14] [15]

Cormo = log, [det (1 + %HH*)] bit/s/Hz (2.4)

Where * means transpose-conjugdtds MxN channel matrix antl, is identity matrix with size
of M. The equation 2.4 assumes equal power amangHmitter antennas. It is investigated in
[13] and [14] that the capacity grows linearly with= min (M, N)rather than logarithmically as
in the case of SIMO and MISO.

MIMO modes standardized in LTE

MIMO performance depends on a number of factorsh sas the characteristic of wireless
channel, e.g. low or high scattering, the signalitgi(as measured by SINR), and the correlation
of the received signals at the receive antennasai@eIMO modes will be more effective than
others depending on these factors.

Before explaining each of the mode standardizetTik, some terminologies are introduced
below:

» Spatial Layer is the term used in LTE for the different streanemeyated by spatial
multiplexing. It can be described as a mappingyfit®ls onto the transmit antenna
ports.

* Rank of the transmission is the number of layers trattschi

» Codeword is an independently encoded data block, corredpgrd a single Transport
Block (TB) delivered from Medium Access Control (MAlayer to Physical layer.

Transmission modes in the first release of LTE ediog to [16] [17] are:

* Mode-1, single antenna port
In this mode, single data stream is transmittexinfrsingle antenna and received by
another single antenna (SISO).

* Mode-2, transmit diversity
Instead of transmitting from one single antenha,4ame data stream is transmitted from
multiple antennas and is coded differently in eachenna using so called ‘Space-
Frequency Block Codes'. Instead of repeating tha dgmbols in time, SFBC repeat the
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data symbols over different subcarrier on eachramaeThis mode is used by default for
the common channel as well as for control and lrastdchannel. Since it is single layer
tranmission, the peak rate is not improved. But dbelity becomes more robust and
lower SNR is required to decode the signal.

Mode-3, open loop spatial multiplexing

This mode involves the transmission of two infotiora streams (two code words) over
two or more antennas (up to four in LTE). Theradsfeedback from the user equipment
(UE) but the Transmit Rank Indication (TRI) trantted by UE is used by base station to
select the number of spatial layers. Since muliilala streams are transmitted, open loop
spatial multiplexing results in better throughphan transmit diversity.

Mode-4, closed loop spatial multiplexing

Similar to open loop spatial multiplexing, in thisode, two information streams are
transmitted over two or more transmit antennas. difference is in the feedback from
UE to the BS. This feedback allows BS to pre-cdue data in order to optimize the
transmission over the wireless channel so thevedalata stream can be easily separated
into the original data stream by the receiver.

Mode-5, multi user MIMO

This mode is similar to closed loop spatial midtking, but the data streams are targeted
to different users. While the data rate per user beasame, the overall network data rate
is increased. The number of spatial layer limits ttumber of users. The users are
separated in space domain and can be uncorrelatedad individual beam-forming
patterns. If the layers are not completely ortha@othen each user may experience
interference from other users.

Mode-6, closed loop rank 1 with pre-coding

This mode involves the transmission of a singka déream over a single spatial layer. In
this mode, the UE feeds channel information backht BS to indicate appropriate
precoding to apply for the beamforming operation.

Mode-7, single antenna port

This is a beamforming mode where a single datastris transmitted over a single
spatial layer. A dedicated reference signal formetleer antenna port, i.e. port 5 and
allows transmission from more than 4 antennas.

Among the above mentioned transmission modes,tbnde modes are investigated in this study:
single antenna (SISO), open loop spatial multiplgxiand transmit diversity. But the transmit
diversity mode is combined with receive diversifiglging an additional mode of “transmit

receive diversity”. Another mode implemented in #tady is receive diversity which assumes
two antennas at the UE and maximal ratio combinsm@mployed to combine the received
signals.

2.3.2 Orthogonal Frequency Division Multiplexing (OFDM)

A critical factor for the good performance of wget communication is the choice of an
appropriate modulation and multiple access techmidd]. Recent broadband communication
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systems such as Wimax and LTE use OFDM as the ratonltechnique. OFDM is a specific
type of multicarrier modulations which provides tigpectral efficiency. This efficiency is
achieved by dividing the whole system bandwidtlo istibcarriers which are orthogonal among
each other. Figure 2.7 shows the spectrum of anNDEiQnal.

Subcarrier spacing Af

OFDM Spectrum

Frequency

Figure 2.7 Spectrum of an OFDM system

In OFDM, a high rate data stream is first conveiteéd M parallel information stream with data
rate of R/M as shown in Figure 2.8. Thus the synaliwétion increases by a factor of M such that
it becomes longer than the typical channel delaseah Then each information stream
modulates a subcarrier. The frequency Bfoarrier is

fn=fo+% Mm=0,1,2,oem., M =1 (2.5)

Where f, is the lowest frequency of the subcarrier and This symbol duration. Thus the

multicarrier transmitted signal is written as [15]
§(t) = Tm=b iz oo b (1) e72mE=I) p(t —iT) &p.

Whereb(i) is the symbol of the jisubchannel at time intervildll andp(t) is the response of the
transmitter filter which is a rectangular pulsehndgturation T and amplitude 1.
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Figure 2.8 Serial to parallel conversion operation for OFDM

A major feature of OFDM that made it chosen as w teehnology for LTE is it's ability to
combat the severe effect of multipath propagatidre delay induced by multipath propagation
can cause a symbol received along a delayed patitetrdere the subsequent symbol arriving at
the receiver via a more direct path [18]. Thifeetfis reffered to as inter-symbol interference
(ISl) as depicted in Figure 2.9.

Delayed signal rec’d e : e : e
via longer path N AL B Lot [

Signal received 5 : ' ; a
by direct path N N e ) —

Figure 2.9 Multipath induced time delay result in | SI

In a high-rate data stream, the symbol duratighater than the typical delay spread. Thus it is
prone to ISI which can be solved by means of complannel equalization. On the other hand,
OFDM devides the whole system bandwidth into sufmarwhich have small bandwidth. Hence
the symbol duration in each subcarrier becomesdioagd it can mitigate the bad effect of ISI.
Moreover, OFDM inserts cyclic prefix (CP) in thetalassymbol during the guard interval as
shown in Figure 2.10. There are two componentskiDKd symbol, cyclic prefic and FFT period.
Within the CP, it is possible to have distortioarfr the previous symbol. But, when the length of
CP exceeds the maximum access delay of the mitgrapagation channel, the previous symbol
doesn’t spill into the FFT period. Therefore IShdze eliminated.
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Figure 2.10 OFDM Eliminates| Sl via Longer Symbol Periods and a Cyclic Prefix

Inspite of its remarkable features, OFDM has sonagvbacks. A major drawback is that it has
high signal peak to average power ratio (PAPR). ilBt&antaneous transmitted power can vary
dramatically within one OFDM symbol. This reduche efficiency of the transmitter RF power
amplifier. Because of this drawback, OFDM is onipplemented in LTE downlink data
transmission as the power consumption is a keyiderastion for UE terminals. Meanwhile for
uplink transmission, SC-FDMA (Single Carrier-Freqag Domain Multiple Access) is chosen as
the multiple access technique since it offers tmaesdegree of multipath protection as OFDM,
but the PAPR is lower.

2.4 Radio Propagation

During the propagation in a wireless channel, matied signals experience reflection,
diffraction and scattering. Reflection occurs whiadio waves hit a smooth surface which has a
very large dimension compared to the the signalelength 1). Diffraction occurs when the
radio path between the transmitter and the recdiwesbstructed by a solid object with a
dimension large compared 19 yielding another waves to be formed behind thetwiting
object. Scattering occurs when radio waves hiteeith large and rough surface or any surface
whose size is in the order bfor less, causing the signal to be spread outtéstat all direction.
Due to these three phenomenons, there is a flimtuat the received signal strength which is
often called fading. In the next subsection, lagale and small scale fading will be discussed.

24.1 Large Scaleand small scale fading

Large scale fading represent the average signatipattenuation due to motion over large areas
[19]. This phenomenon is caused by terrain contbetsveen transmitter and receiver such as
mountain, hills, building, etc. Large scale fadiagften represented statistically in terms of path
loss which is a function of distance and a log railyndistributed variation about the mean
pathloss which is often called shadowing (shadatinfg). A number of empirical models were
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developed to model the relationship between thamlig® and path loss for different environment.
This empirical model will be provided in more détaithe section 2.4.2.

Small scale fading refers to the dramatic changesignal amplitude and phase that can be
experienced as a result of small changes (as ssmalhalf wavelength) in the spatial separation
between a receiver and a transmitter. Sometinigs#lled multipath fading because the fading is
caused by multipath propagation. Small scale fadingelope can be described by Rayleigh
distribution if the multiple reflective paths amrde in number and there is no line of sight signal
component. But when there is a dominant non fadiggal component present, such as line of
sight propagation, the small scale fading envelspkescribed by Rician distribution. Figure 2.11
depicts the comparation between small scale faalinglarge scale fading.

