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1 Introduction

At the RAN1 #80 meeting, the following was agreed regarding PUSCH coverage enhancement techniques for Rel-13 MTC [1]:
· For ‘physical channel(s) carrying UL data’ repetition (including different RVs) for Rel-13 low complexity MTC UEs with a coverage enhancement mode, the following techniques are supported
· Multiple-SF channel estimation

· Frequency hopping over system bandwidth across subframes
· Network can enable or disable the hopping
· FFS details of configuration

· FFS on other techniques
In this contribution, we present further evaluation results for some of these coverage enhancement techniques with focus on use of different RVs, performance of cross-subframe channel estimation in the presence of residual frequency offset, performance with increased DM-RS density, and comparisons between symbol-level and soft bit combining.
2 Consideration of different RVs for PUSCH repetitions 
PUSCH repetitions can be performed either using the same redundancy versions (RVs), e.g., RV0, or with pre-defined RV cycling as currently defined for UL TTI bundling transmissions, e.g., RV pattern of [0 2 3 1]. 
For very small packet sizes, it can be expected that the performance difference between the two options can be marginal. However, for comparatively larger payload sizes, some benefits with RV cycling can be expected. In our previous evaluations reported in [2], RV cycling was assumed. In this section, we present some evaluation results to compare between the two options for two different PUSCH payload sizes: 72 bits + CRC corresponding to MCS 5, and 120 bits + 24-bit CRC corresponding to MCS 8.  Some of the relevant simulation assumptions are listed in the Appendix and the remaining are aligned with those in [3] and [4].
Figures 1 and 2 show the PUSCH performance for the MCS choices respectively. In these simulations, the baseline PUSCH repetition scheme is assumed without cross-subframe channel estimation or frequency hopping. Additionally, a residual frequency offset of 0 Hz was assumed.
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Figure 1. PUSCH link-level performance with fixed and different RVs: MCS 5
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Figure 2. PUSCH link-level performance with fixed and different RVs: MCS 8
From the results in Figures 1 and 2, it can be seen that up to 0.4dB gain can be achieved at the link-level for MCS8 while the two schemes provide almost identical performance for small packet sizes like MCS5. For higher code rates, larger gains can be expected from RV cycling. 

Considering that any perceptible SNR gain implies a relative reduction in the required number of repetitions, the use of fixed RV (RV0) and RV cycling can be configurable. Specifically, depending on the MCS choice, the choice of RV usage can be indicated in the initial UL grant. 
Proposal 1:

· For PUSCH repetitions, the use of a fixed redundancy version (RV) or RV cycling is configurable via the UL grant. 
3 Gains from cross-subframe channel estimation  

In [2], PUSCH performance in enhanced coverage was presented with the application of cross-subframe channel estimation and this technique was shown to provide significant gains in reducing the required number of PUSCH repetitions. These results are presented again here for convenience in Figures 3 and 4 for the baseline performance (without cross-subframe CE) and with cross-subframe CE with window length of 8 subframes. 
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Figure 3. Link-level performance for Baseline scheme: Repetition with RV cycling
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Figure 4. Link-level performance for Cross-SF channel estimation (c-SF CE)
In terms of number of required repetitions, the results are summarized in Table 1 below.

Table 1. Number of repetitions (in # of subframes) required
	Coverage enhancement technique
	12dB cov. enh.
	18dB cov. enh.

	Basic TTI bundling
	38
	243

	Cross-subframe CE (c-SF CE)
	20
	99


These results indicate considerable gains from cross-SF CE, especially for large amount of coverage enhancement target. However, these evaluations assumed perfect frequency tracking with a residual frequency offset of 0Hz. The algorithm used for cross-SF CE for the above evaluations is described next. 

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 8 subframes was 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)

