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Abstract

Mobile communications technologies are aiming at responding to the growing demand for higher
connectivity. Performance of recent 3G and 4G systems, UMTS/HSPA+ and LTE, is evaluated
regarding the number of users. LTE measurements were taken and system implementation features
analysed. A simulator for UMTS and LTE was built based on the results, considering both single- and
multi-user scenarios. DL average throughputs of 40 Mbps and 69 Mbps, for UMTS and LTE, are
obtained for single-user. Interference coordination and additionally higher order MIMO in LTE increase
data rates by factors up to 1.39 and 2.31. Rising average throughput ratio between UMTS and LTE is
proved to follow a logarithmic law with the number of users in DL. In UL, average data rates of
11 Mbps and 68 Mbps, for UMTS and LTE, are observed for one user. Interference coordination
provides gains up to a factor of 1.5. Approximately stable UMTS to LTE gains are obtained for more
than 5 users. Higher data rate variations were measured across the cell in LTE compared to UMTS,
for UL and DL. Apart from very particular scenarios, LTE provides for the best UL and DL coverage in

the typical multi-user scenarios studied, across all environments.
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Resumo

As comunicag¢des moveis enfrentam actualmente a exigéncia de maior conectividade. Nesse sentido
é feita uma andlise de performance dos sistemas 3G e 4G, UMTS/HSPA+ e LTE, em ambiente multi-
utilizador. Efectuaram-se medidas de LTE e analisaram-se caracteristicas de implementacéo. Foi
construido um simulador com base nos resultados, para os cenarios mono- e multi-utilizador.
Obtiveram-se débitos binarios médios de 40 Mbps e 69 Mbps, para UMTS e LTE, para um utilizador
no DL. O recurso a coordenacdo de interferéncia e adicionalmente a configuracdes avancadas de
MIMO aumenta os débitos por factores de até 1.39 e 2.31. Prova-se que 0s racios de débito médio
entre UMTS e LTE seguem uma lei logaritmica com o numero de utilizadores. No UL, medem-se
débitos médios de 11 Mbps e 68 Mbps, em UMTS e LTE, apesar do uso de coordenacdo de
interferéncia em LTE permitir ganhos de até 1.5. Sdo medidos ganhos aproximadamente constantes
de UMTS para LTE para mais de 5 utilizadores em UL. E medida uma maior variacdo de débito ao
longo da célula em LTE do que em UMTS, para UL e DL. A parte de cenarios muito particulares, o
LTE oferece ainda uma melhor cobertura nos cenérios tipicos de multi-utilizador, para qualquer

ambiente.

Palavras-chave

LTE, UMTS/HSPA+, Capacidade, Débito, Cobertura, QoS

viii



Table of Contents

ACKNOWIEAGEMENTS .....eiiieeii e e e Y
ADSITACT. ... Vil
=25 U] 2 T P Vil
Table Of CONENIS..... oo e IX
] 0 o U P Xi
LISt Of TADIES. ... e XV
IS 0 ol (0] 1)/ T XVii
LiSt Of SYMDOIS..... oo XXi
LiSt Of SOftWAIE .....coeeicei e XXV
1 ] o ¥ Tox 1o o PP 1
1.1 L@ YT 41 2
1.2 Motivation and CONTENES ........uiiie e 5

2 BASIC CONCEPLS ....vuiiiiiieeii e e e e 7
2.1 L 1Y 0 TP 8
211 NEtWOIrK AFCHITECIUIE .....eeiiiiiii ittt e e e 8

2.1.2 RAAIO INEITACE ..o e e 9

2.13 (0= To L= L1 VA= 1 (o M @01/ = Vo = PP PPRT 13

2.14 PerformanCe ANGIYSIS. ... ... it 15

2.2 I PR 17
221 NEtWOIrK AFCHITECIUIE ......eiii ittt ee e e 17

222 RAAIO INEITACE ..o 19

2.2.3 CapaCity N0 COVEIAGE .. .ueeeieeeieiitiiieiia ettt e e e e et e e e e e e s bbb e ee e e e e e e nbebeees 21

224 PerformanCe ANGIYSIS. ... ..o i 23

2.3 Comparison between UMTS and LTE ...........uuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 25
2.3.1 PerformanCe ANGIYSIS......cueii i et e e e e e e s e e e s e e aee s 25

232 StAte OF tNE At e 28




3 Models DeSCHPLION.........ccveii e 31

3.1 SINGlE-Cell MOEI .......oeeiiiieeeeeeee e eaaans 32
3.2 UMTS and LTE SIMUIAtOr..........coooviiiiiiiee e 36
3.2.1 SIMUIALOr OVEIVIEW........coiiiiiieieeeeeeeeee e 36

3.2.2 UMTS and LTE Implementation AnalysiS...........cccoiiiiiiiiiieeinieee e 37

3.3 Simulator Assessment and Model Evaluation..............cccccveeeiiieeeeeeennns 39

4 RESUILS ANAIYSIS ...uuiieiie e 43
4.1 SCENAIIOS DESCIIPLION. .. .uuuiiiiiiiiiiiiiiiiiiiit e 44
4.2 LTE Measurements Results ANalySiS .........cccovvvviiiiiiiiiie e a7
4.2.1 MeasUreMENS SCENAIIOS .......ccceiei e i et 48

4.2.2 ENVIFONMENL... ..o 50

4.2.3 IMODITIEY e e 53

424 Modulation and Antenna Configuration ............ccccooriiieeiiiie e 54

425 Cell EAQe VS Cell CENIIE ....eeeeeiieiee ettt 55

4.2.6 Cell Load and CApaCIt ........ceeiiurieeiiiiiie ittt sbeee e 57

4.2.7 L0701V /=T = To [P PP PP PP PP 59

4.3 LTE Simulation Results CompariSON ............ccovvviviiiiiiiiee e 61
4.4 UMTS versus LTE Results ANalySIS .........ccevviviiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeee 63
44.1 Downlink Performance ANalYSIS .........ccooiiiiiiiiiiei e 63

4.4.2 Uplink Performance ANalySiS.........ccoooieiiii i 69

5 CONCIUSIONS. ..ot 75
ANNEX A — LINK BUAQEL........oiiiiii e 81
Annex B — SINR and Data Rate Models.........cccccoeeiviiiiiiiiiiiiieeieeeee 87
B.1 UMTS/IHSPAT Lt e e e e eaanes 87
B.2 N PPNt 93
Annex C — COST231-Walfisch-lkegami .........cccccooeviviiiiiiiiiiiiiiiiieeecees 105
ANNEX D — MIMO MOAEIS ......ccouiiiiieeeee e 109
Annex E — Simulator User's Manual...............ccooooiiiiiiiiiecieceeeeen, 115
Annex F — Additional RESUIS ..........ccooeviiiiiiiii e, 119
ANNEX G — LTE Coverage MapsS.......coocuuieiiiiiiiiieeieeeeeee e 135
RETEIENCES. .. oo e 139




List of Figures

Figure 1.1. 3GPP’s mobile communications systems’ releases (extracted from [MotoQ9]). .................... 2
Figure 1.2. Trends on the evolution of the telecom market. ..o 3
Figure 1.3. Mobile device data traffic multiplier, based on data equivalents of monthly feature
phone traffic (adapted from [CISCLL]). .cccvrrriieeeiiiiiiiiieei e e e 4
Figure 2.1. UMTS network architecture (adapted from [HOTOOT7]). ....ccoouvreeiiiiiieiiiiiiie i 8

Figure 2.2. Ninetieth percentile throughput as a function of Signal-to-Noise-Ratio (SNR) in
Pedestrian A-channel (extracted from [BEGGO08]) and Throughput as a function

of EcNO in Pedestrian A channel (extracted from [PWSTO7]). ....ccooeeeeiiiiiniin, 11
Figure 2.3. Orthogonality factor, a, as a function of user’s distance to BS (extracted from

=117 o102 ) SRR 14
Figure 2.4. HSDPA data rate compared with the Shannon limit as a function of an average HS-

DSCH carrier and interference power ratio (extracted from [HOT006])..........cccceeennnnnn 17
Figure 2.5. Basic System Architecture of LTE (adapted from [HOTOO09]). ......c.cevevivmeieiniiineiniiiee e, 18
Figure 2.6. DL frame structure type 1, for FDD and TDD (adapted from [AgilO7]).....cccooeeiiiiiiiiiiiiiinnn 20
Figure 2.7. Inter-Cell Interference Coordination limit cases (extracted from [SETB09]). .....ccccvvveeevinnes 23
Figure 2.8. LTE spectral efficiency as a function of the geometry factor (extracted from

g [ LI 01| PO PRSP P PTPPP 24
Figure 2.9. Throughput comparison between UMTS and LTE across the cell (extracted from

[MOTOLO]). et s 26
Figure 2.10. Latency for different technologies (extracted from [RySal0]). ......cccovuvieeiiiiieeiniieeenniieenn, 27
Figure 3.1. Single-cell SINGIE-USEr MOUEL. ........uuumue s 32
Figure 3.2. Extending the single-cell single-user model to the multi-user case, by mapping other

users and BSs as average intra- and inter-cell interference. ..........cccooeoiiiiiiiiiiiccieneenn. 35
Figure 3.3. Cell centre VErsus Cell AgE. ......ouuiiiiiiii e e 35
Figure 3.4. UMTS and LTE Simulator’s architeCture. ... 36
Figure 3.5. Capacity and coverage performance results for UMTS and LTE UFR, for varying

SIMUIALION PEIIOT. ..ottt et e et e e et e e s sbreeeeaaes 40
Figure 3.6. Capacity and coverage performance results for UMTS and LTE UFR, for varying

T8 g o= a0 1S =T RS 41
Figure 4.1. Measurements eqUIPMENT USEU. .........uuiiiiiiiiiiiiiiieiie e e e ettt ee e e e e et ee e e e e e e s s annbeeeeeaeeesaannnes 48
Figure 4.2. Mobility measurements statistics for 0% cell load measurements over all the

TN VZ1 0] o1 4 L= o1 (=SOSR 49
Figure 4.3. SINR statistics of DL static measurements results for different environments. ................... 51
Figure 4.4. Throughput statistics of DL static measurements results for different environments. ......... 51
Figure 4.5. Transmission mode statistics analysis for static measurements in different

TN VZ1 0] a1 4 g L= o1 (=SOSR 52
Figure 4.6. Transmission mode analysis versus SINR and throughput, for mobility

measurements in the Axial eNVIFONMENT. .........ooiiiiiiiiiii e 52
Figure 4.7. Transmission mode versus SINR analysis, for mobility measurements in the Urban

and Dense Urban enVIFONMENTS. ........coiiiiiiiiiiiiia it e e 53
Figure 4.8. CDFs of DL mobility and static measurements’ results for the Urban environment. ........... 53
Figure 4.9. Modulation schemes analysis in DL static measurements’ results for different

ENVIFONMMIENES. .ottt e ettt et e e e e e e e et e e e e e e s e s abbee e e et e e e s e aaanbbeeeaeaeesaannbeeeeaaaeesaannnes 55

Figure 4.10. Serving and neighbouring cell RSRP difference as a function of distance to BS for

Xi



the Axial environment, based on mobility measurements. ............cccocceeeeniiiiiiieeeeennn. 56
Figure 4.11. Cell edge versus cell edge statistics, from mobility measurements in the Urban

TNV 0] o1 4 LT o PR TP UPRURR 56
Figure 4.12. CDFs of DL measurements results, for varying load, in the Urban environment. ............. 57
Figure 4.13. Modulation schemes average use regarding cell load for the Axial environment.............. 58
Figure 4.14. Modulation schemes average use regarding cell load for the Urban and Dense
Urban eNVIFONMENTS. ....i.uiiiiiiiiiii ettt e e s s e e e enbee e e e nneeas 58
Figure 4.15. Performance differences between cell centre and cell edge as a function of cell
load, for varying €NVIFONMENL. .........cooiiiiiiieeee et e e e s e e e e e e e e e e e e e s enrenaees 59
Figure 4.16. Link loss, average SINR and average throughput as a function of distance to
SEIVING BS. e 60
Figure 4.17. Average DL throughput as a function of average SINR.........cccccooiiiiiiiiie v 60
Figure 4.18. Simulated and measured results, respectively for the pedestrian channel and static
INEASUIEIMENTS. ... ei ettt e ettt te e e e e e e eee b a e s e e et eeetab s e e eaeeeenban e eeeeeennnnen 61
Figure 4.19. Simulated and measured results for the Urban vehicular scenario in DL, for varying
o 7> Vo SRRSO 62
Figure 4.20. Simulated and measured performance differences between cell centre and cell
edge in the Urban vehicular scenario, for varying load. ......................cl, 63
Figure 4.21. LTE and UMTS DL SINR for the Urban pedestrian scenario, for varying users’
10 0] o= USRS 64
Figure 4.22. LTE and UMTS DL throughput for the Axial pedestrian scenario, for varying users’
10 0] o= USRS 64
Figure 4.23. LTE and UMTS DL throughput for the Urban pedestrian scenario, for varying users’
010101 o= S P T TS O PP PPP PP POPPP 65
Figure 4.24. LTE and UMTS DL throughput for the Dense Urban pedestrian scenario, for
Varying USEIS’ NUMDET. .....ueiiiiiiiiiiiiit ittt e e e e et e e e e e e e e abnbeeeaaaeeeas 65
Figure 4.25. UMTS to LTE throughput ratio for the Urban pedestrian scenario, for varying users’
T 0] o= RSO 66
Figure 4.26. LTE and UMTS coverage results for the Urban pedestrian scenario, for required
1Mbps and 5Mbps throughPUL SEIVICE........uuuie e 67
Figure 4.27. LTE and UMTS coverage results for the Urban pedestrian scenario, for required
10MDPS throUGNPUL SEIVICE. ...uueiiii s 67
Figure 4.28. Performance differences between cell centre to cell edge for the pedestrian
channel With LTE UFR. ...cooiii sttt eee e e e e e s e e e e e e e e nnnnnes 69
Figure 4.29. LTE and UMTS UL SINR for the Urban pedestrian scenario, for varying users’
010101 o= S PO POTTUPPP TP 70
Figure 4.30. LTE and UMTS UL throughput for the Axial pedestrian scenario, for varying users’
10T 0] o= TP PRPP PR 71
Figure 4.31. LTE and UMTS UL throughput for the Urban and Dense Urban pedestrian
scenarios, for varying USErs’ NUMDET. ........c..uiiiiiiiiiiiiiie ettt 71
Figure 4.32. UMTS to LTE throughput ratio for the Urban pedestrian scenario, for varying users’
10T 0] o= TP PRPP PR 72
Figure 4.33. LTE and UMTS coverage results for the Urban pedestrian scenario, for required
1Mbps and S5Mbps throughPUL SEIVICE. ......coiiiiiiiiiiiiie e 72
Figure 4.34. LTE and UMTS coverage results for the Urban pedestrian scenario, for required
10OMDPS throUGNPUL SEIVICE. ....eeiiiiiiiiie it 73
Figure 4.35. Performance difference between cell centre to cell edge in the LTE UFR Urban
pedestrian scenario, for varying number of users in the cell. ...........ccciiiine. 74
Figure B.1. HSPA+ DL with MIMO configurations — SNR as a function of physical Throughput
(extracted from [JACI09]). ..o et e e 90
Figure B.2. HSPA+ UL for 16QAM — EcNO as a function of physical Throughput (extracted from
182102 ) PO PP 90

Figure B.3. HSPA+ DL with MIMO and SISO configurations — physical Throughput as a function

Xii



of SNR (extracted from [JACI09]). ...ccoeiiiiiiiiiiiiiiee et 92
Figure B.4. HSPA+ UL for 16QAM — physical Throughput as a function of SNR (extracted from

[JACI0OY). eeteeiittiee ettt ettt e e e e e e e e e 93
Figure B.5. Channel and transmission bandwidth configuration for a LTE carrier (extracted from

LT 1101 | SRS 95
Figure B.6. LTE EPA5Hz downlink physical throughput per RB for two layer 16QAM and

64QAM modulation schemes as a function of SNR. .........ccocciiiiiiiniie e 101
Figure B.7. LTE EPA5Hz uplink physical throughput per RB for two layer 16QAM and 64QAM

modulation schemes as a function of SNR............ccccciiiiiii e, 104
Figure C.1. COST231 Walfisch-lkegami assumptions and associated definition parameters

(extracted from [CorrL0]). ..oioociiieiee e ieceee e e e e e s st r e e e e e s e r e e e e e e s aannne 105
Figure D.1. Different radio transmission schemes, SISO, SIMO, MISO and MIMO (adapted from

72X L 5 ) PSR 109
Figure D.2. Average SINR, rank 1 SINR and rank 2 SINR levels (extracted from [Optill])................ 110
Figure E.1. Main simulator window: simulation parameters, channel, propagation model,

systems' and output results path definition...................... 115
Figure E.2. UMTS/HSPA+ parameters iNPUt WINAOW. .........coocuuiieiiiiieiiiie et 116
Figure E.3. LTE parameters iNPUt WINAOW. ..........uuuuiiii s 117
Figure E.4. Channel model and Propagation Model parameters input Windows. ...........cccccevvveeeennnen. 117
Figure F.1. SINR statistics of DL mobility measurements results for different environments. ............. 119
Figure F.2. Throughput statistics of DL mobility measurements results for different

ENVIFONMIEINES. .eiiiiiiiiteit et e ettt et e e e e bbb e e e e e e e e s e sbebe e et e e e s e aaanbbbeeeeeeesaannbaneeeaaeeeaannnes 120
Figure F.3. Transmission mode statistics analysis for mobility measurements in different

LT NV 0] o1 gL o] £ USSP PERPR 120
Figure F.4. SINR statistics for average SINR, Rankl SINR and RANK2 SINR, from mobility

measurements in the Axial enVIrONMENL. .........ooooiiiiiiiiee e 121
Figure F.5. CDFs of DL mobility and static measurements’ results for the Axial environment. ........... 121
Figure F.6. CDFs of DL mobility and static measurements results for the Dense Urban

(=T V7 0] o1 19T o | PSSP 121
Figure F.7. Average modulation usage analysis of DL mobility measurements’ results for

different @NVIFONMENTS. ....ooiiiiiiiiii et e e e e e e s aanees 122
Figure F.8. Cell edge versus cell edge statistics, from mobility measurements in the Axial

LTV 1 g0 o1 41T o TP T UOUUPUPPPPTN 122
Figure F.9. Cell edge versus cell edge statistics, from mobility measurements in the Dense

(8o =T T =T 0 1V o o o 1= o | USSR 122
Figure F.10. CDFs of DL measurements results, for varying load, in the Axial environment. ............. 123
Figure F.11. CDFs of DL measurements results, for varying load, in the Dense Urban

LT N1 0] o1 4 g1 o O PR TP OUUPUPRRPTN 123
Figure F.12. Transmission mode average use regarding cell load, for different environments. .......... 124
Figure F.13. Cell centre versus cell edge average SINR and average throughput as a function of

load, for the AXial @NVIFONMENT. .......ooiiiiiiiiie e 124
Figure F.14. Cell centre versus cell edge average SINR and average throughput as a function of

load, for the Urban and Dense Urban environments. ............ccuveeieieeiiiiiiiieeeeee e 125
Figure F.15. DL SINR PDFs of measured and simulated results for the Axial pedestrian

LT =] g - [ TSRS 125
Figure F.16. DL SINR PDFs of measured and simulated results for the pedestrian channel of

the Urban and Dense Urban envirONMEeNtS. ...........cooiiiiiiiiiieiiiiiiiiiieee e 125
Figure F.17. Simulated and measured results for the Axial vehicular scenario in DL, for varying

(o= T FR TP OUUPUPRPPTN 126
Figure F.18. Simulated and measured results for the Dense Urban vehicular scenario in DL, for

17z 15771 T T (o - T 1S SRR 126
Figure F.19. Simulated and measured results for the difference between cell centre to cell edge

in the Axial vehicular scenario, for varying load. .........ccccccoiiiiiiie e 126

Xiii



Figure F.20. Simulated and measured results for the difference between cell centre to cell edge

DL in the Dense Urban vehicular scenario, for varying load. ............cccocoveeiiiineeenns

Figure F.21. Simulated cell edge versus cell centre results for DL of the Axial vehicular

scenario, for Varying [0ad. ..........cueiiiiiiii e

Figure F.22. Simulated cell edge versus cell centre results for DL of the Urban vehicular

scenario, for varying l0ad. ..........cc.uuvvrii e

Figure F.23. Simulated cell edge versus cell centre results for DL of the Dense Urban vehicular

scenario, for varying l0ad. ..........cueiiiiiiiii e

Figure F.24. LTE and UMTS DL SINR for the Axial and Dense Urban pedestrian scenarios, for

Varying USErs’ NUMDET. .....ouuiiiiiiiiii i

Figure F.25. UMTS to LTE throughput ratio for the Axial and Dense Urban pedestrian scenarios,

fOr Varying USEIS’ NUMDET. ......ciiii oot e e e e st e e e e e e e e nreaee s

Figure F.26. LTE and UMTS coverage results for LTE UFR’s DL in the pedestrian scenario, for

required 1Mbps and 5Mbps throughput SEIVICE. ........ceeviiiiiiiiiiiee e

Figure F.27. LTE and UMTS coverage results for LTE UFR’s DL in the pedestrian scenario, for

required 10Mbps throughpuUL SEIVICE. .......coiiiiiiiiiiiiiee e

Figure F.28. Cell centre to cell edge reduction in the Urban pedestrian scenario for UMTS DL,

when varying NUMDBEr Of USEIS........uuiiiiiiiiiiiiiiiiiiiieiieiieeieseeeteveeeeeeseeeeseeseseesreseeesenennne

Figure F.29. Performance difference between cell centre to cell edge DL in the LTE ICIC Urban

pedestrian scenario, for varying number of users in the cell. ...........occiiieiiiinns

Figure F.30. SINR and throughput, in DL, as a function of distance to BS, for the Urban

pedestrian scenario with a single Cell USEr. ..o

Figure F.31. LTE and UMTS UL SINR for the Axial and Dense Urban pedestrian scenarios, for

Varying USErS’ NUMDET. ....oooiiiiiiiiiiiiiiiieieieieeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeasseessesssssssssssssssssennnnnes

Figure F.32. UMTS to LTE throughput ratio for the Axial and Dense Urban pedestrian scenarios,

fOr varying USErs’ NUMDET. .......coiiiiiiiiiiieie e

Figure F.33. LTE and UMTS coverage results for LTE UFR’s UL in the pedestrian scenario, for

required 1Mbps and 5Mbps throughput SEIVICE. ........ccceeiiiiiiiiiiiiie e

Figure F.34. LTE and UMTS coverage results for LTE UFR’s UL in the pedestrian scenario, for

required L0Mbps throughput SEIVICE. ........uue s

Figure F.35. Cell centre to cell edge reduction in the Urban pedestrian scenario for UMTS UL,

when varying NUMDBDEr Of USEIS........uuiiiiiiiiiiiiiiiiiiieieieieieiieessaeseeavveveseeeeaseseseresseesennnene

Figure F.36. Cell centre to cell edge reduction in the Axial pedestrian scenario for LTE, for

varying number of users in the Cell. ...,

Figure F.37. Cell centre to cell edge reduction in the Dense Urban pedestrian scenario for LTE,

for varying number of users in the Cell............oovvvriiiiiiiiiiiiiieeeeeeee s

Figure F.38. SINR and throughput, in UL, as a function of distance to BS, for the Urban

pedestrian scenario with a single Cell USEr. .......ccooiiiiiiiiiiiiicc
Figure G.1. Outdoor LTE Cluster in Porto (extracted from [GOE@11]). ......coccveeeiiiiniiiiiiieeeiiee e,

Figure G.2. Inter-BS distance, measured as the distance to the closest detected cell, for the

Axial environment (extracted from [GOEQLL] ). ....eevrveriiiiiiiiiiiiieeieiiiieeee e

Figure G.3. Inter-BS distance, measured as the distance to the closest detected cell, for the

Urban environment (extracted from [GOEALL]). ....c.uuveieieeiiiiiiiiiiieie e

Figure G.4. Inter-BS distance, measured as the distance to the closest detected cell, for the

Dense Urban environment (extracted from [GOEQLL] ). ....ccovvvveiiiiiiieeiiiiiieeeiiiieeenns

Figure G.5. Drive tests’ and static measurements’ spots results, sorted by DL throughput

(extracted from [GOEALL]). .....uuueeiiaaaiiiiiiiie ittt e e et e e e e e e e e

Figure G.6. Drive tests’ route for coverage analysis, sorted by DL throughput (extracted from

[LCTo] =r= W I ) PO TP PRUPUPRPPTN

127

..128

129

129

129

..130

..130

131

131

131

132

132

..133
..135

..135

..136

..136

137

Xiv



List of Tables

Table 2.1. Benchmarking of Dual carrier HSDPA and MIMO (adapted from [HOT009])...........ccccuveeennee 12
Table 2.2. Feature comparison of the HSPA+ achievements in DL and UL directions. .............ccc.uee.... 12
Table 2.3. DL user throughput performance for 500 m Inter-Site Distances (ISD), (adapted from

1] d 01 TR PR 26
Table 2.4. DL and UL spectrum efficiency performance 500 m ISD (adapted from [3GPP09)). ........... 27
Table 2.5. Major features comparison, under analysis in this thesis, between UMTS and LTE

(adapted from [HoTo07], [HoTo09], [Moto07] and [ANACLL]). .eeeeevvviiiiiieeeee e, 28
Table 3.1. User throughput and distance to BS for 1 Mbps and 5 Mbps data rates in UMTS. .............. 41
Table 3.2. User throughput and distance to BS for 1 Mbps and 5 Mbps data rates in LTE UFR. ......... 42
Table 4.1. COST231-Walfisch-lkegami’'s environment parameters for the urban scenarios,

@] o 13 PRSP 44
Table 4.2.Default values used in UMTS and LTE link budgets (based on [Jaci09], [EsPe06],

[HoTo09], [POP010] and [OPLILL]). ..uuuuuuuuunn s 45
Table 4.3. Neighbouring BS’s transmitted power, regarding cell load, [Optill]........cccccconiiiiiiniiieeennnnnn. 47
Table 4.4.Default required service data rates considered for coverage analysis (based on

[JACI0] AN [PEIELLY). . e s 47
Table 4.5. Equipment used in LTE [iVe MEASUrEMENTS. .........eiiiiiiieiiiiiiee ettt 48
Table 4.6. SINR’s and throughput’s mean and standard deviation, for different environments............. 51
Table 4.7. SINR’s and throughput's mean and standard deviation for static and mobility

LSTot = g T [ 1 TP PP PPPPPPPRTN 54
Table 4.8. SINR’s and throughput’s mean and standard deviation for cell edge versus cell

centre, for the Mobility SCENATO. .....c.ooiiii i 56
Table 4.9. SINR’s and throughput's mean and standard deviation for varying load scenarios in

the Urban @NVIFONMIENT. ........oiii it e e e s e e e e e e e as 57
Table 4.10. Correlation coefficients between measured and simulated results, for varying

TNV 100 o1 4 1T o PRSP PT T POPUPPPPUPTN 62
Table 4.11. Correlation coefficients between measured and simulated results of cell centre to

cell edge reduction, for varying environment in mobility. ............cccooiiiiini e, 63
Table A.1l. Distributions and standard deviations for slow and fast fading margins (extracted

FrOM [JACI0O]). . ettt e et e e e b e e e e 84
Table A.2. Rice parameter (based 0N [GGEMO9]). ...cooiuuiiiiiiieaaie it 84
Table A.3. Channel coherence tiMe VAIUES. .........coiiiiiiiiiiiiiieie et r e e e e e s ennaneeees 85
Table B.1. Characterisation of the channel models used, in terms of Doppler frequency spread

and delay spread (extracted from [JACI09]). ...ceeeeeiiiiiiiiiiie e 93
Table B.2. Extrapolation EVA5Hz to EPA5Hz (extracted from [DUarO8]). ....c..vvvvveeeeviiiiviiiieeeese e 94
Table B.3. Transmission band (adapted from [DUr08]). ........cceiiiirrrimirieeiiiiiiiieire e e e s esieieree e e e s s eeneeeeees 94
Table D.1. Decision matrix for the main LTE MIMO modes (adapted from [Tele09])........cccccceeerrinnnne 111
Table D.2. Mean value of uRMG for systems with NR=2, independent of cell type (extracted

FrOM [KUCO08])....eeeeeeiiieiie ittt st e ekttt e e s st e e e s nbne e e s nnneeee s 112
Table D.3. Mean value of pRMG for systems with NT>2 and NR>2 for different cell types

(LT OTo 107 ) PSP 112
Table D.3 (cont.). Mean value of uRMG for systems with NT>2 and NR>2 for different cell types

(L CE @010 ) PSP RP 113
Table F.1. Distance to serving BS mean and standard deviation, for different environments. ............ 119

XV



Table F.2. ISDS for varying €NVIFONMENT. ...........uuiiiiiaaaie ittt e et e e e e e e s s st e e e e e e e s e sanbeeeeeaeeeaaannnes 119
Table F.3. SINR’s and throughput's mean and standard deviation of DL mobility measurements,

for different eNVIFONMENTS. .......ooi e 120
Table F.4. Serving cell and detected cell RSRP difference given as a function of distance to BS,

obtained by CUrVe fittiNg. .......ooiciiiir e 120
Table F.5. SINR’s and throughput’'s mean and standard deviation for varying load scenarios in

the AXial ENVIFONMENT. .....ueiiiiii e e e e e e e serbeeeeaeeeean 123
Table F.6. SINR’s and throughput’'s mean and standard deviation for varying load scenarios in

the Dense Urban enVIrONMENT. ...........ooiiiiiiiiiie e 124
Table F.7. Average throughput ratio as a function of number of cell users, obtained by curve

11T PSSR 128

Xvi



3G
3GPP
4G
AMC
AWGN
BER
BLER
BS
CCH
CDF
CDMA
CN

CP
CPC
CQl
CS
CSl
Csv
DCH
DL
DPCCH
DPCH
DS-CDMA
DSCH
E-DCH
EIRP
eNB
EPA
EPC
EPS
ETU
E-UTRAN
EVA
FACH

List of Acronyms

3rd Generation

3rd Generation Partnership Project
4th Generation

Adaptive Modulation Coding
Additive White Gaussian Noise
Bit Error Rate

Block Error Rate

Base Station

Common Channel

Cumulative Distribution Function
Code Division Multiple Access
Core Network

Cyclic Prefix

Continuous Packet Connectivity
Channel Quality Indication
Circuit-Switched

Channel State Information
Comma-Separated Values
Dedicated Channel

Downlink

Dedicated Physical Control Channel
Dedicated Physical Channels
Direct-Sequence CDMA
Downlink Shared Channel
Evolved-DCH

Equivalent Isotropic Radiated Power
Evolved Node B

Extended Pedestrian A

Evolved Packet Core Network
Evolved Packet System
Extended Typical Urban
Evolved UTRAN

Extended Vehicular A

Forward Access Channel

XVii



FDD
FTP
GBSB
GGSN
GMSC
GPRS
GSM
GUI
HARQ
HLR

HO

HOM
HSDPA
HS-DPCCH
HS-DSCH
HSPA
HSPA+
HS-PDSCH
HSS
HS-SCCH
HSUPA
ICIC

IMS

P

IPTV
ISD

ISI

L1

L2

LoS

LTE
MAC
MBMS
MCS

ME
MIMO
MISO
MM
MME
MRC

Frequency Division Duplexing

File Transfer Protocol

Geometrically Based Single Bounce
Gateway GPRS Support Node
Gateway MSC

General Packet Radio Service

Global System for Mobile Communications
Graphical User Interface

Hybrid Automatic Repeat Request
Home Location Register

Handover

Higher Order Modulation

High Speed Downlink Packet Access
High-Speed Dedicated Physical Control Channel
High-Speed Downlink Shared Channel
High Speed Packet Access