Path Loss Alone
.......... Shadowing and Path Loss

K (dB T
(dB) a Multipath, Shadowing, and Path Loss

(dB)

|0

0 log (d)
Figure 2.11 Path L oss, Shadowing and M ultipath Fading ver sus distance [29]

2.4.2 Empirical Path Loss M odel
The Okumura M odél

One of the most common model for urban macrocekemura model [29]. This model works
for frequency range of 150-1500MHz, distance of00-Km and assumed BS height of 30-100
m. Okumura used measurement of signal attenuatiom lbase station to mobile station in Tokyo
to create set of curves of signal attenuationivadab free space propagation in irregular terrain.
The empirical pathloss of Okumura is given as:

P,(d) dB = L(f;,d) + Apy(fe, d) — G(hy) — Gagpa (2.7)

WhereL(f. ,d) is free space path loss at distance d and cdrequencyf., An(f. ,d is the
median attenuation in addition to free path logesgall environments;(hy) is the base station
antenna height gain factag(h,) is the mobile antenna height gain factor, @@ea is a gain
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factor generated by the environment in which thetesy is operating and obtained from
Okumura'’s empirical plotss(h) andG(h,) are defined as:

G(h) = 201log, h/200, for30m < hy < 1000m

G(h,) = { 10logio h/3, for h,. <3m
"7 120 logyoh,/3, for3m< h,<10m

Hata M odel

Hata model is an empirical formulation of the grigghpath loss provided by Okumura [29]. The
parameters in this model are same as under the @umodel. The empirical pathloss in urban
areas under Hata model is given as:

P, urpan dB = 69.55 + 26.1610810(f.) — 13.821log1o(he) — a(h,) + (44.9 —
6.5510g,0(hy)) (2.8)

Wherea(h,) is a correction factor for mobile antenna heiggased on the size of the coverage area
and given by:

3.2(log10(11.75h,))? — 4.97 dB, for f. = 300 MHz in large cities

(1.1logyo(f;) — 0.7)h, — (1.5610g,o(f.) — 0.8) dB, for small to medium cities
a(hy) =
8.29(log;((1.54))? — 1.1 dB, for f, <300 MHz in large cities

For suburban and rural area, corrections to urlsea are made, thus the empirical pathloss
models become:

IAYE
PL,suburban (d) = PL,urban(d) -2 [loglo (E)] —54 (2-9)
and

PL,rural(d) = PL,urban (d) - 4'78[10g10(fc)]2 +18.33 loglo(fc) -K (210)
Where K ranges from 35.94 (countryside) to 40.94 (desdiie Hata model provides good
approximation with Okumura model for distante 1km. Hence it is a good estimate for first
generation cellular system but not for currentutetl system with smaller cell sizes and higher
frequency.

COST 231 Extension to Hata M odel

European cooperative for scientific and techniesdearch (EURO-COST) extended the Hata
model as follows [29]:

18



Py urpan (d) dB = 46.3 + 33.9 logo(f.) — 13.8210g,0(hy) — a(h,) + (44.9 —
6.5510g,¢(h:)) logo(d) + Cy (2.11)

Where Cy is 0 dB for medium sized cities and suburbans andB for metropolitan area.
Parameters for this model are as follows: 1.5 GHg € GHz, 30m &; < 200m, 1m <h, < 10m
and 1Km <d <20 Km.

243 1TU and 3GPP Multipath Channel Model

ITU multipath models are empirical channel modedtthre specified in [20]. There are three
different environments specified in the recommeiogiatnamely indoor office, outdoor-to-indoor

pedestrian and vehicular. In this research, pdadasand vehicular multipath model are used
along with 3GPP multipath model, typical urban. denultipath models are described in detail
as follows.

Pedestrian A, B

Pedestrian environment is characterized by smldl ard low transmit power. Base stations with
low antenna height are located outdoors while pedesusers are located on the streets and
inside buildings and residences. The mobile spg@adsumed to be 3 km/hr. In the case of line of
sight, the path loss exponent is 2 but a rangeoupmaybe encountered due to trees and other
obstructions. The number of paths in Pedestrianofiel is 4 while in Pedestrian B model is 6.
The average powers and relative delays for the tpmultipath channels based on ITU
recommendations are given in Table 2.4.

Table 2.4 Average Powers and Relative Delays of | TU Multipath Pedestrian A and Pedestrian B

Models
Tea Pedestrian A Pedestrian B
Relativedelay (ns) | Average Power (dB) | Relative Delay (ns) | Average Power (dB)

1 0 0 0 0

2 110 -9.7 200 -0.9

3 190 -19.2 800 -4.9

4 410 -22.8 1200 -8

5 NA NA 2300 -7.8

6 NA NA 3700 -23.9

Vehicular A

Vehicular environment is characterized by largdscahd higher transmit power. Received signal
is composed of multipath components with NLOS aarsly. Received signal power decreased
with distance and path loss exponent is 4 for hwban and suburban area. In rural areas, path
loss may be lower than in urban and suburban ahéle #ma mountainous area, path loss exponent
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is close to 2. The mobile speed is assumed to hiewlar speed at about 120 km/h. The average
powers and relative delays for the taps of mulbipetannel based on ITU recommendations are
given in Table 2.5.

Table 2.5 Average Power and Relative Delaysfor | TU Multipath Vehicular A Model

T e : Vehicular A
Relative delay (ns) | Average Power (dB)

1 0 0

2 310 -1.0

3 710 -9.0

4 1090 -10.0

5 1730 -15.0

6 2510 -20.0

3GPP Typical Urban Multipath M odel

Typical Urban is one of the multipath models comiparsed for GSM system in the cellular and
PCS bands. There are two definitions of Typical asrlmodel which has 12 delay taps and 6
delay taps respectively. Both definitions have taene delay spread value. In this research,
typical urban model with 6 delay taps is used. &gbb and 2.7 show the average powers and
relative delays for Typical Urban with 12 taps &ps respectively.

Table 2.6 Power and Relative Delaysfor Typical Urban Model with 12 delay taps

Typical Urban
Tap no. :
Relative delay (ns) | Average Power (dB)

1 0 -4
2 0.1 -3
3 0.3 0
4 0.5 -2.6
5 0.8 -3
6 1.1 -5
7 1.3 -7
8 1.7 -5
9 2.3 -6.5
10 3.1 -8.6
11 3.2 -11
12 5 -10

20



Table 2.7 Average Power and Relative Delaysfor Typical Urban M odel with 6 delay taps
T : Typical Urban
Relative delay (ns) | Average Power (dB)
1 0 0.189
2 0.2 0.379
3 0.5 0.239
4 1.6 0.095
5 2.3 0.061
6 5.0 0.037

244 Deay Spread

Due to the reflection, diffraction and scatteringdbjects in the environment, transmitted signal
propagates through different paths. Thus replidabe transmitted signal arrive at the receiver
with different time delays. This time delay variatiis often quantified in terms of delay spread.
Larger delay spread means there is a large varidtiotime delays of different multipath
components. According to a measurement conducted WyEindhoven in the vicinity of
Amsterdam Arena, the observed delay spread var@m® 0 up to 500 ns [21]. Another
measurement conducted by AWE Communication and MQOXiserved that delay spread varies
in the range of 0 up to 1500 ns [22]. This differ@may be due to the difference in the distance
between the transmitter and the receiver in th@eerteasurements.

Delay spread is mathematically quantified in thetrmean square value as provided by the
equation 2.12 below:

Zn tn_T Z-Pn
ch = ’ﬁ (212)

Where
T Zn tn-Pn
r=p
T, is the rms of delay spreagis the delay of the'hpath andP, is the power of the'hpath.

Delay spread affects OFDM Performance

The relation between delay spread and OFDM perfoce&an be explained by the principle of
frequency diversity. Delay spread is inversely pmtipnal to coherence bandwidth, i.e. larger
delay spread results in smaller coherence bandwtttherence bandwidth is the bandwidth over
which the channel is considered to be “flat”. Withihe coherence bandwidth, different signals
experience the same channel frequency responsefatiiiey characteristics within coherence
bandwidth is flat, thus it is called flat fadind.the bandwidth of a signal is larger than the
channel coherence bandwidth, the channel is carsldes frequency selective channel. Signals
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with frequency difference more than coherence batfttivexperience different fading. Therefore,
it is called frequency selective fading.

Current OFDM systems often work on frequency salecthannel. When OFDM signals are
transmitted over a frequency selective channel, dag transmitted on different subcarriers
experience a different channel response. Some gigyrsamay experience deep fading, while
others not. By using frequency domain forward ecarection (channel coding) and interleaving
across all subcarriers, the defected data arerstiiverable since the data in the non-defected
subcarriers are mostly error free. And thus fregyetdiversity is exploited. It is expected that
generally the performance of OFDM is better fogéardelay spread.

There are some literatures which have investigtitecffect of delay spread on the performance
of OFDM-based system. Various performance metriesused in the investigations, such as
block error rate, throughput and the amount ofsmaihpower. In [8] the effect of delay spread on
LTE performance has been examined by using expahdtawer Delay Profile (PDP) channel
model in SISO transmission. The result in Figut2Xhows that larger delay spread introduces
lower block error rate. In other words, to achigve same block error rate, less SNR is required
when delay spread is larger. This is due to theadge of more frequency diversity introduced
by larger delay spread as explained in some prevjgaragraphs. In [23] the performance of
different scheduling algorithms and power allogativethods are investigated in a system which
consists of one base station and multiple userthioEuropean WLAN alternative HiperLAN/2
(similar to IEEE 802.11a). One of the results shtveseffect of delay spread on throughput of
OFDM system as depicted in Figure 2.13. It is shélat throughput depends on delay spread
especially in the region of low delay spread. Amestigation on delay spread effect on the
transmit power of OFDM system with 16 QAM modulatibas been done in [24]. The results
shows that transmit power (required for a certanSQdecreases with the increase of delay
spread. Moreover the results shows that this depagad effect is independent of the shape of
power delay profile as depicted in Figure 2.14.[2%] the effect of delay spread on the
performance of OFDM based WLAN system has beenstigeted. The results show that with
larger delay spread the SNR needed to achieveirtertarage packet error rate is decreased as
depicted in Figure 2.15.
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245 Angular Spread

Angular spread is variations in Angle of Arrival Angle of Departure of different multipath
components which arrive at the receiver or deparnfthe transmitter. Angular spread varies
between locations and is usually larger at the hadbrminal than at the base station. According
to a measurement conducted by TU Eindhoven initirity of Amsterdam Arena, the observed
angular spread varies from 20 degree up to 100ed€dgd.].

The quantification of angular spread is not as &nag for delay spread. In [27] the definition of
circular angular spread is given. For a signal vthmulti-paths, each with M subpaths, the
angular spread calculation for the signal is gilvgn

— z:11;’:1 Z%:l(en,m,uz)'Pn,m
7as = j N TN P, (213)
WhereP, ,, = B,/20 is the power of the thsubpath of the'hpath,,, , ,, is defined as

2m + (Bn,m - MG) if (Bn,m - MG) <-T
Hn,m,u = (en,m - He) if |6n,m - /v‘9| <m
2m — (en,m - He) if (en,m - /19) > T

Ug is defined as

_ Zg=1 Z%:l Hn,m : Pn,m

N M
n=1 Zm=1 Pn.m

Ue
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and®,, ,, is the AoA or AoD of then" subpath of the™ path.

