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[bookmark: _Ref40394462]Introduction
In RAN plenary meeting #88e, a revision of study item was approved to support reduced capability NR devices in Rel-17 [1]. One of the objectives of the SI is to study functionality to mitigate or limit the performance degradation of the complexity reduction features for Reduced Capability (RedCap) NR UEs.
	Study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including [RAN1]:
· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. 
· Note: For FR1, coverage analysis for wearables can include consideration of potential reduced antenna efficiency due to device size limitations as part of the antenna gains. The extent of additional recovery of coverage loss due to reduced antenna efficiency is to be limited to 3 dB
· The study includes evaluations of the impact to network capacity and spectral efficiency.


In this contribution, we will discuss and evaluate the impact of UE complexity reduction features on the coverage of NR channels, and present the possible mechanisms to compensate for the coverage loss.
Methodology for coverage compensation
	Agreements
For the channel(s) affected by complexity reduction, the following methodology can be used to determine the target performance for coverage recovery
· Step 1: Obtain the link budget performance of the channel based on link budget evaluation
· Step 2: Obtain the target performance requirement for RedCap UEs within a deployment scenario
· FFS on the target performance requirement
· Step 3: Find the coverage recovery value for the channel if the link budget performance is worse than the target performance requirement 



It is essential to agree on the approach that should be used to compensate for the coverage loss. In general, there two approached that could be considered for the coverage compensation due to the device complexity reduction.
MCL is defined for each channel by specifying certain transmission parameters (e.g. packet size, MCS and BLER for PDSCH and PUSCH) targeted as minimum requirements for the cell-edge UE using a specific UE configuration. MCLs differ between channels even using the IMT2020 evaluation parameters. 
In one interpretation this pre-existing imbalance may be attributed to different importance of channels, or other KPI’s (for instance related to median UE’s). Hence, the target performance requirement per each cannel is the specific MCL measured with that channel using the reference NR configuration and the corresponding transmission parameters. This option comes down to compensating for the coverage losses observed on each channel independently from each other. That is, coverage of each NR channel treated independently.  
A more logical interpretation the channel characterized by the lowest MCL using the NR reference represents a limit for system coverage in a deployment and should be used as the target performance for all channels using the RedCap UE configuration. If MCL is degraded on a channel due to RedCap complexity reduction, only the part of the degradation by which it goes below the link budget of the limiting channel is compensated for. 
The latter option is more consistent and should be followed therefore, in our opinion.
Proposal 1: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.

Discussion UE complexity reduction features
In this section, we discuss the possible impact to coverage from introducing complexity reduction features. The following features for complexity reduction are considered in the RedCap SI:
	· Reduced number of UE RX/TX antennas
· UE Bandwidth reduction
Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized 
· Half-Duplex-FDD 
· Relaxed UE processing time 
· Relaxed UE processing capability



NR UL Channels:
Among the complexity reduction features, reducing the number of UE RX/TX antennas is expected to impact the coverage of the NR physical channels. In NR Rel-15, the UE is not mandated to support more than 1 Tx. Thus, there is no expected coverage gap between RedCap UEs and baseline/full-capable NR UEs. Hence, no enchantments for NR UL channels are needed within the scope of this SI/WI.
Observation 1: No changes are required to the minimum number (1) of mandatory Tx antenna in the standard.
Observation 2: The coverage of NR UL channels is not impacted by the features for complexity reduction for RedCap NR UEs.
Proposal 2: Coverage compensation mechanisms for NR UL channels are not considered in RedCap NR SI. 