HSPA Evolution

High-Speed Physical Downlink Shared Channel
Home Subscription Server

High-Speed Shared Control Channel
High Speed Uplink Packet Access
Inter-Cell Interference Coordination

IP Multimedia Sub-system

Internet Protocol

IP Television

Inter-Site Distance

Inter-Symbol Interference

Layer-1

Layer-2

Line of Sight

Long Term Evolution

Medium Access Control

Multimedia Broadcast Multicast Service
Modulation and Coding Scheme
Mobile Equipment

Multiple Input Multiple Output

Multiple Input Single Output

Mobility Management

Mobility Management Entity

Maximal Ratio Combining

Xviii



MMOG
MSC
MT

NB
NLoS
OFDM
OFDMA
OLSM
OVSF
PAR
PBCH
P-CPICH
PCRF
PDCCH
PDSCH
PDU
P-GW
PMI
PRACH
PS

PSS
PUCCH
PUSCH
QAM
QoS
QPSK
RACH
RB

RF

R

RLC
RMG
RNC
RRC
RRM
RSRP
RTT
SAE
SAE-GW
SC-FDMA

Multimedia Online Gaming

Mobile Switching Centre

Mobile Terminal

Node B

Non-LoS

Orthogonal Frequency Division Multiplexing
Orthogonal Frequency Division Multiple Access
Open Loop Spatial Multiplexing
Orthogonal Variable Spreading Factor
Peak-to-Average-power-Ratio
Physical Broadcast Channel

Primary Common Pilot Channel
Policy and Charging Resource Function
Physical Downlink Control Channel
Physical Downlink Shared Channel
Protocol Data Unit

Packet Data Network Gateway
Pre-coding Matrix Indicator

Physical Random Access Channel
Packet-Switched

Primary Synchronisation Signal
Physical Uplink Control Channel
Physical Uplink Shared Channel
Quadrature Amplitude Modulation
Quiality of Service

Quadrature Phase Shift Keying
Random Access Channel

Resource Block

Radio Frequency

Rank Indicator

Radio Link Control

Relative MIMO Gain

Radio Network Controller

Radio Resource Control

Radio Resource Management
Reference Signal Reference Power
Round Trip Time

System Architecture Evolution

SAE Gateway

Single Carrier Frequency Division Multiple Access

XiX



SF Spreading Factor

SFBC Space-Frequency Block Coding

SGSN Serving GPRS Support Node

S-GW Serving Gateway

SIMO Single Input Multiple Output

SINR Signal-to-Interference-plus-Noise Ratio
SIR Signal-to-Interference-Ratio

SISO Single Input Single Output

SNR Signal-to-Noise-Ratio

SSS Secondary Synchronisation Signal

TDD Time Division Duplexing

TTI Transmission Time Interval

UE User Equipment

UFR Universal Frequency Reuse

UL Uplink

UMTS Universal Mobile Telecommunications System
USIM UMTS Subscriber Identity Mobile
UTRAN UMTS Terrestrial Radio Access Network
VLR Visitor Location Register

VolP Voice over IP

WCDMA Wideband CDMA

WIMAX Worldwide Interoperability for Microwave Access

XX



PN
Pin

Pn rcic

List of Symbols

Downlink orthogonality factor

Subcarrier activity factor of cell s

Subcarrier spacing

Mean relative error

Mean square error

Load factor

Average DL load factor value across the cell
Scheduler efficiency

Mean value

Non-centrality parameter of the Rice distribution
SNR

SNIR

SNR employing ICIC schemes

Incidence angle

Standard deviation

Fast fading coherence time

Slow fading coherence time

Average power decay

Bandwidth of the total RBs allocated, in LTE, or R., in UMTS
Bandwidth allocated to user k

Average bandwidth of the RBs allocated per user
Capacity of the MIMO system

Correlation between random variables Z and Y
Covariance between random variables Z and Y
Capacity of the SISO system

Distance between user and BS

Energy per bit

Energy per chip stream

Frequency

Noise figure of the receiver

Array gain

Diversity gain

XXi



GICIC
Gumys
GMHA
Gmulti—user div
Gp
Gpos

Gr div

LCOST231

LLink

ICIC scheme gain

Relative MIMO Gain

Masthead amplifier gain

Capacity gain obtained due to multi-user diversity
Processing gain

Capacity gain obtained due to users’ positioning in the cell
Gain of the receiving antenna, including diversity

Galin of the receiving antenna

Relative SIMO gain

Gain of the transmitting antenna

BS height

Buildings’ height

Channel gain from the serving cell s to user k, transmitting in RB j
Channel gain from the serving cell s,, to user k,,, transmitting in
RB j

MT height

Ratio of inter- to intra-cell interferences power

Rice parameter

Dependence of the multiscreen diffraction loss versus distance
Free space loss

COST231-Walfisch-lkegami propagation losses

Link loss

Cable losses between transmitter and antenna

Pathloss

Pathloss due to indoor propagation

Pathloss from serving BS to user k

Pathloss from user k in cell s to the serving BS

Pathloss from BS s to the user

Maximum pathloss without attenuation or losses

Pathloss due to outdoor propagation

Total pathloss

Propagation model losses

Approximation for the multi-screen diffraction loss
Rooftop-to-street diffraction and scatter loss

User losses

Modulation order

Total margin

Total fading margin

XXil



Mg Fast fading margin

M, Interference margin

M, Average interference margin

Mgp Slow fading margin

N Total noise power

Ny Noise power spectral density

Npgs Number of neighbouring BSs

Ny Number of receiving antennas

NPk Number of RBs used in DL

NYE Number of RBs used in UL

Ny Number of user RBs

Nip Noise power at the receiver

Npa Timing offset between UL and DL radio frames at the UE in units

of T
NENB Ratio between users close to eNB and total number of users
NRB Number of subcarriers per resource block
Ngtreams Number of MIMO streams

Nmb Number of symbols per sub-frame
N3oL, Number of symbols per time slot

Np Number of transmitting antennas

N, Number of users

N, Number of samples of dataset Z

P, Interference power

linter Received inter-cell interference power
PRt Received DL inter-cell interference power
Pk Received UL inter-cell interference power

lintra Received intra-cell interference power
PpE Received DL intra-cell interference power
Pt Received UL intra-cell interference power

Maximum interference power of cell s

linter;max s

Pr, Total transmission power
ppL Total BS transmitted power
PPl BS transmitted power to user k
ppL BS s transmitted power
Pily UE transmitted power to BS
P}’;’k’s Transmitted power from user k in adjacent cell s
pP£o™ Power allocated to the common channels
ppe? Power allocated to the dedicated channels

Xxiii



PS
TXj

Sn
TXj

PDSCH
PHS—DSCH
PRx min

PS&C

Tsr

Tslot

|

Transmit power from cell s, transmitting in RB j
Transmit power from cell s,,, transmitting in RB j

Received power of the DSCH
Received power of HS-DSCH
Receiver sensitivity

Signalling and control power

Power available at the receiving antenna
Power fed to the transmitting antenna
Cell radius

Data bit rate

Average user data bit rate

Chip rate

HS-PDSCH Spreading Factor of 16
Sample period

Sub-frame period

Time slot duration

User activity factor

Average user activity factor

Mean value of x

Inter Buildings Distance

Street width

Sample i of variable z

XXiV



MATLAB

Microsoft Visual C++ 2010
Microsoft Excel 2007
Microsoft Word 2007
Microsoft Powerpoint 2007
Microsoft Visio 2007

List of Software

Computational Math Tool

ANSI C++ Integrated Development Environment
Calculation and graphical chart tool

Text editor software

Presentation software

Design tool (e.g. diagrams, flowcharts, etc)

XXV



XXVi



Chapter 1

Introduction

The present chapter introduces the theme of this dissertation, in particular, over a contextual and
motivational perspective, while simultaneously providing an overview of the assumptions established
for the work development. Furthermore, it establishes the scope for the work performed together with

its main contributions, followed by the detailed presentation of the work’s structure.




1.1 Overview

Mobile communications have known, in recent years, great technological developments that have had
important social and economical impacts. No matter where, how old or for what cost, societies in
general have been eager to be part of the emerging highly connected information world. The demand
for an always on connection to Web services and personal communications services has supported
the development of broadband connection services. Particularly, for cellular systems in Europe, this is
directly reflected in a huge appetite for mobile broadband capable systems, namely the Universal
Mobile Communications Systems (UMTS), in its latest High Speed Packet Access Evolved (HSPA+)
version, marketed as a 3" Generation (3G) technology, and the Long Term Evolution (LTE) system,
marketed as a 4™ Generation (4G) one, Figure 1.1. While UMTS's initial release came out around the
year 2000, LTE was standardised in 2007, both by the 3" Generation Partnership Project (3GPP), and
initial standards for LTE Advanced have been later introduced in 2010.

3GPP Releases 0

Release 10: LTE Advanced trwe 4G
Release 9: SAE Enhancement, VWiIMAXLTE/UMTS Interop
Release 8: LTE & SAE introduction; common IMS

Release 7: HSPA+ and IMS Evolutions

Release 6: HSUPA, MBNS, WLAN Interworking

Release 5: HSDPA and IMS Introduction

ase 4. BICN (Bearer Independent Core Network)

2000 = 3 Inttial 3G UMTS release

Figure 1.1. 3GPP’s mobile communications systems’ releases (extracted from [Moto09]).

As for HSPA+, specified in 2006 in 3GPP’s Release 7, it is the natural upgrade from the High Speed
Packet Access (HSPA), providing backward compatibility with all former UMTS evolutions. Based on
Wideband Code Division Multiple Access (WCDMA), it supports both data and voice services.
Enhanced features include optimal performance for single and aggregated 5 MHz carriers, while it
also enables Multiple Input Multiple Output (MIMO) schemes for data rate improvements, currently

allowing for a theoretical maximum of 42 Mbps in Downlink (DL), and 11.5 Mbps in Uplink (UL).

In LTE, specified in 3GPP’s Release 8 in 2008, significantly different technologies are employed, both




in the air interface and core network, aiming at bringing higher spectral efficiency and the network
closer to the world of Internet Protocol (IP). LTE uses Orthogonal Frequency Division Multiplexing
(OFDM) for radio access, together with more advanced MIMO schemes, providing for theoretical

maximum data rates of 326 Mbps and 86 Mbps, for DL and UL, respectively.

Performance and usability of mobile handsets has improved together with a wide adoption of 3G
dongles. As a consequence, mobile data traffic has been increasing exponentially, Figure 1.2-a), and
the number of subscribers continues to grown considerably, as well as usage rates. The emergence of
new applications, such as Multimedia Online Gaming (MMOG), Web 2.0 and Video Streaming, is in
many cases responsible for this unprecedented increase. All together, a growing traffic placed on 3G
networks is bringing significant network congestion in urban areas, and many operators are reporting
that a significant portion of their cell sites are already running over capacity, despite having enabled all
their UMTS carriers, [Moto09].

Simultaneously, as data services are following a growth curve similar to the one seen for wire line
data, the average revenue per user is falling almost as rapidly, Figure 1.2-b). Thus, wireless network

operators in virtually every market have been analysing the need to change the way they deliver

services.
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Figure 1.2. Trends on the evolution of the telecom market.

Once an operator has deployed all of its UMTS carriers, it is faced with the need to provide additional
capacity, which can only be achieved by adding more cells sites or by means of an LTE network
overlay. Many operators have been lead to deploy LTE to meet the needs of the wireless broadband
mass market, and allow for bandwidth-hungry applications to be supported cost effectively with better
user experience. A solution could be to initially promote LTE for the heaviest data users, e.g., laptop
subscribers, relieving the congestion on the 3G network for lighter users, e.g., smartphone

subscribers, Figure 1.3.




According to the study case by [Moto09], this strategy would allow to deliver mass market wireless
broadband, minimise proliferation of cell sites, and enhance consumer experience by relieving
congestion, while further leveraging high performance LTE for early adopters. Higher data rates, flat
rate tariff and continually improving coverage are thus perfectly reachable, i.e., by initially adopting the

high capacity LTE in addition to an HSPA network.

Furthermore, it is expected that LTE capacity and lower cost per bit allow for high quality video
streaming on any type of mobile devices. Mobile operators with fixed line broadband networks that are
already offering Television over IP (IPTV) like services will also be able to leverage these assets on
LTE. Rich media solutions connected to the LTE core network will give operators the ability to
converge broadcasting, video on demand, innovative applications and advertisements solutions into

their LTE service, and hence provide the opportunity for faster investment recovery.

With the envisaged throughput and latency targets complemented by an emphasis on simplicity,
spectrum flexibility, added capacity and lower cost per bit, LTE is destined to provide a greatly
improved user experience. Furthermore it is expected to deliver new revenue generating mobile
services that will excite users and help operators drive competitive advantage and benefit their mobile

broadband services profitability.

515
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Figure 1.3. Mobile device data traffic multiplier, based on data equivalents of monthly feature phone
traffic (adapted from [Cisc11]).

Faced with the described market trends and the current economical situation, Portuguese operators
have been carefully analysing the new opportunities generated by the system, together with the first
tests on recently installed LTE clusters. In most cases, operators have recently deployed
UMTS/HSPA+ and in some cases even double carrier HSPA+. However, the settlement of a new
system architecture and network planning is still required in the near future, and should prove to be

worthwhile from the operators’ view point.

Real data rate performance gains over the average system cell are thus of great interest to the
operator, in order to provide sustainable decision on the migration. Preparing the network to meet the
growing subscribers’ hunger for bandwidth demands a strategic and focused approach, and only by
making careful, well-planned choices in next generation technology will today’s operators survive in an

increasingly competitive market.




1.2 Motivation and Contents

The main scope of this thesis is to compare two systems: UMTS/HSPA+ and LTE. As LTE looks for its
place as the successor to UMTS, an analysis of the system’s transmission characteristics over varying
environment, channel, cell load and coverage for different services is determinant for migration
analysis. Therefore, the aim of the analysis is to study, for both DL and UL, capacity and coverage

aspects, taking data rate gains as a reference.

The main contribution of this thesis is the development of a model for two different analysis: one to
evaluate maximum data rates obtained, allowing for computing data rate gains from UMTS/HSPA+ to
LTE, and the other to analyse maximum cell range, providing the use of a given service. Supported by
measurements performed in a live LTE network, one can have a very good comparison of the two

technologies at stake.

For work development, a partnership was established with Optimus, a Portuguese mobile operator.
The collaboration had the important role of providing assistance on several technical details and

insights on the technologies, as well as supporting the measurements’ campaign performed.

The present thesis is composed of 5 chapters, including the present one. Chapter 2 presents an
introduction to UMTS/HSPA+ and LTE. UMTS basic concepts are overviewed, and key features of the
releases under study emphasised. Particularly, radio interface measurement grades are out looked,
regarding coverage and capacity. A similar analysis follows then, for LTE, in a subsequent section. At
the end, a full side by side comparison of the two systems is presented, enhancing key strengths and

weaknesses of the two systems, followed by an overview of the current state of the art on the topic.

Chapter 3 introduces the developed models used for simulation. The single cell model is explained, for
both single- and multi-user scenarios, for analysis over different channel, environment, cell load and
service coverage scenarios. UMTS and LTE systems’ modules developed for both DL and UL are also
described together with the propagation and channel simulation modules. The simulator assessment

is presented at the end.

In Chapter 4, LTE measurements’ and simulations’ single-user results are taken under an exhaustive
analysis, where the influence of varying environment, channel and cell load is mainly considered.
Finally the full comparison with capacity and coverage results for UMTS/HSPA+ is done, for a multi-

user scenario, and for both DL and UL.

Chapter 5 concludes the present dissertation, where a critical analysis is drawn followed by the main
work conclusions. Furthermore, suggestions for future work are outlined and paths for further research
on next generation mobile communications’ solutions are enlightened. Finally, a set of annexes closes
the present document, with supplementary information, when the need for the global comprehension

of the problem exists.







Chapter 2

Basic Concepts

This chapter provides an overview of UMTS, focusing on system architecture, radio interface,
coverage and capacity, and general performance. In the following the LTE system is analysed in a
similar way, drawing comparisons with UMTS. Finally, a brief comparison between the two systems is
drawn and state of the art on the subject presented.




2.1 UMTS

This section overviews the fundamental concepts regarding UMTS in its most recent form. First, the
system architecture is presented, together with its main elements. A brief description of the radio
interface follows, basic concepts of coverage and capacity are overviewed, and finally a performance

analysis is drawn. This section is based on [HoTo07] and [3GPP10a].

2.1.1 Network Architecture

UMTS'’s network architecture, Figure 2.1 was first defined in 3GPP’s Release99, remaining
unchanged in later releases. It consists of a number of network elements that can be grouped into
three sub-networks: User's Equipment (UE), UMTS Terrestrial Radio Access Network (UTRAN) and
Core Network (CN).

Node B
b ene | 1o MSCHL Igmsc| ( PS Networks
lub \ 1 VLR
UsIiMm Node B '\\ / ‘ /
| W
U u  du | ) HLR
ME A
Node B [N
lUb RNC [1u-|SGSN —|GGSN| | CS Networks
Node B
UE UTRAN | CN _External networks

Figure 2.1. UMTS network architecture (adapted from [HoTo07]).

The UE is composed by the UMTS Subscriber Identity Mobile (USIM), and by the Mobile Equipment
(ME) or Mobile Terminal (MT), connected through the Cu interface. The USIM contains user-specific
information and an authentication key used in access to the network. The ME is the UMTS terminal,
which incorporates the protocol stack of the radio interface, as well as the operating elements for the

user interface.

The UTRAN encapsulates all tasks connected with transmission of information over radio, and
consists of the Node Bs (NBs), the Base Stations (BSs), and the Radio Network Controller (RNC). The
Node B converts the data flow between the lub and Uu interfaces, dealing with the radio channels and
the RNC that owns and controls the radio resources in its domain, connecting to the NB and also to

the CN through the lu interface. RNCs are connected through the lur interface.

The UMTS CN is based on the GSM network, providing the switching, routing, transport and database

functions for user traffic. The CN contains Circuit-Switched (CS) elements such as: the Mobile




Switching Centre (MSC), a central switching node of the CS domain of the CN, responsible for
switching the CS transactions, namely voice; and the Gateway MSC (GMSC), a switch on the
connection between the CN and the external CS networks. Regarding Packet-Switched (PS) elements
it includes: the Serving General Packet Radio Service (GPRS) Support Node (SGSN), a central
switching node of the PS domain in the CN, responsible for the delivery of data packets from and to
the BSs; and the Gateway GPRS Support Node (GGSN), a switch with functionality close to that of
GMSC, but connecting the CN to the external PS networks.

Furthermore, two elements exist that are both CS and PS based: theHome Location Register (HLR), a
database located in the users’ home system that stores the users’ service profiles, such as associated
authorisations and keys in a connection; and the Visitor Location Register (VLR), a distributed
database that saves temporary information about the active users in the geographical area allocated
to it, preventing the central database to be interrogated for all the subscriber information each time a

new subscriber roams into a location area.

2.1.2 Radio Interface

UMTS’s WCDMA radio interface is based on Direct-Sequence Code Division Multiple Access (DS-
CDMA), a spread spectrum air interface, with a chip rate of 3.84 Mcps leading to a radio channel of
4.4 MHz and separation of 5 MHz. This access method allows for very high and variable bandwidths,
low delay, smooth mobility for voice and packet data and inter-working with existing GSM/GPRS
networks. As defined in [3GPP10a], in 3GPP’s Release 99, the frequency bands for Europe are
[1920, 1980] MHz for UL and [2110, 2170] MHz for DL.

In UMTS, two types of codes are used for spreading and WCDMA multiple access: channelisation and
scrambling, [Corr08]. Channelisation codes are used in DL for UE separation, whilst in UL they
distinguish between physical data and control channels. The sequence of chips is multiplied by the
user’'s information, associating to a spreading factor the use of an Orthogonal Variable Spreading
Factor (OVSF) code, and obtaining a wide spectrum signal. Codes allow to maintain orthogonality
between them and to vary the Spreading Factor (SF). Scrambling is used on top of spreading, so it

does not change the signal bandwidth, and enables sector separation in DL, and UE separation in UL.

UMTS also provides for power management and soft and softer handovers. Power management is
achieved using closed loop power control in both UL, to avoid using excessive power and increasing
interference, and DL, taking in account a margin of the cell limits, and using outer loop power control
to dynamically adjust the Signal-to-Interference-Ratio (SIR), saving in system capacity. Soft and softer
Handovers (HOs) take place in a user transition between cells or sectors of a cell, respectively,

allowing for the combining of the received user signal in the RNC or BS, respectively.

High Speed Downlink Packet Access (HSDPA) and High Speed Uplink Packet Access (HSUPA),
together known as HSPA, are evolutions of 3GPP’s Release 99 being defined in Release 5 and
Release 6, respectively. With HSDPA, scheduling control and link adaptation based on physical layer
retransmissions were moved from the RNC to the BS, guaranteeing fast link adaptation and fast

channel-dependent scheduling, [HoTo09]. Furthermore, the duration of the transmission, named




Transmission Time Interval (TTI), is defined to be 2 ms to achieve a short round-trip delay for the

operation between UE and BS for retransmissions, [HoTo07].

For user data transmission, a fixed SF of 16 is specified for HSDPA, as 15 channelisation codes are
available per UE in the High-Speed Physical Downlink Shared Channel (HS-PDSCH), and the last
channelisation code is reserved for the High-Speed Shared Control Channel (HS-SCCH). HSUPA also
introduces new channels for scheduling and retransmission control, as well as for data transmission;

for further information refer to [HoTo06].

HSDPA does not support soft handover or fast power control. Release 6 initially defines that, in case
of good channel conditions, the use of 16 Quadrature Amplitude Modulation (QAM) for HSDPA is
possible, and also that a Hybrid Automatic Repeat Request (HARQ) with soft combining scheme is
used, meaning that the UEs store data from previous transmissions to enable joint decoding of
retransmissions. While in the DL BSs can be asynchronous and sequence numbering is necessary,

the HARQ used in HSUPA is fully synchronous and also operating in soft handover.

HSPA evolution, also known as HSPA+, is defined in Release 7, further extended in Releases 8 and
9, and is targeted to improve end user performance by lower latency, lower power consumption, and
higher data rates along with including inter-working features with LTE. In line with the greater use of
UMTS/HSPA for packet data transmission, HSPA+ mainly introduces:

e Higher Order Modulation (HOM) and MIMO.

e Advanced G-Rake receivers.

e Superior interference cancellation techniques.

e  Multi-Carrier HSDPA and Dual-Carrier HSUPA.

e Layer 2 optimisation

e Flat Architecture.

In theory, a number of ways exist to push the peak data rate higher: increase the bandwidth used,
adopt HOM schemes or use multi-stream MIMO transmission. HOM was included in Release 7,
specifying the modulation schemes of 16QAM for UL and 64QAM for DL, and MIMO in the DL was
also included. Considering that the rate doubles from Quadrature Phase Shift Keying (QPSK) to
16QAM and increases by 50% from 16QAM to 64QAM, and that an increase of 6 dB in Signal-to-
Interference-plus-Noise Ratio (SINR) is required for each transition, one can conclude that HOMs can

be used only in favourable channel conditions.

Further resorting to MIMO, i.e., the use of multiple antennas and spatial multiplexing to receive
multiple transport blocks in parallel, provides for a linear increase of the theoretical peak data rates
with the number of transmitted data streams. Exploiting multipath MIMO allows also for improving link
reliability and achieving higher spectral efficiency, all without consuming extra radio frequency. The
3GPP MIMO concept for HSPA+ uses two transmit antennas in the BS and two receive antennas in
the MT, and uses a closed loop feedback from the MT for adjusting the transmit antenna weighting.
The preferred antenna weights are delivered from UE to NB on a High-Speed Dedicated Physical
Control Channel (HS-DPCCH) together with Channel Quality Information (CQI), and the information
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on used antenna weights in DL is signalled on HS-SCCH.

As shown in Figure 2.2, the peak bit rate with 64QAM is 21.1 Mbps, rising to 28.0 Mbps with MIMO,
whereas using 64QAM and MIMO together provide a rise from 14Mbps to 42 Mbps, [HoTo09]. The
16QAM capability in UL enables to push the peak bit rate to 11.5 Mbps, although MIMO is not used in
this link, mainly because it obliges the UE to have two power amplifiers. In DL, HOM helps to improve
the spectral efficiency because there is a limited number of orthogonal resources. The same is not
true for UL, since there is a large availability of codes. Thus, in UL, using 16QAM is a peak data

feature and not a capacity feature.

Throughput (Mbps)
45

— 2 x 2, MIMO, 64QAM
==== 2x2, MIMO, 16QAM
— 1 x 2, 64QAM
35 ==== 1x2, 16QAM
1x 1, 64QAM
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.

25
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SNR (dB) 5 0 5 L 10 15 20
(a) DL achievable throughputs regarding HOM (b) UL achievable throughputs
schemes and MIMO configurations. regarding HOM schemes.

Figure 2.2. Ninetieth percentile throughput as a function of Signal-to-Noise-Ratio (SNR) in Pedestrian
A-channel (extracted from [BEGGO08]) and Throughput as a function of E./N, in Pedestrian A channel
(extracted from [PWSTO7]).

Moreover, MTs and BSs requirements are constantly being improved to raise system performance. As
Release 6 introduced the use of receive diversity antennas (two antenna Rake receiver type 1) and
one-antenna linear equaliser (type 2), Release 7 also introduced a combination of linear equalisers
with receive diversity antenna (type 3), based on a two-antenna chip-level equaliser [HoTo07]. The
enhanced terminal receivers improve the single-user data rates and together with all other Release 7
features the cell capacity is nearly doubled compared with Release 6. Release 8 brings also an

advanced receiver, with inter-cell interference cancellation support.

Multi-Carrier HSDPA and Dual-Carrier HSUPA capabilities are introduced in HSPA+, respectively in
Release 10, [3GPP10b], and Release 9, [Seid09]. Taking the combination of two or four carriers
instead of one, Multi-Carrier HSDPA allows user data rate to be easily doubled or quadrupled mostly
when the loading is low, [JBGB09]. The BS can optimise the transmission based on CQI reporting,
similarly as in MIMO closed loop feedback for antenna weighting. As for Dual-Carrier HSUPA, a more
limited set of scenarios is defined for its use, combining two adjacent carriers for transmission of UL

physical channels and Dedicated Physical Control Channel (DPCCH) [Seid09].

Although both Dual-Carrier HSDPA and MIMO solutions are targeted to boost data rates, and can
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provide the same peak rate of 42 Mbps with 64QAM modulation, MIMO can improve spectral
efficiency due to two antenna transmission, while the Dual-Carrier HSDPA brings some improvement
to the high loaded case with frequency domain scheduling and a larger trunking gain. Also, whilst the
Dual-Carrier solution improvement is available over the whole cell area equally, MIMO only improves

the data rates mostly close to the Node B, where dual stream transmission is feasible.

This analysis is summarised in Table 2.1, where it is also highlighted that Dual-Carrier can be
implemented with a single 10 MHz power amplifier per sector, while MIMO requires two separate
power amplifiers, besides the additional Radio Frequency (RF) equipment. This suggests that Dual-
Carrier HSDPA makes it easier to upgrade the network.

Table 2.1. Benchmarking of Dual carrier HSDPA and MIMO (adapted from [HoTo09]).

Feature \ Technique Dual Carrier MIMO (2x2)
Peak bit rate [Mbps] 42 42
Spectral efficiency 20 (frequency domain scheduling 10 (two antenna transmissions)
improvement [%] and larger trunking gain)
Data rate gain Similar gain over the whole cell area Largest gain close to Node B
Node B Amplifiers Single power amplifier per sector Two power amplifiers per sector
UE RF requirements | Possible with one antenna terminal Two antennas required

HSPA+ brings the theoretical peak data rates per carrier up to 42 Mbps in DL and 11.5 Mbps in UL,
together with improvements in capacity, coverage, latency times and spectral efficiency. A comparison

between HSPA+ main features in DL and UL is presented in Table 2.2.

Table 2.2. Feature comparison of the HSPA+ achievements in DL and UL directions.

Feature \ Protocol Evolved HSDPA Evolved HSUPA
Variable Spreading Factor No Yes
Fast Power Control No Yes
BS based scheduling Yes (multipoint to point) Yes (point to multipoint)
Adaptive Modulation Yes No
Soft Handover No Yes
Fast L1 HARQ Yes Yes
TTl length [ms] 2 10, 2
Modulation QPSK, 16QAM, 64QAM QPSK, 16QAM
Theoretical peak data rate 42 (MIMO 2x2, 64QAM) 11.5 (SISO, 16QAM)
[Mbps]

Presently in Portugal, operators have deployed HSPA+, offering DL data rates up to 21.6 Mbps using
64QAM or even 43.2 Mbps using Dual-Carrier HSDPA and 64QAM [Vodal0]. Meanwhile, trials
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combining 64QAM, MIMO and Dual-Carrier HSDPA have proved to achieve 84 Mbps or even
168 Mbps for DL, just using 64QAM and Multi-Carrier combining eight carriers [Eric11].

2.1.3 Capacity and Coverage

In this thesis, the main performance parameter of interest is the data rate, associated to given
coverage and capacity. Nevertheless, interference is a primordial factor to take into account in this

analysis of the communications system.

The limiting factors on system capacity are mainly three [Corr10]: the number of available codes in DL,
the system load (interference constrains in both UL and DL), and the shared DL transmission power.
As the number of available channelisation codes is limited by SF, the number of simultaneous active
users in the cell is limited by this number. The maximum value for SF is limited to ensure a minimum
Quality of Service (Qo0S), whereas high SF values would allow unbearable interference levels. In
practice, for the total number of available codes in HSDPA, users would be required to be very near

the BS and in perfect channel conditions, and so this does not represent a real limit.

On the other hand, the trade-off between capacity and interference is of key importance in cellular

networks, shown by the expression for the interference margin [Corr10]:

M; (qp) = —10log (1 —m) (2.1)
where:

e 1. load factor, assuming values in [0,1].

The load factor depends on the services, being distinct for UL and DL due to the traffic asymmetry
between them and the different transmission powers that characterise each transmitter. The more load
is allowed in the system, the larger is the interference margin needed, and the smaller is the coverage
area. For coverage-limited cases a smaller interference margin is suggested, while in capacity-limited
cases a larger interference margin should be used. Typical values for the interference margin in the

case of coverage limitation are 1 to 3 dB, corresponding to 20-50% load, [HoTo07].

Alternatively to an interference margin, intra-cell and inter-cell interferences can be computed using
expressions (2.2) and (2.3) for the DL, and (2.4)and (2.5) for UL, [EsPe06].

Pl e = (Pry = Pryi) X (1= ) X Ly (2.2)
where:

e a: code orthogonality factor (typically [50, 90] %);

e Pr,:total BS transmitted power;

e Pr, .. BStransmitted power to user k;

e L, pathloss from serving BS to user k;

ZNBs (2.3)
PI[L')‘rlzlter = 1P7€))l(l,5 X (1 - (X) X Lp,s
S=

where:
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e  Ngg: number of neighbouring BSs;

e PPl BS s transmitted power;

e L, pathloss from BS s to the user.
Providing results based on measurements in an urban environment, the orthogonality factor has been
characterised by [PeMo02] as correlated with delay spread, due to multipath, or further as a function
of user’s distance to BS, as shown in Figure 2.3. A clear drop of the orthogonality factor can be seen
with distance, in an environment with high multipath propagation, resulting in higher interference

margins for higher distances to the BS.
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Figure 2.3. Orthogonality factor, «, as a function of user’s distance to BS (extracted from [PeM002]).

For UL, the activity factor for a certain service is considered for each user as shown in:

Ny 2.4
UL = PTx,k X Lp,k X v ( )

Iintra _
where:
e Pr, ;. UE transmitted power to BS;
e v: user activity factor;
Nps o Nu (2.5)
PIIl{ri‘ter = Z Zk—l P’]["])l(‘vkus x vak‘s Xv

s=2
where:
e  Pr, s transmitted power from user k in adjacent cell s;

e N, :number of users in adjacent cell s;

* L, pathloss from user k in cell s to the serving BS.