Angular spread affects MIMO Performance

The relation between angular spread and MIMO peréorce is explained by the concept of
spatial correlation. Angular spread determines mtee distance which is the minimum distance
over which two antenna elements uncorrelated. Thagewith antenna spacing angular spread
determines the spatial correlation between chagleatents. When antenna spacing is larger than
coherence distance, the spatial correlation betvatmmnel elements is small and the spatial
diversity is obtained. The spatial correlation efeMIMO performance. Less spatial correlation
between channel elements implies better MIMO pertéorce.

Spatial correlation measures the dependency amutegraa elements. Higher spatial correlation
means higher dependency which means higher intéeider between signals transmitted or
received by antenna elements. This results in degrdIMO performance. Scattering decreases
spatial correlation, and thus leads to more unted channel elements. At the same time
scattering leads to increase of angular spreadeldre it can be expected that the increase of
angular spread results in improved MIMO performance

The investigation on spatial correlation functidnSpatial Channel Model (SCM) with different
angular spread has been done in [8]. Figure 2.@@skhe spatial correlation of the signals at per
path level which indicates that:
»  When antenna spacing is larger than certain vatobefence distance), the spatial
correlation is very small
» The coherence distance depends on the anguladsfiea larger the angular spread, the
smaller the coherence distance
» For a given antenna spacing, the spatial correlasiemaller for larger angular spread.
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Figure 2.16 Path (cluster) level spatial correlation function versus normalized antenna spacing, the
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In [26] the effect of angular spread on the capamitMIMO performance has been investigated.
The results show that the system capacity increaseangular spread increases. This result is
depicted in Figure 2.17.
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Figure 2.17 Channel capacity for hexagonal MIMO antenna system at various angular spread

246 MIMO Spatial Channe Model

Spatial Channel Model (SCM) is a 3GPP standardrlamodel for multi antenna system level
simulation. In this model, the received signalsswaned to consist of N time-delayed multipath
replicas and each of these N paths consists of bpaths. Each of the N paths arrives at the
receiver with different angle of arrival and timelaly. Meanwhile each of the M subpaths of the
n" path arrives at the receiver with different andl@mwival but with the same time delay. In this
research, downlink data transmission where a B#s#oB (BS) transmits to a Mobile Station
(MS) is considered. The angular parameters of apathannel model for downlink data
transmission are depicted in Figure 2.18 and tiseri®ion of these angular parameters is given
in Table 2.8.

Subpath m

Cluster n——_’f-\

BS array

------

......
........

: BS i H )
® Y MS direction
BS array broadside of travel

Figure 2.18 Angular parameters of spatial channel model in downlink direction [27]
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Suppose there are S BS antenna elements and U téi$harelements, the channel coefficients of
one of N multipath components are given by a S xnbkrix with complex amplitude. The
channel impulse response of tHemultipath component between tH8 transmit antenna and's
receive antenna is given by [27]

/ GBS(gn,m,AoD)eXp U [kds Sirl(gn,m,AoD ) +‘Tl)n,m] X\

_ PhOsr M
hu,s,n (t) N M m=1 GMS(Bn,m,AoA) exp(jkdu Sin(en,m,AoA))x (2. 14)

€xXp (]k”U” Cos(en,m,AoA_Gv)t)

whereP, is the power of the'hpath,oy is the lognormal shadow fading/l is the number of
subpaths per patiGeqf.m a0n is the BS antenna gain of each array elem®m{(&, m.aod is the

MS antenna gain of each array elemgns, the square root of -k is the wave numberz?\,
where is the carrier wavelength in meter, is the distance in meters between BS antenna
element s and the reference (s=1) antenna. Forefeeence antenna s = d, = 0. d, is the
distance in meters between MS antenna element uttendeference (u=1) antenna. For the
reference antenna u =d,,= 0. And®, is the phase of the"i‘rsubpath of the“Fpath.

Table 2.8 Description of angular parametersin SCM [27]

Angular Parameter Description

Qps BS antenna array orientation, defined as the diffee between the broadside|of
the BS array and the absolute North (N) direction

Qps LOS AoD direction between the BS and MS with respeche broadside of the
BS array

On,a0D AoD for the nth (n=1....N) path with respect to tt@S AoD 8,

Apm oD Offset for the i (m=1...M) subpath of the'hpath with respect t6,, 40p

B m.a0D Absolute AoD for the Ml (m=1....M) subpath of the"hpath with respect to the

BS broadside

Qus MS antenna array orientation, defined as the diffee between the broadside|of
the MS array and the absolute North reference tilirec

Ous Angle between the BS-MS LOS and the MS broadside

On,a0a AoA for the nth (n=1...N) path with respect to thO@$ AoA b s

A aon Offset for the i (m=1...M) subpath of the'hpath with respect t6,, 404

O m a0a Absolute AoA for the M (m=1...M) subpath of the"hpath at the MS with
respect to the BS broadside

\ Velocity vector

6, Angle of the velocity vector with respect to the M®adsided,, = arg(v)

There are three different environments specifieds@M, namely urban macrocell, suburban
macrocell and urban microcell. Macrocell has irsiée- distance of 3 km, whereas that of
microcell is about 1 km. Macrocell environment ases that BS antennas are above roof top
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height. While for microcell scenario, the BS anteiim at the rooftop height. Table 2.9 provides
the parameters for these environments.

Table 2.9 Environment parametersin SCM [27]

Channel Scenario Suburban Macro Urban M acro Urban Micro
Number of paths (N) 6 6 6
Number of sub-paths (M) per-path 20 20 20
Mean AS at BS E(ops) = 5 E(oas) = &, 15 NLOS: E@as) = 19
AS at BS as a lognormal RV Mas = 0.69 8° pas = 0.810 N/A
Oas = 107 (g45% + Uys), eas = 0.13 eas = 0.34
x~1(0,1) 15°Has = 1.18

eas = 0.210

as = GAOD/GAS 1.2 1.3 N/A
Per-path AS at BS (fixed) 2 deg 2 deg 5 deg (LOESNIOS)

BS per-path AoD distribution
standard distribution

n(0,02,p) where

OaoD = fasOas

n(0,02,p) where

OaoD = fasOas

U(-40deg, 40deq)

Mean AS at MS Efasims) = 68 E(casms) = 68 E(casms) = 68
Per-path AS at MS (fixed) 35 35 35

MS per-path AOA Distribution n (0’ GfoA (Pr)) n (0, UfoA (Pr)) n (0’ GfoA (Pr))
Delay spread as lognormal RV | pps=-6.80 Mps = -6.18 N/A

ops = 10" (epsx + Ups), eps = 0.288 eps = 0.18

x~n(0,1)

Mean total RMS Delay Spread dsk) = 0.17 us Efps) = 0.65 us Efps) = 0.251 pus
Ibs= OdelayODs 14 1.7 N/A
Distribution for path delays U(0, 1.2us)
Lognormal shadowing standard | 8 dB 8dB NLOS: 10 dB
deviation LOS: 4 dB

Path loss model (dB), d is in
meters

31.5 + 35logy(d)

34.5 + 35logy(d)

NLOS: 34.53 + 38log

(d)
LOS: 30.18 + 26*log (d)

The performance of MIMO system under SCM has bemestigated in [28]by taking into
account the effect of the number of antennas amdhter element distance. The results show that
the capacity of the MIMO system doesn’t increasedrly with the number of antennas. This is
due to SCM uses more realistic assumptions of igpeak propagation environment. It is also
observed that the capacity of urban microcell ghbi than the capacity of suburban macrocell.
This is partly due to higher angular spread in origicrocell which leads to lower spatial
correlation and thus higher capacity.
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Chapter 3
Approach

Studies on the dependencies of LTE performanceidab&nd channel properties have been done
in [8] as mentioned in the previous chapter. Thaulte clearly show that delay spread could
improve OFDM performance, while angular spread @¢aulprove MIMO performance. But, this
investigation was done by performing link level slations. A link level simulation models the
link between a base station and a mobile stattomoldels all data processing in physical layer
such as modulation, coding, interleaving, scranghlatc. in order to evaluate the performance of
a certain radio access technology in terms of BOERER (Frame Error Rate).

LTE link level simulation assumes fixed modulatiand coding scheme (MCS) regardless
channel variations. When radio channel conditiorgd®d, the probability that the block is
successful is relatively high whereas when theoratiannel condition is bad due to deep fading,
the fixed MCS leads to high block error probabilityherefore, in LTE link level simulation,
BLER varies following channel variation but the ggahroughput is kept fixed.

In reality Adaptive Modulation and Coding SchemeM@) is implemented in LTE. Favorable
channel conditions leads to higher throughput siigher MCS is chosen. Meanwhile, in the bad
channel condition lower MCS is selected which stillds a reasonable BLER target. So, it can be
concluded that by implementing AMC throughput varellowing channel variation and BLER
varies between 0 and a pre-specified BLER target.

For radio planning purpose, disregarding AMC seetmsbe an oversimplification. By
implementing AMC, for a given SINR, the highest gibe modulation and coding scheme is
chosen, so AMC ensures that a higher throughput mrachieved. Hence, in this study,
investigation on the effect of wideband channelpprties on LTE performance is done by
performing a system level simulation where AMC whiesponds to channel variation can be
modeled. In order to implement AMC system level idation needs an accurate prediction of
link level performance in terms of BLER. For thisason, AWGN link level simulation is
required.

