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1. Introduction

In RAN#51 a new LTE Rel.-11 SI “LTE Coverage Enhancements in Rel-11” has been approved [1]. The goal of the SI was to identify potential coverage bottlenecks or imbalance between downlink and uplink data and/or control channels. To perform coverage analysis of LTE physical channels RAN1 has agreed on the maximum coupling loss (MCL) evaluation methodology to check the link budget characteristics for all physical channels [2]. In this contribution we provide the results of coverage evaluation for LTE uplink channels and discuss different coverage performance tradeoffs.

2. Coverage Analysis for LTE Uplink Channels

To perform coverage analysis of LTE uplink channels the link level simulations have been performed for multiple channels including: PRACH Format 2, PUCCH Format 1, 1a, PUCCH Format 2, PUSCH Message 3 56/114 bits, PUSCH VoIP AMR 12.2 kbps and PUSCH Medium data rate 384 kbps. The link level simulation analysis of uplink channels has been done under assumptions:

· Uplink transmissions in 10 MHz bandwidth;

· EPA channel model (low correlation);

· Practical channel estimation algorithms;

· MMSE equalizer for PUSCH;

· 2 RX antennas at eNB;

· 1 TX antenna at UE;

· Single user transmission;

· No interference (only additive noise).

The remaining parameters specific for each LTE uplink channel (such as performance targets, resource allocation size, MCS indexes and bundling options) are listed in Table 1.
Table 1. LTE uplink channels parameters for coverage evaluation

	
	PRACH 
Format 2
	PUCCH Format 1, 1a
	PUCCH Format 2
	PUSCH Msg3 
TBS 56
	PUSCH Msg3 
TBS 144
	PUSCH VoIP AMR 12.2 kbps
	PUSCH Med. data rate 384 kbps

	Performance targets
	1% Pmiss
0.1% Pfa
	1% Pmiss
1% Pfa
	1% BLER
	10% rBLER
	10% rBLER
	2% rBLER
	10% iBLER

	Max Number of HARQ retransmissions
	N/A
	N/A
	N/A
	4
	4
	2
	1

	TTI bundling
	N/A
	N/A
	N/A
	OFF (N/A)
	OFF (N/A)
	ON (4TTI)
	OFF

	RLC segmentation
	N/A
	N/A
	N/A
	OFF
	OFF
	OFF
	OFF

	Number of UL RBs
	6
	1
	1
	1
	2
	3
	4

	MCS Index
	N/A
	N/A
	N/A
	4
	5
	7
	6

	Modulation
	ZC
	BPSK
	QPSK
	QPSK
	QPSK
	QPSK
	QPSK

	Code Rate
	N/A
	N/A
	N/A
	0.28
	0.29
	0.10
	0.36

	TBS, bits
	N/A
	0(1), 1(1a)
	4, 11 bits
	56
	144
	328
	392

	Spectral Efficiency
	N/A
	N/A
	N/A
	0.56
	0.58
	0.20
	0.72


The link level simulations were used to measure SNR that meet the performance requirements for each LTE uplink channel. The measured SNR was converted to the maximum coupling loss (MCL) metric assuming UE transmit power equal to 23dBm, 5dB eNodeB noise figure and -174 dBm/Hz noise power spectral density. The results of uplink MCL evaluations are shown in Figure 1.
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Figure 1. Uplink MCL evaluation results

The following observations can be made from the conducted MCL analysis.
Observations

In general LTE UL channels are reasonably balanced (i.e. control channels and messages show better performance than data channels and low data rates show better coverage characteristics than medium data rates):

· Low payload PUCCH channels have largest MCL;
· PRACH Format and Msg-3 are well balanced and their MCL metrics can be further improved if target performance for PRACH is relaxed and more retransmissions are used for Msg-3;
· Under stringent delay constraints (2 retransmissions) the MCL of VoIP service is about 2.5 dB worse comparing to PRACH and Msg3. The performance of VoIP can be further improved if 4 retransmissions are used however the VoIP delay budget will be fully utilized;
· PUSCH medium data rate service is the most limiting in terms of coverage as should be expected since the data rate in this service is increased in multiple times comparing to VoIP and other channels.
The summary of the coverage issue identification analysis conducted by different companies has been concluded in [3] where it was proposed to:
· Further investigate coverage enhancements for medium data rate and VoIP in UL with the first priority and for Msg3 with the second priority.