NR DL Channels:
On the other hand, as discussed in our companion Tdoc [2], the #Rx antennas for RedCap UEs need to be reduced as follows:
-	Above 2496 MHz: from 4 Rx to 2 Rx antennas
-	Below 2496 MHz: from 2 Rx to 1 Rx antenna
Hence, there is expected impact to NR DL channels. For DL data channel (PDSCH), NR offers several mechanisms to enhance the transmission reliability; such as PDSCH repetition and HARQ retransmission. NR DL slot aggregation, which is an optional UE feature in Rel-15, offers up to 8 PDSCH repetitions. This UE feature could be used by RedCap UEs to compensate for performance loss up to 9dBs. Most importantly, the HARQ retransmission is the most efficient method to recover the performance loss that results from reducing the #Rx antennas. Hence, coverage compensation for NR PDSCH shouldn’t be of high priority in RedCap SI. However, small enhancements such as increasing the maximum number of PDSCH repetitions can be considered.
Observation 3: Existing NR schemes, such as PDSCH repetition and HARQ retransmission, offers high flexibility for the network to recover any coverage loss for PDSCH due to reduced #Rx antennas.
Proposal 3: Coverage compensation mechanisms for PDSCH is not considered in RedCap NR SI. 
For NR PDCCH, the flexibility of DL control allocation is very limited compared to the DL data allocation due to the following reasons;
1. There is no repetition/retransmission schemes for NR PDCCH
2. No opportunity for soft combining, hence no SNR improvements from retransmissions
3. The control channel uses selected aggregation levels (that are powers of 2) to increase user packing
4. No user-specific beamforming can be applied to the DL control channel, hence no SNR improvements
5. The maximum number of monitored CCEs and PDCCH candidates by a UE per slot is fixed
Thus, it is expected that the performance/coverage of PDCCH to be impacted by the reduction on #Rx antennas. Table 1 shows the performance loss for PDCCH with different aggregation levels by comparing three UE #Rx antennas configurations. The assumed target PDCCH reliability is 99%. The simulation settings and BLER curves for AL8 and AL1 are included in the Appendix. Figure 1 shows the BLER curves for PDCCH with AL6 and different number of Rx antennas for 4GHz band.
It can be noticed from the results that the PDCCH performance loss is AL dependent, where lower ALs suffer larger performance loss compared to higher ALs such as AL16. Although the system spectral efficiency is impacted by the performance loss from all ALs, the coverage loss is dominated by AL16 (the maximum AL in NR). Considering AL16 and target PDCCH reliability of 99%, there is about 2.72dB performance loss by reducing #Rx antennas from 4 to 2, and about 6dB by reducing #Rx antennas from 4 to 1.
[bookmark: _Ref7793481]Table 1: Performance loss from reducing the number of antennas.
	PDCCH BLER=1%
	AL1
	AL8
	AL16

	
	Req. SNR [dB]
	Loss [dB]
	Req. SNR [dB]
	Loss [dB]
	Req. SNR [dB]
	Loss [dB]