By considering the implementation of AMC as mentidabove, the approach taken in this study
covers three main parts which are also depicteétdrblock diagram of Figure 3.1. The first part
is LTE link level simulation in AWGN channel for iaus modulation and coding schemes and
for certain range of SNR values. The result of #isulation is curves of LTE performance in
terms of BLER for various modulation and codingesoles. The second part is modeling channel
behavior in frequency and time domain based oni&@p@hannel Model taking into account
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delay spread and angular spread. Channel respons&0f MHz frequency bandwidth and
duration of 20s is generated and often called oblainaces. The third part is LTE system level
simulation which uses channel traces and the clwobtsned from AWGN link level simulation
as inputs. Finally, LTE performance in terms ofotighput is obtained from system level
simulation. More detail explanations about thespsare given in the subsequent chapters.

dela read
' ’ h |
Spatial Channel Modsd e eoee
—_—
angular spread l
LTE Svyatem Level .
Simulation LTE throughput cures
MCS
LTE Link Lesel Simulstion T
in &GN SNR-BLER ook up table
SMR "

Figure 3.1 Block diagram of the approach taken in this study
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Chapter 4
LTE System Level Simulation

The LTE system level simulation and its role in tverall approach have been briefly discussed
in Chapter 3. This chapter discusses the procekJBfsystem level simulation in more detail.
Section 4.1 provides a general overview of theesgdevel simulation such as the network layout
model, the propagation model, and the transmissiodes. Section 4.2 describes the modeling of
multipath channel behavior in the frequency andatdomain according to SCM giving rise to the
creation of channel traces. Finally, the link adéipth strategy in terms of Adaptive Modulation
and Coding (AMC) based on AWGN link level simulatioesults is provided in section 4.3
together with the link to system mapping methodedasn EESM (Exponential Effective SINR

Mapping).

4.1 Oveview of LTE System Level Simulation

LTE system level simulations were performed by gsa Delphi-based LTE system level
simulator. The simulator models a network whichsists of 12 cells. Further each cell is divided
into 3 sectors. Only LTE downlink data transmiss®simulated. One user in a random location
is served by one base station and it experientedeénence from other base stations. At any time,
it is assumed that there is only one user serveB$wand there is no coming request from other
users.

Radio propagation model in the simulation counts #ffect of path loss, shadowing and
multipath fading. Some empirical path loss modeés wsed such as Okumura Hata and COST
231 Hata model. The shadowing effect is modeledsbyssian distribution with 0 mean and
standard deviation of? in dB scale. Multipath fading effect is taken framparated simulation
performed in Matlab and it follows a modified SphtiChannel Model (SCM) for MIMO
simulation as will be explained in section 4.2.

Transmission Modes

Four transmission modes are implemented in thesy&tvel simulation namely SISO, Receiver
Diversity (SIMO), MIMO Transmit Receive DiversityyMO TxRxD) and MIMO Spatial

Multiplexing (MIMO SM). In SISO it is assumed th#itere is only one antenna at both
transmitter and receiver. Meanwhile in SIMO, traitten employs one antenna and receiver
employs two antennas. In the receiver, the sigaaiged at two different antennas are combined
by assuming Maximal Ratio Combining (MRC). MIMO TxR and MIMO SM employ two

antennas at both transmitter and receiver. Therdifice is that both transmit antennas in MIMO
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TXRxD are used to transmit the same data streamcérg more robust received signals, while
in MIMO SM both transmit antennas transmit différelata stream expecting higher throughput
at the receiver. Appendix A provides formulas técgkate instantaneous SINR in SIMO and
MIMO modes.

TTI (Transmit Time Interval) based simulation flow

The simulation flow in each TTI consists of manpgasses. In the beginning of each TTI, the
instantaneous complex channel response for eachi®B&ermined. Then instantaneous SINR
per PRB is calculated hence there are 50 instamtsn8INRs. EESM (Exponential Effective
SINR Mapping) is subsequently applied in order & gn effective SINR value from these
SINRs. Once the effective SINR is obtained, the M®®dulation and Coding Scheme) which
corresponds to a certain combination of modulatimder and coding rate is determined.
Subsequently, the block error rate for the effec®NR can be determined from the AWGN link
level simulation results for the chosen modulata coding scheme. If the block error rate is
still lower than 10%, the process is repeated. ghéi modulation and coding scheme can be
selected and the BLER for the newly selected maiduand coding scheme can be determined
again from AWGN link level simulation results. Theration ends when the highest modulation
and coding scheme which still meet the BLER reemént is obtained. Finally the data
rate/throughput is calculated.

4.2 Channd Traces

Channel traces represent complex channel respontiese and frequency domain. In this study,
multipath channel is modeled following Spatial ChelnModel (SCM) for MIMO assuming 6
paths and 20 sub paths. However some modificaipnglifications were made in order to
achieve the objectives of this study but with atalele complexity (in the sense of computation
time needed). Two main modifications are:

* Instead of assuming random delay spread as iigsaly modeled in SCM, some fixed
values according to 3GPP and ITU multipath chanmzdiels are assumed: Pedestrian A
(PA), Pedestrian B (PB), Vehicular A (VA) and TyglicUrban (TU) models. The
combination of path powers and time delays in PeidesA corresponds to delay spread
value of 45 ns, in Vehicular A to delay spread eatdi 370 ns, in Pedestrian B to delay
spread value of 750 ns and in Typical Urban toysfaead value of 1000 ns.

e The mean angle of departure of the signal depaftorg the transmitter and mean angle
of arrival of the signals arriving at the receivae assumed to be fixed following the
spatial correlation levels. There are three spattatelation levels considered in this
study, i.e. low, medium and high. Low correlatiasrresponds to spatial correlation of
0.19 at the BS and 0.22 at the MS side, mediumelaion corresponds to spatial
correlation of 0.32 at the BS and 0.79 at the MBen@as high correlation corresponds to
spatial correlation of 1 at the BS and 0.79 atMi& The mean angle of arrival and mean
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angle of departure are derived according to Figuteand Figure 4.2 for those spatial
correlation values. Therefore low correlation idired when the mean angle of arrival
and mean angle of departure are 0 degree, meditlatmn is defined when the mean
angle of arrival is 90 degree and the mean angliepérture is 45 degree and finally high
correlation is defined when the mean angle of atrand mean angle of departure are
both 90 degrees.

» Small scale fading, i.e. path loss and shadowirgcalculated separately from SCM.
They are calculated according to the propagatiomehdefined in the system level
simulation.

Spatial correlation at MS vs Mean AoA

Spatial correlation

Mean AoA (deg)

Figure 4.1 Therelationship between mean Angle of Arrival and Spatial Correlation in SCM by
assuming M S antenna spacing of 0.5 A and BS antenna spacing of 10 A
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Spatial correlation at BS vs Mean AoD

o
3

(2]

Spatial cyrelatign
IS o C

Mean AoD (deg)

Figure 4.2 The relationship between mean Angle of Departure and Spatial Correlation in SCM by
assuming M S antenna spacing of 0.5 A and BS antenna spacing of 10 A

The complete parameters used to generate chaaoe$tn this study are given in Table 4.1.

Table 4.1 Parametersto generate channel traces

BS

Parameters Setting value
Number of antenna at | 2
Number of antenna at N 2
User velocit' 3 km/t
Carrier frequenc 2.6 GH:
Bandwidtt 10 MHz
Environmen Urban Macroce
Per path angular spread | 2 degre

Per path angular spread
MS

2, 5 or 35 degre

Delay sprea

45, 370, 750 and 1000

BS antenna spaci

10 lamdaX)

MS antenna spacil

0.5 lamdax)

The magnitude of complex channel response or a@ied multipath fading gain obtained from
the modified SCM are given in Figure 4.3, 4.4, 488d 4.6 for Pedestrian A, Vehicular A,
Pedestrian B, and Typical Urban respectively. Feegy domain fading gain is shown along the
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X axis consisting of 50 PRBs where the channelaesp is assumed to be fixed within one PRB
(180 kHz). The Y axis shows fading gain in time éimand it is represented in TTI (Transmit
Time Interval) unit where one TTI lasts for 1 mgation. The generated channel traces capture
channel response for duration of at least 20000 TTI

It can be observed from the figures that chanregdarse of Pedestrian A is the most flat one in
the frequency domain, while that of Typical Urbanhie most varying one. This can be explained
by the concept of coherence bandwidth. Coherenodvidth is inversely proportional to delay

spread, i.e. when the delay spread is larger thereace bandwidth is smaller, and vice versa.
Pedestrian A has the lowest delay spread valuescoherence bandwidth in Pedestrian A is the
largest. It means that the frequency range ovechwHat channel response occurs is larger in
Pedestrian A compared to other multipath propagatiodels. On the other hand, Typical Urban
has the largest delay spread value which resultsmallest coherence bandwidth among other

multipath propagation models. Hence, the frequedoynain channel response is the most
varying.

Multipath fading gain in Pedestrian A

- |z

Multipath fading gain (dB)

= 30

Figure 4.3 Multipath fading gain in time and frequency domain of Pedestrian A
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Figure 4.4 Multipath fading gain in time and frequency domain of Vehicular A

Multipath fading gain in Pedestrian B
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Figure 4.5 Multipath fading gain in time and frequency domain of Pedestrian B



Multipath fading gain in Typical Urban

Multipath fading gain (dB)

™ o

Figure 4.6 Multipath fading gain in time and frequency domain of Typical Urban

In this study, two antennas are employed at bahrdmsmitter and the receiver namely, Tikx,

and Rx%, Rx as shown in Figure 4.7. There are four pairs arfigmit and receive antennas, i.e.
transmit antenna one receive antenna oneR¥X¥ transmit antenna one receive antenna two
(Tx:Rxp), transmit antenna two receive antenna one andrria antenna two receive antenna two
(Tx2Rxz). The medium between each pair of antennas camnelspto a distinct wireless channel.

Hence, the signal transmitted and received in @adhof antennas experience different channel
response.

Tx1Rx1
Tl N - Rx1
-~ Tx1Rx2 P

E I T I =
. | TRk T | =
£ I T T I 2
£ . S
i T2 N T Rx2 g
m

= Tx2Rx2 &=

N M

Figure4.7 2x2 MIMO System
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The spatial correlations between two transmit amdsnand two receive antennas affect the
independency of the channel response of each tiameoeive antenna pair. If the spatial
correlations between two transmit antennas andemtwwo receive antennas are high, the signal
transmitted and received in different pair of angnexperience correlated fading. On the other
hand, if the correlations between two transmit mmés and between two receive antennas are
low, the signal transmitted and received in differpair of antennas experience independent
fading. This can be seen from the channel tracewrsin Figure 4.8, 4.9 and 4.10 for Pedestrian
A with low, medium and high correlation respectiveThe red curve shows multipath fading
gain for antenna pair TRx;, the green color shows multipath fading gain fateana pair
Tx;iRx,, the blue curve shows multipath fading gain faileana pair TXRx; and the yellow curve
shows multipath fading gain for antenna paieR%. The figures show that in the case of low
correlation between both transmit antennas andiveantennas, multipath fading gains are
independent each other, in the case of high cdimelamultipath fading gains are correlated,
whereas in the case of medium correlation, thepaddencies among multipath fading gains are
in between those for low and high correlation.

