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1 Introduction

At the RAN1 #79 meeting, the following was agreed as coverage enhancement targets for Rel-13 MTC [1]:
· The coverage enhancement targets for non Rel-13 low complexity UE are:

· For FDD, the target MCL is 155.7 dB.

· For TDD, the target MCL is 155.7 dB [for UL-DL configuration 1].

· RAN1 has discussed the coverage enhancement targets for Rel-13 low complexity UEs and agreed to target the same MCL as for other UEs.

· This means that some channel(s) may need to be enhanced more than 15 dB.

· The target is set under the assumption that this doesn’t require significant additional work compared to targeting only up to 15 dB.

· The above targets are assuming that the maximum UE transmission power P [dBm] of the new UE power class is ≥20 dBm.

· Working assumption: If RAN4 agrees that P < 20 dBm, the target uplink MCL for the new UE power class is reduced correspondingly to 155.7 - (20 - P) dB.

· When applicable, the MCL targets are valid under the assumptions in TR 36.888 subclauses 5.2 and 5.2.1.2

· The reference system has 10 MHz system bandwidth and no power boosting.
Earlier, at the RAN1 #78bis meeting, the following observation was made regarding the potential evaluations of various coverage enhancement techniques for PUSCH [2]:
· PDSCH/PUSCH/PRACH/control channel link performance study of the impact of the following aspects can be used to analyze the fulfillment of the coverage and power consumption objectives in normal and enhanced coverage (at normal and low SNR)

· With/without increasing PDSCH/PUSCH/control channel DMRS density 
· With/without PDSCH/PUSCH/PRACH/control channel frequency hopping

· PUSCH/PRACH/control channel sensitivity to phase discontinuity

· With/without uplink PSD boosting with smaller granularity than 1 PRB

· PUSCH capacity analysis/results would also be useful
Further, during and after the RAN1 #79 meeting, there was an extensive email discussion (ad hoc) towards aligning the views and understandings of different companies on the potential PUSCH coverage enhancement techniques so as to facilitate an easier comparison of the benefits of the various coverage enhancement techniques observed by different sources from the evaluations. A summary of the PUSCH coverage enhancement simulation assumptions for PUSCH link-level simulations as the outcome of the discussion was reported in [3]. 
In this contribution, we present evaluation results for some of these coverage enhancement techniques and based on the observed results, share our views on the potential consideration of these techniques for PUSCH coverage enhancement.
2 Coverage enhancement techniques for PUSCH 
In this section, we list the set of coverage enhancement techniques that were evaluated with a description of the relevant implementation details for each technique. For the sake of brevity, general descriptions for the techniques are not repeated here and we refer the interested reader to [3] for a summary of each technique.

We evaluated the following coverage enhancement techniques for PUSCH based on the agreed simulation methodology and assumptions.

A. Basic repetitions with different RVs:  As the basic repetition mechanism, only TTI bundling based on RV pattern {0 2 3 1} was considered for the repeated transmissions. Note that application of Incremental Redundancy (IR) based on the above RV pattern was used for all the other coverage enhancement techniques detailed below.
B. Frequency hopping (FH): “PUCCH-type” frequency hopping, i.e., mirrored about the center frequency of the 10MHz system bandwidth was considered, i.e., the maximal frequency separation between the “hopped” frequency resources was assumed. No retuning/switching time was factored into the calculation of the repeated transmissions. The frequency hopping rates of 4, and 8 subframes were considered for various sets of evaluations.
C. Cross-subframe channel estimation (CE): Non-ideal cross-subframe channel estimation was performed using a sliding window based FIR filter implementation wherein equal weights were given to the subframes across which the channel estimates were averaged. Channel estimation windows of length 4, and 8 subframes were considered for different test cases. 
First, for each subframe, the channel on the DM-RS symbols (common value for all subcarriers) was estimated based on a correlation receiver. Following this, the estimates on the DM-RS symbols were averaged across the past N subframes, where N corresponds to the cross-subframe CE window length. The averaged channel estimates for the REs corresponding to the PUSCH DM-RS symbols were then interpolated using a 2D-MMSE filter to obtain the channel estimates for the data REs within the PUSCH allocation. 