As the BS transmitting power is shared, in DL, cell coverage is limited by its maximum value. The BS

transmission power is expressed in [HoTo07] by:

_ (Ep/No); (2.6)
Nu
NO 'RC 'Lp .Zj=1v]' T]
P. = J
X (1 = Mp1) * Netreams

where:
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e E,: energy per bit;

e N,: noise power spectral density at the MT;

* Gp,: processing gain for user j;

e v;: activity factor for user j;

e N,: Number of users;

e R.: chip rate, 3.84 Mcps in UMTS;

e Tp.: average DL load factor value across the cell;
®  Nitreams: NUMber of streams, in case of MIMO;

e L, average pathloss between BS and MT.

When increasing the BS transmitter power, the reciprocal interference between DL user channels will
also rise, hence, it is not an efficient solution for the increase of cell capacity. Most typical capacity
upgrade solutions are more power amplifiers, allocation of more carriers or transmitting diversity with a

second power amplifier per sector.
Combining (2.1), (2.6) and assuming an average activity factor, SNR and processing gain, the

average number of user in the cell can be obtained for a given maximum BS transmission power:

_ Pry (2.7)
Ry~ Ny - (Eb/NO)'ﬁ'Zp - M

u

where:
e R, average user bit rate;
e (E,/N,): average user energy per bit to noise power spectral density ratio;
e U average user activity factor;

e M, average interference margin.

One can note from (2.7) that the number of users depends on the BS transmission power, on the
average user bit rate, and on the interference margin and on pathloss. The last two are responsible for
the trade-off between capacity, (2.7), and coverage in UMTS. Regarding the average energy per bit, it
is defined for a given Modulation and Coding Scheme (MCS), required for a given Block Error Rate
(BLER). Both the required Bit Error Rate (BER) and average user activity are mainly service

dependent, being defined for given classes of service.

2.1.4 Performance Analysis

In UL and DL, performance analysis depends highly on network algorithms, deployment scenarios, UE
transmitter capability, Node B performance and capability, and type of traffic. Furthermore, it is of
extreme relevance for the system dynamic adaptation, as it has effect in interference-based radio
resource management functionalities, such as HO control, power control, admission control, load

control and packet scheduling functionalities.

Different metrics for performance, at the radio link level, are used according to the operating Release,

and in particular HSUPA and HSDPA. While Release 99 typically used E, /N, as performance metric,
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for HSDPA that is not a suitable metric as bit rate on HS-DSCH is varied every transmission time
interval using different modulation schemes, effective code rates, and a number of HS-PDSCH codes.
Defining the average HS-DSCH SINR as the narrowband SINR after de-spreading the HS-PDSCH, it
is then possible to express it for a single-antenna Rake receiver as, [Pede05]:

Pys-psch (2.8)
Plintra + Plinter + NRF

piv = SFie

where:
e SF,,: HS-PDSCH spreading factor of 16;
o  Pys_pscy: received power of the HS-DSCH, summing over all active HS-PDSCH codes;

e P, :received intra-cell interference;
intra

e P, :received inter-cell interference;
inter

e Ngp: received noise power.

One should note from (2.8) that even with given fixed inter- and intra-cell-interferences, SINR is not
constant, depending on factors like orthogonality, through intra-cell interference, or UE receiver
capabilities. Still, the UE uses the SINR estimate to report back to the BS, allowing it to select the UEs
for transmission and select data rate, i.e., transport format, for each transmission and link. Adaptive
Modulation Coding (AMC) is then employed in HSDPA to change the modulation scheme on a burst-

by-burst basis per link, concerning the radio channel quality.

HS-DSCH SINR is the key measure for describing link performance in HSDPA and reflects the narrow
band SINR as experienced by the UE, independently of the number of HS-PDSCH codes, modulation
scheme, antenna configuration and effective code rate. This measure is also used to obtain a certain
BER or BLER target for a given number of HS-PDSCH codes, and for the modulation and coding
scheme per TTI, or; in the other hand, used to determine bit rate due to link adaptation in HSDPA, as

shown in Figure 2.2.

The HS-DSCH link level performance with the maximum of 15 codes is shown in Figure 2.4 as a
function of the HS-DSCH wideband carrier-to-interference ratio C/I, i.e., the received power of HS-
DSCH divided by noise and interference without de-spreading. The HS-DSCH data rate is compared
to the maximum error-free data rate given by the Shannon capacity formula for bandwidth of 3.84 MHz
in UMTS. Only an approximate 2 dB difference is seen between the two curves, mainly due to decoder

limitations and receiver estimation inaccuracies, [HoTo06].

HSUPA performance depends on multiple factors, such as UE transmitter capabilities, network
algorithms, BS performance, type of services, and scenario environment [Jaci09]. Thus, the BS can
estimate the UL channel quality based on the received SINR, i.e., based on E./I,. A high E_./I, at the
BS is required in order to achieve the lowest delays and higher data rates, despite leading to an UL
noise increase, thus, decreasing cell coverage. For this reason, a maximum level for the UL noise may

be defined for macro-cells, ensuring a certain coverage area, but limiting data throughput.
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Figure 2.4. HSDPA data rate compared with the Shannon limit as a function of an average HS-DSCH

carrier and interference power ratio (extracted from [HoTo06]).

2.2 LTE

This section presents the fundamental concepts regarding LTE. The network architecture is
presented, with its main elements. A description of the radio interface follows, and basic concepts of

coverage and capacity are analysed. This section is based on [HoTo09] and [3GPP10c].

2.2.1 Network Architecture

The evolution towards LTE was carried out in a request for: optimised PS services, optimised support
for higher throughputs, hence, higher end user bit rates, improvement in response times for activation
and set-up and, improvement in packet delivery delays. Additionally, on a system’s perspective,
overall simplification of the system compared to legacy systems, towards a flat architecture, and

optimised inter-working with them at the access network layer were also considered.

Network architecture and functionalities are based on a basic architecture configuration of LTE, as
possible interoperability with legacy systems is not shown, [HoTo09]. Figure 2.5 shows the division of
the System Architecture Evolution (SAE) into three main high level domains: User Equipment (UE),
Evolved UTRAN (E-UTRAN) and Evolved Packet Core Network (EPC).

The new architectural development in LTE is limited to the E-UTRAN and the EPC (i.e., Radio Access
and Core Networks), while UE and External Networks domains remain architecturally intact, despite
some functional evolution. UE, E-UTRAN and EPC together represent the IP Connectivity Layer, or
Evolved Packet System (EPS). This layer is optimised to provide IP based connectivity, as all services
will be offered on top of IP. Also, in transport, IP technologies are dominant and everything is designed

to be operated on top of this layer. Unlike UMTS, the core network does not contain a CS domain,
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neither direct connection to CS networks.
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Figure 2.5. Basic System Architecture of LTE (adapted from [HoT009]).

The development in E-UTRAN is concentrated in one node, the evolved Node B (eNB). It collapses all
radio functionalities, i.e., eNB is the termination point for all radio related protocols. The E-UTRAN, as
a network, is simply a mesh of eNBs connected to neighbouring eNBs through the X2 interface and
interacting with the UE through the LTE-Uu. Communication between eNBs is carried through this

interface, e.g., regarding radio and HO, eliminating large data flow through the RNCs, as in UMTS.

eNB accounts for Radio Resource Management (RRM), Mobility Management (MM), bearer handling,
user plane data delivery, handovers, security settings and securing and optimising radio interface
delivery to the UEs. The eNB also takes part in user plane tunnels for UL and DL data delivery, in the

interface, with the Serving Gateway (S-GW), through S1.

Functionally, the EPC is equivalent to the packet switched domain of existing 3GPP networks, despite
the different arrangement of functions, performed by distinct nodes in a new architecture configuration.
The EPC contains elements, such as: the Mobility Management Entity (MME), the main control
element in the EPC, responsible for authentication and security, MM, and managing subscription
profile and service connectivity; the S-GW, supporting user plane tunnel management and switching;
the Packet Data Network Gateway (P-GW), which is the edge router between the EPS and the
external packet data networks, and acts as the IP point of attachment for the UE; the Policy and
Charging Resource Function (PCRF), responsible for policy and charging control; and the Home

Subscription Server (HSS), constituting subscription data repository for all permanent user data.

Figure 2.5 also shows the so called SAE Gateway (SAE-GW), representing the combination of the two
gateways, S-GW and P-GW, defined for the user plane handling in EPC. However, implementing them
together as SAE-GW represents one possible deployment scenario, as the standards define the

interface between them and all operations have also been specified for them to be separate.

The Services domain may include various sub-systems, categorised by type as: IP Multimedia Sub-
system (IMS) based operator services, non-IMS based operator services and other services not

provided by the mobile network operator, e.g., services provided through the internet. Further analysis
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about service level systems is out of the scope of this thesis, but particularly for IMS, the preferred

service machinery for LTE/SAE, the interested reader should refer to [HoTo09] and [PoMa09].

2.2.2 Radio Interface

For LTE, two multiple access techniques are employed: Orthogonal Frequency Division Multiple
Access (OFDMA) for DL and Single Carrier Frequency Division Multiple Access (SC-FDMA) with
Cyclic Prefix (CP) for UL. OFDMA allows the access of multiple users on the available bandwidth by
dynamically assigning each user to a specific time-frequency resource. Using SC-FDMA, the same
technique is employed, but with the distinguishing feature that it leads to a single-carrier transmit
signal, while OFDMA is a multi-carrier transmission scheme. LTE supports both Frequency Division
Duplexing (FDD) and Time Division Duplexing (TDD), although only FDD is addressed in this thesis
due to its wide adoption in the majority of European networks. According to the specifications, there
are 17 frequency FDD bands and 8 TDD bands of LTE spectrum allocated [3GPP10d]. In Europe, and
particularly in Portugal, regulation has been issued under public consultation for the auction of the
800 MHz, 900 MHz, 1800 MHz, 2.1 GHz and 2.6 GHz frequency bands [ANAC11].

The difference in the access techniques chosen for DL and UL is mainly related with the
characteristics of better efficiency power and lower Peak-to-Average-power-Ratio (PAR). Compared to
OFDM, SC-FDMA in UL ultimately maximises battery life for the MT as a reduction of 2 dB in PAR is
achieved comparing to OFDMA, [Zeme08]. Additionally, the CP avoids Inter-Symbol Interference (ISI),
and can be chosen to be normal or extended so to be slightly longer than the longest delay spread in
the radio channel. This approach allows for simple frequency-domain processing, such as channel

estimation and equalisation, with advantages both in UL and DL.

Channel estimation is necessary in LTE, both in UL and DL, as the receiver still has to deal with the
channel impact for the individual subcarriers that have experienced frequency dependent phase and
amplitude errors. The estimation is done through the use of pilot or reference symbols, which facilitate
coherent channel estimation and allow reverting channel impact for each subcarrier, e.g., by using a

frequency domain equaliser.

In DL, it is allowed for scalable carrier bandwidths, from 1.4 up to 20 MHz, with subcarrier spacing of
15 kHz [3GPP10c]. In LTE, the concept of a Resource Block (RB) is used, which is a block of 12
subcarriers in one slot, i.e., 180 kHz in the frequency domain. Each time slot is 0.5 ms long, a group of
2 slots is a sub-frame of 1 ms (or the TTI) and each frame is 10 ms. Furthermore, a transport block is
a group of resource blocks with a common modulation or coding. The physical interface is a transport
block, which corresponds to the data carried in a period of time allocated to a particular UE. Multiple

UEs can be serviced on DL at any particular time in one transport block.

The time domain structure of the frame used in LTE is, in most respects, the same for FDD and TDD,
Figure 2.6. Some differences exist between the two duplex modes, most notably the presence of a
special sub-frame in case of TDD. Nevertheless, LTE’s physical layer, like the general system, is

designed for maximum efficiency of the packet-based transmission, and for this reason, there are only
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shared channels in the physical layer to enable a dynamic resource utilisation.
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Figure 2.6. DL frame structure type 1, for FDD and TDD (adapted from [Agil07]).
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LTE’s DL and UL are composed of physical channels and physical signals. Physical channels carry
information from higher layers, and are used to carry user data, as well as user control information;
physical signals do not carry information from higher layers, and are used for cell search and channel
estimation purposes. Examples of the latter are the Primary Synchronisation Signal (PSS) and the
Secondary Synchronisation Signals (SSS), transmitted in the 1% and 11" slots of the 10 ms frame,
used for cell search and synchronisation of the UE to the network. Reference symbols, referred
earlier, are spread over the entire bandwidth and used for channel estimation. As for physical
channels to which main transport channels are mapped, there is: the Physical Downlink Control
Channel (PDCCH) with functions of scheduling and resource allocation, HARQ related data and also
power control commands for the UL; the Physical Downlink Shared Channel (PDSCH) and the
Physical Broadcast Channel (PBCH) both for user data and system information, respectively, as in
WCDMA.

For UL, the same frame size, sub-frame size and slots are used, although channel allocation differs.
Although the Physical Uplink Control Channel (PUCCH) and the Physical Uplink Shared Channel
(PUSCH) have similar functions as in DL, the new Physical Random Access Channel (PRACH) is

used for random access transmission, the only non-synchronised transmission in LTE’s UL.

For the frame structure presented in Figure 2.6 and using normal CP, an RB aggregates 12
consecutive subcarriers and 7 consecutive OFDM symbols in a slot. For extended CP, the number of
subcarriers is the same, but 6 OFDM symbols are transmitted per slot. As shown, a CP is appended to
each symbol as a guard interval. An RB corresponds to one slot (T;,,; =0.5 ms) in the time domain,

ie. Nssyl;’,fb=7 at normal CP, and 180 kHz (12 subcarriers x 15 kHz spacing) in the frequency domain.

Thus, the number of available RBs can range from 6, when the transmission bandwidth is 1.4 MHz, to
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100, when it is 20 MHz.

For LTE, power control only exists for UL, and does not control absolute power, but rather the power
spectral density, for a particular device. Furthermore, the use of orthogonal resources in UL facilitates
the use of a slower rate for power control, unlike WCDMA systems where fast power control is
required. The key motivation in LTE is, hence, to reduce terminal power consumption and also to

avoid overly large dynamic range in the eNB receiver, rather than to mitigate interference.

Besides optimisation in time and frequency domains, antenna optimisation through MIMO is the key
enabler of a high data rate in LTE. For this reason, plain SISO transmission is not supported as UEs
are required to have at least two receiving antennas and the SIMO case constitutes then the simplest

scheme. Further information on MIMO for LTE is presented in Annex D.

2.2.3 Capacity and Coverage

Theoretical bit rates, can be obtained for DL using:

R _ NSRCB ’ NI%B ' Nsb;fmb ' Ing(m) ’ Nstreams (29)
bimbps] — 103 - TSF[ms]

where:
e NRB: number of subcarriers per resource block (assumed 12 for 15 kHz subcarrier spacing);
e Ny number of user resource blocks;
e m: order of the modulation considered,;

. Nﬁmb: number of symbols per sub-frame (14 symbols for normal CP or 12 for extended CP);

®  Nyreams: NUMber of streams, in case of MIMO;

e Tsp: sub-frame period, 1 ms.

As seen in (2.9), end-user throughput depends on parameters like modulation and MIMO
configurations used, directly related with channel conditions, CP size used, and number of resource
blocks allocated for a certain user. However, note also that user throughput depends additionally on

the overhead amount due to synchronisation and reference signals as well as control channels.

Moreover given the dynamic allocation of time-frequency resources in the eNB, the multi-user
scheduling strategies are directly related to user data rates and user capacity, both at the cellular and
system level. Main capacity limiting factors include the number of resource blocks, scheduler
implementation efficiency, inter-cell interference, MIMO, and supported modulation and coding

schemes.

To maximise service delivery for the user, a variety of resource scheduling algorithms may be applied
by the eNB, depending on the optimisation criteria required, searching for a fair balance between
throughput maximisation for delay-tolerant applications against QoS for delay applications. The
prioritisation of data will typically consider the corresponding traffic classes, as shown in [HoTo09]. For
this, multi-user diversity is an important factor, especially if the user density is high, in which case the

multi-user diversity gain will enable the scheduler to achieve a high capacity, even with tight delay
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constraints.

Nevertheless, system throughput and capacity are still limited by inter-cell interference, especially
considering cell edge users. As LTE was designed to operate with a frequency reuse factor of one,
interference coordination is required. As always, the DL resource allocation strategy is also
constrained by the total transmission power of the eNB. The impact on the achievable data rate, for a
user k transmitting in sub-frame j, can be expressed by, [SeTBO09]:

2 2.10
PTSXJ |H’§j (220

ij=Bk]0g2 1+ 2
NRF +Zi¢SPT§(]- |HIL(]|

Bliiz) = Az - Now * Nip (2.11)

where:

PTSXj: transmit power from cell s, transmitting in RB j;

|H,§j : channel gain from the serving cell s to user k, transmitting in RB j;

B: bandwidth of the total RB’s allocated to user k;

Af: subcarrier spacing (assumed 15 kHz).

The channel gain |H;;(j,n)| captures the random signal attenuation due to pathloss, fading and other
effects in the channel. In order to further increase the data rates that can be provided for users at the
cell edge, the scheduling strategy may take interference from and to adjacent cells into account.
Considering a scenario with two cells (s; and s,) with one active user per cell (k; and k,), the total

achievable bit rate of the two users is given by:

2 2
PT51- Iil- PTSZ. HZZ.
ij = Bk1,z logz 1+ X s -] S > + 1082 1+ ad [ 2 5 3 (212)
Ner + Py |Hy: Ner + Pry |Hi,,

where:

* By, ,: bandwidth allocated simultaneously to users k; and k;

. PTSX"j: transmit power from cell s,,, transmitting in RB j;

o |H;;j : channel gain from the serving cell s,, to user k,,, transmitting in RB j.

In this situation, it can be shown that the optimal power allocation for maximum capacity is obtained
when either BSs are operating at maximum power in the same RB, e.g., when each user is located
near its respective eNB, Figure 2.7-a), or one of them is turned off completely in that RB, e.g., users

are located close to the edge of their respective cells, Figure 2.7-b), [SeTB09].

In practice, this means that the eNB scheduler will exploit this result by treating users in different ways,
depending on whether they are cell-centre or cell-edge users. Inter-Cell Interference Coordination
(ICIC) is assumed to be managed in the frequency domain rather than in the time one so to avoid to

interfere with the HARQ process, particularly in UL where it is synchronous.
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Moreover, considering the single-cell capacity, an estimate for the number of active users in a cell, in a
given instant, can be given by:
B[Hz] "Nscn * Gpos " Gruiti—user aiv

N, = P
By ) (2.13)

where:
e B:total bandwidth available;
® Gy, Capacity gain obtained due to users’ positioning in the cell;
o Guuti—user aiv. Capacity gain obtained due to multi-user diversity;
e B, average bandwidth of the RBs allocated per user;

* 1 Scheduler efficiency, chosen in [0,1].

For a given scheduling instant, the scheduler considers the total available bandwidth, scheduling RBs
to active users with a given efficiency, as shown in (2.13), taking into account the scheduling
inefficiency due to constraining service QoS for each RB, and optimisation criteria for the scheduler
implementation inefficiency. Capacity gains can still be obtained by exploiting multi-user diversity,

namely in used services and position inside the cell.

(b) Users close to cell edge.

Figure 2.7. Inter-Cell Interference Coordination limit cases (extracted from [SeTB09]).

For UL, the scheduling algorithm chosen along with FDM resource allocation with fine granularity has
a direct impact in system and cell capacity [SeTB09]. In high SINR conditions, the maximum
achievable capacity can be limited by the minimum amount of transmission resource allocated to each
single UE. Besides coordination, other interference mitigation techniques used are inter-cell

interference randomisation, frequency domain spreading and slow power control.

2.2.4 Performance Analysis

As in UMTS, peak data rates are available only in extremely good channel conditions. The practical

data rate in LTE is nevertheless limited by the amount of inter-cell interference and noise in the




network. For LTE, the Downlink Shared Channel (DSCH) SINR is taken as performance metric, simply

written as a function of interference and random noise, adapted from [SaNC10]:

Ppsc (2.14)
+ Ngr

PN = o3 P
s=1Vs Iinter,maxs

where:
e  Ppscn: DSCH received power;
e Yy, subcarrier activity factor of the cell s;

. : maximum inter-cell interference power, at the edge of the cell s;

1 inter,maxs

e Ngr: Noise power.

One can note from (2.14) the trade-off between network capacity, limited by inter-cell interference, and
the SINR, which is directly correlated to the average obtained throughput. Full orthogonality is
assumed inside a cell, even though in reality non-idealities such as inter-symbol interference due to
short CP, inter-carrier interference due to Doppler spread, or transmit signal waveform distortion due
to transmitter non-linearities may result in own-signal interference. Inter-cell interference mainly exists,
being largely dependent on the scheduler, that might allocate the same subcarriers in different cells, if

link adaptation feedback information makes it worth of.

In practice, both adaptive modulation and coding, as well as the frequency domain packet scheduler,
rely on channel state information. Link adaptation in DL is primarily based on CQI feedback from users
in the cell, while in UL Channel State Information (CSI) is estimated based on the reference signals
transmitted by the UE. Furthermore, Rank Indicator (RI) and Pre-coding Matrix Indicator (PMI) are
relevant to MIMO operation, which should only be taken when SINR is above 10 dB [SaNC10].

As defined in initial requirements, LTE provides a high spectral efficiency, Figure 2.8, although
Shannon’s capacity bound cannot be reached in practice due to several implementation issues.
Together, requirements on the leakage between adjacent channels and practical filter implementation
reduce bandwidth occupancy to 90%. Additionally, CP, pilot overhead for channel estimation, and dual

antenna transmission overhead further reduce bandwidth efficiency, to around 83% [HoTo09].
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Figure 2.8. LTE spectral efficiency as a function of the geometry factor (extracted from [HoTo09]).
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Still, high spectral efficiency is achieved in both links. Although LTE'’s link budget in DL has several
similarities with UMTS and maximum pathloss is similar, in UL some differences exist, namely, smaller
interference due to referred orthogonality inside the cell and a capacity gain due to MIMO availability.
Thus, LTE itself does not provide any increase in coverage, and link performance at low data rates is
not much different in LTE than in UMTS. Even so, beamforming techniques can be additionally used

to improve coverage and capacity, and to increase spectral efficiency [DEFJ06].

2.3 Comparison between UMTS and LTE

This section presents the comparison of fundamental concepts between UMTS and LTE, together with
a critical analysis of the effects on end user performance. First, a systems comparison is performed
and differences explained. An overview of works presented on the subject follows.

2.3.1 Performance Analysis

Both UMTS, in its latest HSPA+ version, and LTE are optimised for PS, coping with the trends for next
generation mobile communications systems. Relevant initial demands for LTE, presented in 3GPP’s
Release 8, were:

e Higher peak data rates and user throughput.

e Better coverage and capacity across the cell.

e Better spectrum efficiency.

¢ Reduced latency.

e Better support for mobility.

With LTE, demands for higher data rates are achieved through the use of OFDM/OFDMA, which
allows flexible channel bandwidth usage and supports higher bandwidth allocation per user under low
load scenarios. This flexibility does not exist in UMTS. Furthermore, coverage and capacity
enhancements exist from UMTS to LTE. Due to users’ orthogonality within a cell, LTE performance in
terms of spectral efficiency and available data rates is more limited by inter-cell interference compared
to UMTS, where transmission suffers from intra-cell interference caused by multipath propagation,

which bring in the need for more complex equalisers.

Additionally, through the use of OFDMA, there is no need for fast power control as in UMTS,
improving therefore both system performance and user throughput at the cell edge. However, a
smoother distribution of SINR values is expected between cell centre and edge users in UMTS due to

power control, whereas in LTE a wider performance gap is seen between cell centre and edge users.

Figure 2.9 illustrates the DL capacity and sector throughput gains from UMTS/HSPA+ to LTE across a
cell. The significant capacity improvements seen are directly related with the benefits of OFDM and a

more efficient air interface, namely better interference management, frequency selective fading gain,

25



better multipath signal handling, lower control overhead and improved HARQ operation. Table 2.3
shows also a performance comparison regarding the mean user cell throughput and cell edge user
throughput for both UTRA and E-UTRA, UMTS and LTE Radio Access Networks (RANS), taking a
UTRA configuration as baseline. Notice that, together with the major gains in mean user throughput
for different antenna configurations, also large gains are achieved at cell edge both in DL and,

particularly for UL, where the use of ICIC schemes allows for high interference reduction.

HSPA+ 64QAM HSPA+ MIMO LTE LTE
10MHz, 20W 10MHz, 20W 10MHz, 2 x 20W 20MHz, 2 x 40W

Sector Throughput Sector Throughput Sector Throughput Sector Throughput
5 Mbps 7.4 Mbps 16.7 Mbps 334 Mbps

B4QAM B640AM + MIMO

Aggregate

»65 Mbps =32 Mbps =20 Mbps =7 Mbps

Figure 2.9. Throughput comparison between UMTS and LTE across the cell (extracted from [Moto10]).

Table 2.3. DL user throughput performance for 500 m Inter-Site Distances (ISD), (adapted from
[3GPPO09]).

DL UL
System and

MIMO configuration UTRA E-UTRA UTRA E-UTRA

1x2 2X%2 4x2 4x4 1x2 1x2 1x4 2%2

Mean User Throughput
(x UTRA)

x1.0 x3.2 x3.5 x5.0 x1.0 x2.2 x3.3 x2.3

Cell-Edge User Throughput
(x UTRA)

x1.0 x2.7 x3.0 x4.4 x1.0 x2.5 x5.5 x1.1

Spectrum efficiency is also impacted in LTE due to frequency domain packet scheduling, enabling the
scheduler to choose the best subcarriers for transmission based on CQI reports, and by the use of
CP, that makes interference cancelation easier to apply in multi-carrier systems. Although CQI
reporting is used in both UMTS and LTE, that is, returning the best MCS for usage, in LTE it further
gives support for scheduling, being more efficient with the increase of channel bandwidth as shown in
Table B.3. Additionally, LTE benefits from the use of a second indicator, the PMI, which is used in
conjunction with MIMO and indicates to the BS the available pre-coding MIMO matrices to accomplish
the best performance.
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A spectrum efficiency comparison is presented in Table 2.4 for both DL and UL, considering two case
scenarios. Effective spectral efficiency gains of up to 5 in DL and around 3 in UL can be achieved for

the analysed case, making use of complex MIMO configurations as described.

Table 2.4. DL and UL spectrum efficiency performance 500 m ISD (adapted from [3GPPQ9]).

DL uL
System and
MIMO configuration UTRA E-UTRA UTRA E-UTRA
1x2 2%2 4%x2 4x4 1x2 1x2 1x4 2%2
Spectral Efficiency 053 | 169 | 1.87 | 267 | 033 | 074 | 1.10 | 0.78

[bps/Hz/cell]

Spectral Efficiency
(xUTRA)

x1.0 x3.2 x3.5 x5.0 x1.0 x2.2 x3.3 x2.3

Latency reduction in LTE is achieved by making use of a shorter TTI, improved scheduling and
simpler system architecture than in UMTS. The IP-based flat architecture used in LTE has fewer
components than the legacy architecture used in UMTS. Further, with radio related functions such as
admission control, scheduling and dynamic resource allocation, or also mobility management, header
compression and packet retransmissions being performed in the BS, instead of the RNC in UMTS,

performance gains are obtained and latency reduced, as highlighted in the comparison on Figure 2.10.
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Figure 2.10. Latency for different technologies (extracted from [Rysal0]).

Due to LTE architecture and network management, good support for mobility is also provided mostly
to E-UTRAN architecture, in a simpler and more flexible way, although the number of handovers will
likely increase compared to UTRAN. For an extensive analysis refer to [HoTo09]. A summary on the

major features of the two systems is presented in Table 2.5.
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Table 2.5. Major features comparison, under analysis in this thesis, between UMTS and LTE (adapted
from [HoTo07], [HoTo09], [Moto07] and [ANAC11]).

Feature \ System UMTS LTE
Duplex mode FDD
Multiple Access WCDMA OFDMA (DL) / SC-FDMA (UL)
Frequency [MHz] [1920, 1980] for UL; Bands around 800, 900, 1800,
[2110, 2170] for DL 2100 and 2600
Switching map Circuit and Packet Switched Packet Switched IP-based
Scheduling Time Domain Time and Frequency Domains
Mobility [km/h] Up to 250 Up to 350
Channel Bandwidth [MHZz] 5 1.4, 3,5, 10, 15, 20
Minimum frame size [ms] 2 1
Modulation QPSK, 16QAM, 64QAM (DL); QPSK, 16QAM, 64QAM (DL);
QPSK, 16QAM (UL) QPSK, 16QAM, 64 QAM (UL)
DL Theoretical Peak Data 42 (MIMO 2x2, 64QAM) 326 (20 MHz, MIMO 4x4,
Rate [Mbps] 64QAM)
UL Theoretical Peak Data 11.5 (SISO, 16QAM) 86 (20 MHz, MIMO 2x2,
Rate [Mbps] 64QAM)

2.3.2 State of the Art

A brief overview of the state of the art is presented, emphasising the importance of the work
performed. Works on simulators’ development and measurements campaigns have been published on
LTE, at different levels, as well as studies with different solutions for providing the mobile broadband

of the future.

In [MWIBO09] a simulator is developed using MATLAB, for DL physical layer simulation in single-cell
single-user, single-cell multi-user and multi-cell multi-user scenarios. Main features include AMC,
MIMO transmission, multiple users and scheduling, together with a diversity of channel models
available for simulation. Throughput results per RB are cross-analysed considering different BLER,
CQI and MIMO transmission scenarios. Moreover, [IkWR10] goes one step further providing a system
level simulator, based on the former link level simulator. This way, it is possible to analyse effects of
cell planning and scheduling, inherently dealing with interference in LTE. Both link and system levels

simulators are freely-available for academic research, although not open-source.

In [PGBC10], an open-source framework for LTE simulation at network level is presented. Both single-
cell and multi-cell simulations can be run. Handover procedures are considered, supporting users’
mobility. QoS differentiation is performed by introducing an EPS bearer and typical application

services considered. Additionally, protocol stack functionalities, both user-plane and control-plane, are
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considered for MAC, RLC, Packet Data Convergence Protocol (PDCP) and IP layers. Remarkable
resource management features, namely bandwidth management, frequency reuse scheme selection,

frame structure selection and radio resource scheduling are available for simulation.

Additionally, manufactures have led trial tests on future LTE system. [EricO8] shows LTE performance
results on the field. MIMO gains are measured in realistic environments and good system performance
verified for varying bandwidth, antenna configuration, channel and service, using two kinds of
terminals. Increases of 50% and 113% at the median are further measured in [Eric10] at cell centre
and cell edge, from 2x2 MIMO to 4x4 MIMO. [Noki09] also shows similar measurements’ results over
mobility scenarios, terminal category, antenna configuration, modulation scheme, layer-1 and IP layer

and QoS bearer.

Focusing on LTE specific features, [Duar08] extensively analyses different technologies in UMTS
evolution to LTE, whereas [Jaci09] studied both systems over a network perspective, evaluating
effects when varying bandwidth, frequency band, service user profiles and the use of adaptive
modulation. In the latter, higher average network throughput of 13.5 Mbps and average ratio of served
users of 72% are presented, compared to 9.8 Mbps and 66% in UMTS/HSPA+.

In an alternative approach, some studies have been conducted using a combination of different
technologies including or excluding LTE, as the next mobile communications system. Whereas
[Perg08] studies the deployment of Worldwide Interoperability for Microwave Access (WiMAX) as an
alternative to UMTS in the specific scenario of Mobility, [VeCol1] goes ahead in presenting a solution

for the resource management in a heterogeneous network solution using UMTS, Wi-Fi and WiMAX.

Despite the rich research on the subject, space still exists for specific analyses. While simulation
provides for an accurate analysis regarding LTE’s system features, in practice either due to varying
implementation decisions taken by the equipment's manufacturer, varying system planning and
consequent deployment, different environment characteristics, or simply to practical matters on users’
behaviour and usage profile, among other factors, obtained results differ drastically. Although provided

with adequate planning tools, operators still have the need for studies of more practical value.