Ped A, low correlation, PRB 5, TTI 1 to 3000
T i et ——————— ==
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=
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Figure 4.8 Multipath fading gain in Pedestrian A with Low Correéation
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on, PRB 5, TTI 1 to 3000

Ped A, medium correlat
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Figure 4.9 Multipath fading gain in Pedestrian A with Medium Correlation
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Another wideband channel property investigatedhis study is angular spread. In SCM two
angular spreads are defined, namely (overall) amgspread and per-path angular spread.
Angular spread describes the variations of angkri¥al or angle of departure of different paths
and is assumed to be random variable following dogral distribution. While per-path angular
spread describes the variations of angle of armvahngle of departure of different sub-paths
within one path. Only per-path angular spread atMts are considered in this study assuming
three different values, i.e. 2, 5 and 35 degree.

Figures 4.11, 4.12 and 4.13 depict multipath fadjaips for antenna pair JRx; and TxRx, for

per path angular spread of 2, 5 and 35 degree adaglg. Only TxRx; and TxRx, are
considered since three different per path angutaeasl values at the mobile station are
investigated. Therefore, there is no impact of ¢hemgular spread values on the spatial
correlation at the BS side. From those figuresiit be seen that multipath fading gain for antenna
Tx;Rx; and TxRx, are highly correlated for per path angular spiefa2land 5 degree but for per
path angular spread of 35 degree they are leselat@d. The spatial correlations for per path
angular spread of 2 and 5 degree are 0.32 at thar®iS1 at the MS, whereas the spatial
correlations for per path angular spread of 35&eagre 0.32 at the BS and 0.79 at the MS. This
phenomenon can be explained by the principle oéite distance. Angular spread is inversely
proportional to coherence distance, i.e. largeukamgspread results in lower coherence distance
and vice versa. Thus, per path angular spread ofi&ffee has lower coherence distance
compared to per path angular spread of 2 and Sededtherefore the channel responses in
TxRx; and TxRx, for per path angular spread of 35 degree arectmsslated compared to those
of per path angular spread of 2 and 5 degree. Mieidavin the case of angular spread of 2 and 5
degree, the coherence distance are larger thae ti@&5 degree, hence the channel responses in
Tx;Rx; and TxRx, for per path angular spread of 2 and 5 degreeightylcorrelated as shown

in Figure 4.11 and 4.12.

4.3 Link Adaptation

One of the key features of LTE is the implementatid link adaptation [30]. Link adaptation
aims at matching the data rate for each user aicgptd the variations in received signal quality.
The LTE system level simulation performed in thigsdy implements link adaptation based on
Adaptive Modulation and Coding (AMC). AMC works flows: based on the received SINR,
modulation and coding scheme is chosen in suchyalved the user data rate is maximized while
at the same time the block error rate is not mioaa t1L0% (tunable). The selection of modulation
and coding scheme is done on TTI basis. Thus, elans the modulation and coding scheme
might be adjusted.
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Pedestrian A, MS per path angle spread 2 deg, PRB 5, TTI 1 to 3000
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Figure 4.11 Multipath fading gain in Tx1Rx1 and Tx1 Rx2 for Pedestrian A with per path angular
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Pedestrian A, MS per path angle spread 35 deg, PRB 5, TTI 1 to 3000
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Figure 4.13 M ultipath fading gain in Tx1Rx1 and Tx1Rx2 for Pedestrian A with per path angular
spread 35°

There are three modulation orders supported in InBEely QPSK, 16 QAM and 64 QAM. The
complete modulation and coding schemes (MCS) argigied in Table 4.2. CQI index represents
an indication of the data rate which can be supgldoly the channel taking into account the SINR
and the characteristics of UE receiver. This CQhiprinciple fed back by the UE to the BS and
is used as an input for the selection of modulatind coding schemes. But in this study, CQI
feedback is not modeled in the system level siraradue to its complexity.

The system bandwidth considered in this study iMt, thus the number of PRB is 50. The
received signal power of each PRB may be diffedemtto frequency selective fading yielding 50
different instantaneous SINRs over all PRBs. Ondtier hand, only single codeword (in the
case of SISO) is employed over all the PRBs asdignethe UE. So, there should be a
mechanism to bring these SINRs into one SINR valhéch is then used to determine the
modulation and coding scheme of the codeword. imgtudy the mechanism is based on EESM
(Exponential Effective SINR Mapping). The detailEfESM is explained in subsection 4.3.1.
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Table 4.2 Combination of modulation scheme and codingratein LTE [31]

CQI Index M odulation Approximate Code Rate Efficiency (information bits per
symbol)

0 No transmission - -

1 QPSK 0.076 0.1523
2 QPSK 0.12 0.2344
3 QPSK 0.19 0.3770
4 QPSK 0.3 0.6016
5 QPSK 0.44 0.8770
6 QPSK 0.59 1.1758
7 16 QAM 0.37 1.4766
8 16 QAM 0.48 1.9141
9 16 QAM 0.6 2.4063
10 64 QAM 0.45 2.7305
11 64 QAM 0.55 3.3223
12 64 QAM 0.65 3.9023
13 64 QAM 0.75 4.5234
14 64 QAM 0.85 5.1152
15 64 QAM 0.93 5.5547

431 Exponential Effective SINR Mapping (EESM)

Effective SINR Mapping (ESM) is a compression fimctof translating instantaneous channel
state SINRs, PRB-specific SINRs in the case of Lify a single value, effective SINR, as
shown in Figure 4.14. This effective SINR is thesed to determine the modulation and coding
schemes and estimate the block error probabilitprting to link level performance in AWGN

channel.

- SINR compression
SINR 1 ’ Io

effective SINR

SINR 2___,

EETT

SINRMN__

SINR .5

IMapping to PER
/ BLER

ELER/PER
—-

Figure 4.14 Principles of EESM

The basic AWGN link level performance in terms &ffBR (Block Error Rate) used in this study
is referring to [32]which have investigated LTEMWifevel performance for 15 modulation and
coding schemes (MCS) driven by 15 CQIs (channélityuadicator) as shown in Table 4.2. The
results show that for higher modulation and codiabeme, in general the SINR required to
achieve a specific BLER is higher. In other wongdih the same SINR higher modulation order
and coding rate results in higher block error rateus, in the case of AMC, when the SINR is
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high, a higher modulation and coding scheme caselexted as long as the BLER requirement is
fulfilled. This results in higher achievable datger while the BLER is still below the BLER
target which in this study is set to 10%.

Exponential Effective SINR Mapping (EESM) is aneetive SINR mapping method which
assumes that all subcarriers (or PRBs in the daks€) for one radio terminal employ the same
modulation and coding scheme. The effective SINiRmacalculated as follows:

SINRysr = —f1In [%Zgzl exp (— S”;Rp)] (4.1)
Where P is the number of subcarriers/PRBs, $IldRhe instantaneous SINR for PRB P @rid

a parameter that in principle is obtained fromlpalion and is unique for each modulation and
coding scheme. The set of beta values used irsthdy is given in Table 4.3 and is referring to

those in [33] but an interpolation was done in oitdeget the more accurate beta value for each
combination of modulation and coding scheme.

Table 4.3 Beta values used in the study [33]

MCS M odulation Codingrate Beta
0 - - -999999999.99
1 QPSK 0.076 1.33
2 QPSK 0.12 1.33
3 QPSK 0.19 1.33
4 QPSK 0.3 1.33
5 QPSK 0.44 1.42
6 QPSK 0.59 1.6
7 16 QAM 0.37 3.8
8 16 QAM 0.48 4.8
9 16 QAM 0.6 6.1
10 | 64 QAM 0.45 10
11 64 QAM 0.55 15
12 64 QAM 0.65 19.3
13 64 QAM 0.75 25.8
14 | 64 QAM 0.85 31.3
15 | 64 QAM 0.93 35
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Chapter 5
System Level Simulation Results

This chapter starts with Section 5.1 which provigasameter settings used in the LTE system
level simulation performed in this study. Then 8et.2 gives the simulation results together
with the discussion on those results. Finally basethe simulation results, Section 5.3 provides
recommendations for radio planning.

5.1 Parameter Settings

LTE system level simulations were done by assumimigan macrocell environment and
considering four different delay spread valueseghspatial correlation levels and two per path
MS angular spread values as mentioned in the preébapter. Within one simulation, the delay
spread, the correlation level and the per path langpread have equal values for the serving cell
and all interfering cells. Moreover, beta valuesduby EESM are the same for all propagation
models. Multipath channel model follows modified aal Channel Model. Path loss is
calculated following COST 231 Hata model and shadgws assumed to follow lognormal
distribution with standard deviation of 8 dB. Fdtansmission modes are considered, namely
SISO, SIMO (Receive Diversity), MIMO Transmit Regei Diversity and MIMO Spatial
Multiplexing. During the whole simulation, 1000 useat different locations are simulated. But at
any time, only one user is served. The serviceacheuser lasts for duration of 30000 TTI or
equals to 30 s.

5.2 System Level Simulation Results

This section provides the system level simulatiesutts started with SISO simulation results to
investigate the effect of delay spread. Thenfbllwed by SIMO and MIMO simulation results

in order to analyse the effect of spatial correlatiAnd at last, the simulation result in MIMO to
investigate the effect of angular spread is pravidehe analysis of those simulation results is
later used as bases for recommendations for radionimg. One terminology, SINR gain is
introduced during the analysis. SINR gain is th&#feddnce in the required SINR between
different delay spread values/spatial correlatevels/angular spread values in order to achieve
the same LTE performance in terms of throughput.
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521 SISO Results

SISO simulations were performed in order to inggdd the effect of delay spread on LTE
system performance. The original simulation resuitks like the one depicted in Figure 5.1
which shows 1000 points corresponding to througlpd000 locations. The X axis corresponds
to the SINR calculated by only considering largalesdading, i.e. path loss and shadowing. This
SINR is later called average SINR. The Y axis shtivesaverage throughput over 30000 TTlIs.
The simulation results show that throughput incesass the SINR increases and throughput of 10
Mbps is achieved at average SINR of about 8 dBs klso observed that by performing the
simulation over 30000 TTIs, fluctuations due todamness in small scale fading are converged.