An example based on the description that was discussed as part of the ad hoc email discussion is provided below:
· Assume:

· SF1  SF2  SF3  SF4  SF5  SF6  - Subframe #

· ce1  ce2  ce3  ce4  ce5  ce6  - single subframe channel estimates (on DM-RS REs) 

· CE1  CE2  CE3  CE4  CE5  CE6  - 4 SF sliding average FIR filter channel estimates

· Then:

· CE1=ce1

· CE2 = average(ce1, ce2)

· CE3= average(ce1, ce2, ce3)
· CE4= average(ce1, ce2, ce3, ce4)

· CE5 = average(ce2, ce3, ce4,ce5)

· CE6 = average(ce3, ce4, ce5, ce6)

Note that, when evaluated with the application of frequency hopping, the cross-subframe CE combining filter was “reset” at every hopping boundary. This is to ensure that combining of CEs was limited to a single set of “hopped subframes”. Additionally, the filter length was constrained to be less than or equal to the hopping rate, i.e., if frequency hopping at the rate of 4 subframes was considered, then the CE averaging window length was restricted to a maximum value of 4. Thus, for the above example, we can assume that frequency hopping is performed every 6 subframes, then SF1 would correspond to the first subframe in each hopped set of subframes. 
D. Increased DM-RS density: Increased DM-RS density of twice the regular PUSCH DM-RS was considered with the additional DM-RS symbols being on the 1st symbol (symbol #0) of each slot.
E. Sub-PRB PUSCH (aka. “Narrowband transmission” or “PSD boosting”): For sub-PRB PUSCH allocations, nSC = {3, 6} subcarriers were considered for each subframe. Accordingly, bundling of (12/nSC) subframes was considered to have the same number of REs as in the case of single-PRB PUSCH transmission. Note that as described for the baseline simulation case, bundling is assumed for all the evaluated cases, and hence, naturally, the bundling sizes were 4 considering usage of the 4 available RVs. 
Here, it is worth mentioning that for the case of nSC = 1 subcarrier per PRB, although the length of a “bundle” was set to 12, but actual bundling operation was limited to 4 with 3 repetitions due to a maximum of 4 RVs being available in LTE.  Additionally, for the assumed TBS of 72 bits (corresponding to MCS 5), it was observed that with this structure and due to the rate-matching operation in LTE, the majority of the systematic and parity bits were being punctured – leading to catastrophic decoding events. Consequently, it would not be possible to reliably transmit payload sizes of about 72 bits using single subcarrier transmission with the current 1ms TTI definition.  Although not presented in this contribution, we evaluated single-subcarrier PUSCH transmission for very small TBS values of 16 bits and it was verified as feasible for small payload sizes of about 48 bits. 
Consequently, considering that practical application requirements of transporting user data would rarely be satisfied with support of such small TBS values, sub-PRB PUSCH transmission using single-subcarrier is not recommended.
3 Link-level Analysis of PUSCH Coverage Enhancement 

In this section, we provide evaluation results for the baseline PUSCH simulation case and different coverage enhancement techniques described above in isolation and in different combinations.
The simulation assumptions are as in [3] and [4] and some of the parameters are listed in the Appendix B. For the combining of repeated packets, post-demodulation LLR combining was considered. Note that residual frequency error was not considered in these evaluations.
For the baseline PUSCH simulation evaluation, the required SNR for 10% at 0dB coverage enhancement is 1.8 dB.
The results in terms of required number of repetitions for various techniques and their combinations are presented in the table below. Note that the primary focus for the simulations has been for the moderate-to-high level of coverage enhancement targets, and as the results below indicate, some straightforward conclusions can be drawn for applicability for the case of ~6dB coverage enhancement level.
Table 1. Number of repetitions (in # of subframes) required for various coverage enhancement techniques and their combinations
	#
	Coverage enhancement technique combination
	Coverage enhancement techniques
	Coverage enhancement targets

	
	
	FH
	c-SF CE
	sub- PRB
	DMRSx2
	6dB
	12dB
	18dB

	1
	Basic TTI bundling
	
	
	
	
	6
	38
	243

	2
	Freq. hopping (FH)
	4
	
	
	
	-
	18
	158

	
	
	8
	
	
	
	-
	18
	158

	3
	Cross-subframe CE (c-SF CE)
	
	8
	
	
	-
	20
	99

	4
	Increased DM-RS (x2 DMRS)
	
	
	
