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1 Introduction

A highly sought-after feature of machine type communication (MTC) is enhanced coverage, which facilitates deployments in remote radio location viz. basements, metal enclosures etc. In [1], it was found that for a desired uplink throughput of 20 kbps, the coverage of LTE networks is limited by the uplink shared channel (PUSCH) in FDD mode. Consequently, an objective of the ongoing Rel-13 work item, “Further LTE Physical Layer Enhancements for MTC” is to specify coverage enhancement (CE) techniques for PUSCH [2].

In RAN1 #79 it was decided to target 15 dB CE compared to the nominal coverage of a Cat-1 UE. Additionally, the maximum transmit power of the UE might be constrained for cost efficiency. Therefore it was proposed to target a CE level of 18 dB when the maximum MTC transmit power is 20 dBm or lower. 
In this contribution we evaluate and discuss several CE techniques. For each technique, we provide the number of transport block retransmissions (repetitions) required to reach a given CE level.
2 Discussion
The fundamental technique for uplink CE is to increase the post-processing SINR at the eNB. A simple method for this is multiple re-transmissions of the coded transport block, which are then coherently combined at the eNB. We consider “bundled” transmissions, i.e, each uplink grant consists of several repetitions of a transport block over contiguous subframe intervals. In principle, the eNB can also employ HARQ re-transmissions of the bundle which is triggered by eNB feedback. Here we restrict our evaluation to the transmission of the first bundle, and determine the number of transport block repetitions that achieves 10% block error rate (initial BLER or iBLER). Clearly, it is beneficial to employ techniques that minimize the number of repetitions required for 10% iBLER.
The SINR gain from transport block repetitions depends on the eNB’s ability to combine them coherently. With ideal channel estimates, doubling the number of repetitions should give about 3 dB SINR gain for a static channel. However in practice the quality of pilot-based channel estimates degrades at lower SINR, which reduces the realized combining gain. In rest of the contribution we outline the simulation assumptions, the combining gains with realistic channel estimation, and evaluate techniques to reduce the number of repetitions. 
2.0 Simulation Assumptions

The typical MTC scenario comprises a stationary Rel-13 low-complexity UE without any line-of-sight to the eNB. The simulation assumptions are outlined in [3][4] and discussed below:
Transport Block Size (TBS): The physical layer transport block comprises signalling information for the upper layers and the data payload. The minimum signalling information consists of RLC+MAC header (16 bits). For the targeted MTC applications, the typical data payload is expected to be a few tens or hundreds of information bits. With a PUSCH bandwidth of 1 PRB, a TBS of 72 bits (MCS 5) was considered suitable for simulation purposes. In this case, the overhead may be calculated as:

TBS = 72 bits

RLC+MAC header = 16 bits

CRC = 24 bits

Maximum data payload = TBS – (RLC+MAC header) = 56 bits
Overhead = (RLC+MAC header + CRC) / (TBS + CRC) = 41.7%

We use incremental redundancy with a code rate of 1/3, which leads to (TBS+CRC)*3 = 288 coded bits. Since this is equal to the number of PUSCH resource elements within each subframe, the subframe code rate is 1/3 as well.
Frequency Offset: The carrier frequency offset between the UE and the eNB is 100 Hz. Additionally, there exists a Doppler spread of 1 Hz due to motion of the scatterers and/or the UE. We do not implement any frequency offset compensation in our simulations. However, the uplink pilot-based channel estimation at the eNB partially accounts for the instantaneous phase of the received transport block. We assume that there is no phase jump between adjacent subframes in CE mode. In practice, this might be a reasonable assumption since the UE transmits at maximum power (no power change) for the entirety of the bundle transmission.
2.1 PUSCH Baseline
In this section, we evaluate the SINR (dB) at which 10% iBLER is obtained for single transport block transmission. This corresponds to a CE of 0 dB (i.e. no enhancement). We assume single-subframe channel estimation based on the demodulation reference signals (DMRS) within each subframe.

Table 2‑1: Baseline SINR for 10% iBLER
	MCS
	TBS (bits) 1 PRB [4]
	SINR (dB) at 10% iBLER

	0
	16
	-5.7

	1
	24
	-5.1

	2
	32
	-4.5

	3
	40
	-4.0

	4
	56
	-3.2

	5
	72
	-2.5

	6
	328
	-

	7
	104
	-1.0

	8
	120
	-0.3

	9
	136
	0.3

	10
	144
	0.8


Observation 1 The baseline SINR for 10% iBLER of PUSCH transport block, and consequently the target maximum coupling loss (MCL), depends on the choice of MCS.
In the subsequent sections, a “coverage enhancement” of “x” dB refers to an SINR target of (-2.5 - x) dB. For example, CE of 18 dB corresponds to an SINR target of -20.5 dB. 