SISO Simulation Result for Delay Spread of 1000 ns (Typical Urban)
) ,——__—__—_,:

14000 -~~~ -

12000 -~~~ -

20000 -l

8000~~~

6000~~~ — - -

Throughput (kbps)

4000~~~ b

| |
l l
2000 -~~~ - - TR —— - - -
| |
|
|

Figure 5.1 System level simulation result before data processing

All simulation results are further processed byukiting the average throughput of 1 dB range
of average SINR thus resulting in smoother curilesthe one depicted in Figure 5.2. Figure 5.2
shows SISO system level simulation result for ayer8INR from -11.5 till 12.5 dB. There are
four curves correspond to delay spread value ais}8370 ns, 750 ns and 1000 ns respectively.
As we can see, the result shows that differentydgbmead values do not significantly affect the
system level performance of LTE. Table 5.1 shovesSWNR gain obtained by using the curve of
delay spread of 45 ns as the reference. To achieeeghput of 10 Mbps, the achieved SINR
gains are 0.04 dB, 0.05 dB, and 0.31 dB for delagad of 370 ns, 750 ns, and 1000 ns
respectively. Since the SINR gains are small, it loa said that the SINR required to achieve the
same throughput are almost same for all channétsdifferent delay spread values. The almost
same performance obtained from different delayapsalues can be explained by exploring the
detail information in each TTI.
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Table5.1 SINR gains obtained from different delay spread values

Throughput SINR gain (dB)
(Mbps) DS=370ns DS=750ns DS = 1000 ns
4 0.19 0.09 -0.22
6 0.09 0.02 -0.36
8 0.06 0 -0.32
10 0.04 0.05 -0.31
12 0.03 -0.01 -0.31
14 -0.05 -0.07 -0.29
SISO simulation results
18000 ——————— — — —
—— PA (DS = 45 ns)
16000 |- - 1 VA (DS = 370 ns)
—l— PB (DS = 750 ns)
14000 - | Tg (DS = 1000 ns)
12000,,,,,,,,,3,,,,,,,,,3, 77777777777777777777777777777777777
m | | A
o | |
o) | |
< 10000} - - - - - - - - e -
E | |
_g‘ | |
= 1o | R N ——_————
e | |
= 1 1
6000~~~ —— -~ Lo L
4000}~~~ -~ - - - A r
2000f - -------F-———————L-——yy
| o
. el
-15 T 5

Average SINR (dB)

Figure 5.2 SISO simulation result

Detail information in TTI level

Figure 5.3 shows the variations of effective SINRduration of 30 s. The red curve corresponds
to the effective SINR for delay spread value ofé5the green curve corresponds to the effective
SINR for delay spread value of 370 ns, the dark lolurve corresponds to the effective SINR for
delay spread value of 750 ns, and the light blugecoorresponds to delay spread value of 1000
ns. It can be observed from the figure that in sdffiks the effective SINR for low delay spread
(e.g. the red curve) is higher than those for higteday spread, but in some other TTIs lower
than those for higher delay spread value. Thisue th the fact that the channel frequency
response is more flat for lower delay spread. Toeee the neighbouring PRBs have high
correlation in channel response. In some TTIs RIB® may experience deep fading thus each

47



PRB has low SINR which then results in low effeet®INR. In some other TTls, all PRBs may
be free from fading, so each PRB has high SINR liien results in high effective SINR. On
the other hand, in the case of higher delay sprdaa,channel response is more frequency
selective. Therefore the PRBs are less correl@ethe PRBs may suffer from deep fading, but
some other PRBs experience good channel responsee@uently within one TTI, some PRBs
have high instantaneous SINR but some PRBs havénistantaneous SINR. Thus the effective
SINR is not so high but also not so low as showtihéngreen, dark blue and light blue curve.

Variations of effective SINR in time domain

PA (DS = 45 ns)

VA (DS = 370 ns)
PB (DS = 750 ns)
TU (DS = 1000 ns)

15

Effective SINR

Figureb5.3 Variations of effective SINR in time domain

The effective SINR is used to determine the moduiaand coding scheme (MCS). Thus the
trend of effective SINR variations in time domaiillvalso appear in the variations of chosen
MCS as shown in Figure 5.4. It can be observed footh Figure 5.3 and Figure 5.4 that when
the effective SINR is high the chosen MCS will hghh On the other hand, when the effective
SINR is low, the chosen MCS will be low. It canalse seen that the lowest delay spread has the
largest variations in the chosen MCS, becausdféstve SINR has the largest variation.
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Variations of chosen MCS in time domain

PA (DS = 45 ns)

VA (DS = 370 ns)
PB (DS = 750 ns)
TU (DS = 1000 ns)
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Figure5.4 Variations of chosen MCSin time domain

The channel response in frequency domain can asoblerved by exploring the number of
PRBs assigned to each user. Due to deep fadingsRR®/ have very low SINR, so the
corresponding PRBs will be dropped. In other wotkisse PRBs will not be used to transmit any
data. Consequently those PRBs do not contributéhéouser throughput. The variations of
number of PRBs assigned to the user are showrgird-b6.5. It can be seen from the figure that
for lower delay spread (e.g. red curve) sometinig3RBs are assigned to the user but sometimes
all PRBs are dropped due to deep fading. Whiléhigher delay spread, sometimes all PRBs are
assigned to the user but sometimes a few PRBsrappet. In the channel with higher delay
spread, all PRBs being dropped doesn’t occur diiRBs are less or not correlated thus there are
always PRBs with high SINR and there are always $®ith low SINR.

The number of assigned PRBs per TTI and the chivBe8 together determine the throughput
that the user can get per TTI. The variations ofuphput in time domain for all delay spread
values are shown in Figure 5.6. It can be seentlimtrange of throughput variation in delay
spread of 45 ns is the highest, the range of thpuigvariation in delay spread of 1000 ns is the
lowest, and the range of throughput variation ilagspread of 370 ns and 750 ns is in between.
This happens because for delay spread of 45 ns iwvkgperiences deep fading, all the PRBs are
dropped, thus there are no PRBs used to transenddta. Consequently throughput is zero. But,
when the PRBs are in good condition, all PRBs asigaed. Moreover those PRBs have high
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effective SINR which leads to high chosen MCS. Hgerthe throughput becomes very high. On
the other hand, in the case of other delay sprahgs, even though all the PRBs are assigned to
the user but the effective SINR of those PRBs atean high as the peak effective SINR in the
delay spread of 45 ns. Thus resulted throughputiss high as in delay spread of 45 ns.

By observing throughput variations for all delayesga values as shown in Figure 5.6 it can be
concluded that the range of throughput variationsnmhe domain is inversely proportional to the
delay spread value. But after averaging out thdatians over 30000 TTls, the average
throughput will be almost the same as shown Fiduie The high throughputs in some TTls
achieved by low delay spread compensate the logughput in some other TTls. The “not so
high” throughput achieved by higher delay spreaddme TTls compensate the “not so low”
throughput in some other TTIs. That might explaimwno significant difference is observed in
the average throughput (averaged over 30000 TTIs).

Variations of number of assigned PRBs in time domain
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Figure 5.5 Variations of number of assigned PRB in time domain
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x 10" Variations of throughput in time domain
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Figure 5.6 Variations of throughput in time domain

5.22 Dependenciesof LTE system performance on beta

The SISO simulation result as shown in Figure 5a% wbtained from system level simulation by
setting the same set of beta values for all dghagasl values. However, in principle beta values
should be calibrated from a link level simulatiohigh may result in different beta values for
different delay spread values. Due to time limitatand the lack of reliable link level simulator,
beta calibration was not done in this study. Nédwaddss, some tests were done in order to
investigate the sensitivity of LTE system performmrwith regards to different sets of beta
values. Five different sets of beta values wereluse. the default beta values as shown in Table
4.3 and four other set of beta values derived byeising and decreasing the default beta values
by certain percentage. According to some literatufieta value for MCS 1 is in the range
between 1 and 2 [33] [34] [35]. Therefore, betaueal of 10%, 25% and 50% higher than default
beta values together with beta values of 25% Iahen the default beta values were considered
in this study. These sets of beta values are giv@able 5.2.

The simulation results are shown in Figure 5.7, 5.8, and 5.10 for delay spread of 45 ns, 370
ns, 750 ns and 1000 ns respectively. It can berobddhat for delay spread of 45 ns, different
sets of beta values do not clearly affect LTE sysfeerformance while in other higher delay
spread values, the LTE system performance is sensit the change of beta values especially in
the region of high SINR. This is because in defagad of 45 ns, the frequency channel response
is almost flat, and all PRBs have the almost sars@intaneous SINR. Thus the effective SINR is
more equal to the average of those instantane®R 8hd beta doesn't affect the effective SINR
anymore. On the other hand, in the case of higktydspread, the channel response is more
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frequency selective, so the PRB-specific instardageSINRs are varying. Thus the effective

SINR is more dependent on beta values. This leadhe dependency of throughput on beta
values. The SINR gains that can be achieved bgréift set of beta values in the case of delay
spread of 370 ns, 750 ns and 1000 ns are prouwd&dtle 5.3, 5.4 and 5.5 respectively.