	
	-
	30
	195

	5
	Sub-PRB PUSCH (“sub-PRB”)
	
	
	6
	
	-
	40
	256

	
	
	
	
	3
	
	-
	40
	268

	6
	FH + c-SF CE
	8
	8
	
	
	-
	-
	80

	7
	FH + c-SF CE + x2 DMRS
	4
	4
	
	
	-
	14
	85

	
	
	8
	8
	
	
	-
	-
	69

	8
	c-SF CE + sub-PRB
	
	8
	6
	
	-
	18
	96

	
	
	
	8
	3
	
	-
	24
	96

	9
	c-SF CE + sub-PRB + x2 DMRS
	
	8
	6
	
	-
	20
	92

	10
	FH + c-SF CE + sub-PRB
	8
	8
	6
	
	-
	12
	84

	
	
	8
	8
	3
	
	-
	12
	84

	11
	FH + c-SF CE + sub-PRB + x2 DMRS
	8
	8
	6
	
	-
	-
	74


Based on the results from the evaluated cases, we summarize the following observations and proposal below:
Observations:

· TTI bundling with different RVs, frequency hopping, and cross-subframe channel estimation provide most significant reductions in the number of repeated transmissions. Further studies are required considering impact on cross-subframe channel estimation from frequency offset errors RAN4 feedback on phase continuity.
· Increased DM-RS density provides marginal gains for very high coverage enhancement targets. At lower targets, it even leads to performance degradation due to increased overhead from reference signals. 
· PSD boosting (sub-PRB PUSCH) does not provide appreciable benefits in terms of coverage enhancement with performance degradation, especially when considered without cross-subframe CE.
Proposal:
· TTI bundling with different RVs, frequency hopping, and cross-subframe channel estimation should be considered with highest priority as techniques to reduce the number of repeated transmissions for PUSCH coverage enhancements.
4 Conclusion

In this contribution, we provided evaluation results for various PUSCH coverage enhancement techniques and based on the link-level analysis we make the following observations and proposal:
Observations:

· TTI bundling with different RVs, frequency hopping, and cross-subframe channel estimation provide most significant reductions in the number of repeated transmissions. Further studies are required considering impact on cross-subframe channel estimation from frequency offset errors RAN4 feedback on phase continuity.

· Increased DM-RS density provides marginal gains for very high coverage enhancement targets. At lower targets, it even leads to performance degradation due to increased overhead from reference signals. 

· PSD boosting (sub-PRB PUSCH) does not provide appreciable benefits in terms of coverage enhancement with performance degradation, especially when considered without cross-subframe CE.
Proposal:

· TTI bundling with different RVs, frequency hopping, and cross-subframe channel estimation should be considered with highest priority as techniques to reduce the number of repeated transmissions for PUSCH coverage enhancements.
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Appendix A: Link-level Results
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Figure 1. Link-level performance for Test Case 1: Bundling only
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Figure 2. Link-level performance for Test Case 2: Freq. Hopping (FH)
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Figure 3. Link-level performance for Test Case 3: Cross-SF channel estimation (c-SF CE)
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Figure 4. Link-level performance for Test Case 4: With increased DM-RS
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Figure 5. Link-level performance for Test Case 5: PSD boosting (sub-PRB PUSCH)
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Figure 6. Link-level performance for Test Case 6: Freq. hopping & cross-SF CE
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Figure 7. Link-level performance for Test Case 7: Freq. hopping & cross-SF CE and x2 DM-RS
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Figure 8. Link-level performance for Test Case 8: Cross-subframe CE and sub-PRB PUSCH
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Figure 9. Link-level performance for Test Case 9: Cross-subframe CE, sub-PRB PUSCH, and x2 DM-RS
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Figure 10. Link-level performance for Test Case 10: Freq. hopping, cross-subframe CE and sub-PRB PUSCH
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Figure 11. Link-level performance for Test Case 11: Freq. hopping, cross-subframe CE, sub-PRB PUSCH, and x2 DM-RS

Appendix B: Simulation Assumptions
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame type
	FDD

	Carrier frequency
	2.0 GHz

	Antenna configuration
	1x2 with low correlation

	Channel model
	EPA-1Hz

	HARQ
	Not enabled

	Performance target
	10% BLER

	Channel estimation
	Realistic single-subframe or cross-subframe channel estimation using 2D-MMSE
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