On the other hand, manufacturer's measurements vary deeply with implementation aspects, left
unspecified by 3GPP and also with the study conditions. Additionally, manufacturer’s in general have
the obvious interest of providing for the best results on the gains with the new technology, pushing the
migration into the next generation systems. In this sense, trial deployments are conceded to operators

in lab environment, with the objective of showing the best of all possible results.

Thus, by presenting a capacity and coverage study based on both simulation and measurements in a
live LTE network, this thesis is expected to be of great practical value for operators and manufacturers
in general. Furthermore, as a new model is developed for LTE simulation, embedded in LTE
measurements results, the work contributes for research on the topic inside the academic community.
Additionally, by comparing theoretical and measurements’ results and further comparing them to the
legacy UMTS system, in typical environments, the analysis provides support on the operators’

decision of migration to the next generation system.
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Chapter 3

Models Description

In this chapter, an overview of the Single Cell model and the UMTS/LTE simulator is presented. The
former is intended to provide an analysis of an average system cell, regarding data rate performance
and cell range for UMTS and LTE, in the case of a certain service required by the user. The multi-user
scenario in one cell is then also considered by simply extending the single-user scenario. The chapter

concludes with the assessment of the simulator.
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3.1 Single-Cell Model

This section presents the single-cell model, used to evaluate data rate performance of HSPA+ and
LTE. The model is initially applied for the single-user scenario, Figure 3.1, and used to analyse system
performance in terms of capacity and coverage, allowing the user to make full use of a certain service.

Later on, the multi-user scenario is also considered by making a simple extension of this model.

Single Cell Single User

Figure 3.1. Single-cell single-user model.

For a given distance to the BS, maximum physical layer throughput is computed, within a set of
parameters. Total resource availability is assumed for the unique user in the cell, and perfect
propagation conditions are considered. Maximum physical throughput depends on several

parameters, namely:

e Modulation scheme. e Frequency.

e Antenna MIMO configuration. ¢ Bandwidth.

e Total BS and MT transmission power. e Environment, e.g., rural, urban.

e BS and MT antenna gains. e Channel, e.g., pedestrian, vehicular.

Apart for all parameters, one should also not forget that for the maximum throughputs obtained at the
physical layer, a reduction should be considered due to coding rate, bandwidth efficiency, CP in LTE,
pilot overhead, and dedicated and common control channel. Using a link budget analysis based on the
expressions in Annex A, the SNR may be obtained. Then, by mapping it onto the throughputs for
different MIMO and modulation schemes, using the expressions in Annex B, the maximum physical

throughput is computed.

The Extended Pedestrian A (EPA) channel and Pedestrian A channel are considered in Annex B,
respectively for LTE and UMTS, assigned to pedestrian and indoor users due to static (or almost)
characteristics. For the vehicular channels, the Extended Vehicular A (EVA) channel and Vehicular A
channel can be extrapolated from the pedestrian channels. Additionally, for LTE, the Extended Typical

Urban (ETU) channel is also available for typical outdoor urban environments.

MIMO and modulation schemes for transmission are considered to be dependent on the channel and
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environment conditions, as well as on the systems specific manufacturers’ implementation. Hence,
modulation and MIMO usage statistics vary according to the manufacturer, for specific environment
and channel, according with implementation specifications, and this can be input into the simulator.
Moreover, MIMO schemes are often used in good SINR conditions, allowing for higher gains in high
scattering environments, [Optill]. Therefore, a SINR threshold can be found, for varying environment

and channel conditions, over which MIMO transmission is possible.

For maximum throughput analysis, maximum BS and MT transmission power are considered, used
when only one user is present in the cell. Also, maximum BS and MT antenna gains are used in order
to have maximum throughput. Central frequencies for both directions in each system are also defined
having a direct impact in propagation as considered by the pathloss model in Annex C. For UMTS
maximum system bandwidth 5MHz is used while for LTE different bandwidth deployments are

available, as shown in Table B.3.

Concerning environment influence in SINR, it is reflected in two different components. First, it has an
impact on the fading effects, which vary from strong LoS to non-LoS transmission; secondly, it is
accounted for in propagation losses computation, depending only on the environment’s morphology,
e.g., the buildings’ height or BS’s and MT’s heights. Whilst the former regards the varying nature of the
transmission channel, through signal fading, the latter captures the nature of the propagation
obstacles in the environment. Although both depend on the environment, the two components have a

different influence on the instantaneous data rate achieved.

Propagation channels also impact on the instantaneous data rate achieved through the fast and slow
fading attenuation margins, considered in the model, for UMTS and LTE. Rice and Lognormal
statistical distributions were considered for fading, characterised by the standard deviation and Rice
parameter, (A.18), and mean and standard deviation, (A.20), respectively. First, channel coherence
time, defined in [Corrl0], is considered to vary from the pedestrian to the vehicular channel, directly
reflecting a faster varying propagation environment; secondly, standard deviations for fading margins
adopted are also different depending on the channel, [Jaci09]. In this way, the channel chosen will

directly affect data rates, based on both slow and fast fading influences on SINR.

Regarding signal propagation, pathloss is calculated using link budget analysis detailed in Annex A.

From COST231-Walfisch-lkegami propagation model, Annex C, and making use of (A.2), one has:

Ly 1ag) = EIRPiam] — Pr(aBm] + GraBi] = Lo[ap] + Lr¢[aB] + Lrm [dB) (3.1)
where:

e EIRP: Equivalent Isotropic Radiated Power;

e L, free space loss;

e L, rooftop-to-street diffraction and scatter loss;

e L,.,:approximation for the multi-screen diffraction loss.

Conversely, for a fixed required throughput value, the maximum distance to the BS, i.e., maximum cell
radius, can be obtained. A coverage analysis is thus possible by mapping requested physical

throughput onto SINR, Annex B, which provides for computing receiver sensitivity, i.e., the minimum
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received power that allows the user to be served with the requested throughput, using (A.13) and
(A.14) for LTE and UMTS respectively. Then, manipulating (3.1) and the expressions for L, and L,;

from the COST231-Walfisch-lkegami model, Annex C, cell radius can be expressed as:

EIRP{dBm]|~Pr [dBm]*Gr [dBi] ~LCcOST231[dB] (3.2)
Ty = 10 20+kg

where:
e k,: dependence of the multi-screen diffraction loss versus distance, as described in Annex C;

o Lcost231: Propagation losses over the propagation model being:

Lcosta31 (aB] = L'o (ap] + Lrm [aB] + L're[aB] (3.3)
where:

o Lyy=Ly—ky IOglo(d[km]);

e Ly=1Ly—20 10g10(d[km])?

e d: distance between the user and the BS.
For LoS conditions, a similar expression can be also derived, resulting in:

EIRP[4Bm]~Pr [dBm]*Gr [dBi]‘Lé%SSsz[dB] (3.4)
T[km] =10 26

o [Lo.,...: propagation losses over the propagation model being:

L¢Bst231 = Lp (ag) — 2610810(djim)) = 42.6 + 2010g(fimnz)) (3.5)

where:
e f:frequency in use.

For a more realistic analysis, user’s performance must be analysed considering the influence of other
user’s in the cell, namely by taking average intra- and inter-cell interference in both UL and DL into
account. A model for the multi-user influence on the single user’s performance is then obtained by

simply extending the previously developed model, Figure 3.2.

At each time instant in the developed model, users are assumed to be spread over the cell at the
approximate same distance from serving BS. Thus, for UMTS, BS power is split equally among active
users. Similarly, user's distance is considered for both UL and DL intra-cell interference computation,
based on (2.2) and (2.4). Regarding (2.2), the distribution of the orthogonality factor with distance,

Figure 2.3, is assumed.

Regarding UMTS inter-cell interference, however, a given ISD is used as reference to compute
pathloss attenuation values of interfering adjacent BS, in DL, although subtracting to it the user’s
distance from its serving BS. For simplicity, only one interfering BS is considered and received
interference power is computed as in (2.3). As for UL inter-cell interference, (2.5), users’ in
neighbouring cell are considered to be at the same average distance of the users’ distribution in the

cell under analysis, and an estimate of their distance is obtained by subtracting their distance to their
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serving BS to the ISD.

Single Cell Single User

Figure 3.2. Extending the single-cell single-user model to the multi-user case, by mapping other users

and BSs as average intra- and inter-cell interference.

For LTE, the major limiting feature is the number of available RBs, for both UL and DL. RBs are
equally distributed among users, assuming similar services. No RBs are however denied to the user
due to its usage in the neighbouring cell, i.e, the Universal Frequency Reuse (UFR) scheme is
assumed. Regarding inter-cell interference affecting user's performance in LTE, similar expressions
were used for inter-cell interference computation, the difference being the lack of an orthogonality
factor in the expressions for DL inter-cell interference. In any case, others users’ LTE UL interference
is considered to have smaller impact than interference caused by neighbouring cells, namely due to

MT’s smaller transmitting power, coordinated RB scheduling and ICIC schemes.

For inter-cell interference mitigation, ICIC schemes such as soft frequency reuse or partial frequency
reuse schemes are often referred, [HoTo09]. For any of these, inter-cell interference is reduced,
resulting in improved SINR levels in UL and DL, differently for both cell centre and cell edge users, as
in [LZZY07] and [XuMKO08]. Centre and edge users can be classified based on their SINR, for both
UMTS and LTE, or on received Reference Signal Reference Power (RSRP) in LTE, Figure 3.3. An
SINR ICIC gain is defined in LTE, (A.9), relative to UFR SINR, assuming different values depending

on user positioning.

Serving Cell RSRPserving - RSRPdetected = 0dB

C -+9dB

Figure 3.3. Cell centre versus cell edge.

Detected Cell

Moreover, power control exists in UMTS UL and DL, and in LTE UL, as referred in Chapter 2. Still,
users are considered to be at the same average distance to BS, and so equal resource division is
always performed between users. Also as both in capacity and coverage analysis maximum

throughput and distance to BS are obtained, there is no reason not to use maximum transmission
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power, providing for a straightforward comparison between systems, as long as these assumptions

are clearly understood.

Also, both in UMTS and LTE, interference power is considered to be equally spread over the
transmission bandwidth, for a realistic analysis under an equally loaded system, reducing SNR for
both LTE and UMTS comparing to the single-user's case. Apart from the last considerations, all

additional interference due to external factors is considered to be negligible.

3.2 UMTS and LTE Simulator

Specific implementation aspects regarding the developed HSPA+ and LTE simulator are presented in
this section. First, the simulator file structure is presented, followed by the description of simulator’s

implementation features, and finally a global simulator evaluation is performed.

3.2.1 Simulator Overview

The simulator was developed in C++ and is composed by two main components, each one dedicated
to one of the two systems, UMTS and LTE, and able to perform both capacity and coverage analyses.
Inside each of these, a link budget analysis module exists for both UL and DL. Parallel to the
simulators, two separate modules exist, the pathloss propagation model and the channel simulation,

used to simulate propagation conditions, Figure 3.4.

Channel Simulator
Module
v

~ .CsV " System simulator (u_.;@ CSV

[C++

UMTS Simulator LTE Simulator

Input Simulation

FAISMELErs UL Link Budget UL Link Budget Resuits
Analysis Analysis

DL Link Budget DL Link Budget

Analysis Analysis

Qutput Simulation

Propagation Model
Module

Figure 3.4. UMTS and LTE Simulator’s architecture.

The simulator receives the input parameters either directly typed in the interface developed or also by
loading Excel input files, in Comma-Separated Values (CSV) format. Output results are always

presented in a CSV Excel file, allowing to take advantage of Excel's capabilities for data analysis.
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The structure chosen allows for a simpler and isolated implementation of the different modules,
particularly for different propagation models or channel simulators. More importantly, however, is that
the chosen structure allows for a comparison between systems’ performance, by using the same
channel simulation, i.e., the same channel conditions generated, repeatedly by any of the two

simulators.

Both UMTS and LTE simulation modules receive BS’s and UE’s features as input for the link budgets’
analysis, the system’s specific parameters, namely frequencies and bandwidth, and also general
simulation parameters, namely UE’s positions vector and simulation period. The results computation is
performed inside each link module, receiving as inputs the channel simulation and the pathloss
results, respectively from the channel simulation and the propagation model modules. Further analysis

regarding the developed simulator is presented in the simulator’s user manual, Annex E.

3.2.2 UMTS and LTE Implementation Analysis

The modules have the purpose to do the main overall calculations obtaining the coverage and
capacity analyses for both systems, through an instantaneous snapshot approach, i.e., for a set of
defined time frames. To perform the single cell analysis, some parameters are considered, which can
be modified in the simulator:

e BS’s transmission power. e Modulation usage.

e MT’s transmission power. ¢ MIMO usage threshold.

¢ BS and MT antenna gain. ¢ Slow and fast fading margins.

e Noise figure. e Environment.

e User and cable losses. e Channel.

¢ Signalling & Control power percentage. ¢ Neighbouring BS’s transmission power.
e Central frequency. ¢ Neighbouring MT’s transmission power.
e Bandwidth.

Radio parameters, such as DL and UL transmission power, MT antenna gain, user and cable losses
and noise figure are considered the same for UMTS and LTE, being used in the simulation modules.
Specifically for DL and UL transmission powers, the same power was considered for both systems in
order to perform a fair comparison. Thus, although MT categories are a relevant constraint to
maximum user throughput, this will not be taken into account, assuming that a MT supports all

available throughputs.

Additionally, it should be considered that part of the transmission power is used for signalling and
control purposes. Namely for UMTS, the BS power split between signalling and control and user data
varies with the operating Release, as referred in Section 2.1.3. For LTE DL, one OFDM symbol is
discounted per RB and in UL, one SC-FDMA symbol, due to the reference signals, [Jaci09].
Regarding LTE DL signalling, the symbols occupied by the P-SCH and S-SCH are neglected here,
since they only account for 12 OFDM symbols in a frame, corresponding to percentages as low as
0.2% in the best case [Duar08].
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Frequency and bandwidth, LTE specific variables, together with modulation and antenna configuration
are performance key parameters, heavily affecting achievable maximum user data rate. Considering
an analysis on the systems’ capacity, maximum number of available codes is considered for UMTS
(15 codes in DL) whereas for LTE variable bandwidth can be chosen in the simulator, as in Table B.3.
The comparison between UMTS and LTE for the same bandwidth (5 MHz) or for maximum system

capacity (20 MHz in LTE) is thus possible.

Regarding antenna configurations, different schemes were considered: SISO, SIMO and MIMO.
Additionally, for LTE DL also a MISO configuration was taken into account. Maximum physical layer
throughput values are given as a function of the measured SNR by the expressions in Annex B,
obtained based on the 3GPP documentation and on MIMO models explained in Annex D. For the
MIMO configurations of both systems, transmission modes providing for maximum throughputs were
considered, i.e., considering spatial multiplexing transmission schemes and not transmit or receive
diversity schemes. However, an SINR level was defined as threshold for the usage of MIMO, in
particular, for each environment, due to the correlation of MIMO transmissions with the good SINR

conditions and with the scattering characteristics of the environment, as referred in Section 3.1.

Regarding modulation, while usage statistics can be specified for different schemes, throughput
calculation can also be done for each modulation scheme available and the best scheme, i.e., the one
that maximises throughput is chosen, simulating AMC techniques in both LTE and UMTS. While the
former is adopted for comparison with measured data, the latter is employed for all other capacity and
coverage analysis. Due to lack of information and to the complexity involved, adaptive coding rate is
not exploited, and only one coding scheme is considered for each modulation scheme and antenna

configuration as shown in Annex B.

Slow and fast fading margins, computed in the channel simulation module, are both probabilistic
distributions, given by Rice, (A.18), and Lognormal distributions, (A.20). Distributions’ standard
deviations, K parameter for the Rice distribution, and channel coherence times are all input into the
simulator. Fading margins are computed in the channel module, at each coherence time interval, for
both UL and DL.

Particularly for Rice fading, different values for the K parameter were chosen according to the
environment. From the three environments implemented, Axial, Urban and Dense Urban, the Axial
benefits from LoS transmission reflected by a higher value for K, comparing to the Urban and Dense
Urban environments. Apart from this, different building configurations are taken for the Urban and

Dense Urban environments, having an influence in obtained pathloss values for these environments.

For the pedestrian and vehicular channels, due to the information available, different implementations
were considered inside each system simulator. Regarding UMTS, the pedestrian channel is based on
the data for the Pedestrian A channel, as shown in Annex B, and the vehicular channel is also
obtained based on this results as detailed in Annex B. For LTE, the pedestrian channel is obtained
based on the data for the EPA5Hz channel, and for the vehicular channel the ETU70HZ’s results are
used for the Urban and Dense Urban environments while the extrapolation based on EPA5HZ's

results, similar to UMTS'’s, is taken for the Axial environment, Annex B.
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Interference power is computed differently in each system module, as intra-cell interference exists in
UMTS. Regarding inter-cell interference in both systems, it is computed as detailed in Section 3.1, i.e.,
considering the user distance to the interfering BS, in DL, and the average neighbouring cell users’
distance to the serving BS, in UL. Neighbouring BS’s and MT’s power are also inputted into the
simulator, making it possible to consider a neighbouring BS transmitting at 50% of maximum power,
for example, reflecting a lower cell load situation. Intra-cell interference only exists in UMTS, and as
average users’ distance to BS is known, received interference power in UL and DL is simply

computed.

For both user and interference power received, the propagation model module computes pathloss, as
in Annex C, depending on environment characterisation and distance between emitting and receiving
antennas. Conversely, for coverage analysis, the module computes the Lcostzz1 and Ligsrasq, used in
(3.2) and (3.4).

Furthermore, for simulation, three main parameters are defined as inputs, depending on the type of
analysis required. For the capacity analysis, distance to BS statistics, i.e., mean and standard
deviation of a Gaussian distribution, and number of cell users are required for single- and multi-user
analysis. Differently, for service coverage analysis, service required data rate and number of cell users
are inputted, so to obtain maximum cell range, for which the user is still served. Apart from these, also

the simulation period is defined for simulation, independently of the performed analysis.

Output results vary depending on the analysis, either capacity or coverage. Instantaneous user’s
distance to BS, pathloss, fading margins, SINR, throughput, modulation and antenna configuration are
output for the first, while pathloss, fading margins, cell range, modulation and antenna configuration
for the second, for UL and DL by both UMTS and LTE simulators.

3.3 Simulator Assessment and Model Evaluation

Prior to results analysis, the simulator was assessed, namely regarding the validity of the output and
the necessary number of simulations that ensure statistical relevance of the results. For this purpose,
statistical parameters such as the average, standard deviation and correlation coefficients of the
results were analysed. The simulator, i.e., the implemented model, is further compared with the

measured results obtained in subsequent chapters.

Output results mean, standard deviation and correlation coefficient between data sets were obtained
using (3.6), (3.7) and (3.8), as defined in [Moral0].
_ & (3.6)
N,
where:
e z;:samplei;

e N,: number of samples.
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P (3.7)
o= JN—Z< -2
where:
e 7. average value of sample set z.
corr(Z,Y) = —cozz(i;}’) (38)

where:
e cov(Z,Y): covariance between random variables Z and Y, assuming equal number of samples
of the two variables, defined as:

L G- DX i=7) (3.9)
Ny

e y;:sample i (3.10)

cov(Z,Y) =

Due to channel coherence times, used to characterise the time varying nature of the channel, i.e., that
vary slow and fast fading margins, obtained throughputs and cell service ranges both have a strong
randomness associated. Thus, the analysis of both throughput's and cell range’s average and
standard deviation values for varying simulation period values are shown in Figure 3.5-a) and Figure
3.5-b), for the pedestrian urban single-user scenario in DL. No additional randomness is associated to
the vehicular channel, other environments, multi-user scenario or UL direction and so a similar
analysis for that case would provide for a similar analysis and the same conclusions. Modulation and
MIMO configurations that allow for the highest throughputs are taken and no MIMO SINR threshold is
defined for this analysis. The urban pedestrian scenario with 500 m ISD and user distance to BS given
by Gaussian distribution with mean 200 m and 100 m for standard deviation are considered. For cell
range analysis a required service of 5 Mbps is chosen.
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(a) Average user throughput. (b) Average user distance to BS, for 5 Mbps.

Figure 3.5. Capacity and coverage performance results for UMTS and LTE UFR, for varying

simulation period.

Slight changes in average throughput value are seen, especially regarding average throughput, with
closer standard deviation values for simulation periods higher than 40 s. Thus 60 s simulation period

was chosen for further simulations, featuring a fair trade-off between associated error of results and
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real simulation time, approximately 5 seconds in an Intel Core2 Duo T7250 2 GHz, 2 GB RAM.

Furthermore, a results analysis regarding throughput and distance to BS is needed for model
validation, with average and standard deviations values determined. Results are presented in Figure
3.6, as a function of users’ number and summarised also in Table 3.1 and Table 3.2 for UMTS and
LTE UFR respectively. For analysis of user’s distance to BS, two service data rates are taken under

analysis, namely 1 Mbps and 5 Mbps, although similar analyses could be performed for different data

rates.
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Figure 3.6. Capacity and coverage performance results for UMTS and LTE UFR, for varying number

of users.

Table 3.1. User throughput and distance to BS for 1 Mbps and 5 Mbps data rates in UMTS.

Number of users
Parameter 1 5 10 15

11 o 1] c 1] c 1] c
Average throughput [Mbps] 39.7 | 4.8 3.6 1.3 1.3 0.5 0.8 0.3

Average distance 1 Mbps 2044 | 620 | 399 | 169 | 245 | 101 | 265 | 113

[m] 5 Mbps 864 | 116 | 169 | 76 0 0 0 0

For the single user scenario, average throughputs of 39.7 Mbps and 97.7 Mbps are obtained for
UMTS and LTE UFR, respectively, close to the maximum theoretical data rates of 42 Mbps for UMTS,
although rather bellow the maximum of 150 Mbps for LTE. Differences are mainly explained by the
SINR to throughput mapping models used, that allow maximum data rates of 42 Mbps in UMTS but of
only 114 Mbps in LTE. Additionally, fading margins are mainly responsible by simulating the varying
nature of the propagation channel, leading to a decrease of the maximum data rates allowed by the

models, but giving rise to a more realistic simulation.

Nevertheless, average throughput values decrease with user's number and together with it standard
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deviation, naturally, due to the smaller absolute throughput values. A great drop in average throughput
is seen from the single- to the multi-user scenario, as expected, in both UMTS and LTE UFR.
Whereas for UMTS throughput is mainly reduced by the presence of intra-cell interference, rising with
the number of cell users, in LTE the split of available RBs between users also reduces data rates, as it
is clearly seen in results in Table 3.2. Smaller growths in intra-cell interference and decreases in RBs
per user occur, however, for higher user's number in the multi-user scenario, resulting in smaller

decrease in average throughput.

Table 3.2. User throughput and distance to BS for 1 Mbps and 5 Mbps data rates in LTE UFR.

Number of users

Parameter 1 5 10 15

11 c 11 o 11 o 1] c
Average throughput [Mbps] 97.7 | 9.5 19.6 1.3 9.8 0.5 6.5 0.3

Average distance 1 Mbps 880 | 236 | 682 | 221 | 531 | 171 | 465 | 176

[m] 5 Mbps 768 | 116 | 346 | 126 | 243 | 81 | 167 | 48

Regarding cell range, for any of the considered services, it decreases with users’ number but also with
the absolute value of the required service throughput. For higher user’'s number, users’ may even not
be served, as it is seen with UMTS for more than 10 users, due to the limited BS transmission power
and limiting intra- and inter-cell interference power levels. Regarding LTE the limitation is still in the
number of RB’s per user. Nevertheless, UMTS still provides for higher cell ranges for the single-user

scenario in 1 Mbps and in 5 Mbps assured data rates.
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Chapter 4

Results Analysis

This chapter presents the results from the LTE measurements campaign performed as well as the
simulator results for both UMTS and LTE. Measurements results are initially analysed, describing the
scenario used and drawing different analysis regarding SNIR and physical throughput. A comparison
between measurements’ and simulations’ results is then performed, comparing SINR and throughput
for varying channel and environment. Finally, UMTS’s and LTE’s simulation results are compared, and

performance gains computed, presenting conclusions on systems’ capacity and coverage.
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4.1 Scenarios Description

For the performed analysis, different environment, channel and load conditions were considered.
Regarding the first, three different environments are defined:

e The Axial environment is characterised by strong Line of Sight (LoS) with the serving eNB and
thus the best propagation conditions. As a consequence, BSs are highly distanced from each
other, and low cell overlap occurs.

e The Urban environment is defined mainly by multipath coverage, although LoS might occur
sporadically, due to moderate building concentration. Due to higher pathloss, BSs are less
distanced when comparing to the Axial environment.

e The Dense Urban environment, where high building concentration occurs, is also where

strong multipath exists and big cell overlap occurs due to closer installed eNBs.

The defined environments have both an effect in pathloss and in neighbouring cells interference.
Default and recommended values of COST231-Walfisch-lkegami are described in Annex C, for
pathloss calculation. Whereas for the Axial environment COST231-Walfisch-lkegami’s expression for
LoS conditions is used, for urban environments no LoS is considered to prevail and environment
characterisation is assumed as in Table 4.1. Furthermore, different ISDs characterise the
environments. ISDs obtained in the measurements scenario, presented in Subsection 4.2.1 and with

values shown in Table F.2, are used as reference for each environment in all analysis performed.

Table 4.1. COST231-Walfisch-lkegami’s environment parameters for the urban scenarios, [Optill].

Parameter \ Environment Urban Dense Urban
BS Height (hy) [M] 30 30
MT Height (h,,) [m] 1.5 1.5
Buildings Height (Hg) [m] 23 23
Street Width (wy) [m] 35 30
Inter Buildings Distance (wg) [m] 75 50
Incidence Angle (o) [°] 90 90

Also, two different channel scenarios are defined: the pedestrian and vehicular channels. The
pedestrian stands for a static user (or almost, 3 km/h in ITU Pedestrian A channel) at the street level
with low attenuation margins; the vehicular for users moving at high-speed, normally considered
50 km/h. These channels were taken for each of the defined environments, and associated SNIR-to-

throughput mapping is considered as available in Annex B.

44



Due to the random nature of the propagation channel, multipath terrain and buildings configurations,
associated signal fading and degradation is accounted by defined fast and slow fading margins,
respectively. Both for single- and multi-user scenarios, a statistical modelling for the fading margins is
employed, as referred in Subsection 3.2.2. Different default values are assumed for fading
characterisation in pedestrian and vehicular channels for both systems, Table A.1, Table A.2 and
Table A.3.

The default parameters used for link budget simulations are presented in Table 4.2 for UMTS and
LTE. Frequency bands used are based on [Optill]. One can further note different Signalling and
Control Power percentage values for both systems according to the analysis in Chapter 2. All

modulation and MIMO schemes present in 3GPP’s reports on throughput-SINR traces are available.

Table 4.2.Default values used in UMTS and LTE link budgets (based on [Jaci09], [EsPe06], [HoTo09],
[PoP010] and [Optill]).

Parameter UMTS LTE
DL UL DL UL
BS Transmission Power
[dBm] 46 - 46 -
MT Transmission Power
[dBm] - 24 - 24
Frequency Band [MHZz] 2110 1920 2600
Bandwidth [MHZz] 5 20
QPSK, QPSK,
Modulations soan, | K| 1o, | OPSK Ls0AM,
64QAM 64QAM
. . SISO, SIMO, SISO, SIMO, SISO, MISO,
Antenna Configurations MIMO SISO MISO, MIMO MIMO
MT Antenna Gain [dBi] 1
BS Antenna Gain [dBi] 18
User Losses [dB] 1
Cable losses between emitter 5
and antenna [dB]
Noise Figure [dB] 9 7 7 5
Signalling and Control Power 40 15 285 10
[%]
MIMO Threshold [dB] 17.3 16
ICIC Gain Cell centre user _ 6
[dB] Cell edge user 10

Maximum BS and MT antenna gains of 18 dBi (with a 65° half power beam width) and 1 dBi,
respectively, are assumed for both systems, [Jaci09]. Despite the dependence with frequency, equal

values were assumed, allowing for a fair comparison between systems and a simpler analysis.
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Additionally, both equipment gains are manufacturer dependent and may vary according to the type of

hardware.

Identical transmission power values were also set in order for a fair system’s comparison. Actually,
some HSPA+ sites exist that are already being supplied by 40 W. However, general values are below
this target, according to [Jaci09], namely 43 or 44.7 dBm for macro-cells. For LTE, BSs are commonly

deployed with 46 dBm maximum transmission power, [Optill].

As the human body absorbs energy, a body loss margin of 1 dB is established. Moreover, losses
generated by feeders, connectors and all external equipment between the antenna and the BS
receiver are considered. Although varying with the equipment type and manufacturers and operators
implementation issues, a margin of 2 dB is used.

A 5 MHz bandwidth is assumed for UMTS transmission whereas for LTE the maximum of 20 MHz is
used. Although the same bandwidth could be considered, for LTE the system is designed to allow for
higher bandwidths, differently than for UMTS, and thus one should not restrict itself to a comparison
using 5 MHz LTE. Nevertheless, if the latter scenario is the case, the same results are applicable
although dividing maximum throughputs obtained by a factor of 4, assuming equal spectral efficiency
for 5 and 20 MHz, Table B.3.

A SINR threshold level is defined for both systems, above which MIMO transmission can be
scheduled. For UMTS, the reference threshold value was adapted from [BatiO8], where it was
considered as SINR threshold for the maximum throughputs in DL for HSPA+. For LTE, the assumed

value is obtained in Section 4.2, based on measurements results.

Additionally for LTE ICIC variant, a higher SINR gain is considered for cell edge users than for cell
centre users, based on results in [LZZY07] and [XuMKO08]. Although different gain values could be
assumed, depending on the environment, due to different interference levels felt in each environment,
for simplicity no differences are here assumed. Moreover, the obtained gain in SINR is largely
dependent on the ICIC scheme chosen, e.g. soft frequency reuse or partial frequency reuse schemes,
and in practical implementation considerations. Again, a simple but meaningful solution is preferred.

Interference power is computed as defined by the Single-Cell model developed, both intra- and inter-
cell. However, although users in the cell under study are considered to be at maximum load, i.e.,
transmitting with maximum power in both UL and DL, neighbouring cells are considered to serve the
same amount of users but at 50% of maximum transmitted power, [Optill]. Therefore, in DL,
neighbouring BS’s maximum transmitted power is 42.97 dBm, Table 4.3, and in UL, neighbouring

MTs’ maximum transmitted power is 21 dBm, 50% of the respective MT power in Table 4.2.

Regarding the coverage analysis, i.e., distance to BS as a function of number of users’ analysis,
different services were considered to provide a broader coverage of vast types of services possible.
Particularly, three service types were considered: a Web service, for UL and DL, requiring typical data
rates of 1 Mbps according to [Jaci09]; a video streaming service, for DL, with typical maximum
throughput values of 5 Mbps for MPEG-2’s primary distribution according to [Perell]; and a File

Transfer Protocol (FTP) service, considering a possible requested throughput of 10 Mbps, Table 4.4.

46



For a comparative coverage analysis between different service data rate values, no mixed service

profile was considered.

Table 4.3. Neighbouring BS’s transmitted power, regarding cell load, [Optill].

Cell load [%] Neighbouring BS transmitted power
[dBm]
0 41.20
50 42.97
75 44.73
100 46.00

Table 4.4.Default required service data rates considered for coverage analysis (based on [Jaci09] and

[Perell)).
Service / Throughput Typical [Mbps] Considered [Mbps]
Web [1.024, Ry max] 2
Video Streaming [0.032, 10] 5
FTP [0.512, Ry pmax] 10

Non-real time applications such as Web, Video Streaming and FTP typically present an asymmetrical
nature, as they mostly request information executed by users to remote servers. Nevertheless, in the
scenario developed, the defined service data rates will be considered for both DL and UL. Also,
different QoS levels characterise each of these services, required for a suitable end-user satisfaction
rate. However, as each service will be analysed separately, the same priority is assumed for all users,
performing the same service, and thus an accurate and simple analysis is possible.