Table 5.2 Different sets of beta values

MCS | Default beta 10% higher 25% higher 50% higher 25% lower

0 -999999999.99  -999999999.99 -999999999.99 -9WIMI9| -999999999.99
1 1.33 1.46 1.66 2.00 i

2 1.33 1.46 1.66 2.00 i

3 1.33 1.46 1.66 2.00 i

4 1.33 1.46 1.66 2.00 i

5 1.42 1.56 1.78 2.13 1.06
6 1.6 1.76 2.00 2.40 1.2
7 3.8 4.18 4.75 5.70 2.85%
8 4.8 5.28 6.00 7.20 3.6
9 6.1 6.71 7.63 9.15 4.5Y
10 10 11.00 12.50 15.0 7.5
11 15 16.50 18.75 225 11.25
12 19.3 21.23 24.13 28.95 14.47
13 25.8 28.38 32.25 38.7( 19.35
14 313 34.43 39.13 46.9% 23.47
15 35 38.50 43.75 52.5( 26.25

From Table 5.3, 5.4 and 5.5, it can be observetitti@higher the beta values, the higher the
SINR gain. But, the SINR gain obtained from thosts ©f beta values are still low. In other
words, even though beta values are obtained frdittradon and are in the range as mentioned in
Table 5.1, the maximum SINR gain is still less thaiB.

Table 5.3 SINR gains obtained from different sets of beta valuesfor Vehicular A

Throughput SINR gain (dB)
(Mbps) Beta 50% Beta 25 % Beta 10% Beta 25%
higher higher higher lower
4 0.33 0.20 0.09 -0.32
6 0.40 0.24 0.11 -0.44
8 0.42 0.26 0.12 -0.52
10 0.51 0.32 0.15 -0.54
12 0.52 0.32 0.15 -0.58
14 0.87 0.47 0.13 -0.44
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Table 5.4 SINR gains obtained from different sets of beta valuesfor Pedestrian B

Throughput SINR gain (dB)
(kbps) Beta 50% Beta 25 % Beta 10% Beta 25%
higher higher higher lower
4 0.38 0.23 0.1 -0.36
6 0.46 0.28 0.13 -0.54
8 0.48 0.29 0.13 -0.59
10 0.56 0.34 0.16 -0.62
12 0.61 0.37 0.17 -0.65
14 0.95 0.51 0.14 -0.52

Table 5.5 SINR gains obtained from different sets of beta valuesfor Typical Urban

Throughput SINR gain (dB)
(kbps) Beta 50% Beta 25 % Beta 10% Beta 25%
higher higher higher lower
4 0.39 0.24 0.11 -0.41
6 0.54 0.33 0.15 -0.62
8 0.57 0.36 0.18 -0.74
10 0.63 0.39 0.17 -0.62
12 0.66 0.41 0.19 -0.99
14 0.75 0.31 0.14 -0.62
Throughput with different sets of beta for Pedestrian A
O st et it it el
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Figure 5.7 Throughput with different sets of betafor Pedestrian A




Throughput with different sets of beta for Vehicular A
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Figure 5.9 Throughput with different sets of betafor Pedestrian B



Throughput with different sets of beta for Typical Urban
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Figure 5.10 Throughput with different sets of betafor Typical Urban

5.23 Spatial Correlation Effect on Receive Diversity

In the case of receive diversity the spatial catieh is only at the MS side since BS employs
only one antenna. The simulation results for rexzeliversity taking into account different spatial
correlation levels are shown in Figure 5.11. Lowrelation corresponds to spatial correlation of
0.19 at the BS and 0.22 at the MS. Medium coreafatiorresponds to spatial correlation of 0.32
at the BS and 0.79 at the MS. High correlation esponds to spatial correlation of 1 at the BS
and 0.79 at the MS. It can be seen from the fighat for low average SINR the spatial
correlation levels do not clearly affect the pemfance. But, for high average SINR, small
difference in throughput can be seen. To achietsget throughput of 25 Mbps, SINR of 13.79
dB is required in the case of low correlation, $4dB is required in the case of medium
correlation and 14.65 dB is required in the cadeigii correlation. So, SINR gain of 0.86 dB and
0.49 dB are achieved by low and medium correlatespectively. The list of SINR gains for
various throughput values are given in Table 5.6.
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Table5.6 SINR gain of receive diversity with low and medium spatial correlation

Throughput SINR gain (dB)
(Mbps) Low correlation M edium correlation
10 0.17 0.16
15 0.25 0.21
20 0.39 0.29
25 0.86 0.49
30 1.20 0.38

The SINR gains as shown above are achieved betrause correlation means that the channels
are less correlated. Thus channels experienceadafitféading, i.e. some channels may experience
deep fading but other channels may be in good tiondiConsequently, when the same data
stream is transmitted over different channels, efeugh the data stream transmitted through
one channel is corrupted due to fading, the dagawst transmitted through another channel may
be transmitted successfully. This explains why he tase of low correlation and medium
correlation the achieved throughput is higher tinathe case of high correlation.

x 10% Simulation Results with Receive Diversity in Pedestrian A
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Figure5.11 System level simulation results with different spatial correlation levelsin Receive
Diversity scheme
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5.24 Spatial Correlation Effect on Transmit Receive Diversity

The effect of different spatial correlation levels the performance of LTE by assuming MIMO
transmit receive diversity is shown in Figure 5.t2an be seen from the figure that lower spatial
correlation results in better performance. Foransg, to achieve a target throughput of 25 Mbps,
in the case of low correlation the required SINR301 dB, in the case of medium correlation
the required SINR is 13.62 dB and in the case @i leorrelation the required SINR is 14.84 dB.
Therefore SINR gain of 1.83 dB and 1.22 dB are ewd by low and medium correlation
respectively. The list of SINR gains for some thgloput values is given in Table 5.7.

Table 5.7 SINR gain of transmit receive diversity with low and medium spatial correlation

Throughput SINR gain (dB)
(Mbps) Low correlation M edium correlation
10 0.81 0.45
15 1.04 0.59
20 1.16 0.71
25 1.83 1.22
30 2.19 1.68

xSighulation Results with Transmit Receive Diversity in Pedestrian A

|

| |
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Figure 5.12 System level simulation resultswith different spatial correlation levelsin Transmit
Receive Diversity scheme

Comparing the simulation results in both receiwerdiity and transmit receive diversity shows
that the dependency of LTE system performance atiagorrelation levels has similar trends.
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The difference is in the SINR gain that can be egdl. This difference in SINR gain is because
in receive diversity the performance is affectety dny the spatial correlation at the MS side. On
the other hand, in the case of transmit receiverdity the performance is affected by the spatial
correlation at both the BS and the MS. In the azdeigh correlation, this might not have any

effect because the channels are correlated. Buhdncase of low and medium correlation,

transmit receive diversity exploits diversity gdiom the MS side as well as from the BS side.
This explains why the SINR gains in the case ofdnait receive diversity is higher than those of
receive diversity especially in the case of low amtium correlation.

5.25 Spatial Correlation Effect on Spatial M ultiplexing

Figure 5.13 shows the simulation result with MIM@asal multiplexing taking into account the
effect of spatial correlation. It can be seen d¢jetimat in the case of low correlation, LTE system
performance outperforms those in the case of mediodnhigh correlation. Moreover, the SINR
gain obtained in the case of spatial multiplexinghigher than the SINR gain obtained from
transmit receive diversity. For instance, the regfliSINRSs to achieve throughput of 25 Mbps are
12.62 dB, 14.51 dB and 15.56 dB for low, medium high correlation respectively. Thus the
SINR gain achieved by low spatial correlation 842dB and the SINR gain achieved by medium
spatial correlation is 1.05 dB. The list of SINRmg#or various throughput values in the case of
spatial multiplexing is given in Table 5.8.

Table 5.8 SINR gain of spatial multiplexing with low and medium spatial correlation
Throughput SINR gain (dB)
(Mbps) Low correlation Medium correlation
10 3.17 2.02
15 3.44 2.12
20 3.88 2.3
25 2.94 1.05
30 2.44 151

Although SINR gain achieved from different spatiarrelation levels in the case of spatial
multiplexing is higher than those achieved in traitgreceive diversity, the required SINR to

achieve throughput of 25 Mbps is higher for SM el in the case of high and medium

correlation. This is because spatial multiplexiregeas high SINR in order to result in the best
performance as shown in Figure 5.14. The smoothesucorrespond to simulation results with
spatial multiplexing and the dashed curves cornedfto simulation results with transmit receive
diversity. In the case of low correlation, spatmlltiplexing outperforms transmit receive

diversity for SINR higher than 11.5 dB, in the cadenedium correlation spatial multiplexing

outperforms transmit receive diversity for SINR Heg than 14.8 dB and in the case of high
correlation, spatial multiplexing outperforms tranitsreceive diversity only for SINR higher than

16.6 dB. These crossing SINRs are close to theérnwestigated in [36] which is 15 dB.
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Figure 5.13 System Level Simulation resultswith different spatial correlation levelsin spatial

multiplexing mode
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5.26 Angular Spread Effect on Spatial Multiplexing

Angular spread is a factor which determines spatialelation between antenna elements. In this
study, the effect of per path angular spread aMBeon LTE system performance is investigated
in MIMO Spatial Multiplexing. Three different valaeare investigated, i.e. 35, 5 and 2 degree.
MS side per path angular spread of 35 degree qumes to spatial correlation of 0.79 whereas
per path angular spread of 5 and 2 degree corrdspimnspatial correlation of 1. The spatial

correlation at the BS side in all cases is 0.32 $imulation result is depicted in Figure 5.15. It

shows that per path angular spread at mobile stationgly affect the performance of LTE. This

is due to high spatial correlation introduced byaBmper path angular spread value. While large
per path angular spread value results in low caticdl, hence the performance of spatial

multiplexing is better than those of low per patig@ar spread values.
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Figure 5.15 System level simulation results with different spatial correlation levelsin spatial
multiplexing scheme

5.3 Recommendationsfor radio planning

The simulation results and the analysis of LTE eystperformance in relation to wideband

channel properties have been provided in the pusvsection. Based on the simulation results for
different delay spread values and different angudpread values, this section provides
recommendations for LTE radio planning as follows:

60



1. The simulation results indicate that delay spreaabot so important to be included in the
radio planning. By considering the implementatiéMC and assuming the same set of
beta values for all delay spread values, the sitionlaesults show that LTE performance
in terms of throughput is not clearly affected tstay spread values. Moreover, some
tests were done in order to investigate the depwmiele of LTE performance on beta
values. The results show that the achieved SINRsgair various throughput values are
less than 1 dB.

