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1 Introduction
It was agreed in RAN1#72b that TPs for common channels can include any observable diminishing returns, and conclusions in TR 36.888 proposed in this meeting can capture the diminishing returns.
Agreements:
· The section 9.5 TPs addressing the common channels should include text on any observable diminishing returns for a technique

· Example: ~200 repetitions are required for 20dB, but ~50 repetitions are required for 17dB

· The RAN1#73 SI conclusion can capture diminishing returns with increase in resource utilization for coverage improvement

This contribution provides more analysis and evaluation on diminishing returns and recommends a “sweet spot” for coverage improvement. 
2 Discussion
2.1 Motivations for a “sweet spot”

In the RAN1#72b meeting, it was agreed that some possible solutions could improve the coverage for each physical channel to the target [1]. Repetitions/TTI bundling are almost indispensable for each physical channel (except for PSS/SSS), especially when it is required to achieve the coverage target of each channel. However, when the coverage improvement (CI) requirement is met only by repetitions, many subframes will be occupied to transmit the repetitions. For example, one source states that about 1050 repetitions are required to transmit a TB block of 16 bits to achieve the required SNR -19.3 dB [2]. It is expected that diminishing returns exist since the SNR gains increase logarithmically with the number of repetitions in theory. 
Diminishing returns are confirmed by simulations as well. For example, the performances of PBCH and PUSCH repetitions are depicted in Fig. 1 and Fig. 2, respectively, based on the simulation assumption and results from [3] [5] and the complements, and the theoretical results are also provided for comparison. The vertical axis indicates the SNR gains with the increase of the number of transmissions relative to the baseline, which is the performance of four transmissions for PBCH (the legacy PBCH has four transmissions) and one transmission for PUSCH, respectively.
It is observed from both Fig. 1 and Fig. 2 that the gap between the achievable SNR gains and the theoretical values becomes larger as the number of repetitions increases, which demonstrates the diminishing returns with more repetitions. Hence, when the difference between the theoretical and simulation results exceeds a threshold, there is little benefit in increasing the number of repetitions. 
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Fig. 1: Performance of PBCH repetitions, the triplet x / y / z represents the requirement for cells, the requirement for PBCH, and the number of transmissions to meet the requirement. The theoretical gains are 10* log10 (#repetitions/4)
For PBCH, diminishing returns with realistic channel estimation are observed from Fig. 1 as follows: 

a) With 4 dB PSD boosting: 

· 40 transmissions of legacy PBCH within 40 ms provide 12 dB enhancement, 

· 20 transmissions provide 10 dB enhancement, and 

· 8 transmissions provide 6.5 dB enhancement. 
b) Without PSD boosting: 

· 110 transmissions provide 11.7 dB enhancement,

· 47 transmissions provide 8.7 dB enhancement,

· 24 transmissions provide 6.7 dB enhancement, and 

· 11 transmissions provide 3.7 dB enhancement.
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Fig. 2: Performance of PUSCH repetitions, the triplet x / y / z represents the requirement for cells, the requirement for PUSCH, and the number of transmissions to meet the requirement
For PUSCH as a limiting channel, which needs the maximal amount of CI requirement for FDD systems and was observed requiring much more number of repetitions than other physical channels to meet the CI requirement, diminishing returns are more obvious, which can be observed from Fig. 2, for example:

· 340 transmissions provide 20 dB enhancement,

· 100 transmissions provide 17 dB enhancement,

· 60 transmissions provide 15 dB enhancement, and 

· 24 transmissions provide 12 dB enhancement.