Finally, regarding users’ distance to the serving BS, a Gaussian distribution with the same average
and standard deviations values as measured in Section 4.2, shown in Table F.1, is considered in
Sections 4.3 to 4.4, for an accurate comparison between theoretical and simulation results and also a

realistic comparative scenario for UMTS and LTE performance analysis.

4.2 LTE Measurements Results Analysis

Measurements results on LTE are presented in this section. The measurements scenarios are first
detailed in Subsection 4.2.1. Results are then cross-analysed for varying environment, channel,
modulation and antenna schemes, user’s position in the cell and system’s load and distance to serving
BS, over Subsection 4.2.2 until Subsection 4.2.7.
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4.2.1 Measurements Scenarios

In the framework of this thesis, a plan for measurements was carried out, in cooperation with Optimus.
Measurements for the DL single-user in the cell scenario were then performed in Optimus’ LTE cluster
in the city of Porto, Figure G.1, considering the Axial, Urban and Dense Urban environments, defined

in Section 4.1.

Measurements were performed, for both UL and DL, using a maximum of two outdoor antennas for
the UE and equipment specifications in Table 4.5. The antennas were installed on the top of Optimus
measurement vehicle, considering a recommended distance of about the same order of magnitude of
the propagation wavelength and positioned with a 45° angle between them, as shown in Figure 4.1-a).
The antennas were connected to a MT Probe equipment, Figure 4.1-b), used together with a laptop for

data acquisition and storage. Also a GPS receiver was used, for collecting data on positioning.

Table 4.5. Equipment used in LTE live measurements.

Feature Value
Central frequency for UL / DL [MHz] 2510/ 2630
Maximum bandwidth [MHZz] 20
UE category 5 (QPSK,16QAM,64QAM in UL and DL)
System’s MIMO capabilities 1Tx 1Rx Single Stream

1Tx 2Rx Receive Diversity
2Tx2 Rx Space-Frequency Block Coding
2T2R Open-Loop Spatial Multiplexing

ICIC schemes None

(a) Two antennas used in the (b) MT Probe equipment used for data

measurements. acquisition.

Figure 4.1. Measurements equipment used.

A UDP stream was used to create a continuous data stream, for both UL e DL directions. For the
latter, a server was used from Optimus’ back office, provided that the connections upstream in the

core network were not constraining maximum achievable data rates. The control plane data was then
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acquired on the UE’s side.

For all three environments, measurements were taken mainly in the middle of the streets, where
possible. Both static and mobility measurements were taken in this set. Moderate average velocity for
mobility measurements was found around 20 km/h for different environments, as shown in the
Probability Distribution Function (PDF) and Cumulative Distribution Function (CDF) of user’s speed in

Figure 4.2-a), taking into account obvious traffic constraints.

Selected measurement areas were scattered for varying distances to serving BS, as shown in Figure
4.2-b) and further in Table F.1, and over the different environment wide areas, seeking to cover
different propagation conditions. Distances between BS'’s statistics are summarised for each

environment in Table F.2, measured as shown in Figure G.2 to Figure G.4.
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Figure 4.2. Mobility measurements statistics for 0% cell load measurements over all the environments.

For the Axial environment, measurements were taken in the main avenue and neighboring streets, at
varying distances from serving BS, mainly in locations were strong LoS was present or diffraction on
at most one building top was likely to occur. In both Urban and Dense Urban environments,
measurements were taken closer to installed BSs when compared to the Axial environment, avoiding
high pathlosses to limit results. Varying street configurations were covered, as results for the latter
environments are known to be more dependent on these configurations. Although initial static
measurements spots were not chosen over the routes used for the drive tests, shown in Figure G.5,
for the present analysis only the results over these routes are considered. For each environment, the

same route was also considered when varying load.

For a broad analysis of coverage, extended measurements were made, shown in Figure G.6, besides
the static and mobility ones performed inside the cluster. The latter route was used for drive tests both
on DL and UL, going from the cluster center over to the cluster’s surroundings and until an area
where residual coverage was measured. A broader range of channel conditions and SINR values is

then measured, not obtained when measuring close to the serving BS.

Regarding the data collected, a filter was applied to cut off data obtained during HO procedures,

based on Radio Resource Control (RRC) measurement control messages, used for HO decision, and
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on the system events reported by the manufacturer's software used. Also, apart for coverage
measurements, results corresponding to very low throughput values, i.e. under the threshold of
0.5 Mbps, were not considered, as these were determined to be associated to connection

establishment or other procedures that are not under study.

Further, regarding the limitations of the GPS receiver used, it was seen that cases were where the
system’s measurements were taken without associated GPS coordinates. Careful interpolation of the
GPS coordinates was performed in these cases, where possible, based on adjacent measurement
points. Taking into account that the measurements’ data was acquired in the UE each second and that

the described GPS blackouts were bursty, the interpolation method is considered to be acceptable.

Apart from this matter, measurements’ data on position showed a fairly good precision for the
measurements performed in the drive tests, but noticeable positioning errors when performing static
measurements. Furthermore, these limitations make it impossible to make accurate measurements of

channel variations in time or in space, interesting for environment and channel characterisation.

Load measurements were also performed making use of a system function for load simulation, made
available by the equipment’'s manufacturer, mainly acting on BSs’ transmitted power. Interference in
this way is equally spread over the whole transmission bandwidth available. Power levels for the three
load sets analysed, 50%, 75% and 100% load, are specified in Table 4.3, compared to the case with
no load, i.e., only control channels exist. Note that in the LTE scenario studied, the 0% cell load
situation does not correspond to no transmitted power in neighboring cells, but instead to transmitted
power allocated to the common reference signals, transmitted by the BS at all times, and that
correspond to 33% of the total available power in the BS. However, for simplicity, this case is said to
correspond to 0% load.

For accurate environment comparison, environment characterisation was made in loco, taking into
account the users’ surroundings. For the Axial environment, LoS propagation is prevalent in most
cases and is the only propagation considered. Regarding Urban and Dense Urban environments, non-
LoS is likely and propagation occurs mostly by diffraction on the buildings’ tops, located between the
BS and the user’s street. Urban and Dense Urban environments measured showed in general,
buildings with similar heights, without noticeable isolated higher buildings or other irregular building
patterns over the landscape. Therefore, the measured environments are coherent with the scenarios
developed in Section 4.1.

For the record, it is also worth mentioning that one of the BSs, serving in the Axial environment,
proved to have lower data rate values than expected, and in an agreement with Optimus, the

measurements regarding this BS were excluded from this study.

4.2.2 Environment

PDFs and CDFs obtained from static measurements’ results are presented in Figure 4.3, Figure 4.4
and Table 4.6, for different environments regarding both measured average SINR and measured

average throughput. Similar results are also obtained for the mobility measurements, Figure F.1,
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Figure F.2 and Table F.3.
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Figure 4.3. SINR statistics of DL static measurements results for different environments.
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Figure 4.4. Throughput statistics of DL static measurements results for different environments.

Regarding the considerable differences in SINR, these have an obvious direct impact on the
achievable throughput. Figure 4.5 shows the comparison between the number of allocations of both
the Space-Frequency Block Coding (SFBC) scheme, a transmit-receive diversity scheme, and the
Open Loop Spatial Multiplexing (OL SM) scheme, a 2x2 MIMO scheme for the static measurements.

Similar results are also obtained for the mobility measurements, Figure F.3.

Table 4.6. SINR’s and throughput’s mean and standard deviation, for different environments.

Parameter \ Environment Axial Urban Dense Urban
Hsing [dB] 18.11 14.80 13.31
Osinr [dB] 2.44 5.18 5.72
Hrhroughput [MDPS] 82.04 49.75 42.26
Ohroughput [MbpS] 39.67 20.72 16.60
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It is seen that for the Axial environment, MIMO is by far more used than the SFBC scheme, 46% of the
times, when comparing to other environments, 7% and 9% for Urban and Dense Urban environments

respectively. This happens mainly due to the higher SINR values measured for the Axial environment.
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Figure 4.5. Transmission mode statistics analysis for static measurements in different environments.

An estimate of threshold value for the usage of the OL SM transmission scheme can be obtained by
the analysis of the average number of allocation times as a function of SINR, presented on Figure 4.6-

a), Figure 4.7-a) and Figure 4.7-b) for the mobility measurements obtained in the three environments.

Additionally, a polynomial fitting is also shown over the data.
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Figure 4.6. Transmission mode analysis versus SINR and throughput, for mobility measurements in

the Axial environment.

Considering the threshold of 10% MIMO transmissions, it can be seen that for the Axial environment it
corresponds to an approximately 16 dB of SINR. For the Urban and Dense Urban environments, a
similar threshold can be measured for SINR values around 17 dB and 16.5 dB, respectively. For
Rankl SINR a diversity gain of 1 dB and for Rank2 SINR a loss of 7 dB is added on top of average
SINR, considering the results in Figure F.4.

Considering the results in Figure 4.3-a), the average SINR value for the Axial environment is found to
be above the MIMO threshold, with 82% of measurements above SINR of 16 dB, justifying thus the

greater average throughput values in Figure 4.3-b) when comparing to the Urban and Dense Urban

52



environments.
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Figure 4.7. Transmission mode versus SINR analysis, for mobility measurements in the Urban and

Dense Urban environments.

Thus, although MIMO transmission takes advantage of spatial diversity in the environment for
multiplexing transmission streams, as it exists in the Urban and Dense Urban environments, results
show that it is in the Axial environment that MIMO is more used. Although stronger LoS transmission
exists for the latter, and hence a weaker multipath transmission component, better conditions for
MIMO transmission are found allowing for a boost in throughput rates, as shown in Figure 4.6-b).
Achieved throughput rates of over 100 Mbps in the Axial environment, are only possible due to the use
of MIMO.

423  Mobility

By taking the measurements obtained in mobility, according to the distribution in Figure 4.2-a) and the
static measurements, a comparison in done in terms of SINR and throughput distributions for the
Axial, Urban and Dense Urban environments, as shown in Figure F.5, Figure 4.8 and Figure F.6,

respectively. Table 4.7 summarises results for all environments.
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Figure 4.8. CDFs of DL mobility and static measurements’ results for the Urban environment.

53



For the Axial environment, a noticeable difference exists regarding the two measurement scenarios, a
gain of 3.7 dB in average SINR from the static to the mobility scenario and of 73% in average
throughput. Also, taking into account the results in Figure 4.6-a), it can be found that for the mobility
case the SINR threshold for MIMO usage is not always achieved, 24% comparing to 62% for the static

case, and justifying why throughput is strongly affected.

One can conclude that the fast varying environment, due to mobility, can have a great impact for this
environment. However, it should be also noted that the static measurements’ locations chosen have a
great influence in this analysis, and although these were chosen over the drive test’s route used for
the mobility measurements, a more extensive set of static measurements should be taken for a more

reliable analysis.

Regarding the Urban and Dense Urban environments, Figure 4.8 and Figure F.6,smaller differences
can be seen, 0.05 dB and -0.87 dB in the average SINR from static to mobility scenarios, and 14%
and 9% in the average throughput. Hence, for the Urban and Dense Urban environments, a smaller
effect of mobility on the measurements is shown, comparing to the Axial environment. Being the latter
characterised by strong LoS transmission, it might be said that environments where LoS transmission

occurs are more affected by mobility than environments where multipath transmission is dominant.

Table 4.7. SINR’s and throughput’'s mean and standard deviation for static and mobility scenarios.

Parameter \ Axial Urban Dense Urban
Environment
Static Mobility Static Mobility Static Mobility
Msing [dB] 18.11 14.41 14.80 14.75 13.31 14.18
Oosinr [AB] 2.44 5.40 5.18 4.53 5.72 4.57
Mthroughput [MDPS] 82.04 47.30 49.75 43.72 42.26 38.84
OThroughput [MDPS] 39.67 30.24 20.72 20.08 16.60 14.09

4.2.4 Modulation and Antenna Configuration

An analysis of the transmission modulation used is also performed, based on the results of the MCS
used in the static and mobility scenarios, Figure 4.9-a) and Figure F.7 respectively. In a first analysis

results are presented for both the non-MIMO and MIMO transmissions.

For static measurements results a dominant usage of 64QAM is seen for all three environments.
16QAM modulation is the second most used modulation scheme, by far separated from the QPSK
modulation, only marginally used. The great usage of higher order modulations can be justified by the
good SINR environments, with SINR average values of 18.11 dB, 14.80 dB and 13.31 dB despite their

differences.

Similar results are also evidenced for mobility measurements in Figure F.7, although not as expressive
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due to poorer channel conditions, and in which cases lower order modulations are thus used, Figure
4.9-b). Great differences can be seen, however, comparing the modulation usage results for a real life
in use network, as presented in [Batill] for the UMTS system, where other users coexist and such

good channel conditions and a fully dedicated BS are not possible.
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Figure 4.9. Modulation schemes analysis in DL static measurements’ results for different

environments.

Regarding MIMO usage, i.e. OL Spatial Multiplexing, versus transmit-receive diversity transmission
using SFBC, it was seen in Figure 4.5 that it is mainly reliant on good SINR levels. Nevertheless,
significant differences exist between static and mobility measurements, for the latter refer to Figure

F.3, mainly in the Axial environment precisely due to the SINR levels for each case, Figure F.5.

4.2.5  Cell Edge vs. Cell Centre

Based on measurements, a cell centre and edge performance analysis was made, based on the
measured RSRP. The relation with the distance to BS is shown in Figure 4.10 for the Axial
environment. Despite the poor fitting, Table F.4, a clear trend is seen to exist, namely the decrease of

the difference between serving and detected RSRP with distance rise.

Nevertheless, SINR and throughput results are presented in Figure 4.11 for the Urban environment
and in Figure F.8 and Figure F.9, Annex F, for the remaining environments. Table 4.8 summarises
results obtained over all environments. It is seen that, in the case where no ICIC is used, a decrease
of 5.65 dB, 4.74 dB and 4.97 dB in average SINR exists from cell centre to cell edge in the Axial,
Urban and Dense Urban environments, respectively, with associated decrease of 54%, 55% and 41%

in average throughput.

The higher and lower SINR values associated to cell centre and cell edge reflect also that it is possible
to use SINR as an indicator of cell edge and cell centre results, such as it happens when the geometry
factor is employed, defined in [HoTo09] as an average wide-band SINR. Hence, for all the three

environments, a SINR threshold of around 15 dB to 16 dB can be defined for separating cell edge
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users from cell centre users, as approximately 80%, 76% and 79% the cell edge measurements are

bellow this value and 80%, 87%, 88% of cell centre measurements are above it.
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Figure 4.10. Serving and neighbouring cell RSRP difference as a function of distance to BS for the

Axial environment, based on mobility measurements.
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Figure 4.11. Cell edge versus cell edge statistics, from mobility measurements in the Urban

environment.

Table 4.8. SINR’s and throughput’'s mean and standard deviation for cell edge versus cell centre, for

the mobility scenario.

Parameter \ Axial Urban Dense Urban
Environment
Cell edge | Cell centre | Cell edge | Cell centre | Cell edge | Cell centre
Using [dB] 11.82 17.47 13.46 18.20 11.93 16.90
Osing [dB] 5.38 3.54 4.39 2.05 5.36 2.20
Hthroughput [MbPS] 31.04 68.10 28.83 64.68 30.96 52.38
OThroughput [MbPS] 16.06 30.60 7.23 16.40 7.94 10.79
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4.2.6  Cell Load and Capacity

Considering the presence of cell load as described in Chapter 4.1, results of measured average SINR
and throughput are presented in Figure 4.12 and Table 4.9 for the Urban environment whereas similar
results are shown for the Axial and Dense Urban environments, respectively, in Figure F.10 and Table
F.5, and Figure F.11 and Table F.6.
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Figure 4.12. CDFs of DL measurements results, for varying load, in the Urban environment.

For the Axial environment, an approximate decrease of 4.48 dB, 3.47 dB and 7.40 dB in the average
SINR is seen from the 0% load environment, to 50%, 75% and 100% load scenarios. Regarding
throughput, the decrease in the average throughput is of approximately 15%, 9% and 28% from the
0% load to the 50%, 75% and 100% scenarios.

In the Urban environment, an approximate decrease of 6.04 dB, 8.29 dB and 8.87 dB in the average
SINR and of 10%, 33% and 37% in the average throughput is presented from 0% load to 50%, 75%
and 100% load scenarios. The relative decreases in average SINR and throughput are thus in its
majority higher than for the Axial environment, as shorter distances between neighbouring BSs create

potentially higher interference power levels.

Table 4.9. SINR’s and throughput’s mean and standard deviation for varying load scenarios in the

Urban environment.

Parameter \ Load 0% 50% 75% 100%
Hsing [dB] 14.75 8.71 6.46 5.88
Osnr [dB] 4.53 7.21 6.65 6.78

Hrhroughput [MDPS] 43.72 39.44 29.12 27.39

Orhroughput [MbPS] 20.08 30.24 19.01 19.14

Regarding the Dense Urban environment, an approximate decrease of 7.99 dB, 9.16 dB and 9.69 dB
in the average SINR is shown from the 0% load to the 50%, 75% and 100% scenarios whilst the

decrease in the average throughput is of approximately 30%, 38% and 39%. The relative decreases in
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average SINR and throughput are hence the highest of the three environments, following the trend
presented also for the Urban environment, where shorter ISDs imply potentially higher interference
power and lower SINR values.

Furthermore, the effect of cell load in the modulation schemes used for transmission can also be
measured for the Axial, Urban and Dense environments, as shown in Figure 4.13 and Figure 4.14, for
varying load levels.
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Figure 4.13. Modulation schemes average use regarding cell load for the Axial environment.
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Figure 4.14. Modulation schemes average use regarding cell load for the Urban and Dense Urban

environments.

For the Axial environment, larger differences are seen for the 100% load scenario, where a decrease
of 10% on 64QAM and an increase of 12% on QPSK were measured regarding the 0% scenario.
Regarding the Urban and Dense Urban environments, changes in modulation usage are even clearer
for increasing load levels, with decreases of 20% and 24% on 64QAM usage, respectively, and
increases of 33% and 27% on QPSK usage from 0% to 100% load scenario. The difference between
the modulation schemes used in the Axial, Urban and Dense Urban environments is thus, in
accordance with the SINR differences measured.

Regarding MIMO usage, SINR levels for 0%, 50%, 75% and 100% load scenarios in mobility are all
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below the MIMO SINR threshold, defined in Subsection 4.2.2. Hence, differences in MIMO usage for
varying load are hardly seen, and similar low MIMO usage levels occur. Even so, from 0% to the 50%
load scenario a decrease of 16% and 12% was measured for the Axial and Dense Urban
environments and the same decrease was also maintained for 75% and 100% load scenarios, for all
the environments.

Further regarding cell centre versus cell edge performance, the difference in measured average SINR

and average throughput between cell centre and cell edge is shown in Figure 4.15, as a function of

load.
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Figure 4.15. Performance differences between cell centre and cell edge as a function of cell load, for

varying environment.

Apart from the Urban environment, the gap between cell edge and cell centre performances increases
with system load, as interference in cell edge leads average SINR and average throughput to
decrease while cell centre sees a smaller influence, Figure F.13 and Figure F.14. Greater losses are
particularly seen in the average SINR in Figure 4.15-a), of 14 dB, 10 dB and 8 dB for the 100% load
scenario for the Axial, Urban and Dense Urban environments, but also reduction of 80%, 66% and
65%, respectively, in throughput. Despite higher inter BS distance, LoS conditions for the Axial
environment favour higher interference from neighbouring cells, especially in cell edge, whereas in
Urban and Dense Urban environments higher building concentration provides for lower interference

levels.

4,27  Coverage

Furthermore, a performance analysis was carried, in a drive test going from the LTE cluster centre into
the surrounding area, extending the system coverage. Whilst inside the cluster inter-cell interference
limited DL SINR measured, as shown in the cell edge-centre analysis, pathloss, or more generally, link

loss as defined in (A.4), is now constraining average SINR and throughput, Figure 4.16.

Figure 4.16 presents measured link loss and SINR as a function of distance. Figure 4.16-b) shows

average throughput as a function of distance. For both cases, a decrease can be seen when distance
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to serving BS rises, while in the former a clear correlation between link loss and average SINR is
seen. A correlation coefficient, defined as in [Moral0], between link loss and SINR of 0.85 is obtained,
proving that there is a relationship between the two for significance levels as low as 10%, [Neagll].
Further, approximate decreases of 35 dB in link loss, 19 dB in average SINR and 84% in average
throughput are seen when moving from BS proximity to a distance of 1.5 km. A consistent throughput
reduction is though seen until the distance of 1 km, proven to be the transition point, and a distinct

variation rate is seen from this range on.
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Figure 4.16. Link loss, average SINR and average throughput as a function of distance to serving BS.

Also, measured average DL throughput can be obtained as a function of average SINR, using
coverage measurement results and drive tests’ results for varying environment, Figure 4.17. Similar
results are seen, between results outside and inside the cluster, for varying environment, found to be

inside the standard deviation margins of coverage measurements.
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Figure 4.17. Average DL throughput as a function of average SINR.
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4.3 LTE Simulation Results Comparison

Simulated and measured results are presented in Figure 4.18 for the pedestrian channel and static
measurements, respectively, in terms of average SINR and throughput, for varying environment.
Average and standard deviation values are shown for the theoretical, i.e. simulation, results compared

with measurement’s results.
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Figure 4.18. Simulated and measured results, respectively for the pedestrian channel and static

measurements.

Regarding average SINR, differences of approximately 4.76 dB, 2.66 dB and 0.45 dB are seen for the
Axial, Urban and Dense Urban environments, and of 40%, -12% and -30% in average throughput.
Nevertheless, for SINR, after correcting the distribution mean by this value, rather consistent
distributions can be seen as shown in Figure F.15 and Figure F.16, Annex F, where simulated and

measured PDFs for SINR are shown.

The higher differences seen for the Axial environment can be mainly justified by the distance to BS
distribution considered in the simulations (as no data over the distance to BS was collected for this
measurement scenario). Therefore, the distance distribution considered was the same used for the
vehicular analysis, which can correspond to wider distances to the serving BS. Moreover, for all
environments, maximum user throughput in simulations is directly constrained by the expressions in
Annex B (maximum throughput value is of 114.52 Mbps, Figure B.6, lower than measured values, as

seen in standard deviation for the Axial environment).

Regarding the vehicular channel, results for the Urban environment are presented in Figure 4.19 for
varying neighbouring cells’ load. Results for Axial and Dense Urban environments are presented in
Figure F.17 and Figure F.18. For the 0% load scenario, differences bellow 0.9 dB, 1.4 dB and -1.0 dB
in average SINR and bellow 18%, -1.6% and 1.6% in average throughput are shown for Axial, Urban
and Dense Urban environments. Considering higher load scenarios, differences in SINR no higher
than 1.8 dB, 3.7 dB and 5.1 dB and no higher than 30%, 16% and 23% in average throughput are

seen in Axial, Urban and Dense Urban results, respectively.
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Figure 4.19. Simulated and measured results for the Urban vehicular scenario in DL, for varying load.

Correlation coefficients between measured and simulated results, defined as in [MoralO], are
presented in Table 4.10, regarding average SINR and throughput. According to [Neagl1], correlation
is seen for the Urban environment and for throughput in the Dense Urban environment, for a
significance level of 10%, as correlation coefficients above 0.9 are seen. For the remaining results, the
null hypothesis cannot be rejected, most strikingly for the Axial environment, and thus a statistically
significant relationship is not proved to exist.

Table 4.10. Correlation coefficients between measured and simulated results, for varying environment.

Parameter \ Environment Axial Urban Dense Urban
COTTgINR 0.89 0.94 0.88
COTT Throughput 0.72 0.97 0.98

Furthermore, the variation of average SINR and average throughput values across the cell can be
cross-analysed for theoretical and measured data. Cell centre to edge reduction in average SINR and
average throughput are presented in Figure 4.20 for the Urban environment, while similar results are
presented in Figure F.19 and Figure F.20 for the remaining environments. Absolute results for cell

edge and cell centre obtained through simulation are also presented in Figure F.21 to Figure F.23.

Despite visible differences in the absolute SINR losses, revealing a wider variation from cell edge to
centre in simulation results, similar trends are nevertheless evident with varying neighbouring cell
load, Table 4.11. Differences between theoretical and measured SINR losses are likely to be
associated to the higher varying nature of the channel for the mobility scenario, i.e., considered fading
margins’ standard deviations may differ significantly from the real channel’s variation. Thus, one can
conclude that, for the significance level of 10%, theoretical and measured results can be considered
correlated for the Axial environment, regarding throughput, whereas for the remaining no correlation is

seen, most strikingly for the Urban scenario.
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Figure 4.20. Simulated and measured performance differences between cell centre and cell edge in

the Urban vehicular scenario, for varying load.

Table 4.11. Correlation coefficients between measured and simulated results of cell centre to cell edge

reduction, for varying environment in mobility.

Parameter \ Environment Axial Urban Dense Urban
COTTgiNR 076 023 057
COTT Throughput 0.91 0.36 0.70

4.4 UMTS vs. LTE Results Analysis

In this section, UMTS and LTE multi-user simulation results on capacity and coverage, for different
service data rates, are analysed, and performance gains from UMTS to LTE obtained. First, results

are analysed for the DL, in Subsection 4.4.1, followed by a similar analysis for UL in Subsection 4.4.2.

4.4.1 Downlink Performance Analysis

Regarding DL capacity, an analysis of SINR, Figure 4.21, and data rate, Figure 4.22 to Figure 4.24,

was performed for the pedestrian channel of all environments.

For the DL, while inter-cell interference limits LTE's SINR, remaining constant for the same
neighbouring cell transmitted power, in UMTS also intra-cell interference is responsible for SINR
variation with the number of users. It is seen that UMTS provides for the highest SINR of the single-
user scenario. Nevertheless, only in the Dense Urban scenario is LTE UFR’s SINR lower than UMTS’s
for more than one user, namely for two users, although LTE ICIC still allows for the highest SINR
values. The high SINR for the single user scenario in UMTS is obviously obtained due to the absence

of intra-cell interference, in which case UMTS will take advantage of the processing gain to boost

63



average SINR values, (A.8).
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Figure 4.21. LTE and UMTS DL SINR for the Urban pedestrian scenario, for varying users’ number.

Regarding environment, slight differences in SINR are seen from the Axial to the Urban environment
and furthermore to the Dense Urban, Figure 4.21. While for the former differences no higher than 1 dB
exist, losses of up to 3 dB are seen in a transition from the Urban to the Dense Urban environments,
especially for LTE, due to higher inter-cell interference power levels caused by higher cell overlap.
Although LoS in the Axial environment also helps to boost interference from neighbouring cells, high

ISDs still help to reduce received interference power.

Hence, while UMTS is mainly limited by intra-cell interference in multi-user scenarios, LTE suffers a
substantially higher impact of growing inter-cell interference, especially in Dense Urban environments.
Furthermore, the effect of the processing gain in UMTS provides for greater SINR values in the case
of two cell users and similar SINR values for the three users’ case, thus improving SINR in scenarios
of limited number of users. Nevertheless, LTE provides for better data rate results over all

environments, Figure 4.22 to Figure 4.24.
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Figure 4.22. LTE and UMTS DL throughput for the Axial pedestrian scenario, for varying users’

number.
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For UMTS, the average data rate of 40 Mbps obtained for single-user scenario in UMTS is extremely
close to the maximum throughput of 42 Mbps. While for LTE UFR, LTE ICIC and LTE ICIC 4x4
average throughput values of 69 Mbps, 96 Mbps and 160 Mbps are obtained in the Axial environment,
maximum theoretical values would be of approximately 150 Mbps and 300 Mbps for MIMO 2x2 and
4x4, respectively. An increase by a factor of 1.39 and 2.31 is obtained through the user of ICIC and

when using ICIC combined with higher order MIMO, respectively.
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Figure 4.23. LTE and UMTS DL throughput for the Urban pedestrian scenario, for varying users’

number.
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Figure 4.24. LTE and UMTS DL throughput for the Dense Urban pedestrian scenario, for varying

users’ number.

Although these maximum values might be reached in some cases, as seen by taking into account
standard deviation values obtained, Figure 4.22-b), limitations in throughput exist provided by the
SINR to throughput mapping models considered, Annex B, or even by system specific constraints,
taken from measurements and used in simulation, such as the MIMO SINR threshold. While the
former has a major impact in both average and standard deviation values obtained, by restricting

maximum data rate values to 114 Mbps and 258 Mbps, the latter may also diminish throughput gains
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by restricting MIMO usage to good SINR conditions in the considered scenarios.

Nevertheless, considering the results obtained, slight differences are seen from the Axial to the Urban
environment, in accordance with the SINR results obtained, with reduction levels lower than 10% in all
cases. Differently, in a transition from the Urban to the Dense Urban environment, slightly higher
reductions are obtained, though always lower than 14% in all cases, reflecting the same

correspondence with SINR losses previously referred.

LTE over UMTS throughput ratios of 1.70, 2.49 and 3.98 are obtained for LTE UFR, LTE ICIC and
LTE ICIC 4x4 in the single-user Urban environment, Figure 4.25. In the multi-user scenario, whereas
for two users ratios rise to 2.47, 3.58 and 5.75, for three users ratios of up to 3.07, 4.42 and 7.07 are
seen for LTE UFR, LTE ICIC and LTE ICIC 4x4, respectively. Although absolute throughput drops in
both systems with the number of users, the lack of intra-cell interference and BS power split in LTE
provides for a smoother decrease comparing to UMTS. This rising trend in the throughput gains is

maintained even for higher number of users.

Similar results are also obtained for the Axial and Dense Urban environments, Figure F.25, with
differences of 0.44, 0.31 and 0.90 in throughput ratios from Urban to Axial, and of -0.14, -0.12 and -
0.40 in Urban to Dense Urban environments, respectively using LTE UFR, LTE ICIC and LTE ICIC
4x4. For the multi-user case, LTE UFR throughput gains are also increased in Axial, to 2.85 and 3.51

for two and three cell users, and in Dense Urban environments, to 3.90 and 4.73.

These results are explained by the slightly lower SINR values obtained in the Urban and Dense Urban
environments that may not be enough to overcome the SINR MIMO threshold imposed. While in
UMTS average SINR values are below the threshold for all multi-user scenarios, in LTE average
values are above the considered threshold for the Axial environment but not for the Urban and Dense
Urban cases. Therefore, while in general UMTS data rates are obtained without the use of MIMO, in
LTE data rates would be leveraged in the Axial environment by using MIMO, less frequently employed

in the Urban and Dense Urban scenarios considered.
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Figure 4.25. UMTS to LTE throughput ratio for the Urban pedestrian scenario, for varying users’
number.
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For all environments, ratio values grow rapidly with users’ number, for all LTE variants considered,
proving to follow a logarithmic law, as shown in Figure 4.25, for the Urban environment. Whereas
similar higher SINR values were obtained for the Axial and Urban environments, and in data rate a
similar reduction was seen in the transitions Axial-Urban and Urban-Dense Urban, the highest
throughput ratios are obtained for the Axial environment, due to the best propagation conditions that
boost MIMO usage rates. Similar but lower ratios are seen for both the Urban and Dense Urban

environments.