2. First simulation results on the effect of per patigular spread on LTE performance
shows that LTE performance is strongly affectecpby path angular spread value. This
indicates that the SINR gain introduced by différpar path angular spread values is
important to be included in radio planning. But da¢he limited data obtained from this
study, the list of SINR gain for certain targetainghput cannot yet be provided. Further

simulations are required to derive quantitativeultssfor SINR gain that can be used in
radio planning.
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Chapter 6
Conclusons and Recommendations

6.1 Conclusions

In this study, the investigation on the effect afieband channel properties on LTE system
performance were done by performing LTE systemllsiweulation. LTE system level simulation
models AMC (Adaptive Modulation and Coding). Thusligns with how the system works in
reality. In order to implement AMC, the system lesenulation needs an accurate estimate of
link level performance in terms of BLER. For thisason, AWGN link level simulation is
required.

LTE uses OFDM as one of the key technologies. istem bandwidth is divided into many
subcarriers. Furthermore subcarriers are groupéml RRB which is the smallest resource
allocated to a user. Due to frequency selectivéenfpdPRBs assigned to the user may have
different instantaneous SINRs. Meanwhile, one SIMRue is required to determine the
modulation and coding scheme. In this study, EE&Mp6nential Effective SINR Mapping) is
chosen as a method to map per-PRB instantaneol® iathl single SINR value called effective
SINR. An important parameter used to determine Sifective in EESM is beta which in
principle needs to be calibrated from link levehgiation.

From the system level simulation results and thadyais of LTE system performance in relation
to wideband channel properties, conclusions areetbas follows:

1. Delay spread doesn't significantly affect LTE systperformance in terms of average
throughput Average througput is throughput obtained by ay@gout over 30000 TTI.
In this study, the first investigation was done using the same set of beta values for
different delay spread values, i.e. 45, 370, 750 H0O ns. The result shows that the
performance of LTE is not clearly affected by ded@yead values. Then, some tests were
performed in order to investigate the dependenaidsTE performance on beta values.
The results show that the SINR gains achieved bying beta values are less than 1 dB.
Thus, it indicates that delay spread is not so mapd to be included in LTE radio
planning

2. Per path angular spread strongly affects LTE syspenformanceFirst investigation on
the effect of per path angular spread on LTE sysmarformance was done by
considering MIMO Spatial Multiplexing. The resuttav that LTE performance in terms
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of throughput is significantly affected by per patigular spread values. Higher per path
angular spread value leads to better LTE performane to lower spatial correlation. On
the other hand, lower per path angular spread akgs to worse performance. In the
case of low angular spread (2 and 5 degree) thiexachhroughput is almost 0. This
indicates that it is important to include per patiyular spread in LTE radio planning.

3. Spatial correlation between channel elements affekfE system performance.
Investigations on the effect of spatial correlat@mnLTE system performance were done
by considering receive diversity (SIMO), MIMO tranis receive diversity and MIMO
spatial multiplexing. In general, the effect of sglacorrelation on LTE performance for
those modes is same, i.e. lower correlation resulbetter performance. The difference
is in the amount of SINR gain that can be obtairgte highest gain is obtained by
implementing MIMO spatial multiplexing which canraeve SINR gain up to 3.88 dB,
then followed by transmit receive diversity whiciincachieve SINR gain up to 2.19 dB.
The smallest SINR gain is obtained from receiveediity (SIMO) which can achieve
SINR gain up to 1.2 dB.

4. Spatial Multiplexing outperforms Transmit Receivigdbsity in the case of high SINR
Even though the SINR gain obtained by implementitif/O spatial multiplexing is
higher than that obtained by implementing MIMO sanit receive diversity, the required
SINRs in the case of spatial multiplexing to ackiesome throughput values are higher
than the required SINRs in the case of transmiéivecdiversity. This is because spatial
multiplexing requires high SINR in order to resultthe best performance. In the case of
low correlation, spatial multiplexing outperformsarsmit receive diversity for SINR
higher than 11.5 dB, in the case of medium coiimaspatial multiplexing outperforms
transmit receive diversity for SINR higher than 841B, and in the case of high
correlation, spatial multiplexing outperforms tramisreceive diversity for SINR higher
than 16.6 dB.

6.2 Recommendationsfor further study

Some recommendations are provided for further studyis topic as follows:

1. A validation of the simulation results is propodsddoing real measurements. The real
measurement of LTE performance can be done dutieg LiTE trial that will be
conducted by TNO in September 2011.

2. Inthis study, the duration of a simulation is 30007 which equals to 30 s. In reality the
duration of a file download is 1 s (1000 TTI) ineaage. Hence, for the next study, the
simulations for duration of 1 s are recommendedh\le duration of 1 s, the average
throughput for different delay spread values migtttbe the same.

3. Three per path angular spread values, i.e. 2, B&rdkgree are taken into account in the
investigation on the effect of per path angulareadr value on LTE performance.
Moreover only MIMO spatial multiplexing is consider. Therefore, for further study,
more investigations on per path angular spreadteffe considering SIMO and MIMO
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transmit diversity and taking into account more path angular spread values should be
done.

The investigation on the effect of delay spreathia study was done by using the beta
values provided in [33]. Thus for the further study beta calibration per multipath
propagation model is proposed to be done in o&et more accurate beta values for
every delay spread values. This would requirelalémel simulator.



Appendix A
| nstantaneous SINR Calculation

1. Transmit Receive Diver sity

In general, the system can be represented as simofigure A.1. The per-PRB instantaneous
SINR in the case of transmit receive diversityiiseg by:

~ ~ ~ ~ 2
rx rxX rx rx
(Pb,m,A,l + F)b,m,A,Z + F)b,m,B,l + Pb,m,B,Z)

(PAbr?(m AL + ISbr?<m,B ,1) Z (ISbr'),(m VAL + E;br'>,<m,B ,1)+ (1)

sector b'#b

5 X 35 X S X S X
(Pb,m,A,Z + Pb,m,B,Z) Z (Pb',m,A,Z + Pb',m,B,2)+

sector b'#b

SINR ,,, = =

5 X 35 X 5 X 35 rx
(Pb,m,A,l + Pb,m,A,2 + Pb,m,B,l + F)b,m,B,Z )N

R
AN

UE m

Figure A.1. Overview of thesystem in general

Where IngmVA,l = |5b Gumas IS the received signal power level from BS b traitsantenna A at

X
JMAL

BS b’ transmit antenna A at UE m receive antenna 1.

the UE m received antenna E’b‘r = Pb. AGb. A, the received interference power level from
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2. Spatial Multiplexing

In the case of spatial multiplexing, two codewoerds transmitted from two different transmit

antennas at the same time. The per-PRB SINR isletdd as follows:

,0n

1

?(hu - hlz)
E (h21 - hzz)
~(hyhy)
%(hu +hy,)

SINR= 1N|NT
(|bn1|2 +|bn2|2)a-2 + Z(|Cn1|2 +|Cn2|2)m
m=1
where
1 1 ’
o _{E(hn_hlz) E(hn-" hlz)
m 1 1
=—(h,,—-h =(h,,+h
2( 21 22) 2( 21 22) o
1 1 1
Ceven_{z(hn"'hlz) E(hn_hlz)
L 1
=(h,+h =—(h,,—h
2( 21 22) 2( 21 22)_0
1 1 1
Bodd{i(m—hm) 2+
11 1
=(h,-h =(h,,+h
2( 21 22) 2( 21 22)_0
1 1 "
Reven = E(hu"'hlz) E(hu_hlz)
11 1
=~(h,,+h =Z(h,-h
2( 21 22) 2( 21 22) o

3. Receive Diverdity

1

2 (hy +hy)

1
> (hyy +hy,)

1

E (h,—hy,)

1
E (h21 - hzz) .

)

In the case of receiver diversity, the number afismit antenna is one and the number of receive
antenna is two. The receiver combines the signatsva receive antennas by Maximal Ratio
Combining (MRC). Thus the per-PRB instantaneousRSiNcalculated according to:

SI NR,m = SI N%,m,A,l + SINR,m,A,Z
Pb AG bmA1l

A~

Pb AG bm,A,2

®3)

sectob'zb
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Appendix B
LTE Link Level Simulation

During the study, LTE link level simulation in AWGHNvel was also performed. The simulation
was done by using a Matlab-based simulator devdlbgeAntcor. The simulation was done for
system bandwidth of 1.4 MHz, hence there are 6 PRBS assumed that there is only one user
and the transmission mode is SISO. The simulatésts|for duration of 5000 subframe and
normal cyclic prefix is inserted in each OFDM syrhbDuring data transmission, it is also
assumed that there is no HARQ retransmission. Elifgrent combinations of modulation and
transport block size as shown in Table B.1 are kited. The modulation order 2 corresponds to
QPSK modulation and higher transport block sizexwheans longer transport block size.

Table B.1 Mapping M CSindex to modulation order and TBSindex [15]

MCSIndex | Modulation order | TBSindex
0 2 0
1 2 1
2 2 2
3 2 3
4 2 4
5 2 5
6 2 6
7 2 7
8 2 8

The simulation results in terms of BLER (Block Eri®ate) and throughput are shown in Figure
B.1. It can be seen from the result that higher M&&uires higher SNR in order to achieve the
same block error rate. In other words, with the s&@hR, higher MCS result in higher block
error rate. Since the modulation is the same foiM&S index, this is due to higher MCS
corresponds to longer transport block size. Theeeifoneeds higher power to achieve a certain
block error rate.

Due to the incompatibility with system level simioia used in this study, this link level
simulation result is not used in the approach & gtudy. The incompatibility is that this link
level simulator determines the modulation and cpdicheme based on MCS index which

! Name of the company which developed the simulétioier information can be found here:
http://www.antcor.com/

67



represent the modulation order and transport béimekindex. On the other hand, the system level
simulator determines the modulation and coding mehdased on CQIl (Channel Quality
Indicator). Therefore, AWGN link level simulatioagult used in this study is referring to [32].

BLER curves for various MCS

=——= |mcs=6|
Imcs=7[
| ======mcs=8

BLER

FigureB.1LTE link level simulation in termsof BLER
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