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[bookmark: _Ref513464071]Introduction
In RAN #86, a new SI on reduced capability NR devices was approved [1]. The objective of the SI is to:
· Identify and study potential UE complexity reduction features
· Study UE power saving and battery lifetime enhancement for reduced capability UEs
· Study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including
· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. 
In RAN1 #101-e, potential complexity reduction features for RedCap UEs were discussed and the following decisions were taken [2]:

Agreements: 
· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access
· Other bandwidths FFS
· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 
· Other bandwidths FFS
Agreements:
· Cost/complexity breakdowns can be separate for FR1 and FR2 if found beneficial.
· For FR1, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.
· For FR2, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.

The SI intends to study functionality to compensate for the coverage reduction that may because of complexity reduction (e.g., reducing the number of antennas). This contribution presents simulation results to evaluate the impact of reduced capability on PDCCH performance, discusses potential techniques for coverage recovery, and evaluates the effectiveness of repetition-based mechanism.
Coverage recovery
[bookmark: _Ref40447147]Coverage recovery mechanisms
Techniques to reduce UE complexity such as reducing the number of antennas reduces the coverage of the physical channels, including the PDCCH.  Some possible mechanisms to consider for mitigating or limiting the loss in coverage are:
· Time domain extension: By extending the transmission time, coverage may be improved by enabling the receiver to collect more energy. This can be achieved by slot aggregation jointly used with HARQ. In NR, slot aggregation is supported for both PDSCH and PUSCH. For PDCCH, repetition can be considered.
Repetition of the PDCCH can be performed within a slot and across slots as shown in Figure 1. Repetition within a slot offers the benefit of reduced latency because the required number of repetitions can be finished earlier compared to repetitions across slots only. This may be advantageous, for example, when many repetitions are needed.



Figure 1 Repetition of the PDCCH within a slot and across slots (same CORESET)

Proposal 1: Repetition-based mechanism is used for PDCCH coverage recovery.
Proposal 2: Repetitions can be performed both within a slot and across slots.

· Frequency domain extension: It is expected that the maximum bandwidth supported by reduced capability devices will be less than the maximum bandwidth of NR UEs. Especially for industrial wireless sensors, the transmission bandwidth will be much smaller. In a smaller bandwidth, frequency diversity is expected to be very limited, impacting the performance of almost all channels. 
One option that should be considered is to enable hopping between narrow bands which can be useful for load balancing. The impact of frequency retuning time of should be considered for this approach. In addition, repetitions of the PDCCH can be transmitted in different CORESETs over different slots as shown in Figure 2.



[bookmark: _Ref47514783]Figure 2 Repetition of the PDCCH within a slot and across slots (different CORESETs)

· Channel estimation: Another method to reduce the coverage loss is to improve channel estimation accuracy. This may be achieved by increasing the RS density and/or enabling bundled channel estimation over multiple slots. In NR, the PDCCH to CCE mapping is a function of the slot index for UE specific search spaces, resulting in the PDCCH being potentially mapped to different CCEs over different slots. If the mapping does not change over several slots, then channel estimation can be bundled over those slots, resulting in estimation improvement. 
· Compact DCI: The coverage of the PDCCH can be improved by defining new DCI formats with smaller number of payload bits compared to the existing DCI formats.
Proposal 3: The following methods should be considered for PDCCH coverage recovery for reduced capability devices:
· Frequency hopping
· Improved channel estimation
· Compact DCI

Simulation Results
Simulations are presented in this section to evaluate the impact of reduced number of antennas on PDCCH coverage and effectiveness of using repetitions to mitigate the coverage loss. The simulation assumptions can be found in the Appendix. In the simulations, repetition of the PDCCH is performed both within a slot and across slots. The number of repetitions within a slot is 4 for all simulations and the total number of repetitions is 4, 8, 16, and 32. In the figure legends, 4k means that there are 4 repetitions within a slot and k slots are used for repetitions.
FR1 results:
Figure 3 illustrates the BLER of PDCCH without repetitions (dark lines) where the number of receive antennas simulated is 1, 2, and 4. 1 CCE is used for the PDCCH in this simulation. We can observe from the figure that when the number of receive antennas is reduced from 4 to 2 and 1, significant SNR loss occurs.
To mitigate the SNR loss when 1 receive antenna is used, repetitions are performed. The number of repetitions is 4, 8, 16, and 32. We can see from the figure that 16 repetitions seem to be sufficient to achieve the same SNR as 4 receive antennas at  BLER. On the other hand, 8 repetitions seem to be sufficient to achieve the same SNR as 2 receive antennas at  BLER.
Figure 4 and Figure 5 illustrate the results when 4 and 16 CCEs are used. As expected, increasing the number of CCEs results in a large SNR gain for all cases. Similar to above, 16 and 8 repetitions seem sufficient to mitigate the loss due to reducing the number of antennas to 1 and 2, respectively.
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[bookmark: _Ref47694238]Figure 3 PDCCH BLER for FR1, 1 CCE 
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[bookmark: _Ref47694746]Figure 4 PDCCH BLER for FR1, 4 CCEs
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[bookmark: _Ref47694245]Figure 5 PDCCH BLER for FR1, 16 CCEs
FR2 results:
Figure 6 to Figure 8 illustrate the simulations results for FR2. Similar conclusions as for FR1 hold for FR2 as well. 16 repetitions seem to be sufficient to mitigate the SNR loss resulting from reducing the number receive antennas to 1.
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[bookmark: _Ref47694949]Figure 6 PDCCH BLER for FR2, 1 CCE
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Figure 7 PDCCH BLER for FR2, 4 CCEs
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[bookmark: _Ref47694951]Figure 8 PDCCH BLER for FR2, 16 CCEs

Conclusion
This contribution has discussed potential techniques for PDCCH coverage recovery for reduced capability devices. Simulation results have been presented to evaluate repetition-based coverage recovery mechanism. Based on the discussion and results, the following are proposed:
Proposal 1: Repetition-based mechanism is used for PDCCH coverage recovery.
Proposal 2: Repetitions can be performed both within a slot and across slots.

In addition to repetition, new DCI formats along with improved channel estimation capability seem to be good candidates for coverage recovery.
Proposal 3: The following methods should be considered for PDCCH coverage recovery for reduced capability devices:
· Frequency hopping
· Improved channel estimation
· Compact DCI
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Appendix

Table 1 Simulation assumptions for FR1
	Frequency region
	FR1

	Carrier frequency
	2.6 GHz

	Subcarrier spacing
	15 kHz

	Bandwidth
	10 MHz

	Antenna configuration
	4 at the Tx; and 1,2, 4 at the Rx

	Precoding
	Fixed

	Channel estimation
	Realistic, over 1 slot

	Channel model
	TDL-C

	UE speed
	3 km/h




Table 2 Simulation assumptions for FR2
	Frequency region
	FR2

	Carrier frequency
	28 GHz

	Subcarrier spacing
	60 kHz

	Bandwidth
	50 MHz

	Antenna configuration
	4 at the Tx; and 1,2, 4 at the Rx

	Precoding
	Fixed

	Channel estimation
	Realistic, over 1 slot

	Channel model
	TDL-A

	UE speed
	3 km/h
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