In the next sections of the contribution we discuss coverage tradeoffs for medium data rates and VoIP services.
3. Discussion on Coverage Tradeoffs
Coverage vs. capacity tradeoff is a well-known paradigm in communication systems. For the fixed number of transmit and receive antennas (e.g. 1 TX antenna and 1 RX antenna) the coverage can be improved at the cost of the data rate degradation. In power limited scenario the coverage improvement can be achieved by increasing time span of the data allocation however this leads to a loss in terms of the UE data rate (throughput) and spectral efficiency. This approach was already applied in LTE when TTI bundling was introduced to improve coverage.
In essence the TTI bundling method is used to transmit the data payload over a larger time span (4TTIs) and increase the received energy per information bit at the receiver. Additional benefit that TTI bundling brings is the reduction of L2 RLC segmentation overhead and CRC overhead which may become substantial for small packet sizes. In current LTE specification the TTI bundling method is restricted to QPSK modulation and only three PRBs (see Table 2). These constraints impose restrictions on the maximum packet size in TTI bundling mode which is limited by 504 bits and thus the maximum data rate that can be achieved with TTI bundling option is equal to 126 kbit/s (504bits/4/0.001s). This data rate is sufficient to meet the VoIP data rate requirements.
Table 2: Transport block size table
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	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	16
	32
	56
	88
	120
	152
	176
	208
	224
	256

	1
	24
	56
	88
	144
	176
	208
	224
	256
	328
	344

	2
	32
	72
	144
	176
	208
	256
	296
	328
	376
	424

	3
	40
	104
	176
	208
	256
	328
	392
	440
	504
	568

	4
	56
	120
	208
	256
	328
	408
	488
	552
	632
	696

	5
	72
	144
	224
	328
	424
	504
	600
	680
	776
	872

	6
	328
	176
	256
	392
	504
	600
	712
	808
	936
	1032

	7
	104
	224
	328
	472
	584
	712
	840
	968
	1096
	1224

	8
	120
	256
	392
	536
	680
	808
	968
	1096
	1256
	1384

	9
	136
	296
	456
	616
	776
	936
	1096
	1256
	1416
	1544

	10
	144
	328
	504
	680
	872
	1032
	1224
	1384
	1544
	1736


In order to analyze the necessity of further bundling extensions to the larger number of PRBs and packet sizes the link budget analysis for PUSCH allocations restricted to QPSK modulations only (i.e. up to ITBS = 10) has been conducted for the case of 23dBm UE maximum power, -174dBm/Hz noise power, one TX and one RX antenna and target BLER equal to 0.1. The link budget versus PUSCH allocation data rate, spectral efficiency and packet size as well as effective code rate versus data rate have been analyzed in AWGN channel. The results of link budget analysis are shown in Figure 2 separately for low data rate (< 300 kbits/s – red color), medium data rate (< 3000kbits/s – blue color) and high data rate (>3000kbit/s – green color). The TTI bundling based PUSCH allocations are also shown and marked by black color.
It can be seen from Figure 2 a) and b) that comparing to regular PUSCH allocations the TTI bundling allocations provide up to 6 dB gain in link budget at the expense of 4 times loss in data rate and spectral efficiency. Analyzing the link budget vs. data rate it can be seen that there is no gaps that may lead to coverage issues.
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	a) Link budget vs. PUSCH allocation data rate
	b) Link budget vs. PUSCH allocation spectral efficiency
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	c) Link budget vs. PUSCH allocation code rate
	d) Link budget vs. PUSCH packet size

	Figure 2: Link budget analysis for PUSCH allocations restricted to QPSK modulation


As it can be seen from Figure 2 c) there are many regular PUSCH allocations in the medium data rate range with the effective code rate less than the mother code rate equal to 1/3. For these code rates higher data rates are achieved by increasing allocation bandwidth (i.e. using more PRBs). But in considered transmit power limited mode (UE transmit power - 23 dBm) the bandwidth extension does not provide throughput gain due to low SNR operation (proportional SNR reduction as bandwidth is increased). Therefore additional investigation of the tradeoff between frequency and time span of the PUSCH allocation is needed. For example two options can be proposed for investigation to support 384 kbit/s data rate:
Option 1: Transmit 384 (392) bits in each TTI and using 4 or more PRBs (code rate >= 1/3, small packet size);
Option 2: Transmit 1536 (1544) bits in four TTIs and using 4 or more PRBs (code rate >= 1/3, larger packet size);
Among options listed above only Option 1 is supported by LTE specification. However the Option 2 may be also advantageous since the CTC error correction scheme shows better performance for larger transport block sizes and also from system level perspective as the reduction of L2 segmentation, CRC and HARQ signaling overhead can be achieved.
Proposal 1: Under current assumption of one TX antenna the possibilities to further improve coverage for the medium data rate are limited. Extension of TTI bundling method for larger number resource blocks should be further evaluated (e.g. using similar mechanism that was applied for VoIP transmission in 1 PRB) in terms of performance improvement and possible overhead savings.
In case of the VoIP service in power limited regime the coverage improvement can be potentially achieved if the size of TTI bundle is further increased. Assuming that VoIP packet of ~40 bytes arrives every 20 ms and that VoIP delay budget is 50 ms the number of TTIs per bundle may be further increased. For VoIP inter-packet arrival interval equal to 20ms maximum 5 TTI bundles (20 TTIs) can be potentially allocated. Thus the increase of TTI bundle up to 8 TTIs may be considered.
Proposal 2: In FDD systems the VoIP coverage can be potentially improved by extending TTI bundle size up to 8 TTIs. In that case the BPSK modulation or QPSK modulation with higher repetitions can be used. The ~3 dB link budget gain can be achieved in this case even for initial transmission of VoIP packet in TTI bundle.
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