Regarding cell coverage, obtained results are presented for the Urban environment in Figure 4.26-a),
Figure 4.26-b) and Figure 4.27, respectively, for users performing the typical Web, Video streaming
and FTP services defined. Results for LTE 4x4 ICIC are not presented as these were equal to LTE
ICIC, and thus 4x4 MIMO does not help to boost coverage in the scenario considered. A comparison
with results for the Axial and Dense Urban environments is shown in Figure F.26 and Figure F.27, for
LTE UFR.
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Figure 4.26. LTE and UMTS coverage results for the Urban pedestrian scenario, for required 1Mbps

and 5Mbps throughput service.
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Figure 4.27. LTE and UMTS coverage results for the Urban pedestrian scenario, for required 10Mbps

throughput service.
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It is seen that higher cell ranges are obtained for the single user scenario in UMTS compared to LTE
UFR and even higher than in LTE ICIC for the Web service. However for the multi-user case,
maximum users’ distance to BS in UMTS is always below the maximum values for LTE UFR and LTE
ICIC for all services. Also, a steeper decline in range is seen in UMTS than in LTE with the number of
cell users, which is again explained by the rise of UMTS’s intra-cell interference and moreover by BS

power split between users.

Conversely, LTE benefits from user orthogonality inside the cell, while having a wider bandwidth to
serve more users. The decrease in LTE’s coverage with the number of users comes then by the
limited number of RBs available. For more users, less RBs can be allocated to each user and thus
higher SINR values are needed to serve the user. For 5 users, coverage ratios of 1.67 and 2.00, i.e.,
gains of 67% and 100%, are obtained with LTE UFR regarding UMTS, for the 1 Mbps, 5 Mbps service
data rates, and of 3.06 and 3.67 using LTE ICIC, while for a 10 Mbps service LTE is the only option.

Considerable differences are measured for varying environment on maximum distance to BS for
different environments. Reference to the Urban environment, an increase in LTE UFR coverage of
84% is seen to the Axial and a reduction of 32% to the Dense Urban environments in the case of 5
users at 1 Mbps, of 24% and 36% at 5 Mbps and of 10% and 36% at 10 Mbps. The higher differences
are mainly explained by high pathloss in the Urban and Dense Urban environments, and between
these, mainly by the ISD difference that allows for higher interference power in the Dense Urban
environment. Nevertheless, regardless of the environment, higher cell ranges are generally obtained

by LTE comparing to UMTS, for any number of users over all environments.

Apart from the previous analysis, it is of great interest to take a measure on the variation of SINR and
throughput depending on user’s position in the cell. Due to fast power control in UMTS, the distribution
of BS power, in DL, and each UE’s power, in UL, depends on the UE’s distance to the serving BS. In

an optimal power control scheme, no difference exists between cell edge users and cell centre users.

Furthermore, whereas for a cell centre user intra-cell interference tends to be higher, near cell edge
inter-cell interference rises, and thus the difference between the two tends to vanish, Figure F.28,
obtained by considering the same cell centre to edge threshold as for LTE. However, in LTE, as no
power control is employed for DL, system performance is heavily impacted by users’ position in the

cell and thus cell edge user’s performance differs drastically when compared to a cell centre user.

Figure 4.28 shows cell centre to edge reduction, in SINR and throughput, for the environments under
study using LTE UFR. As BS’s power is not split between users and neighbouring BS’s power is
considered to the same no matter the number of users in the cell, cell centre to edge SINR losses will

be independent of the number of users in our case.

Hence, for any number of users, a drop in SINR of 13.96 dB, 14.9 dB and 16.0 dB is measured from
cell edge to cell centre for the Axial, Urban and Dense Urban environments, giving rise to throughput
reduction of 57.4%, 56.5% and 54.6%, respectively. The usage of ICIC schemes allows for SINR
gains of 6dB in cell edge and 10 dB in cell centre, improving throughput edge-to-centre gap to 18.1%,

18.4% and 22.8%, Figure F.29. The high losses in SINR, compared to measurements’ results in
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Subsection 4.2 for instance, are mainly due to the user’s distance to BS distribution, but are also
strongly dependent on fading margins distribution, particularly on the standard deviation values

considered. Throughput levels obtained are then strongly correlated with SINR values.
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Figure 4.28. Performance differences between cell centre to cell edge for the pedestrian channel with
LTE UFR.

Despite the strong dependence of the results on fading margins’ distributions, the Dense Urban
environment is where measured SINR differences are the highest, mainly explained by high cell
overlapping and thus lower SINR values in cell edge, and the highest SINR values in cell centre. The
Urban environment follows, with a slight reduction in SINR difference, due to less interference in cell
edge and higher interference in cell centre and finally the Axial environment, where the lowest

difference is seen.

Although differences of approximately 1 dB from the Axial to the Urban environments and from the
Urban to the Dense Urban environments exist, corresponding differences of only 1% and 2% are seen
in cell centre to edge throughput. Thus it is concluded that, despite the simplicity of the analysis, no
significant changes are seen in cell centre to edge differences for varying environment and an average

throughput decrease of 56% is considered for any environment.

Figure F.30 shows even that cell centre to edge transition happens at the approximate distance of
220 m, 180 m and 120 m for the Axial, Urban and Dense Urban environments, respectively. While for
the Axial environments high ISDs help to enlarge the cell centre area, LoS propagation conditions also
provide for shorter transition distance, shorter than half the ISD value. Regarding the Urban and
Dense Urban environments, shorter ISDs are responsible for smaller cell centre and cell edge areas,

with cell edge distances shorter than half the ISD.

4.4.2 Uplink Performance Analysis

For UL, a similar analysis was performed for a full study of the limits and gains of UMTS to LTE in both
directions. A capacity analysis regarding SINR, Figure 4.29, and throughput, Figure 4.30 and Figure

4.31, is performed as a function of the users’ number, for the pedestrian channel.
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Figure 4.29. LTE and UMTS UL SINR for the Urban pedestrian scenario, for varying users’ number.

Similarly to the DL, inter-cell interference limits LTE’'s SINR, although for the UL transmitted
interference power is not constant, but varies with the number of users in the neighbouring cell and

their position. For UMTS, however, the strongest limitation is intra-cell interference.

Regarding environment, differences in SINR of less than 0.7 dB exist in UMTS from the Axial to the
Urban scenario, Figure F.31, except for the single user case, and differences no higher than 5 dB exist
for LTE UFR and 4 dB for LTE ICIC in all cases. In the transition from Urban to Dense Urban
environments, similar results to the Axial-Urban transition are seen for UMTS, whereas for LTE
differences bellow 8 dB in UFR and below 7 dB with ICIC are measured. The variations, higher in
absolute value for LTE than in DL, are mainly explained by the dominance of intra-cell as limit in
UMTS’s UL, no matter the environment, and the impact of ISDs and environment propagation, i.e.,

pathloss of each environment, in LTE UL.

In fact, as our multi-user analysis considers all users in the cell at the same average distance to the
serving BS, it is natural that, whatever the environment pathloss, both the user’s signal as the own-cell
users’ signals will suffer the same pathloss and thus UMTS’s UL SINR will remain approximately
constant for any environment. The exception is obviously the single user case, where only inter-cell
interference exists, and where considerably different SINR values are obtained for varying
environment. Similarly to UMTS’s single user’s scenario, LTE’s UL interference is created by other-cell

users and thus interference varies with their distance to the BS in our cell.

Thus, while in UMTS approximately constant SINR values are obtained across environments, in LTE,
by the increase of inter-cell interference from the Axial to the Urban and further to the Dense Urban
environment, LTE UFR suffers SINR losses as high as 8 dB, in this last transition. The use of ICIC
schemes helps to reduce inter-cell interference, especially in UL. As example, interference rise in LTE
leads in the Dense Urban environment to obtain higher SINR in UMTS than in LTE UFR for more than

5 cell users. Average gains of up to 9 dB by using ICIC allow for SINR improvement in this case.

Nevertheless, regarding throughput results in Figure 4.30 and Figure 4.31, it is seen than for all
environments LTE provides for higher data rates. Maximum theoretical data rates of 11.5 Mbps for
UMTS and 75 Mbps for LTE, Subsection 2.3, are approximately reached for all environments in UMTS
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and for the Axial and Urban environments in LTE. As a consequence lower standard deviation values
are obtained, not exceeding 1 Mbps in UMTS and not higher than 7 Mbps in most cases for LTE. In
accordance with the SINR results seen, measurable decreases no higher than 3% for UMTS, up to
20% in LTE UFR and bellow 10% in LTE ICIC occur from the Axial to the Urban environment and no
higher than 6% for UMTS, up to 40% LTE UFR and below 27% in LTE ICIC exist from the Urban to
the Dense Urban environment.
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Figure 4.30. LTE and UMTS UL throughput for the Axial pedestrian scenario, for varying users’

number.
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Figure 4.31. LTE and UMTS UL throughput for the Urban and Dense Urban pedestrian scenarios, for

varying users’ number.

Furthermore, for the Urban environment, Figure 4.32, a throughput ratio of 5.38 is obtained for a single
user in LTE UFR, and up to 6.63 employing ICIC. For the case of more own cell and neighbouring cell
users absolute values decrease steeply, especially for a number of users lower than five. In contrast,
UMTS to LTE UFR throughput ratios rise, to 7.88 and 8.50 in the case of two and three users, and to
10.13 and 11.41 when ICIC is employed. For higher users’ number, however, throughput differences

see a lower increase, almost reaching a constant value. This is due to the marginal low values
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provided by UMTS in high cell load, together with a less rapid decrease of throughput in LTE due to

smoother transition in RBs split for growing number of users.
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Figure 4.32. UMTS to LTE throughput ratio for the Urban pedestrian scenario, for varying users’
number.

Differences of 0.85 and -0.13, to the Axial, and of -1.69 and 0.15, to the Dense Urban environments
exist for LTE UFR and LTE ICIC, Figure F.32, in the single-user case. Although for the Axial
environment differences between ratios of up to 3 exist for both UFR and ICIC, obtained for 15 users,
in the Urban and Dense Urban environments the use of ICIC provides for great improvement in SINR
and thus throughput values and ratios obtained, allowing for differences of throughput ratios of at least

3 in all multi-user scenarios.

For cell coverage analysis, results are presented in Figure 4.33-a), Figure 4.33-b) and Figure 4.34 for
the Urban environment, respectively for the three typical service throughputs defined. Similar results
are presented in Figure F.33 and Figure F.34, where LTE UFR results for Axial and Dense Urban

environments are plotted for comparison against the Urban environment.
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Figure 4.33. LTE and UMTS coverage results for the Urban pedestrian scenario, for required 1Mbps
and 5Mbps throughput service.

Independently of the considered service throughput, in general LTE provides for higher cell ranges
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than UMTS, the exception being the single user case for the required 1 Mbps Web service throughput.
Benefitting from the lack of intra-cell interference for the smallest required throughput of our analysis,
only for this case performs UMTS better. However, a steep decline in coverage is seen from the single
user to the multi-user scenario, where intra-cell interference appears, cell ranges dropping to ranges
below 0.5 km for 1 Mbps, 0.2 km for 5 Mbps and for the case of 10 Mbps UMTS can no longer serve
users.
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Figure 4.34. LTE and UMTS coverage results for the Urban pedestrian scenario, for required 10Mbps

throughput service.

While for UMTS the coverage limit is strongly related with the intra-cell interference felt, in LTE inter-
cell interference but mainly the number of RBs available, needed to serve users with the throughput
requested, are the limit in coverage. As in DL, a steep drop in average range is seen until 5 users in
the cell, approximately for all service throughputs, and a smoother drop exists beyond that, reflecting
the referred effect of the division of the total available RBs by 2, 3, 4, 5 or more users.

Compared to the Urban environment, cell range gains of 77%, 43% and 46% exist to the Axial
environment in a LTE UFR scenario of 5 users for 1 Mbps, 5 Mbps and 10 Mbps, respectively, and
losses of 50%, 52% and 51% are obtained for the Dense Urban environment. The former higher gains
are mainly explained by the high ISD that, despite LoS propagation, help to reduce inter-cell
interference. Conversely, for the Dense Urban environment, smaller distances exist between other-cell

users and the BS in our cell, thus providing for interference rise and great cell range reduction.

Similarly to DL, an analysis of system’s performance across the cell is done for UL. As for UMTS,
power control in UL also provides for a fair distribution of power across the cell, Figure F.35. Although
power control exists for LTE, its aim is only to save MT’s power when possible. Thus, in the case of
maximum coverage analysis, differences in SINR and throughput are likely to exist. Differently from
DL, however, UL inter-cell interference varies with the number of active users in neighbouring cell and

thus an analysis for different number of users is required.

SINR and throughput performance, for cell centre and cell edge, is presented in Figure 4.35 for LTE
UFR in the Urban environment. Similar analyses are presented for the Axial and Dense Urban

environments in Figure F.36 and Figure F.37. SINR differences of around 14 dB are seen, growing for
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higher users’ numbers, whereas for throughput, a reduction of 31%, for the single user case, up to
60% and 64% in the case of 10 and 15 users are obtained. The growth in losses is largely due to the
growth in inter-cell interference, though slight for the Urban environment. ICIC in UL can however
provide for increase of SINR for centre and edge users, resulting in an almost similar data rate
performance, throughout the whole cell. Regarding the Axial and Dense Urban environments, lower
and higher SINR differences are seen, respectively, with up to 3 dB difference to the Urban
environment.
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Figure 4.35. Performance difference between cell centre to cell edge in the LTE UFR Urban

pedestrian scenario, for varying number of users in the cell.

Furthermore Figure F.38 shows the cell centre to edge transition for the single-user case. For the
Urban and Dense Urban environments, transition occurs at 250 m and 140 m, approximately, closer to
half the 1SD value than for DL, whereas for the Axial environment cell centre region is extended
beyond 500 m.
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Chapter 5

Conclusions

This chapter concludes the present dissertation, compiling a discussion and a critical analysis of the
results, presenting the future evolution possibilities of mobile communications, as well as mid-term

future research areas.
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The main objective of this thesis is to evaluate UMTS/HSPA+ and LTE cellular performance, in terms
of data rate gains, especially regarding capacity and coverage aspects, in different scenarios
regarding channel, environment and the number of users. To accomplish this goal, information was
gathered on both UMTS/HSPA+ and LTE. Higher bandwidth, better spectrum efficiency and more
advanced MIMO schemes allow for higher data rates in LTE than with UMTS, although smoother

performance variation across the cell exists for UMTS.

Based on literature results for both UMTS and LTE, a model was developed and implemented: the
Single Cell model, considering both single- and multi-user scenarios. Two separate components were
considered in the simulator for UMTS and LTE, based on a link budget analysis and literature results
for computing throughput from SINR. COST231-Walfisch-lkegami propagation model was used to
calculate propagation losses and a channel model was built for computing Rice and Lognormal fading

margins, based on literature studies.

Afterwards, the multi-user approach was considered evolving from the single user one. This extension
to more than one user provides for a more realistic analysis, where different cell load scenarios can be
considered. An important difference from the single to the multi-user scenario is resource sharing,
namely available codes in UMTS and RBs in LTE, and further DL transmission power in UMTS.

Additionally, interference in both systems directly increases with cell load.

Study scenarios were defined, in cooperation with the telecommunications operator Optimus. Axial,
Urban and Dense Urban environments under the pedestrian and vehicular scenarios where
characterised. Further, neighbouring cells load levels were defined for DL, namely by defining BS
transmission power levels. Finally, for the coverage analysis, typical service data rates were defined,

for relevant services described.

A LTE measurements’ campaign was then conducted in a Portuguese city, where a cluster has been
deployed. DL performance data was collected for the single user case, across the scenarios defined.
Common QPSK, 16QAM and 64QAM modulations were available and up to MIMO 2x2 was possible.
Varying load scenarios were measured. However no ICIC schemes were deployed. The maximum
bandwidth of 20MHz was taken.

Measurements results are analysed regarding varying environment, channel, modulation schemes
and antenna configuration, user positioning in the cell, cell load scenarios and coverage scenarios.
Average throughput values of 82 Mbps, 50 Mbps and 42 Mbps are obtained for static Axial, Urban and
Dense Urban environments, respectively, and of 47 Mbps, 44 Mbps and 39 Mbps for mobility
scenario. For the Axial environment, throughputs are boosted mainly due to MIMO transmission, with
average transmission percentages of 46%, compared to 7% in Urban and 9% in Dense Urban
environments. Static and mobility results are in most cases similar, except for the Axial environment

where measurements spots choices heavily influenced results.

Regarding modulation, 64QAM is the preferred scheme, with 74% average usage over all
environments for the static scenario, followed by 16QAM with 22% and QPSK with 4%. The selection

of HOM schemes is attributed to the lack of load in the system, only used by one user, allowing for low
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BER levels. Regarding antenna configurations, SINR MIMO thresholds of 16 dB, 17 dB and 16.5 dB
exist for Axial, Urban and Dense Urban environments, above which more than 10% of MIMO usage

OocCcurs.

Users’ position in the cell is determined to heavily impact obtained data rate, with throughput
reductions of 54%, 55% and 41% measured from cell centre to cell edge in Axial, Urban and Dense
Urban environments, respectively. A cell centre to edge threshold of 15 dB to 16 dB in SINR was

found to exist for all environments measured.

System load, in the form of inter-cell interference, also heavily reduces data rate performance.
Throughput reduction of 10%, 33% and 37% was measured in the Urban environment for 50%, 75%
and 100% load scenarios, regarding the one with 0% load. Similar results were obtained for the
remaining environments. Higher reductions are seen in the Urban compared to the Axial and in the
Dense Urban compared with the Urban environments mainly due to smaller ISDs, higher cell

overlapping and thus higher interference levels.

Furthermore, a reduction in HOM and MIMO usage rates is seen, for rising load, namely due to SINR
reduction. Regarding cell centre to edge transition, data rate reduction tends to increase also for
higher load conditions, with higher difference associated to cell edge users compared to cell centre

ones, due to increase in interference.

Based on measurements’ results obtained, namely for the same modulation usage distribution and
MIMO SINR threshold for each environment, simulation results were obtained. The same distribution
for user distance to BS, ISD and neighbouring BS power were taken. For both pedestrian and
vehicular channels, results are found to be consistent with static and mobility measurements. Similar
average results are obtained for the former, covered by the measured standard deviation, and
correlation is obtained for the latter, in most cases, for a confidence level of 10%. Nevertheless, higher
standard deviation values are obtained in simulated results, for both the pedestrian and vehicular
channels, suggesting high standard deviation values assumed for the fading margins, mainly
responsible by SINR variation.

Being the simulator validated against measurements results, simulations results were obtained for
UMTS and LTE, for performance comparison. For LTE the deployment of ICIC schemes for UL and

DL and additionally MIMO 4x4 schemes for DL were also considered.

For DL, average 42 Mbps, 69 Mbps, 96 Mbps and 160 Mbps data rates are obtained using UMTS,
LTE UFR, LTE ICIC and LTE ICIC 4x4 and 11 Mbps, 68 Mbps and 72 Mbps using UMTS, LTE UFR,
LTE ICIC for UL in the Axial environment for single-user. High throughputs are mainly explained by
low inter-cell interference existing in this scenario and no intra-cell interference in UMTS. Both for UL
and DL data rates drop rapidly with the number of users. RBs split in LTE and intra-cell interference

rise in UMTS, for UL and DL, and BS power division in UMTS’s DL justify the performance drop.

Varying environment, decreases in throughput no higher than around 10% exist in DL from the Axial to
Urban and from the Urban to the Axial environments, for both UMTS and LTE, and bellow 6% and

27% in UL, for UMTS and LTE, respectively. Especially for the UL, neighbouring cell users’ are
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responsible for steep interference rise in Urban and Dense Urban environments, due to the shortest
ISDs.

DL throughput ratios of 1.73, 2.39 and 4.01 are obtained from UMTS to LTE UFR, LTE ICIC and LTE
ICIC 4x4, for the single-user in the Axial environment. Similar gains are obtained for the Urban and
Dense Urban environments in single user scenario. For increasing number of users, throughput gains
increase rapidly and the highest gains are obtained for the Axial environment, followed by the Urban
and Dense Urban environments. Moreover, average throughput ratio’s growth in DL proves to follow a

logarithmic law with the number of users, for all analysed environments.

The rapid growth in data rate gains is explained by the increase in intra-cell interference and BS power
split in UMTS, providing for a drop in SINR and hence data rate. Conversely, for LTE, SINR remains
constant for higher number of users, and only the division of available RBs constrains users’ data
rates. Furthermore, by deploying an ICIC scheme and further using 4x4 MIMO, throughput gains are

significantly improved.

In UL, higher throughput ratios are obtained, of 6.23 and 6.5, respectively employing LTE UFR and
LTE ICIC in the single user Axial scenario. For the multi-user case throughput ratios rise due to intra-
cell interference rise in UMTS, lowering throughputs, and due to a smaller throughput reduction in
LTE, due to RBs split between users. For the Urban environment, a decrease is seen to 5.83 and 6.63
throughput ratios for LTE UFR and LTE ICIC and 4.54 and 6.65 for the Dense Urban. For the multi-
user scenario similar differences are maintained, justified by higher inter-cell interference in Urban and

Dense Urban environments.

Regarding DL coverage, cell ranges of 0.64 km, 0.26 km and 0.20 km are seen with LTE UFR in 5
users’ Urban scenario, respectively for required 1 Mbps and 5 Mbps 10 Mbps. For UMTS ranges of
0.39 km and 0.13 km, for 1 Mbps and 5 Mbps, are allowed in the same scenario, while for 10 Mbps
users cannot be served. For UL, cell ranges of 0.25 km and 0.75 km are seen with UMTS and LTE
UFR, for serving 5 users at 1 Mbps in the Urban environment, while for higher data rates only LTE is
able to serve all users. Also, for the majority of single- and multi-users scenarios, over all
environments, it is even seen that, for the same throughput, coverage limitations are not imposed by
the UL but by the DL in both systems.

Benefiting from orthogonality inside the cell and a wider bandwidth LTE provides for higher cell ranges
despite higher inter-cell interference comparing to UMTS. Additionally, no BS power split occurs in

LTE DL, which reduces cell range in UMTS for the same power sensitivity.

Moreover, while in UMTS DL cell centre to edge performance tends to be similar by means of power
control, for LTE UFR 56% throughput drops occur from cell centre to cell edge, for the Urban
environment with small differences to the Axial and Dense Urban environments. For UL high losses
are also measured, of approximately 54% and 60% for 5 and 10 cell users. Nevertheless, the centre-
to-edge gap can be significantly reduced by the use of ICIC schemes, to approximately 18% in DL and

to 20% and 27% in UL with 5 and 10 cell users, respectively.

Existing variations in centre-to-edge gap are more significant from the Axial to the Urban and Dense
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Urban environments and further more in UL than DL namely due to smaller ISDs that boost inter-cell
interference in cell edge. Moreover, while in DL cell centre to edge transition is determined to occur at
the distances 180 m and 120 m respectively for Urban and Dense Urban environments, in UL the

transition occurs at 250 m and 140 m. Thus a greater cell centre region is measured for UL than DL.

All in all, through the analysis of UMTS versus LTE performance it is seen that, apart from very
particular scenarios, higher performance is obtained by the use of LTE especially in the multi-user
case. However, considering different scenarios, e.g. different ISDs, user's distribution in the cell, BS

and MT transmitted powers in cell load and building concentration, results will certainly vary.

As LTE deployment examples start to emerge, and demand for the next generation technology grows,
this thesis is of great practical value. Data rate gains from UMTS to LTE are determined for both
systems and performance aspects analysed, providing for an in depth study across the scenarios of
interest. Furthermore, as LTE presents new challenges at the network management level, gains on
SINR and throughput provided by ICIC and advanced antenna configurations are estimated and

analysed.

Nevertheless, in future work, the impact of varying ICIC schemes should be analysed in more depth,
providing for a more accurate estimation of the gains associated to the different resource managing
schemes and algorithms, both at the cell and network level. The improvement that can be obtained will
have a great impact on the overall LTE system performance, affecting capacity and coverage results.
Similarly, MIMO configurations also boost performance if proper channel conditions are met, and
associated gains for LTE are in need to be studied with a base on real world data, especially for

advanced antenna configurations.

In a more global perspective, end-users are only concerned about having reliant broadband
connection. The use of other solutions such as hybrid UMTS and LTE system with seamless overlay
between the two, UMTS and Wi-Fi, or other combinations that may also make use of WiMAX are of
great interest to the operators, manufacturers and any companies related to the mobile
communications market. The deployment of the next generation systems, converging to a single
platform based on IP, opens a diversity of options carrying different trade-offs between performance

and associated costs, adequate for a variety of distinct case studies.
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Annex A — Link Budget

The description in Annex D of COST231-Walfisch-lkegami was made in the perspective of an outdoor
propagation in the radio link between BS and MT. For indoor cases an extra attenuation could then

added, reflecting building/obstacle penetration, obtaining thus the total attenuation, (A.1).

L L +L

plas) — “poutigp T Lpindgp (A1)

where:
* L,y pathloss due to outdoor propagation;

® L, nq- pathloss due to indoor propagation.

The link budget used in this thesis is based on the one on Release 99, as presented in [Jaci09],
adapted to HSPA+ and LTE.

The pathloss can be calculated by:

LP[dB] = Pt[dBm] + Gf[dBi] - PT[dBm] + GT[dBi] = EIRPigpm) — PT[dBm] + GT[dBi] (A2)
where:
e L, pathloss;
e P, transmitting power at antenna port;
e @, transmitting antenna gain;
e P.: available receiving power at antenna port;
e (,:receiving antenna gain.
If diversity is used, G, is given by:
Gy div[gp] = GT[dBi] + GdiV[dB] (A.3)

where:

o Gguiy.diversity gain.
The diversity gain defined is mainly dependent on the diversity type applied and on the propagation
environment. Typical values stand for 2 or 3 dB for 2 antennas and for SIMO configuration. Assuming
minimally correlated signals, a measure of the maximum values is given by the antenna array, (D.5),
or considering a Maximal Ratio Combining (MRC) scheme, (D.6), taken in this thesis.

Apart from pathloss, also link loss can be defined as:

LLink[dB] = Pt[dsm] - PT[dBm] = LP[dB] - Gt[dBi] - GT[dBi] (A4)

The Equivalent Isotropic Radiated Power (EIRP) can be calculated for DL by (A.5), and for UL by
(A.6).
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EIRPiapm) = PTX[dBm] - LC[dB] + Gt[dBi] - PS&C[dBm] (A.5)

EIRP[dBl’n] = PTx[dBm] - Lu[dB] + Gt[dBi] - GMHA[dB] - PS&C[dBm] (A6)

where:
e P, total BS or MT transmission power at the remote radio head output;
e L.: cable losses between transmitter and antenna;
e L,:userlosses;
e  Guua. Mmasthead amplifier gain, being 0 dB in the MU comparison, while in SU is set to 3 dB;
the use of near antenna amplifier provides cable loss compensation and consequent diminish
of noise figure;

e  Pgec: signalling and control power.

SINR can be computed using the results from EIRP and pathloss expressions, respectively for LTE
and HSPA+:

Pras = ETRPaBm) + Griagy = Lpjas; — Nidem) (A7)
PINgg = EIRPqgm) + Gr[dBi] - Lp[dB] — Niam] + Gp[dB] (A.8)
where:

e N:total noise power;

* G, processing gain, equal to 16 for HSPA+ DL and variable for UL.
Specifically for LTE, a SINR gain due to employing an ICIC scheme can be defined:
PN 1cIC [ap) = PNap; T Grcicpag (A.9)

where:
e  Gic: ICIC gain, relative to the scenario with no ICIC, varying depending on user’s position in

the cell.
Total noise power, defined for the computation of SINR, is given by:
N[dBm] = NRF[dBm] + MI[dB] (Alo)

where:

e Nip: average noise power at the receiver is given by:
NRF [dBm] =—-174+ 10 lOg(B[HZ]) + F[dB] (All)

e M, interference margin;
e B:bandwidth of the total RB’s allocated, while in UMTS equals R.;

e F:noise figure of the receiver.

Alternatively, total interference power can be computed instead of using the interference margin as

given by:
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Niagm) = (Ngr + P)[dBm] (A.12)
where:

e P;: total interference power.

The LTE receiver sensitivity can be approximately defined as:
PRx min[dBm] = N[dBm] + pN[dB] (A13)

where:
e py: Signal to Noise Ratio (SNR);

e N: total noise power
The HSPA+ receiver sensitivity can be approximated by:
PRX min[dBm] = N[dBm] - Gp[dB] + pN[dB] (A14)

where:

e N: total noise power.

For the sensitivity calculation, E;, /N, is necessarily obtained from the interpolation of E./N,:

E E
b —— +G (A.15)

- p
Nojag)  Nojag) .

In HSPA+ UL, manipulating (B.10) and (B.11), E./N, for a certain user’s distance is given by:

Ey, (A.16)
~ = Pry min - N[dBm]

NO[dB] [dBm]

Despite the losses caused from radio propagation, some margin values must be preset to adjust link

calculations, where ( stands for the total fading margin defined:

Miag) = Msria) + Meriap) (A.17)

where:
e M, slow fading margin;
e Mgy fast fading margin.
Fast and slow fading are modelled by Rice and Log-Normal distributions respectively, in order to

guarantee more realistic results as well as to account for the randomness associated to the radio

channel over MU scenarios.

The expressions for the PDF of the Rice and Lognormal distributions can be found in [Corrl0], while

the expressions (A.18) and (A.20) were also derived based on [Corrl0]:

Zp = \/(xl' ' cRice)Z + (J/l " Opice T V)Z (A18)

where:
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e x;: sample of a Gaussian distribution with mean py and standard deviation oy;

e y;: Gaussian random variable with mean p, and standard deviation oy;

® Ogice: Standard deviation of the Rice distribution,

e v. non-centrality parameter of the Rice distribution, obtained as a function of the Rice

parameter, K:
v=X (A.19)
Zji

where:

K: Rice parameter, as defined in [Corr10].

w; = e*i’ OlogthLog (A.20)

where:
e x;: sample of a Gaussian distribution with mean py and standard deviation oy;
* 0,4 Standard deviation of the Lognormal distribution;

* W4 Mmean of the Lognormal distribution.

The standard deviations taken to describe the fading phenomena are stated on Table A.1, knowing
that those values depend on variables such as pathloss, environment, weather conditions, etc. The

values taken for the Rice parameter, K, are shown in

Table A.2, mainly varying with the presence of LoS, in the Axial environment, or inexistence of it, in

the Urban and Dense Urban environments. Channel coherence times are shown in Table A.3.

Table A.1. Distributions and standard deviations for slow and fast fading margins (extracted from

[Jaci09)).
Standard Channel
Deviation Pedestrian Vehicular
Mgy [dB] Rice Distribution

4 2
Mg [dB] Log-Normal Distribution

4 7

Table A.2. Rice parameter (based on [GGEMO09] [Jaci09]).

Environment Axial Urban Dense Urban

K [dB] 10 2.5 2.5
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Table A.3. Channel coherence time values.

Coherence Channel
iz Pedestrian Vehicular
Tpr [MS] 35 3
Tgr [MS] 10.000 10.000

The total fading margin was included in the total pathloss expression, computed using (A.17), whereas
Lp max Means the maximum pathloss achieved without any attenuation or losses during the radio
propagation, calculated using the COST231-Walfisch-lkegami propagation model, Annex C.

Lp total[dB] = Lp méx[dB] + MF [dB] (A21)

The total pathloss is the one considered for the computation of SINR, (A.7) and (A.8), that is then
mapped on the instantaneous throughput obtained using the expressions in Annex B. Furthermore,
considering the coverage analysis, the instantaneous maximum cell range is determined via (3.2) and
(3.4), considering the maximum pathloss that allows for the minimum SINR that still allows for the

required instantaneous throughput values, again mapped using the expressions in Annex B.
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Annex B — SINR and Data Rate
Models

This Annex presents the HSPA+ and LTE models, used to determine SINR and throughput for each
system for several system configurations. The considered models are referred to the throughput over

the physical layer of each system, not considering overhead load and Block Error Rate (BLER).

B.1 UMTS/HSPA+

For UMTS, theoretical throughput values were already presented in Figure 2.2 for a Pedestrian A
channel. Nevertheless, exact expressions are presented to precise SINR, p,y, as a function of
Throughput, R, , Figure B.1 and Figure B.2, and vice-versa, Figure B.3 and Figure B.4, for several
antenna configuration and modulation schemes, in DL and UL directions. These interpolations were
mainly extracted from [Jaci09] and [Batill]. Due to the relevance of interference in CDMA systems,
SINR is considered and not SNR.