Likewise, diminishing returns can also be observed from simulation results of other channels [4] [5] (provided in appendix).
Note that the CI requirement targeting 20 dB enhancement in comparison to “category 1 UEs” could be met, even though up to 340 transmissions for PUSCH as an example will be required. However, according to the observable diminishing returns, it would be meaningful to reduce the required SNR or the amount of CI enhancement to a “sweet spot”. For example, if the CI requirement for cells is reduced from 20 to 17 dB, then resources for 240 transmissions will be saved. Reduction in the number of transmissions will eventually benefit resource utilization, UE power consumption and reasonable workload on specifications. Especially for TDD systems, which require more enhancements for each physical channel according to sec 9.2 in TR 36.888 [6], and have a longer latency to meet the coverage target by repetitions, a “sweet spot” would be of significant importance. 
2.2 Recommendations on a “sweet spot”
Based on the simulation results of each channel, the analysis of impact versus the CI requirement for each channel is summarized in Table 1. The metric for impact is the number of repetitions or the number when repetitions are combined with other techniques, which metric actually in some sense can translate into impact on specifications, UE power consumption, cell spectral efficiency, and UE cost. For example, if the CI requirement is 15 dB, 24 transmissions or 9 transmissions combined with 4 dB PSD boosting may both achieve the target for PBCH, but the latter may have less impact, e.g., less UE power consumption (or operation complexity), slighter cell spectral efficiency degradation, etc. Cells are colored red/yellow/green for most to least expected specification impact or standardization effort.
Table 1: Impact vs. the coverage improvement requirement for each channel for FDD systems
	   Requirement

Channels
	20 dB
	17 dB
	15 dB
	12 dB
	10 dB

	PUSCH

(TBS=20, PRBs=2)
	340 (20dB)

@ SNR -24.3dB
	100 (17dB)

@ SNR -21.3dB
	60 (15dB)

@ SNR -19.3dB
	24 (12dB)

@ SNR -16.3dB
	12 (10dB)

@ SNR -14.3dB

	
	216 with DMRS density doubled (20dB)

@ SNR -24.3dB
	74 with DMRS density doubled (17dB)

@ SNR -21.3dB
	44 with DMRS density doubled (15dB)

@ SNR -19.3dB
	18 with DMRS density doubled (12dB)

@ SNR -16.3dB
	10 with DMRS density doubled (10dB)

@ SNR -14.3dB

	PRACH
	151 with Relaxing Pmiss from 1% to 10% (19dB)

@ SNR -30dB
	44 with Relaxing Pmiss from 1% to 10% (16dB)
@ SNR -26dB
	22 with Relaxing Pmiss from 1% to 10% (14dB)
@ SNR -24dB
	6 with Relaxing Pmiss from 1% to 10% (11dB) 

@ SNR -21dB
	3 with Relaxing Pmiss from 1% to 10% (9dB) 

@ SNR -19dB

	PBCH
	110 (11.7dB)

@ SNR -18.4dB
	47 (8.7dB)

@ SNR -15.4dB
	24 (6.7dB)

@ SNR -13.4dB
	11 (3.7dB)

@ SNR -10.4dB
	7 (1.7dB)

@ SNR -8.4dB

	
	40 with 4dB PSD boosting

(11.7dB)

@ SNR -18.4dB
	14 with 4dB PSD boosting

(8.7dB)

@ SNR -15.4dB
	9 with 4dB PSD boosting

(6.7dB)

@ SNR -13.4dB
	4 dB PSD boosting
	4 dB PSD boosting

	PUCCH
(format 1A)
	39 (13.5dB)

@ SNR -20.3dB
	17 (10.5dB)

@ SNR -17.3dB
	10 (8.5dB)

@ SNR -15.3dB
	5 (5.5dB)

@ SNR -12.3dB
	3 (3.5dB)

@ SNR -10.3dB

	PDSCH

(TBS=152, PRBs=6)
	90 (15.3dB)

@ SNR -20.9dB
	30 (12.3dB)

@ SNR -17.9dB
	18 (10.3dB)

@ SNR -15.9dB
	8 (7.3dB)

@ SNR -12.9dB
	5 (5.3dB)

@ SNR -10.9dB

	(E)PDCCH
	(14.6dB)
	(11.6dB)
	(9.6dB)
	(6.6dB)
	(4.6dB)


Note: For PSS/SSS, the coverage improvement can be achieved by non-coherent accumulation of the existing PSS/SSS signals, which has no impact on specifications and was not included in the table. 
For PUSCH, a 3 dB reduction in requirement will save 240 transmissions from Fig. 2; although when the requirement is reduced to 10 dB, 12 transmissions are still needed. However, if PUSCH is demodulated based on the DMRS with its density doubled, from Fig. 3, the number of transmissions could be reduced from 340 to 216, from 100 to 74, and from 60 to 44 for the CI requirement of 20, 17, and 15 dB, respectively. 

For PRACH, even though when the CI requirement for cells is reduced to 10 dB, 3 transmissions are still needed to meet the CI requirement for PRACH, i.e., 9 dB, on top of relaxing the probability of miss detection (Pmiss) from 1% to 10%.