In the following, we evaluated the performance of the baseline scheme against cross-SF CE of window lengths 4 and 8 subframes in the presence of residual frequency offset of 100 Hz. The above cross-SF CE algorithm performed very poorly due to loss when trying to coherently combine the DM-RS symbols as a result of the phase rotation caused by the residual frequency offset. Even estimating the offset and compensating for it at the eNodeB receiver proved mostly ineffective due to the difficulty in parameter estimation at extremely low SNR levels. 
Subsequently, the more complicated option of using a larger MMSE interpolation filter in time-dimension helped provide some gains from cross-SF CE as shown in Figure 5 below. The knowledge of the maximum frequency error and Doppler spread at the receiver was assumed for this implementation. 
As can be seen by comparing Figures 3 and 4 against the gains shown in Figure 5, there is a some reduction in the gain (about 1dB reduction in SNR gain for 8-SF CE window) from cross-SF CE in the presence of residual frequency offset of 100 Hz even with a larger length MMSE interpolation filter with perfect knowledge of the maximum frequency offset is assumed. 
It has been mentioned in some email discussions that the choice of 100 Hz residual frequency offset may be too pessimistic and that in reality, the typical residual frequency offset amount can be expected to be much lower. However, it is desirable to reach a converged view in RAN1 WG regarding this aspect in order to ascertain the real gains from cross-SF CE and determine the maximum length of cross-SF CE window that can still provide meaningful gains in practice.
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Figure 5. PUSCH link-level performance with single-SF CE and cross-SF CE with window legnths of 4 and 8
Observation 1
· The performance of cross-subframe channel estimation is sensitive to the assumption on the residual frequency offset. 
4 Gains from increased DMRS density 

In this section, gains from increased DM-RS density are evaluated in the presence of impairments. 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 and the performance evaluated in the presence of residual frequency offset.
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Figure 6. PUSCH link-level performance with cross-SF CE and 2xDMRS density with window legnth of 4
Observation 2
· The performance of cross-subframe channel estimation is sensitive to the assumption on the residual frequency offset for increased DMRS density.
· The performance is not different between fixed residual frequency offset at 100 Hz and random residual frequency offset with uniform distribution in [0,100] Hz.

· The performance is more sensitive to residual frequency offset for lower SNR values

· Increased DMRS density provides a gain of ~1dB for cross SF CE with window length of 4 [compare with Fig. 5]. 
5 Symbol-level Combining

In this section, we present results to compare symbol-level combining against soft bit (LLR) combining.
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Figure 7. PUSCH link-level performance of IQ sample combining and cross-SF CE with window length of 4 for no frequency offset
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Figure 8. PUSCH link-level performance of IQ sample combining and cross-SF CE with window length of 4 for frequency offset of 100 Hz

Observation 3
· LLR combining has a gain over symbol-level combining after equalization (Maximal Ratio Combining) when both methods utilize cross-SF CE with MMSE interpolation

· Symbol-level combining before equalization (Equal Gain Combining) provides improved performance only when residual frequency offset = 0 Hz (Figure 7). With simple averaging of the channel estimates, this approach leads to a high error floor in the presence of non-zero residual frequency offset (results not shown here).

· The performance gain for LLR combining case is due to randomization of bit errors by scrambling.

· Note that scrambling should be disabled for IQ level combining. 

6 Conclusion

In this contribution, we provided further evaluation results for some of these coverage enhancement techniques with focus on use of different RVs, performance of cross-subframe channel estimation in the presence of residual frequency offset, performance with increased DM-RS density, and comparisons between symbol-level and soft bit combining. Based on the presented link-level analyses we make the following proposal and observations:
Proposal 1:

· For PUSCH repetitions, the use of a fixed redundancy version (RV) or RV cycling is configurable via the UL grant. 
Observation 1
· The performance of cross-subframe channel estimation is sensitive to the assumption on the residual frequency offset. 
Observation 2
· The performance of cross-subframe channel estimation is sensitive to the assumption on the residual frequency offset for increased DMRS density.
· The performance is not different between fixed residual frequency offset at 100 Hz and random residual frequency offset with uniform distribution in [0,100] Hz.

· The performance is more sensitive to residual frequency offset for lower SNR values

· Increased DMRS density provides a gain of ~1dB for cross SF CE with window length of 4 [compare with Fig. 5]. 
Observation 3
· LLR combining has a gain over symbol-level combining after equalization (Maximal Ratio Combining) when both methods utilize cross-SF CE with MMSE interpolation

· Symbol-level combining before equalization (Equal Gain Combining) provides improved performance only when residual frequency offset = 0 Hz (Figure 7). With simple averaging of the channel estimates, this approach leads to a high error floor in the presence of non-zero residual frequency offset (results not shown here).

· The performance gain for LLR combining case is due to randomization of bit errors by scrambling.

· Note that scrambling should be disabled for IQ level combining. 
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Appendix: 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

	Residual frequency offset
	100Hz and 0Hz and uniformly distd. Between [0, 100] Hz

	PUSCH occupied BW
	1 PRB

	HARQ
	Not enabled

	Performance target
	10% BLER

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