2.2 Cross-Subframe Channel Estimation

As discussed above, CE depends on the quality of channel estimates that are used for coherent combining of transport block repetitions. For the assumed slow-varying channel in case of MTC, we can exploit channel estimates in contiguous subframes using a low-rate filter. Here we employ “sliding average” channel estimation, where the filtered channel estimate Ch_est_filt(k) is obtained by averaging across N subframes (N=1,4,8):

Ch_est_filt(k) = (Ch_est(k) + Ch_est(k-1) + … + Ch_est(k-(N-1))) / N,

where Ch_est(k) is the channel estimate from DMRS in kth subframe. Clearly for N=1, this reduces to single-subframe channel estimation. For the initial N-1 subframes, there are not enough channel estimates to average over. In this case, we assume that the filtered channel estimate depends only on the available estimates (For example, the channel estimate for second subframe relies only on the estimates for first and second subframe)
Table 2‑2: Effect of cross-subframe channel estimation on CE
	Coverage Enhancement (dB)
	# Repetitions

	
	1 subf est
	4 subf est
	8 subf est

	6
	4
	4
	4

	12
	23
	15
	15

	18
	245
	92
	75


Observation 2 Sliding average channel estimation improves CE performance over single-subframe estimation.
Observation 3 The coverage enhancement gains from sliding average channel estimation give diminishing returns due to carrier frequency offset.

Proposal 1 We propose to investigate the optimum number of subframes to be utilized in the sliding average of channel estimates for the considered frequency offset value(s).
The number of subframes over which channel estimates can be gainfully averaged depends on the frequency offset between the UE and the eNB. In our case the assumed frequency offset is 100 Hz, which implies that the phase offset between the UE and eNB undergoes a complete rotation every 1/100 s, or every 10 subframes. Therefore averaging over 8 subframes improves the channel estimates. However, averaging over a duration longer than around 8 subframes is expected to degrade the estimates.
2.3 DMRS Density Increase

In LTE systems, 2 PUSCH symbols within each subframe are designated as DMRS. The eNB uses prior knowledge of UE-specific DMRS for channel estimation. To improve channel estimation, additional PUSCH symbols can be used to carry DMRS. Clearly, this would mean that fewer resource elements are available for data transmission within the subframe. We simulate this scenario by applying a power boost to DMRS, while correspondingly reducing data symbol power (without changing the actual number of symbols reserved for DMRS/data). A DMRS power boost of 3 dB is analogous to doubling the number of symbols used for DMRS. The simulation results are shown in Table 2‑3 below.

Table 2‑3: Effect of DMRS density on CE
	Coverage Enhancement (dB)
	Cross-Subf Est
	# Repetitions

	
	
	1X DMRS
	2X DMRS
	4X DMRS

	6
	1
	4
	4
	6

	
	4
	4
	4
	6

	
	8
	4
	4
	6

	12
	1
	23
	20
	26

	
	4
	15
	15
	22

	
	8
	15
	15
	21

	18
	1
	245
	170
	182

	
	4
	92
	78
	103

	
	8
	75
	69
	91


Observation 4 Doubling the DMRS density leads to higher coverage enhancement, but doubling it further leads to performance loss.

Our simulation method accounts for the DMRS increase only in terms of power. Additionally, larger number of DMRS samples will allow better estimation of noise and covariance, which is not captured here.

Observation 5 DMRS density increase can be exploited to improve noise and interference covariance estimation.
However, increasing the DMRS density will have a non-trivial impact on the specifications. Since fewer resource elements are available for data, the subframe code rate will change as well. Instead, we can consider using existing functionality of sounding reference signal (SRS) that may be used along with DMRS to improve channel estimates. Since the minimum bandwidth of SRS as per LTE specifications is 6 PRBs, some work is required to adapt it to our purposes.

Proposal 2 Increasing the DMRS is beneficial only up to 2X DMRS density. We propose to investigate efficient schemes for 2X DMRS density, for example using SRS symbols.
2.4 Narrowband Transmission
Although the maximum uplink transmit power is limited by regulation, it is possible to increase the power spectral density by transmitting over a smaller bandwidth. A higher power spectral density of uplink DMRS symbols can potentially improve the channel estimates at the eNB. However, each data symbol is DFT-spread over the entire allocated bandwidth. The eNB de-spreads the received symbols, which is equivalent to coherently combining the symbol components present in each subcarrier. At the same time, the noise in each subcarrier gets combined non-coherently. So, the post-processing SINR of PUSCH data symbols is expected to be relatively independent of the allocated bandwidth. We present simulation results for narrowband PUSCH transmission in Table 2‑4 below:
Table 2‑4: Effect of narrowband PUSCH transmission on CE
	Coverage Enhancement (dB)
	Cross-Subf Est
	DMRS Density
	# Subframes