The results are presented here for a Pedestrian A channel. Due to the relevance of the study of
different radio channels, present in the real environment, different radio channel models should also
be considered. The Vehicular A channel is, in this sense, a usual reference model, and it can be

further be obtained by shifting down the Pedestrian A channel curves presented in 1 dB.

It is worth noticing that the interpolations made bear relative mean errors not greater than 5%,
considered reasonable for this study. Furthermore, the following models consider 15 HS-PDSCH
codes, contrary to the real 14 HS-PDSCH available for traffic, as there were found no results for the

latter number of codes.

Due to lack of suitable data, expressions for QPSK modulation in DL were extrapolated from the ones
for 16QAM, considering the relation between the number of bits per symbol of the two modulation

schemes. Thus, for SISO configuration and QPSK, in DL, SINR is given by the obtained expression:

(40.94R,* —92.91R,* + 76.12R;, — 27.1, 0.35485 < R}, (wpps] < 0.75
0.00765R,,> — 0.1346R,,* + 0.8984R,,® —
PiNgs = —2.988R,,* + 7.849R, — 9.467, 0.75 < R [mpps] < 6.6057

L 10.69R,* — 140.1R, + 470.4, 6.6057 < R}, (mbps) < 7.1697

(B.1)

For SISO configuration and 16QAM, in DL, SINR is given by:
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—0.0541R,° + 0.9496R,°> — 6.7214R,* + 24.6466R,>
—49.805R,,* + 55.0299R;, — 31.1894, 0.7 < Ry, jmbps) < 4.5

PiNag) = 4 —0.0319R,,* + 1.7534R;, — 6.9882, 4.5 < Ry, mpps) < 9.7
0.1529R,> — 5.1218R,* + 57.816R), — 211.471, 9.7 < R, pupps < 14.4

(B.2)

For SISO configuration and 64QAM, in DL, one has:

(—0.0541R,® + 0.9496R,° — 6.7214R,* + 24.6466R),’
—49.805R,,* + 55.0299R;, — 31.1894, 0.7 < Ry, jmbps) < 3.7
1.3691R;, — 5.8516, 3.7 < Ry jmbps] < 8.7 (B.3)
0.9565R, — 23371, 8.7 < Ry [mbps| < 20

10.0396R,,2 + 0.0799R,, + 1.9286, 20 < Ry, jpps] < 21.5

pIN[dB] =

For SIMO 1x2 configuration and QPSK, in DL, SINR is given by:

( —0.1117R,* + 1.22R,* — 5.102R,* +
+12.39R, — 14.96,  0.5018 < Ry, [wpps) < 3.9849

Pingy = | ~1578R,” + 15.68R, —34.81,  3.9849 < Ry, (wpps) < 4.6567

0.7205R,* — 16.39R,,> + 139.4R,,* —
\ —522.9R,, +732.6,  4.6567 < Ry mpps) < 72

(B.4)

For SIMO 1x2 configuration and 16QAM, in DL, SINR is given by:

—0.0012R,® — 0.0171R,> + 0.0476R,*
+0.4255R,,® — 3.251R,,* + 10.0299R;, — 17.1838, 1.0 < Ry, pbps; < 1.8

—0.4437R,? + 4.3888R), — 13.5340, 1.8 < R}, (pps] < 3-2

< 0.0661R,* — 1.2758R,>
PiNwe) = ) +8.8721R,2 — 24.7943R,, + 19.3601, 3.2 <R, [Mbps] < 5.9

—0.1323R,* + 2.7646R,,? — 17.8122R,, + 36.0243, 5.9 < Ry, jpps] < 8-3
0.0208R,,> — 0.6278R,,? + 7.276R;, — 26.0464, 8.3 < Ry upps) < 13.5
3.3333R,2 — 87.6667R, + 585, 13.5 < Ry, upps) < 144

(B.5)

Considering SIMO 1x2 configuration with 64QAM, in DL, SINR is given by;

(—0.0012R,® — 0.0171R,,® + 0.0476R,,* + 0.4255R,,>
—3.251R,* + 10.0299R;, — 17.1838, 1.0 < Ry, pmpps) < 2.2
—0.1349R,,* + 2.7519R, — 11.4313, 2.2 < Ry pmpps] < 5.9
—0.0148R,* + 0.2876R,>

PiNias) = ) —1.6684R,% + 2.8789R, — 0.07, 5.9 < Ry (wpps) < 7-4
—0.0381R,” + 1.7802R;, — 9.1641, 7.4 < Ry (mpps) < 12.4
—0.0158R,,” + 1.4815R, — 9.0373, 12.4 < Ry, [mpps) < 185
0.6466R,> — 23.7609R, + 230.2882, 18.5 < Ry, (mbps] < 21.5

(B.6)

For MIMO 2x2 using QPSK, in DL, one has:
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pIN[dB] = <

For MIMO

pIN[dB] = <

\

For a MIM

PN =

47.38R,> — 330.9R,* + 916.6R,,> —
—1258R,* + 859.3R, — 242.7, 0.8582 < Ry, jupps) < 1.8506
—0.0055299R,* + 0.06641R,,* —

—0.1676R,* + 2.205R, — 7.721, 1.8506 < Ry (mpps) < 7-23886

0.2216R, + 7.896, 7.23886 < Ry (upps) < 94952 (B.7)
0.003739R,> — 0.1925R,* + 3.908R,> —
—38.84R,% + 188.9R, — 350.6, 9.4952 < R}, [mpps) < 14.4

2x2 using 16QAM, in DL, one has:

—0.0052R,® + 0.4179R,,°> — 1.7114R,,*

+10.2135R,*> — 33.3531R,” + 58.6222R;, — 50.9322, 1.7 < R}, mpps) < 3:4

—0.0642R,,* + 1.9468R;, — 10.8835, 3.4 < Ry, jmpps] < 5.6

—0.0579R,,* + 2.1091R;, — 12.0231, 5.6 < Ry pmpps) < 7.0 .9)

—0.0704R,? + 2.3595R,, — 13.1371, 7.0 < Ry, jupps] < 12.0

—0.0043R,> + 0.1489R,2 — 0.8793R,, + 1.6067, 12.0 < Ry vpps) < 14.2
—0.0170R,? + 1.1714R, — 6.3410, 14.2 < Ry jupps] < 193

—0.0016R,* + 0.1082R,” — 1.6755R,, + 13.4935, 19.3 < Ry, (upps] < 25.8
0.5533R,? — 28.4577R,, + 381.012, 25.8 < R, [pps] < 28.8

O 2x2 configuration with 64QAM, for DL, SINR is given by:

—0.0673R,® + 1.5397R,,° — 14.3404R,,* + 69.4089R,,>
—184.0043R,,” + 255.3831R;, — 154.7503, 1.7 < Ry, jmbps] < 3.5

—0.0202R,* + 0.5189R,,®> — 4.7933R,,2
+20.2255R, — 37.2841, 3.5 < Ry [mpps] < 6.4

—0.0202R,* + 0.5189R,*> — 0.0579R,2
+2.1091R, — 14.0231, 6.4 < Ry jmpps) < 7.0 (8.9)

—0.0817R,* + 2.3595R,, — 13.2108, 7.0 < Ry, (mpps] < 7.8
—0.0933R,> + 2.5064R,,* — 21.1894R), + 57.9987, 7.8 < Ry [mpps] < 9.5
0.8613R;, — 5.1806, 9.5 < Ry, [mpps < 14.1

—0.0042R,* + 0.7262R), — 2.4267, 14.1 < Ry [mpps) < 34.5

0.0482R,* — 2.879R;, + 60.0064, 34.5 < Ry, (upps) < 42.5

0.2984R,* — 21.9131R;, + 417.3976, 42.5 < R}, (mpps) < 43.2

For QPSK, considering now the UL direction, one has:

E./N, =
(Ec/No)ias) —5.2083R,> + 62.5R,? — 244.7917R, + 313.5, 3.4 < Ry, [upps) < 4.2

Consideri

f—333Rb — 100, 0< Rb [Mbps] <1.5

—0.5998R,% + 5.0194R, — 11.1447, 15 <R < 3.4
b b b [Mbps] (B.].O)

—4.3821R,* + 65.5602R,,? — 321.7734R,, + 521.6365, 4.2 < Ry [mpps] < 5.5

ng 16QAM for UL, the obtained interpolation obtained by (C.8) is shown in Figure B.2.
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—1.5432R,> + 6.9444R;,* — 6.9444R, — 3, 0.6 < Ry (mpps) < 1.6

sz - 6, 16 S Rb [MbpS] < 38
0.1307R,* — 3.041R,> + 26.0522R),? (B.11)
—95.8265R;, + 129.0191, 3.8 < Ry, (mbps) < 7.7

0.1386R,,> — 3.5025R,,>
+30.979R;, — 87.2192, 7.7 < Ry jmpps) < 11

(E¢/No)ap) = %

—=— Interpolation 2x2 - 64 QAM —#®—Interpolation 2x2 - 16 QAM —#&— Interpolation 1x1 - 64 QAM
30
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Figure B.1. HSPA+ DL with MIMO configurations — SNR as a function of physical Throughput

(extracted from [Jaci09]).
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Figure B.2. HSPA+ UL for 16QAM — E./N, as a function of physical Throughput (extracted from
[Jaci09]).

Based on the results of Figure 2.2, the expressions for Throughput as a function of SINR were
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obtained, for HSPA+ in DL direction. Expressions for QPSK modulation in DL were once more

extrapolated from the ones for 16QAM, and data rate for QPSK is simply considered to be half of the

one for 16QAM.

Considering a SISO configuration, with 16QAM, one has for DL:

(0.0143p;y% + 0.3486p;y +2.7657, —10 < pyy,,, < —6
0.05p;5% +0.85p;y + 4.5, =6 < pyy gy < —1
Ry (Mbps] = 4 0:0223p;y* +0.631pyy +4.3203, — 1< pry gy, < 10
L—o.os;)m2 +1.5757p;y +1.9286, 10 < pyy y, < 18
144, piyygg = 18

For SISO configuration and 64QAM, the DL throughput is given by:

(0.0143p;y* +0.3586p;y +2.7657, —10 < pyy . < —6
. | 0.00050,° + 0.0208p12 + 0.6167pyy + 43131, — 6 < pyy gy < 11
b [Mbps] =
(Mbps] i —0.0652p,y* + 2.87p;y — 9.7048, 11 < pyy < 20
L 216, piygyy =20

For SIMO 1x2 configuration, with 16QAM, the DL throughput is obtained using:

0.03p,,\,2 + 0.7823p;y + 5.8266, —-10 < PiNgg <3
Rp Mbps) = { —0.0626p;y” + 1.6255p;y +3.813, 3 < Pingg < 13
14.4, piyy =13

Considering a SIMO 1x2 configuration and 64QAM, throughput for DL is given by:

(0.0255p;52 + 0.7265p;y + 5.6914, —10 < piyjgy < -1
0.0105p;5> + 0.8517p;y +5.783,  —1< pry,, < 13
—0.0542p;y° + 2.2154p;y — 0.9696, 13 < pyy,,, < 18

\ 216, pivygy > 18

Ry [Mbps] =

For MIMO 2x2 configuration, 16QAM, the DL throughput is:

—0.0139p;y% — 0.2714p;y? — 1.3004p;y + 19524,  —10 < pyy, < =5
0.0021p;y* — 0.0209p;5% + 0.7905p;y +7.0537, =5 < pyyp, < 10
—0.0722p;x? + 3.1463pyy — 52526, 10 < pyy ,, < 20

288, pinygy > 20

Ry [Mbps] =

For MIMO 2x2, with 64QAM, the DL throughput is computed using:

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)
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Rb [Mbps] = 9

(—0.0083p;° — 0.1357p;y? — 0.2131py + 48057, =10 < py
0.0005p,5* + 0.0018p,,3 + 0.0089p,,2 + 0.7812p,y + 7.0784, —6 <
—0.0001p;y° +0.0657py? + 0.5792pyy + 7211, 1< pyyy, <6
0.0008p;y° — 0.0593p;? + 0.8046p;y + 6.0472, 6 < py y < 17
—0.0757py? + 4.3661pyy — 19392, 17 < piy g, < 265
422 . Py > 265

<-6
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Figure B.3. HSPA+ DL with MIMO and SISO configurations — physical Throughput as a function of

SNR (extracted from [Jaci09]).

For QPSK modulation scheme, now for UL, one can define the physical throughput by:

(0.0643(E/Ny)? + 0.8557(E./N,) + 4.18, —5 < (E./No)ag) < —1
~0.05(E./Ny)® + 0.31(E./No) +3.77, —1 < (E./Ny)(qp] < 2

R =
P IMPPsl =) 0.0417(E, /Np)? — 0.5429(E,/No)? + 2.5012(E./No) + 1.04,2 < (E./Ny)as) < 6 (B.18)

\5.5, 6 < (E./Np)am < 11

Similarly, for 16QAM in UL, the throughput is given by:

Ry [Mbps] =

—0.0087(E./Ng)* — 0.0669(E,/Ny)® — 0.0936(E,/N,)?
+0.6056(E./Ny) +3.0522, —5 < (E./Np)ap < —3
0.0333(E./Ny)* + 0.1(E./Ny)?3
—0.0333(E./Np)* + 0.4(E./Ny) + 3, —3 < (E;/Nop)iap; < 1
0.0583(E,/Ny)3 — 0.575(E./Ny)?
+2.3667(E./Ny) + 1.66, 1< (E./Ny)ap <5
—0.0003(E./Ny)® — 0.0195(E,/N,)?

+0.9558(E./No) + 2.1899, 5 < (E./No)ias) < Pinygy < 14

11, (E./No)p) > 14

(B.19)
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Figure B.4. HSPA+ UL for 16QAM — physical Throughput as a function of SNR (extracted from
[Jaci09]).

B.2 LTE

Trial measurements documented by the 3GPP were taken as reference for deriving the expressions
for throughput in the physical layer and SNR, similarly to UMTS. The channel models chosen are
characterised in terms of the maximum Doppler frequency considered and maximum delay spread,
Table B.1. Moreover, Figure B.6 and Figure B.7 show throughput as a function of SNR for the
EPA5Hz channel, for some selected modulation schemes and MIMO configurations, respectively in
DL and UL directions.

Table B.1. Characterisation of the channel models used, in terms of Doppler frequency spread and

delay spread (extracted from [Jaci09]).

Channel Doppler Frequency Delay Spread [ns]
Model [HZ]

EPA 5Hz 5 (low) 43 (low)

EVA 5Hz 5 (low) 357 (medium)

ETU 70Hz 70 (medium) 991 (high)

DL interpolations are presented based on the results in [Duar08], [Jaci09] and on simulation results
presented by 3GPP. SIMO, MISO and MIMO configurations are considered, for 10MHz bandwidth,

using normal CP and considering the EPAS5Hz channel model, having low delay spreads.
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Nevertheless, when results for the considered channel model were not available, an extrapolation was
made, based on the results for the EVA5Hz channel, as shown in Table B.2. This happened only for
the DL cases of MIMO 4x2 with QPSK and 16QAM modulations and also for MIMO 2x2 using
16QAM. Furthermore, saturation of the curves for higher values of SNIR was done so to assure

coherence between different MIMO and modulation configurations.

Conversely, and due to the relevance of considering different radio channel models, the extrapolation
factors used to derive results for the EPA5Hz can also be easily used to obtain results for the EVA5Hz
channel model. Furthermore, the interpolations here shown present relative mean errors lower or

approximately equal to 5%, similarly to the considered interpolations for HSPA+.

Table B.2. Extrapolation EVA5Hz to EPA5Hz (extracted from [Duar08]).

M EPA 5Hz g, [%]
EVA 5Hz
QPSK 1.027 5.3
16QAM 1.061 4.6
64QAM 1.04 15.2

Also, results for higher order MISO and MIMO configurations in DL (hamely 4x2 and 4x4 but also for
2x2 using QPSK) and simpler SIMO configurations in UL (1x2 and 1x4) were obtained recurring to
the Relative MIMO Gain Model, [KuCo08], together with the model for the receive diversity gain, via

selection combining, explained in [OeCIO08].

To be able to easily obtain results for different bandwidths, throughput for a single RB is considered
for the following expressions. An estimate of the channel throughput is obtained by multiplying the
average throughput per RB by the number of RBs used for a required channel bandwidth, according to
Table B.3.

Table B.3. Transmission band (adapted from [Duar08]).

Channel Number of Transmission Spectral
bandwidth [MHZ] RBs bandwidth [MHz] efficiency [%]
1.4 6 1.08 77
3 15 2.7 90
5 25 4.5 90
10 50 9 90
15 75 13.5 90
20 100 18.0 90

94



EWchannel

A
A J

BWconfig

A
L

0 1 2 3 4 5 6 7 8 9 10 11 12 12 14

w D
w D

I 3

\ﬁ—/

Active RBs DC subcarrier

{downlink only)
Figure B.5. Channel and transmission bandwidth configuration for a LTE carrier (extracted from
[Khan09])

For SIMO 1x2, coding rate of 1/3 and QPSK modulation, SNR in the DL is given by, based on
[Duar08]:

e EPA5SHZz

(2.55 x 107R,° — 6.303 x 10°R,* + 5.803 x 10°R,,®> — 2.502 x 10*R,* +
+609.1 R, —12.93, 0.02037304 < Ry, jmbps] < 0.09338800

PNae) = 4 7.457 x 10°R,,> — 2.126 x 10°R,% + 2.02 x 10%R, —
\ —6.397 x 10°,  0.09338800 < Ry, (mpps] < 0.096261

(B.20)

e ETU70Hz

—61.62R,% + 104.2 R, — 8231, 0.04145 < Ry, jypps] < 0.08313

N = . (B.21)
98] 7 | 4.465 x 10*R,? — 7476 R, + 313, 0.08313 < R, (pps) < 0.0916893

For SIMO 1x2, coding rate of 1/2 and using 16QAM, SNR in DL is obtained, according to the results in
[Duar08], by:

e EPA5HZz

~70.91R,? + 61.37R, — 5.045, 0.09042 < R, pupps) < 0.2200675

PNjgs = § (820.7R,® + 1151R,* — 644.9R,® + 180.6R,* — 25.26R,, + 1.412) x 105, (B.22)
0.2200675 < Ry, (mbps] < 0.29382

e ETU70HZz
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( 2968R,* — 1233R,> — 12.73R,* +
+93.33R, — 6.971, 0.08175 < Ry [mpps < 0.27310179 (B.23)

PNae) = (1664R,* — 1824R,* + 749.5R,* —
\—136.9R, + 9.374) x 10°, 0.27310179 < R (mpps) < 0.27500964

In SIMO 1x2, coding rate of 3/4 and 64QAM modulation, one gets for DL, [Duar08]:

e EPAS5SHz
—3.891 x 10*R,* + 1.418 x 10*R,,> —

—1756R,,? + 110R, — 0.1967, 0.003036 < R, jupps) < 0.152616
~7931R,* + 4946R,* — 946.6R;, + 62.48, 0.152616 < R}, (ypps] < 0.25014

= B.24
Pgas, 455.2R,* — 599.4R,* + 246.2R,2 — (B.24)
~11.18R, + 6.022, 0.25014 < Ry, jypps) < 0.637095
1.547 X 10*R,* — 1.972 X 10*R, + 6300, 0.637095 < Ry, (wpps] < 0.648575
e ETU70Hz
(—9.862R,* + 3.195R,,*) x 10* —
—3458R,% + 165.5R,, + 0.8493, 0 < R} jpps) < 0.1428556
7838R, — 3441R,% + 527R,, — 21.91, 0.1428556 < Ry, [ypps) < 0.220953 (B.25)

Prias) = § 198.2R,*> — 267.3R,* + 135.4R), — 7.904, 0.220953 < Ry, [mpps] < 0.5656632

2290R,% — 2617R, + 766.5, 0.5656632 < R}, (pps) < 0-6068352
(3.684R,,? — 4.472R;, + 1.375) x 10%, 0.6068352 < Ry, (upps) < 0.6076992

For MIMO 2x2, coding rate of 1/2 and 16QAM, for DL, SNR is obtained based on the results in
[3GPP08a], [3GPP08b], [3GPP08c] and [3GPP08d]:

e EPA5HZz

( 683.8R,* — 399.4R,* + 115.8R, — 7.195, 0.081909 < R}, [mpps) < 0.2619
5.149 x 10*R,° — 1.056 x 10°R,,* + 8.561 x 10*R,> —
P = J —3.43 X 10*R,* + 6812R, — 528, 0.2619 < Ry, jmpps) < 0.52724 (B.26)
2740R,* — 2868R), + 766.7, 0.52724 < Ry (mpps) < 0.5507425
l2.851 X 10*R,* — 3.105 X 10*R;, + 8472, 0.5507425 < Rj [mpps) < 0.5531

e ETU70HZz

23.21R,? + 27.73R, — 0.7635, 0.02782 < Ry, jpps] < 0.23376343

1.765 x 10*R, — 1.391 X 10*R,* +
+3675R, — 317.4, 0.23376343 < Ry, (pps] < 0.3024 (B.27)

T 1.019 x 10*R,* — 1.595 x 10*R,,* +
+9329R,,” — 2396R,, + 237.4, 0.3024 < Ry, (upps) < 0.5155584
197.8R, —85.95, 0.5155584 < R, [mpps) < 0.5206152

(3.909R,? — 4.0689R,, + 1.059) X 10%, 0.5206152 < R}, (upps) < 0.5232

For MIMO 2x2, coding rate of 3/4 and 64QAM, based on the results in [3GPP08a], DL SNR is given
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by:

e EPA5SHZz

1.071 x 10°R,> — 1.023 x 10*R,* + 337.1R,, + 2.201,
0.000636 < Ry, [mpps) < 0.0510

—1475R,* + 1090R,® — 283.9R,? + (B.28)
+52.07R, + 4943, 0.0510 < Ry, [pps] < 0.3522

97.69R,% — 179R,? + 118.4R,, — 10.72, 0.3522 < Ry, ypps) < 0.7042
158.6R,> — 418.5R,% + 380.9R, — 98.1, 0.7042 < R}, [upps] < 1.0780
(3.49R,* — 11.55R,% + 12.75R,, — 4.689) X 10%, 1.0780 < R), (ypps] < 1.1434

pN[dB] = <

e ETU70Hz

3.69 X 10*R,> — 5182R,,* + 269R;, + 0.8425,0 < Ry, [mpps) < 0.07103922
PN gy = —10.14R,> + 5.678R,* + 24.37R), + 5.248, 0.07103922 < Ry, [mpps] < 0.858 (B.29)
243.1R,> — 675.3R,” + 643.7R, — 184.8,0.858 < Ry, [pps) < 1.1452

In the case of the UL direction main results regarding MIMO 2x2 and 4x4 configurations in [Duar08]

were used, updated in some cases with the results documented by the 3GPP.

For MIMO 2x2, coding rate of 1/3 and QPSK, considering the UL direction, SNR is given by:

e EPAS5SHz
(4798 x 10*R,* — 8140R,* + 529.2R, — 15.86,  0.0366 < Ry, jpps) < 0.094
Priae1 = 1,363 x 10°R,* — 2.572 X 105R,, + 1.214 X 10*,  0.094 < R jmpps) < 0.0959 (B.30)

e ETU70Hz

Pnigg = 6-801 X 10°R,% — 1.582 x 10°R,,% + +1.234 x 10* — 321.6,

0.0672 < Ry (upps] < 0.0959 (B.31)

Similarly, for MIMO 2x2, coding rate of 3/4 and 16QAM, UL, SNR is given by:
e EPASHZz
88.31R,> — 92.67R,* + 59.18R, — 2.797,  0.0512 < Ry, mpps) < 0.3351

PNjas = 4.633 x 10*R,® — 5.37 x 10*R,% + (B.32)
+2.077 X 10*R;, — 2670,  0.3351 < Rp, [mpps) < 0.4291

e ETU70HZz

Prig = (3.039R,° —3477R,* + 1.484R,°) x 10* — 2901R,,” +

(B.33)
+301.9R, — 1158,  0.1181 < Ry, (ypps) < 0.4197
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For MIMO 2x2, coding rate of 5/6 and 64QAM, UL, SNR is given by:

e EPA5SHZz

17.51R,% + 22.23R, + 2.654,  0.0087 < Ry, jupps] < 0.3914

(3.567R,°> — 9.618R,,* + 10.29R,> — 5.447R,* + 1.43R,) x 10*
—1474,  0.3914 < Ry, (upps) < 0.716

I 349.5R, — 0.04397,  0.0001 < Ry (ypps < 0.0087
pN[dB] =

e ETU70HZz

PN = (3-698R,° — 5.411R," + 2.953R,,°) x 10* — 7377R,* +

+880.9R, —36.38,  0.1244 < R}, (ypps) < 0.4952

For a MIMO 2x4 configuration, coding rate of 1/3 and QPSK, in UL, SNR is given by:

e EPA5SHZz

515.2R, — 4844,  0.0940 < Ry, (ypps) < 0.095978
PVasl = 14,545 x 10*R,, — 4362,  0.095978 < R, (ubps) < 0.096

e ETU70Hz

79.88R, — 4469,  0.081 < Ry (ypps) < 0.0935
444.8R, —38.6,  0.0935 < Ry, (upps) < 0.0958

pN[dB] =
1.09 X 10*R, — 1040,  0.0958 < Ry pps) < 0.0959

For MIMO 2x4, coding rate of 3/4 and 16QAM, UL, SNR is obtained by:

e EPA5HZz

1232R, + 5255,  0.304 < Ry pupps) < 03852
PNiae) = 1957.7R,2 — 723R, + 146.4,  0.3852 < Ry (upps] < 04335

e ETU70Hz

Prg = (2911R," — 4.109R,° + 2.158R,,) x 10* —

—4974R, + 434,  0.287 < Ry jpps] < 0.4506

For the case of MIMO 2x4, coding rate of 5/6 and 64QAM, UL, SNR is given by:

e EPA5Hz
11.41R, + 10.6,  0.5611 < Ry, (mpps < 0.6487
PNaB) = )639.6R,% — 836.8R,, +291.7,  0.6487 <R, (Mbps] < 0.7208

e ETU70HZz

(B.34)

(B.35)

(B.36)

(B.37)

(B.38)

(B.39)

(B.40)
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Prjasy = 1439Ry° — 1729R, + 696.6R, —80.02,  0.2909 < Ry, (upps) < 0.5756 (B.41)

Considering throughput in the physical layer as a function of the SNR in LTE, interpolated expressions
were obtained.

For SIMO 1x2, coding rate of 1/3 and using QPSK, DL throughput is given by, [Duar08] e [3GPP08a]:

e EPA5Hz
(0.0190p,® — 0.1455p,% + 0.3516p, +9.3388) X 1072, —2 < py . <2 (6.4
Ry [bps] = (0.0063py +9.6009) X 10%, 2 < py,, < 4
96261, 4 < pyp <6
e ETU70Hz
0.01035p, + 0.08285) x 10°, -4 < <0
( PN ) pN[dB] (B43)

Ry fops] = 1 (0.0001279py — 0.001638py? + 0.006616py + 0.08313) X 105, 0 < py . <6
914844,  pyy > 6

For SIMO 1x2, coding rate of 1/2 and 16QAM, DL throughput is given by, [Duar08] and [3GPPO7]:

e EPA5Hz
—263.5py° +303py? + 26360py + 90420,  —4 < py,. <2
(—0.000945p,* + 0.0103py> — 0.0141py2 + 0.1696py + 1.0083) X 105,
5 < e (B.44)
Ry [bps] = = 'DN[dB]
| (0.0048py°® — 0.1503py? + 1.5644py — 2.4858) X 10°, 6 < pyy, < 12
\ 293820, 12 < py, < 14
e ETU70Hz
0.002862py2 + 0.03113py + 0.07953) x 10%,—4 < <0
(( Pn Pn ) PN4g (B.45)

(1.204py* +12.02py +81.75) X 10°, 0 < py,,. <8
66,41py® + 1909py + 261300, 8 < py . < 14
{ 275009.64,  pyy > 14

Ry [bps] =

For SIMO 1x2, coding rate of 3/4 and 64QAM, DL throughput is obtained by, [Duar08]:

e EPA5SHZz
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(—0.1292py* + 1.3299py* — 0.4279py + 0.3036) X 10%, 0 < py . <6
(—0.1018py? +2.92py +3.8494) X 10%, 6 < py ;< 10
(0.0585py% — 1.0032py + 6.4581) X 10°, 10 < py,,. < 16
(0.4354py — 1.6098) x 10°, 16 < py,,, < 18
(—0.0241py? + 1.0214py — 4.33555) X 105, 18 < py < 22
647085, 22 < py . < 26

Ry opsy = (B.46)

e ETU70HZz

7274py, 0 < ppgy < 2
127.6py* — 3709py° + 34850py2 — 91410py + 72490, 2 < py . < 10
3933py? — 71940py +5.364 X 105, 10 < py . <18

—100.8py* + 9480p,° — 334300p,2 + 5.239 X 106p, —
~30.18 X 10°,18 < py,, < 26

604499.2, ,  18py,, >26

Rb [bps] = < (B47)

For MIMO 2x2, coding rate of 1/2 and 16QAM, DL throughput is given based on the results in
[3GPPO08a], [3GPP08b], [3GPP08c] and [3GPP08d]:

e EPAS5Hz
(~0.0348py° — 0.0922py2 + 2.045py +81909) X 10*,  —4 < py, < 2
(0.0023py? + 2.4658py + 6.4636) X 10%  2< py,. <8
. (~0.0049py? +0.1405py + 1.8086) X 105, 8 < py,, < 10 (B.48)
b [bps] = (3.8501py —9.1235) x 10%, 10 < py ;< 16
3 5 6
412.3468p," — 24976 x 10* + 5.0302 x 105 — 2.8162 X 10°, 16 < py,, < 22
552524, Py > 22
e ETU70Hz
21.63py* — 335.4py + 1058p,? + 31030py +27820,  0< py . <10
Ryops) ={ 3304py* +18560py2 + 347600py — 1.648 X 105, 10 < py,y, < 20
533200, P4y > 20 (B.49)

Considering MIMO 2x2, coding rate of 3/4 and 64QAM, based on the results in [3GPP08a],
throughput in the DL is given by:

e EPA5HZz
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(0.1853py% — 0.8564py + 1.0352) x 10*, 2< Pngg < 6

(0.0005738py* — 0.02762py°
+0.4778py? — 3.088py + 6.81) X 105, 6 < py . <13 (B.50)

(0.0893py? — 2.0808py + 15.3841) X 10°, 13 < py, < 19
(0.010304py? +0.16608py — 1.247) X 105, 19 < py , < 24

—4424py? + 281800py — 3344000, 24 < py . < 30
1143420,  py gy > 30

Rb [bps] = 9

e ETU70HZz

(36.62py* — 387.8py° + 2810py? — 3080py — 1.011 x 1071, 0 < py, <8
80.56py> — 3033py? + 76910py —3.55 X 105, 8 < py, < 24

R =
b [bps] —2800py? +192700py — 2154 X 105, 24 <py . < 32 (B.51)
N 1145200,  pygy > 32
==2X2160AM (SM, MCW) —e=2X2 640AM (SM, MCW) —4X2 16QAM (TxDiv, MCW)

422 G4QAM (TxDiv, MCW) 4x4 160AM (SM, MCW)  -m-4X4 640AM (SM, MCW)

25
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Figure B.6. LTE EPA5Hz downlink physical throughput per RB for two layer 16QAM and 64QAM

modulation schemes as a function of SNR.

