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1. Introduction
This document provides a summary of the link level simulation results for M-PDCCH operating in coverage extension [1],[2],[3],[4] submitted to the RAN1#81 meeting in Fukuoka, Japan. 
A summary of the simulation results submitted to RAN1#80bis was provided in [7].

The document focusses on performance in the areas of frequency hopping, cross-subframe channel estimation, cross-PRB channel estimation and the effect of residual frequency offset on performance. Some other results obtained by single companies are also summarized.

As in RAN1#80bis, frequency hopping is seen to provide a performance gain. Cross-subframe and cross-PRB channel estimation are seen to give performance gains. Performance gains can degrade as the channel becomes more frequency selective or the residual frequency error in the UE increases. 
2. Frequency Hopping
Table 1 summarises results related to frequency hopping.
Table 1 – Summary of Frequency Hopping Simulation Results

	Aspect
	Gain
	Conditions
	Source

	Frequency hopping gain
	2.5dB (FH period = 2ms)

3.2dB (FH period = 4ms)

Gain reduces for larger FH periods
	No cross-subframe channel estimation

ETU

100Hz frequency error
	[1]

	Repetitions for 1% BLER at -14.3dB SNR
	<128 for AL16 with FH
164 for AL16 without FH

64 for AL24 with FH
	EPA, 100Hz frequency tracking error.
FH period = 2ms.

Cross-subframe channel estimation = 2 subframe (with FH) / 8 subframe (w/o FH)
	[2]


These results reinforce the conclusions from [7] that frequency hopping provides a gain for M-PDCCH when coverage extension is applied. 

3. Cross-subframe channel estimation
Table 2 summarises the results that considered cross-subframe channel estimation. 
Cross-subframe channel estimation was seen to give a gain of up to 3dB (as a function of the number of subframes across which channel estimation was performed and the residual frequency error at the UE). The gain reduces (or was even reported as a loss by one company) when the residual frequency error is 100Hz or greater. The performance of cross-subframe channel estimation is likely to be dependent on the cross-subframe channel estimation algorithm used.
Table 2 – Summary of cross-subframe channel estimation results

	Aspect
	Gain
	Conditions
	Source

	Multi-SF gain with RFO 0Hz
	1.5dB gain (8SF)

0.8dB gain (4SF)
0dB (2SF)
	Repetition level = 32, aggregation level = 16
EPA

No FH
	[2]

	Multi-SF gain with RFO 20Hz
	3dB gain (4SF)
1.5dB gain (2SF)
	Repetition level = 64, aggregation level = 24
EPA
No FH
	[4]

	Multi-SF gain with RFO 100Hz
	2.8dB loss (8SF)

0.8dB loss (4SF)

0.6dB loss (2SF)
	Repetition level = 32, aggregation level = 16

EPA

No FH
	[2]

	
	2.1dB gain (4SF,EPA)

2.0dB gain (4SF, ETU)
	Repetition level = 32, aggregation level = 24

No FH

Note: similar gains for repetition level = 64
	[3]

	
	1.0dB gain (4SF, EPA)
	Repetition level = 64, aggregation level = 24

No FH
	[4]


Observation: cross-subframe channel estimation can provide a gain in the region of 1-3dB. The gain achieved is dependent on the residual frequency offset. Cross-subframe channel estimation becomes less tolerant to residual frequency error as the number of subframes for channel estimation increases.
4. Cross-PRB channel estimation
Table 3 summarises the performance of cross-PRB channel estimation. Cross-PRB channel estimation is seen to give a gain in channels (such as EPA) that are not greatly frequency selective across a 1.4MHz bandwidth, but there may be no gain (or a loss) in more frequency selective channels (such as ETU). The performance of cross-PRB channel estimation is likely to be dependent on the implementation of the channel estimation algorithm.
Table 3 – Summary of cross-PRB channel estimation results

	Aspect
	Gain
	Conditions
	Source

	6PRB bundling
	1-2dB (EPA)
	RL=48, AL=24, 2 subframe cross channel estimation, FH=8

100Hz residual frequency error
	[2]

	
	gain 3.2dB (EPA)

loss 4.6dB (ETU)
	RL=64, AL = 24, no FH, 100Hz residual frequency error
	[3]

	2PRB bundling
	gain 1.3dB (EPA)

loss 0.2dB (ETU)
	RL=64, AL = 24, no FH, 100Hz residual frequency error
	[3]

	
	gain 1.0dB (EPA)
	RL=64, AL = 24, no FH, 100Hz residual frequency error
	[4]


Observation: In channels that are not greatly frequency selective across 1.4MHz (e.g. EPA), cross-PRB channel estimation provides a gain of 1-3dB. The gain is greater when performed across more PRBs. The gain was not observed in more frequency selective channels (such as ETU).
5. Effect of residual frequency error
Table 4 summarises the effect of residual frequency error on M-PDCCH performance. The performance degrades as the residual frequency error increases. Cross-subframe channel estimation is more susceptible to residual frequency error than cross-PRB channel estimation.
Table 4 – Summary of performance in presence of residual frequency error
	Aspect
	Loss
	Conditions
	Source

	Loss due to 100Hz frequency offset
	loss 1dB (FH)

loss of up to 3dB (no FH)
	ETU

FH period = 4ms, RL = 50

No cross-SF channel estimation
	[1]

	
	loss 0.2dB (0 cross-SF)
	EPA, RL = 64, No FH, No cross channel SF
	[4]

	
	loss 2.8dB (4x cross-SF)
	Repetition level = 32, aggregation level = 16

EPA

No FH
	[2]

	
	loss 2dB (4x cross-SF)
	EPA, RL = 64, No FH, loss relative to 20Hz RFO
	[4]

	Loss due to 200Hz frequency offset
	loss >10dB (4x cross-SF)
loss 1.2dB (2x cross-PRB)
	EPA, RL=64, No FH, symbol combining
	[4]


Observation: M-PDCCH performance degrades in the presence of residual frequency error. Cross-subframe channel estimation is more prone to performance loss due to residual frequency error than cross-PRB channel estimation.
6. Other Results
Some of the results obtained by companies couldn’t be compared against the results of other companies. These results are summarized below:
LLR combining was observed to be more robust to residual frequency error than I/Q combining [2].

Distributed M-PDCCH was observed to outperform localized M-PDCCH when there is no CSI feedback from the UE, but the opposite is true when there is CSI feedback from the UE [6].

A system simulation showed that the blocking probability of legacy UEs is reduced when the same aggregation level is used for all repetitions [5].

7. Conclusion
This document summarises the simulation results for the M-PDCCH in coverage extension mode that were submitted to RAN1#81. In addition to the observation made at RAN1#80bis, that frequency hopping provides a performance gain, the following observations were made:
Observation: cross-subframe channel estimation can provide a gain in the region of 1-3dB. The gain achieved is dependent on the residual frequency offset. Cross-subframe channel estimation becomes less tolerant to residual frequency error as the number of subframes for channel estimation increases.

Observation: In channels that are not greatly frequency selective across 1.4MHz (e.g. EPA), cross-PRB channel estimation provides a gain of 1-3dB. The gain is greater when performed across more PRBs. The gain was not observed in more frequency selective channels (such as ETU).

Observation: M-PDCCH performance degrades in the presence of residual frequency error. Cross-subframe channel estimation is more prone to performance loss due to residual frequency error than cross-PRB channel estimation.
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