	
	
	
	3-subc PUSCH
	6-subc PUSCH
	12-subc PUSCH

	6
	1
	1X
	8
	4
	4

	
	
	2X
	8
	4
	4

	
	4
	1X
	8
	4
	4

	
	
	2X
	8
	4
	4

	
	8
	1X
	8
	4
	4

	
	
	2X
	8
	4
	4

	12
	1
	1X
	32
	26
	23

	
	
	2X
	28
	22
	20

	
	4
	1X
	20
	16
	15

	
	
	2X
	20
	16
	15

	
	8
	1X
	20
	20
	15

	
	
	2X
	20
	16
	15

	18
	1
	1X
	 328
	268
	245

	
	
	2X
	 224
	176
	170

	
	4
	1X
	112
	100
	92

	
	
	2X
	100
	96
	78

	
	8
	1X
	84
	84
	75

	
	
	2X
	80
	70
	69


We observe that narrowband channel estimation actually degrades the CE performance. The reason for this is that although the signal power after de-spreading is similar for all bandwidths, narrowband transmission suffers from poorer noise+interference covariance estimation. This negatively impacts the MMSE equalization of PUSCH symbols, leading to degraded performance.

Observation 6 Narrowband (sub-PRB) PUSCH transmission degrades coverage enhancement performance due to poorer noise+interference covariance estimation, which impacts MMSE equalization.

We note that the CE degradation for narrowband PUSCH is not very large (especially with cross-subframe channel estimation). At the same time, narrowband PUSCH might lead to higher capacity for the overall network. 
Proposal 3 Narrowband (sub-PRB) PUSCH transmission can be considered if there is a need to boost the uplink capacity (possibly in a future release).
2.5 Frequency Hopping

The wireless channel consists of multiple propagation paths, which combine constructively or otherwise depending on their frequency. This frequency selectivity can be exploited for improved communication. We consider frequency hopping within the PUSCH bandwidth of 6 PRBs, and over the complete system bandwidth of 50 PRBs. The results are presented in Table 2‑5 below. We do not use cross-subframe channel estimation in this section, since cross-subframe estimation can be done reliably only for contiguous PUSCH subframes over the same bandwidth.
Table 2‑5: Effect of frequency hopping on CE
	Coverage Enhancement (dB)
	Hopping BW (PRBs)
	# Repetitions

	
	
	1 subf hop
	4 subf hop
	8 subf hop
	16 subf hop
	
	
	

	6
	6
	4
	4
	4
	4

	
	50
	4
	4
	4
	4

	12
	6
	23
	23
	23
	23

	
	50
	22
	21
	21
	22

	18
	6
	250
	253
	255
	243

	
	50
	227
	225
	228
	231


Observation 7 Frequency hopping within the UE bandwidth of 1.4 MHz may not be beneficial because the EPA channel is almost frequency-flat in this bandwidth. 
Observation 8 Even while hopping over the system bandwidth of 10 MHz, there is only a small gain from frequency diversity. 
Proposal 4 Frequency hopping is not considered further for PUSCH.
3 Conclusion

In section 2 we made the following observations:
Observation 9 The baseline SINR for 10% iBLER of PUSCH transport block, and consequently the target maximum coupling loss (MCL), depends on the choice of MCS.
Observation 10 Sliding average channel estimation improves CE performance over single-subframe estimation.
Observation 11 The coverage enhancement gains from sliding average channel estimation give diminishing returns due to carrier frequency offset.

Observation 12 Doubling the DMRS density leads to higher coverage enhancement, but doubling it further leads to performance loss.
Observation 13 DMRS density increase can be exploited to improve noise and interference covariance estimation.
Observation 14 Narrowband (sub-PRB) PUSCH transmission degrades coverage enhancement performance due to poorer noise+interference covariance estimation, which impacts MMSE equalization.

Observation 15 Frequency hopping within the UE bandwidth of 1.4 MHz may not be beneficial because the EPA channel is almost frequency-flat in this bandwidth. 
Observation 16 Even while hopping over the system bandwidth of 10 MHz, there is only a small gain from frequency diversity. 
Based on the discussion in section 2 we propose the following:
Proposal 5 We propose to investigate the optimum number of subframes to be utilized in the sliding average of channel estimates for the considered frequency offset value(s).

Proposal 6 Increasing the DMRS is beneficial only up to 2X DMRS density. We propose to investigate efficient schemes for 2X DMRS density, for example using SRS symbols.
Proposal 7 Narrowband (sub-PRB) PUSCH transmission can be considered if there is a need to boost the uplink capacity (possibly in a future release).
Proposal 8 Frequency hopping is not considered further for PUSCH.
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