Considering now the throughput obtained in UL, expressions can be derived in a similar way as for the
DL. For a MIMO 2x2, coding rate of 1/3 and QPSK, UL throughput is given, as a function of SNR, by
[3GPP08e] and [Jaci09]:

e EPA5HZz
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. _ 69.76py° — 1102py? + 5475py +8.691 x 10*, -2 < py . <8
b [bps] 95899, Py > 8 (B.52)

e ETU70HZz
(—0.0567py? + 0.8052py + 6.715) x 10*, 0 < py ., <6

Ry (bps) = 403.36py +92629.84, 6 <py,, <8 (B.53)
95856.72,  Pu4p > 8

For MIMO 2x2, coding rate of 3/4 and 16QAM, UL throughput is given by [3GPP08e], [Duar08]:

e EPA5HZz

(0.0008773py? + 0.01934py + 0.05122), 0 < PNigp) < 8

[ (=0.0017py* 4 0.0425p,3 — 0.317py% + 1.905py + 3.9032) X 2 X 10%, (B.54)
Rp bps] = 8 < Py < 12
(—0.0801py? + 2.7554py — 2.1906) X 2 X 10, 12 < py . <18
L 429084,  py., > 18
e ETU70Hz

(—0.001415py* + 0.0515p,3 — 0.6331py? + 5.0886py +
+3.7749) x 10*%, 2 < Prigp < 14

Ry ops) = (—0.0189py” + 0.7093py — 2.4465) X 10°, 14 < py,. <18
\ 419730, Py, > 18

(B.55)

For MIMO 2x2, coding rate of 5/6 and 64QAM, UL throughput is given by [3GPP08e] and [Jaci09]:

e EPA5Hz
2861py + 1258, 4 <py,, <18
. | —392.8py* +39780py — 87830,  18< py,, <24 (B.56)
pos] =
PPl T 34432 + 163300py — 1.22 X 105, 18 < py < 24
N 716032, py gy > 24
e ETU70HZz
(0.0011719py* — 0.035372py> + 0.204py2 +

I +3.1745py — 1.554) x 104, 4< PNigp) < 18 (B.57)
Ry ops) = | (-0.01165py> + 0.6762py — 4.566) X 10°, 18 < py,,\ < 24

\ 495240,  py g, > 24

For MIMO 2x4, coding rate of 1/3 and QPSK, UL throughput is given by [Jaci09] and [3GPP08e]:

e EPA5SHZz
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(0.0011py +4.7978) x 2 X 104, 0 <py,, <1

Ry [bps) = 4800000 (B.58)
“50 0 P~

e ETU70HZz

40.14py® — 596.25py° +2994.3py +88386.2, 2 < py, <3
— 3 _ 2
Rp [bps] = 44.6py® — 662.5py” +3327py + 90190, 3 <py ., <6 (B.59)
959356,  Ppy > 6
For MIMO 2x4, coding rate of 3/4 and 16QAM, UL throughput is computed as in [3GPP08e] and
[Jaci09]:

e EPAS5Hz

( (=0.00702py? + 0.17811py +2.7726) X 105, 9 < py . < 10

| (~0.00741py? + 0.188005py +2.9267) X 105, 10 < py ) < 11 (B.60)

Ry bps] = { (—0.007644py? +0.193%4py +3.019) X 105, 11 < py .\ < 12 '

| (=0.0078py> +0.1979py +3.0807) x 10%, 12 < py,, < 18

\ 432000,  py, > 18
e ETU70Hz

+27444.15py + 6768455, 10 < py . <11
37178089, 11 < py gy < 12 (B.61)

Ry ops) = 416845.24, 12 <py, <13
441630.63, 13 <py,, <14
4506435,  py, > 14

Considering a MIMO 2x4, coding rate of 5/6 and 64QAM, UL throughput is given based on the

measurements in [3GPP08e] and [Duar08]:

e EPA5SHZz

(648720, 17 < py,,, <18

) ! 691968, 18 < pyyy < 19

Roops1 =9 7135092, 19 < Pijgm < 20
720800, Py > 20

(B.62)

e ETU70Hz
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(0.000285p,* — 0.005537p,% + 0.01017p,2 + 0.38058p, +
5
+0.9) X 105, 12 < py,, < 14

Ro tops) = 4' (0.000269p,3 — 0.0182p,2 + 0.4118py — 2.5431) X 10°,
\ 575556, Py > 24

14 < py 4y < 24

—0—-2X2 160AM (SM,MCW)

-2X2 B4QAM (SM,MCW)
2X4 1860QAM (RxDiv, MCW)

08 2%4 BAQAM (RxDiv, MCW)
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Figure B.7. LTE EPA5Hz uplink physical throughput per RB for two layer 16QAM and 64QAM

modulation schemes as a function of SNR.

(B.63)
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Annex C — COST231-Walfisch-

lkegami

COST231-Walfisch-lkegami Model takes both Ikegami and Walfisch-Bertoni models into account,

assessed by measurements in European cities. The default situation is shown in Figure C.1.

Buildings

| Incident
F—F W, e
d _,f—,FmrB
| 1
4| 7

Figure C.1. COST231 Walfisch-lkegami assumptions and associated definition parameters (extracted
from [Corr10]).

The pathloss for Line of Sight (LoS) propagation in a street, i.e., @ = 0, is given by:

In other cases, including Non-LoS (NLoS), one has

L _ {Lo (as] + Lre(a) + LrmiaBp Lyt + Lym >0 (C.2)
pdB] ~ L, (dB]» Ly+Ly <0

where

e L,: pathloss in free space propagation,
LO [dB] =324+ 20 lOg(d[km]) + 20 log(f[MHZ]) (C3)

e d: distance between BS and MT;
e f:frequency in use;

e L, diffraction loss and scatter loss on the rooftop edge to the street;

Lye(a) = Losn (as) + ka + ka10g(dpxmy) + kr 108(fimuzy) — 9108(Ws [m]) (C.4)

e wg: distance between middle points of adjacent street buildings;
* Lysn(ap)- lOSSes due to BS antennas position, whether above of below rooftop

level,
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L _ (—18log(hpm) — Hpm) + 1), hp > Hp (C.5)
bsh [dB] —
0, h, <Hpg
e h,: BS height;
e  Hg: building height.
e k,: increase of the pathloss for BS antennas below the rooftops of the adjacent

buildings,

54, h, > Hg (C.6)
k, = {54 — 0.8(hpjm) — Hpjm)), d = 0.5km, h, < Hp
54 — 1.6(Rp[m) — Hpm)), d < 0.5km, h;, < Hg

e k4. dependence of multi-screen diffraction loss versus distance,

18, h, > Hy (C.7)
ka =1 18— 15 oim=HBim h, < Hp
Hp[m]

* k. dependence of multi-screen diffraction loss versus frequency,

—4+40.7 (@ - 1), urban and suburban (C.8)

k= 925
—4 415 (%‘;Z] - 1), dense urban

e L,,,: approximation for multiple screen diffraction loss,

Ly ap) = —16.9 — 10 log(Wsjm)) + 1010g(fimuz) + 20 10g(Hpm] — hmm]) + Lorifas) (C.9
. wy: street width;
. h..: MT height;
o L,,;: street orientation loss,
—10 + 0.354¢, 0° < @ < 35° (C.10)

Loyi [dB] = 2.5+ 0-075((/) - 35); 35° < P < 55°
4.0 — 0114((/) - 55), 55° < (] < 90°

e (p: street orientation with respect to the direct radio link path.
The model is valid under the defined ranges for
¢ f€[800, 2000] MHz;
e de[0.02, 5] km;
e hy €[4,50] m;
e h,€[l3]m.
Although the frequency bands for HSPA+ DL are [2110,2170] MHz and for LTE are around 2500 MHz

and 2600 MHz, falling off the frequency range considered, this model is still the most adequate model

to consider in Urban and Suburban NLoS propagation environments.

The COST231-Walfisch-lkegami Model standard deviation takes values from 4 dB to 7 dB, and the
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error of the model increases as h;,, decreases relative to Hz [Corrl0]. In absence of specific values, the

following are recommended [Corr10]:

e wg €[20, 50] m;

o wy=wp/2;

e ¢=90°;

*  Hpm) =3 X (#floors) + Hyroof [m1;

3, pitched
b Hroof [m] = {0’ flat .
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Annex D — MIMO Models

Regarding MIMO configurations, Figure D.1, four transmission schemes are possible: SISO, MISO,
SIMO and MIMO. In LTE DL, SIMO configurations are employed for transmit diversity while MIMO
schemes allow mainly for spatial multiplexing techniques; in UL, SIMO and also Single User MIMO are

considered, although requiring two power amplifiers in the MT.

= j-Y_ = e Y Y rRxo| [Txo i —] RX0
\ Y— Rx1 Tx1 j§>‘i Rx1

(a) SISO. (b) SIMO. (c) MIMO.
Figure D.1. Different radio transmission schemes, SISO, SIMO, MISO and MIMO (adapted from
[Agill1]).

In general, the performance of MIMO is dependent on a number of factors such as the state of the
wireless channel (e.g. low versus high scattering), the signal quality (measured by the SINR), the
speed of the MT, and the correlation of the received signals at the receiving antennas. Therefore,

different MIMO modes will be more effective than others depending on these critical factors.

A key factor to the performance of MIMO is the number of spatial layers of the wireless channel which
allows to highly improve spectral efficiency. Spatial layers are born out of the multipath and scattering
environment between transmitters and receivers. Simultaneously, the increase in data rate of a MIMO
systems is linearly proportional with the minimum number of transmit and receive antennas subject to
the rank limit, i.e., the number of independent spatial layers. In plain LoS conditions, the channel
matrix rank is one and hence, even with 4 antennas the spectral efficiency of the channel is not

increased.

Figure D.2 illustrates the difference between having rank one or rank 2 transmission, for a system with
two receiving antennas, by comparing its SINR levels to the reference average SINR measured at the
antenna. While the average SINR is measured at the terminal of any of the receiving antennas, rank 1
SINR is the SINR measured after combining the signals received by the two antennas and rank 2
SINR is the one measured separately for each MIMO stream. Hence, when using a rank 1
transmission one is broadly using a receive (or also transmit) diversity scheme, generally adequate for
poor channel conditions, obtaining a higher rank 1 SINR. On the other hand, for rank 2 transmission,
two ranks or transmission streams are employed and thus, being the user’s signal power divided in
two streams, measured rank 2 SINR is lower than the average SINR. Although providing for higher

transmission rates, the latter is only adequate in good channel conditions.

For LTE, seven MIMO modes are defined for the downlink path [Khan09]:
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e Mode 1 - Single stream.

e Mode 2 - Transmit diversity.

e Mode 3 - Open loop spatial multiplexing.

e Mode 4 - Closed loop spatial multiplexing.

¢ Mode 5 - Multi-User MIMO.

e Mode 6 - Closed loop Rank 1 with pre-coding.

¢ Mode 7 - Single antenna port.
Using the first mode, a single data stream (codeword) is transmitted on one antenna and received by
either one (SISO) or more antennas (SIMO, receive diversity). In the second mode, the same
information stream is transmitted on multiple antennas (LTE supports 2 or 4 antennas), being the
information coded differently on each antenna by using Space-Frequency Block Codes (SFBC).
Employing SFBC, data symbols are repeated over different subcarriers on each antenna. Since it is a
single-layer transmission, it does not improve the peak rate but instead the signal quality becomes

more robust and lower signal to interference plus noise ratio (SINR) is required to decode the signal.

Antenna 1
Rank2 SINR 1

Average SINR

_/Antennaz Rank 2 SINR 2

Figure D.2. Average SINR, rank 1 SINR and rank 2 SINR levels (extracted from [Optil1]).

Rank 1 SINR

In LTE, modes 3 and 4 are both classified as SU-MIMO schemes, specified for the configuration with
two or four transmit antennas in the DL, which support up to two or four layers respectively. For the UL
only a maximum of two transmit antennas is possible. As for mode 3, named open loop spatial
multiplexing, two information streams (and usually two code words) are transmitted over two or more
antennas (up to 4 in LTE). No explicit UE feedback is used, and only the wideband Rank Indication
(RI) is transmitted by the UE, besides de CQI, and used by the BS to select the number of spatial

layers.

Whereas in mode 3 open loop was employed in mode 4 the Pre-coding Matrix Indicator (PMI) is
additionally fed back from the handset to the base station. This feedback mechanism allows the
transmitter to pre-code the data to optimise transmission over the wireless channel so the signals at
the receiver can be easily separated into the original streams. This method is expected to be the
highest performing mode of MIMO in LTE, although both SU-MIMO schemes provide for much better

peak throughput than with transmit diversity.

The benefits of open and closed loop spatial multiplexing schemes are mostly achieved when the

received signal quality (measured SINR) is at its highest values. Thus, poor SINR conditions at the cell
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edge reduce the benefits of spatial duplexing modes and closed-loop rank 1 or transmit diversity
become more attractive. Furthermore, transmit diversity is also more attractive than closed-loop and
open-loop spatial multiplexing schemes in an environment where signal scattering is low, e.g., in LoS
transmission. Moreover, the performance of spatial multiplexing techniques is best in case of low
signal correlation, placing restrictions on the placement of the antennas. Beamforming techniques are
alternatively effective in high correlation environments, where the signal comes with low angular

spread such as in open areas environments.

The speed of the MT also impacts the performance of closed loop MIMO systems. In general, the
latter provides better spectral efficiency than open loop spatial multiplexing as channel knowledge is
fed back to the transmitter allowing for optimal data stream coding. However, as the speed of the MT
increases and channel conditions change more rapidly, this advantage is lost over to the open loop
spatial multiplexing mode, which is simpler to implement. Transmit diversity is also robust to speed
while its performance in low scattering environment and high SINR does not degrade as with open
loop spatial multiplexing. Table D.1 summarises the decision matrix to select MIMO mode most

suitable for the usage scenario, from the main modes used.

Table D.1. Decision matrix for the main LTE MIMO modes (adapted from [Tele09]).

MIMO Mode SINR Scattering Speed

Transmit Diversity Low Low High
Open-Loop Spatial Multiplexing High High High
Closed-Loop Spatial Multiplexing High High Low
Closed-Loop Rank=1 Pre-coding Low Low Low

Knowing the MIMO functioning in LTE, the Relative MIMO Gain (RMG) Model was employed in order
to predict the capacity improvement of the usage of MIMO configurations, [KuCo08]. Based on the
Geometrically Based Single Bounce (GBSB) channel model, the authors derive simulation results for

the capacity gains of MIMO, for different configurations.

The RMG is defined as the ratio between the MIMO and SISO throughput capacity of a given radio
link:
Cuimo (D.1)

Gy e =
M7s CSISO
where:

e  Cymo: capacity of the MIMO system;

e (50 Capacity of the SISO system, given by the Shannon capacity formula:
Csiso = loga(1 + pw) (D.2)

The RMG model is a statistical model developed to estimate the distribution of the RMG, based on
simulation results. This distribution can be modelled by sigmoid functions, which are completely
defined by their mean and variance, as further explained in [KuCo08]. Both the mean value and the

variance depend on the number of Tx and Rx antennas and on the distance between those.
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Furthermore, for a certain number of Tx and Rx antennas, the variance is very low in each cell range,

i.e., the slope of the sigmoid function has been assumed to be constant within a cell type.

Table D.2 shows the results approximated for the scenarios with either 2 Tx and/or 2 Rx antennas,
used to derive the throughput expressions from the ones in Annex B, Subsection B.2. For these
cases, the cell type is not very relevant, hence, the configurations can be defined for all distances
between 10 m and 2400 m.

Table D.2. Mean value of pg,,; for systems with N;=2, independent of cell type (extracted from

[KuCo08)).

Ny Urme & [%] €2 [%]
2 1.54 1.1 0.1
4 1.70 1.1 0.2
8 1.84 0.4 0.4
16 1.77 2.1 3.9

For other configurations results of the mean value and variance are presented as a function of the
distance between the antennas, Table D.3. For the estimation of the throughput expressions for these

MIMO configurations, the maximum value of the mean value was considered.

Table D.3. Mean value of pg,s for systems with Np>2 and Ni>2 for different cell types ([KuCo08]).

(a) Pico-cell.
Ny X Ng | range [m] Mrme £ [%] | € [%]
10-31 50.32dp.+1.77
4x4 [lam] 0.1 0.1
31-57 3.36
10-31 52.56d, +1.84
8x4 flom] 0.0 0.4
31-57 3.50
10-29 117.59d;,1+2.11
8x8 [iem] 2.9 2.6
29-59 3.36
10-28 76.80dp..+1.28
16x4 Luy 1.7 1.0
28-58 3.50
10-28 138.23d jy+1.51
16x8 4.2 3.6
28-58 5.43
10-27 225.37dpjem +1.71
16x16 5.9 75
27-42 7.86
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Table D.4 (cont.). Mean value of pg,; for systems with Np.>2 and Ni>2 for different cell types

([KuCo08]).
(b) Micro-cell.

Ny x Ng | range [m] Mrme & [%] | € [%]
4x4 57-686 -2.00d i) +3.47 -0.1 0.4
8x4 57-680 -2.08d cm)+3.62 0.0 0.4
8x8 59-703 -4.88d [ +5.86 3.0 2.6
16x4 58-692 -2.74d 1y +3.66 1.7 1.0
16x8 58-675 -5.42d e +5.75 4.2 3.6

16x16 42-654 -8.61d [k +8.23 5.9 7.5
(c) Macro-cell

Ny X Np range [m] Wrmé & [%] €2 [%)]
4x4 686-2400 2.10 -0.1 0.4
8x4 680-2400 2.21 0.0 0.4
8x8 703-2400 2.42 3.0 2.6
16x4 692-2400 1.76 1.7 1.0
16x8 675-2400 2.09 4.2 3.6

16x16 654-2400 2.59 5.9 7.5

For the case of SIMO configurations a similar channel capacity gain can be derived based on the
results in [OeCI08]:

log,(1+ ga " pn) (D.3)

CSISO

Gsimo =

where:
e g, array gain defined for a certain number N, of receiving antennas. Considering simple
receive diversity scheme via selection combining, it is given by:
Ve (D.4)

Assuming receive diversity via Maximal Ratio Combining (MRC), it is defined as:

D.5
Ga = Ng ( )

Thus, estimates for the relative SIMO capacity gain are obtained, assuming for this thesis that a MRC

scheme is used, allowing for further extending the results in Annex B for SIMO antenna configurations.
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Annex E — Simulator User's Manual

This annex includes a reference manual to the Single Cell Model interface, implemented for the

simulator. The main objectives behind the Graphical User Interface create (GUI) were to allow a

modular edition of the different simulation components of the simulator, easily, fast enough, prone to

user’s errors and allowing for simulations using input parameters’ files or directly put into the simulator

by hand.

The interface developed follows the same simulator core structure referred earlier. The simulators’

main window shows the four components: channel model simulation, propagation model simulation

and the system’s simulators’, UMTS and LTE, as shown in Figure E.1. For each of the four modules

the user can either load the respective parameters input file into the simulator, by using the ‘Path’

button, or input the parameters himself by hand, by using the ‘Input’ button.

-

L

ol Forml

= | O] |

Simulation Parameters:

sim period: 0000

[ms]

dist mean:

dist stdewv:

Mr USErs:
throughpit :

Capacity

Channel:

<emply=

0.2

0.1
1

5

lem]
ffem]

[Mbps]

| Path

J

Input

System:

UMTS:

<empty>

| Path

] [ Input

)

Output Results:

<emply=
Path

!Ji MNSTITUTO SLIPFERIOR TECHICO

it
"=, o

Prop Model:
<empty>
. Path || Input
LTE: =zemphy:=
| Path || Input
Fun ][ Cancel

-

Figure E.1. Main simulator window: simulation parameters, channel, propagation model, systems' and

output results path definition..
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For the former, the user selects the respective ‘.csv’ files, as input for the respective module, assuring
that these follow the normalised simple format, as outlined in the sample files provided with the
simulator. For the latter case, a dedicated parameters window will open for each module, already filled
in with the default parameters considered. If the use does not load any input file neither inputs the

parameters by hand, the default parameters will be the ones considered.

Regarding the systems’ simulation, the user is given the option to run the simulation for each system
independently or separately for any of the UMTS or LTE systems. For comparison purposes, if the two
simulators are used together, both will use the same channel and propagation models selected. This
implementation option follows along with the main simulators’ objective of comparing the two systems,
but if different single simulations of each system with varying channel and propagation models are

needed, running the simulator for each system at a time is suggested.

Accordingly, the output results will only be presented for the selected system or systems. The output
path for the output file can also be selected by the user, using the specific ‘Path’ button, as long as the

output file name chosen follows the considered ‘.csv’ extension.

For the UMTS and LTE simulators, input windows are the ones presented in Figure E.2 and Figure
E.3, respectively, and the input parameters are divided in system parameters and link budget

parameters. The default values are the ones already presented in Subsection 4.1.

oz UMTSSimWindow =N = ==
Simulator:
. I S+
DL Freq 1920 [MHz] MOBILE BROADBAND TODAY
Link Budget:
MT Power 24 [dBm] Masthead Amp Gain [dE]
BS Power 46 [dBm] UL Sig and Cort Power {5 [%]
MT Gain 1 [dE] DL Sig and Cort Power 4 [l
BSGain 18 [dB] constrained to:
ekl B B} QPSKusage 10 ]
User Losses 1 [dB] Sk 0 %]
UL Moise Figure 5 [dE] B40AM usags &0 [%]
DL Moise Figure 9 [dB] MIMO threshold 173 [dE]
| ok || Canecel

Figure E.2. UMTS/HSPA+ parameters input window.
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a5' LTESimWindow
Simulator:
UL Freq 2510 [MHz]
DL Freq 2630 [MHz]
Frequency Band  2( [MHz]
Link Budget:
MT Power 24 [dBm] UL Sig and Cort Power 10 [l
BS Power 412 [dBm] DL Sig and Cont Power 235 %]
MT Gain 1 [dE] [T constrained to:
BSGan 18 [dE] QPSKusage 10 ]
Cable Losses 2 [dE] 160AM usage an [
User Losses 1 [dE] G40AM usage 60 [l
UL Moise Figure g [dE]
DL Mois= Figure 7 [dB]  MIMO SNR Threshold 16 idE]
Masthead Amp Gain [dE]
[ ok || Cancel |

Figure E.3. LTE parameters input window.

Regarding the channel and propagation model simulation, the input windows are the ones shown in

Figure E.4. Again, default parameters shown are the ones referred in Subsection 4.1.

P

a=l PropModelWindow EI@
p N BS height 30 [m]
a5 ChannelWindow E\@ Buiding height 23 m]
Ricean fast fading: MT height 15 [m]
e 5 (48] Inter-building dist 75 [m]
Street width 35
stdev: 4 [dE] rest W ]
cohertime: |32 fms] Incidence angle 90 [degrees]
|
Lognomal slow fading: Environment In_gs LoS
|
. 4
stdev: [dB) Meighbouring Cells
cohertime: 10000 [ms]
Inter site dist 05 [em]
Environment : Pedestrian Meigh BS Power 4257 [dEm]
Wehicular
Typ Urban Meigh MT Power 21 [dEm]
[ ok |[ cencel | | oK || camesl |

Figure E.4. Channel model and Propagation Model parameters input windows.
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Annex F — Additional Results

Additional measured and simulation results, for both UMTS and LTE, are presented in this annex.

These were previously referenced throughout previous analyses and constitute a complement to

them.

Table F.1. Distance to serving BS mean and standard deviation, for different environments.

Parameter \ Environment Axial Urban Dense Urban
Maist [km] 0.335 0.314 0.269
Ogist [km] 0.220 0.162 0.190

Table F.2. ISDs for varying environment.

Parameter/Environment Axial Urban Dense Urban
Misp [km] 0.816 0.528 0.317
O)sp [km] 0.192 0.152 0.016
—o— Axial —=— Urban Dense Urban —o— Axial —=— Urban Dense Urban
25 100 y’f_v_v;»
90 1
20 ! g 80
70
< 15 S 60 ;
L w 50 r
2 10 7 0 40 (;
F 30 d
5 p'( ¥ t 20 .
L2 | 10
VIR oo | CmMMMMNMMMMMMMN 3522 P e O 0 meet®™
-5 15 35 -5 15 35
SINR[dB] SINR[dB]
(a) PDF. (b) CDF.

Figure F.1. SINR statistics of DL mobility measurements results for different environments.
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i
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Throughput [Mbps] Throughput [Mbps]
(a) PDF. (b) CDF.

Figure F.2. Throughput statistics of DL mobility measurements results for different environments.

Table F.3. SINR’s and throughput's mean and standard deviation of DL mobility measurements, for

different environments.

Parameter \ Environment Axial Urban Dense Urban
Msing [dB] 14.41 14.75 14.18
osinr [dB] 5.40 4.53 4.57
Mrhroughput [Mbps] 47.30 43.72 38.84
OThroughput [MbpS] 30.24 20.08 14.09

Table F.4. Serving cell and detected cell RSRP difference given as a function of distance to BS,

obtained by curve fitting.

Fitted equation R?

~0.0064d]) + 6.6679 0.3004

ESFBC EOL SM

A
o
o
o

900
800
700
600
500
400
300
200
100

Average transmission rate (/s)

o

Axial Urban Dense
Environment Urban

Figure F.3. Transmission mode statistics analysis for mobility measurements in different

environments.

120



—o— Average —=—RANK1 —»—RANK2

100

a

a0 7

7 /

< 60 [ #

& 50 A

(@)

© % i

" I ZJ

-5 5 15 25 35

SINR [dB]

Figure F.4. SINR statistics for average SINR, Rankl SINR and RANK2 SINR, from mobility

measurements in the Axial environment.
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Figure F.5. CDFs of DL mobility and static measurements’ results for the Axial environment.
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Figure F.6. CDFs of DL mobility and static measurements results for the Dense Urban environment.
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Figure F.7. Average modulation usage analysis of DL mobility measurements’ results for different

environments.
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Figure F.8. Cell edge versus cell edge statistics, from mobility measurements in the Axial environment.
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Figure F.9. Cell edge versus cell edge statistics, from mobility measurements in the Dense Urban

environment.
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Figure F.10. CDFs of DL measurements results, for varying load, in the Axial environment.

Table F.5. SINR’s and throughput's mean and standard deviation for varying load scenarios in the

Axial environment.

Parameter \ Load 0% 50% 75% 100%
Msing [dB] 14.41 10.94 9.93 7.01
Osinr [dB] 5.40 6.39 6.13 7.38
Mthroughput [MbPS] 47.30 42.89 40.00 34.24
O Throughput [MbPS] 30.24 21.47 21.85 25.85
—a— (0% ——50% —— 75% —+—100% —o— 0% —=&—50% —=—75% 100%
100 W 100
90 90 ¥4
80 / 80
70 f[ ], '_70 /f
ze H— A (O 4
i 50 ] i 50 ¥
5 40 0 40 77
30 30 4
20 20 - }
10 10 A
5 35 0 25 50 75 100 125 150

15 25
SINR [dB]
(a) SINR.

Throughput [Mbps]
(b) Throughput.

Figure F.11. CDFs of DL measurements results, for varying load, in the Dense Urban environment.
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Table F.6. SINR’s and throughput’s mean and standard deviation for varying load scenarios in the

Dense Urban environment.

Parameter \ Load 0% 50% 75% 100%
Msinr [dB] 14.18 6.19 5.02 4.49
osinr [AB] 4.57 5.20 5.72 5.67

Mthroughput [MBPS] 38.84 27.25 24.15 23.69

O Throughput [MbPS] 14.09 13.98 14.55 16.92

B SFBC Axial SFBC Urban SFBC Dense Urban
BOL SM Axial OL SM Urban OL SM Dense Urban
100

90 +—
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0 a T — T 1
0 50 75 100
Load [%]

Figure F.12. Transmission mode average use regarding cell load, for different environments.
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Figure F.13. Cell centre versus cell edge average SINR and average throughput as a function of load,

for the Axial environment.
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Figure F.14. Cell centre versus cell edge average SINR and average throughput as a function of load,

for the Urban and Dense Urban environments.
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Figure F.15. DL SINR PDFs of measured and simulated results for the Axial pedestrian scenario.
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Figure F.16. DL SINR PDFs of measured and simulated results for the pedestrian channel of the

Urban and Dense Urban environments.
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Figure F.17. Simulated and measured results for the Axial vehicular scenario in DL, for varying load.
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Figure F.18. Simulated and measured results for the Dense Urban vehicular scenario in DL, for

varying load.
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Figure F.19. Simulated and measured results for the difference between cell centre to cell edge in the

Axial vehicular scenario, for varying load.
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Figure F.20. Simulated and measured results for the difference between cell centre to cell edge DL in

the Dense Urban vehicular scenario, for varying load.
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Figure F.21. Simulated cell edge versus cell centre results for DL of the Axial vehicular scenario, for
varying load.
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Figure F.22. Simulated cell edge versus cell centre results for DL of the Urban vehicular scenario, for

varying load.
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Figure F.23. Simulated cell edge versus cell centre results for DL of the Dense Urban vehicular

scenario, for varying load.

Table F.7. Average throughput ratio as a function of number of cell users, obtained by curve fitting.

Environment Average throughput ratio R?
LTE UFR 1.89291n (N,) + 1.3063 0.9764
LTE ICIC 2.55311n (N,) + 2.0143 0.9829
LTE ICIC 4x4 4.2162 In (Nu) +3.1559 0.9814
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Figure F.24. LTE and UMTS DL SINR for the Axial and Dense Urban pedestrian scenarios, for varying

users’ number.
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Figure F.26. LTE and UMTS coverage results for LTE UFR’s DL in the pedestrian scenario, for

required 1Mbps and 5Mbps throughput service.
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Figure F.27. LTE and UMTS coverage results for LTE UFR’s DL in the pedestrian scenario, for

required 10Mbps throughput service.
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Figure F.28. Cell centre to cell edge reduction in the Urban pedestrian scenario for UMTS DL, when

varying number of users.
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Figure F.29. Performance difference between cell centre to cell edge DL in the LTE ICIC Urban

pedestrian scenario, for varying number of users in the cell.
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Figure F.30. SINR and throughput, in DL, as a function of distance to BS, for the Urban pedestrian
scenario with a single cell user.
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Figure F.31. LTE and UMTS UL SINR for the Axial and Dense Urban pedestrian scenarios, for varying

users’ number.
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Figure F.32. UMTS to LTE throughput ratio for the Axial and Dense Urban pedestrian scenarios, for

varying users’ number.
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Figure F.33. LTE and UMTS coverage results for LTE UFR’s UL in the pedestrian scenario, for
required 1Mbps and 5Mbps throughput service.
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Figure F.34. LTE and UMTS coverage results for LTE UFR’s UL in the pedestrian scenario, for
required 10Mbps throughput service.
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Figure F.35. Cell centre to cell edge reduction in the Urban pedestrian scenario for UMTS UL, when

varying number of users.
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Figure F.36. Cell centre to cell edge reduction in the Axial pedestrian scenario for LTE, for varying

number of users in the cell.
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Figure F.37. Cell centre to cell edge reduction in the Dense Urban pedestrian scenario for LTE, for

varying number of users in the cell.
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Figure F.38. SINR and throughput, in UL, as a function of distance to BS, for the Urban pedestrian

scenario with a single cell user.
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Annex G — LTE Coverage Maps

Additional information regarding the scenarios considered for LTE measurements, namely the maps of
LTE covered regions, is presented in this annex. These were previously referenced throughout

previous analyses and are a complement to them.

The LTE cluster has been deployed in the city of Porto, in the north of Portugal, composed by a total
of 18 BSs, namely an indoor cell and 17 outdoor cells.

Figure G.2. Inter-BS distance, measured as the distance to the closest detected cell, for the Axial

environment (extracted from [GoEal1l] ).
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Figure G.3. Inter-BS distance, measured as the distance to the closest detected cell, for the Urban

environment (extracted from [GoEall]).
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Figure G.4. Inter-BS distance, measured as the distance to the closest detected cell, for the Dense
Urban environment (extracted from [GoEal1l] ).
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Figure G.5. Drive tests’ and static measurements’ spots results, sorted by DL throughput (extracted
from [GoEal1l]).

Throughput

0 to 25 Mbps
25 to 60 Mbps

60 to 100 Mbps

d @ 100 to 150 Mbps

Figure G.6. Drive tests’ route for coverage analysis, sorted by DL throughput (extracted from
[GoEall)).
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