For PBCH, if the CI requirement for cells is 20/17 dB, 110/47 transmissions are required without PSD boosting, which cannot be implemented when the repetition of the current PBCH in subframe #0 of a radio frame is mapped onto every subframe of that radio frame. However, if the requirement for cells is reduced to 15, 12 or 10 dB, it is possible to map repetitions during 40 ms and avoid some of the standardization and specification work of a new design. Furthermore, if PSD boosting is used it could also be possible to avoid a new design, or even repeating the current design if using 4 dB PSD boosting or UE implementation-based solutions (e.g., decoding techniques) when 12 or 10 dB is targeted. 

For PUCCH, the technique of repetitions of PUCCH format 1A is already supported by specifications, and it is defined that PUCCH format 1A can be configured to repeat 6 times. If 3 and 5 transmissions are required to provide 3.5 and 5.5 dB coverage enhancement, respectively, then there may be no impact on specifications. 

For PDSCH, repetitions may still be necessary, but theoretically PSD boosting could provide up to 12 dB gains when there is only one narrowband (6 PRBs) used for PDSCH for MTC UEs located in the extreme environment by unloading all other PRBs within a 10 MHz bandwidth carrier. There may be constraints for practical PSD boosting, but it is possible to provide 5.3 dB only by PSD boosting almost without impact on specifications. 

For EPDCCH, techniques for (E)PDCCH coverage enhancement include PSD boosting, compact DCI, aggregation level increase, repetitions across subframes, etc. There may be many combinations to meet the CI requirement. For example, PSD boosting alone (may have no specifications impact) may provide 4.6 dB for (E)PDCCH when the CI requirement for cells is 10 dB; when the requirement for cells is 15 or 12 dB, a combination of each two out of PSD boosting, compact DCI, and aggregation level increase could achieve the target; the combination of the three or even further combined with repetitions could meet the CI requirement of 20 or 17 dB. 

Overall, simulation results show diminishing returns beyond a 12dB CI requirement, particularly beyond 15 or 17dB. A “sweet spot” based on these diminishing returns may be 15dB. Considering the amount of specification work or standardization effort, a smaller requirement reduces the impact, and 10dB may be a “sweet spot”. Therefore we observe:

Observation 1: Diminishing returns are confirmed by simulations 
Observation 2: 15 dB as the coverage improvement requirement for cells is a “sweet spot” considering diminishing returns
Observation 3: 10 dB as the coverage improvement requirement for cells is a “sweet spot” considering specification impact and standardization effort
It is expected that operators will consider these “sweet spots” along with supplementary techniques in order to balance the overall cost and efficiency of their networks in order to support the coverage conditions of their MTC devices.

3 Conclusions

Diminishing returns are confirmed by theoretical analysis and simulation results in this contribution, which motivated selections of a “sweet spot”. The analysis of impact versus the CI requirement leads to the recommendations on the “sweet spot” and the following observations:
Observation 1: Diminishing returns are confirmed by simulations 

Observation 2: 15 dB as the coverage improvement requirement for cells is a “sweet spot” considering diminishing returns

Observation 3: 10 dB as the coverage improvement requirement for cells is a “sweet spot” considering specification impact and standardization effort

It is expected that operators will consider these “sweet spots” along with supplementary techniques in order to balance the overall cost and efficiency of their networks in order to support the coverage conditions of their MTC devices.
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Appendix 
Performances of PUSCH (with DMRS density doubled), PRACH, PUCCH, and PDSCH repetitions are depicted in Fig. 3, Fig. 4, Fig. 5, and Fig. 6, respectively. 
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Fig. 3: Performance of PUSCH repetitions using density-doubled DMRS for demodulation, the triplet x / y / z represents the requirement for cells, the requirement for PUSCH, and the number of transmissions to meet the requirement
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Fig. 4: Performance of PRACH repetitions, the triplet x / y / z represents the requirement for cells, the requirement for PRACH, and the number of transmissions to meet the requirement
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Fig. 5: Performance of PUCCH repetitions, the triplet x / y / z represents the requirement for cells, the requirement for PUCCH, and the number of transmissions to meet the requirement
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Fig. 6: Performance of PDSCH repetitions, the triplet x / y / z represents the requirement for cells, the requirement for PDSCH, and the number of transmissions to meet the requirement