	4Rx
	2.92
	-
	– 9.33
	-
	– 11.67
	-

	2Rx
	9.48
	6.56
	– 6.17
	3.16
	– 8.95
	2.72

	1Rx
	17.56
	14.64
	– 2.38
	6.94
	– 5.71
	5.96
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[bookmark: _Ref40460893]Figure 1: PDCCH BLER for AL16 with 4, 2 and 1 Rx antennas.
Observation 4: PDCCH performance is degraded by reducing the #Rx antennas. The PDCCH performance loss is AL dependent, where lower ALs suffer larger performance loss compared to higher ALs.
Observation 5: AL16 PDCCH link budget decreases by 2.72 dB for 99% target reliability in 4GHz band when the number of UE receive antennas is reduced from 4 to 2.
Observation 6: AL16 PDCCH link budget decreases by about 6 dB for 99% target reliability in 4GHz band when the number of UE receive antennas is reduced from 4 to 1.
Proposal 4: If NR coverage is impacted by PDCCH performance loss, techniques for improving the performance of NR PDCCH to compensate the coverage loss due to the reduction of #Rx antennas should be studied. 
PDCCH coverage enhancement
As highlighted in the previous section, there is performance loss due to the reduction of #Rx antennas. In this section, we consider the possible techniques to enhance the PDCCH performance to recover the coverage loss.
1) Increasing aggregation level:
NR ALs are designed to be a power of 2 to increase the user packing given the control resources. The current maximum AL is 16 and the next possible aggregation level to be introduced is AL32. Even though increasing the AL reduces the effective code rate and delivers improved performance, it will lead to higher blockage rate. Also, due to increased frequency resources usage it would be difficult to accommodate AL32 in smaller BW that are considered for RedCap UEs [2], even with maximum CORESET size of 3 OFDM symbols. Hence, increased AL is not the best solution to recover the coverage loss for RedCap UEs.
Observation 7: Increasing the AL of the PDCCH to 32 cannot be supported for smaller BWs that are considered for RedCap UEs.
2) Increasing CORESET size:
Another approach to enhance the PDCCH reliability is to allow the CORESET size to be more than 3 symbols (e.g. up to 6 symbols). However, this could make multiplexing full-capable NR UEs and RedCap UEs in the same cell problematic or less efficient.
Observation 8: Increasing CORESET size to more than 3 symbols could be one of the approaches to recover the coverage loss due to reducing #Rx antennas.
3) PDCCH repetitions:
PDCCH repetitions is another technique to lower the code rate thereby improving PDCCH reliability. Even though the polar coding performance is improved over simple repetition coding, the minimum code rate used for control channel is 1/8 and to achieve code rates lower than 1/8, the buffer is cycled which makes the polar coding performance to be equivalent of repetition coding for ALs greater than AL4 for a nominal DCI payload size of ~40 bits. The advantage of PDCCH repetitions over higher AL is the ability to achieve intermediate ALs that are not the powers of 2 (for example achieving AL24 by repeating AL8 three times).
3.1) UE-transparent PDCCH repetitions:
Different options of UE-transparent PDCCH repetitions are shown in Figure 2. Option (a) provides independent control for each DL assignment of the PDSCH repetitions, and this can be adopted with minimal change in the current specification. Option (b) is very similar to the option (a) except that in option (b) the PDCCH is scheduling all the future repetitions of PDSCH. Both options (a) and (b) could suffer from performance degradation, compared to increasing the AL, if there is time-domain correlation between the channels of the repetitions, and due to the lack of soft combining of the PDCCH repetitions.
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[bookmark: _Ref40462999]Figure 2: NR-PDCCH possible UE-transparent repetitions schemes.
3.2) UE-aware PDCCH repetitions:
The repetition scheme in Figure 3 has multiple control transmissions before the transmission of the DL data. The repetitions in this scheme can be transparent to the UE, which is quite similar to options (a) and (b) in the UE-transparent repetitions section above, and this can be implemented with the current specification with minimal changes, however it incurs performance degradation as discussed in the previous section. The other approach for this scheme is that the control repetitions are UE-aware, in which case soft combining can be exploited at the UE. However, this will require significant specification changes, and increases the UE complexity, which something not desirable for RedCap UEs.
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[bookmark: _Ref40204910]Figure 3: NR-PDCCH possible UE-aware repetitions scheme.
In conclusion, PDCCH enhancement is required for RedCap UEs to compensate for the coverage loss due to reducing #Rx antennas. But, ALs higher than 16 (that is AL32) will be difficult to accommodate for small BWs that considered for RedCap UEs. Increasing CORESET size can be also considered as it is more suitable for the limited BWs. UE-transparent PDCCH repetitions could be another alternative that has minimum UE impact and requires minimum specifications change.
Proposal 5: UE-aware PDCCH repetition schemes are not considered for RedCap NR UEs. 
Proposal 6: UE-transparent PDCCH repetitions can be considered for RedCap NR UEs.
Initial cell search
SS/PBCH blocks of all cells align on the frequency grid of GSCNs. Initial cell search has to select the strongest cell that the UE may camp on. It is typically implemented in the following steps: first, an “RSSI scan” determines candidate GSCNs for SSB detection. During SSB detection, symbol level and carrier synchronization is followed by frame level synchronization, then the cell and beam are identified, and the CORESET#0 configuration information necessary to monitor the scheduling information for SIB1 is acquired.
Although the list of candidate GSCNs for SSB detection is typically ordered by signal strength (and other features), it still contains many false candidates. For these the SSB detection will time-out. Ultimately, this time-out is constrained by (i) the total duration of camping from cold start and (ii) the energy consumed by repeated attempts at initial cell selection when there is no coverage (even with higher level back-off mechanisms in place).
To recover the SS/PBCH coverage, detection should time-out after a longer duration spent either on multiple attempts or accumulating metrics over more SSB instances. This can be a problem, especially if one considers that not all cells admit RedCap UE’s to camp, and so the sequence of tries may be even longer in addition due to this. 
In respect of duration, the SSB periodicity that the RedCap UE may assume at initial cell search is very relevant. For NR, the UE may assume 20 ms periodicity. For RedCap this periodicity should be shorter: 10 ms, or even 5 ms, potentially. The overhead of the SSB itself is not too significant: 20 PRBs by 4 OFDM symbols on each beam. 
Shorter SSB period may also be required for extending the metric accumulation within PBCH detection. PBCH carries the MIB, which has 80 ms update periodicity. Thus a 4-shot PBCH detection is typical, but may still constitute a coverage bottleneck for RedCap according to [3]. By reducing the SS/PBCH periodicity to e.g. 10 ms, the detection could be extended to a sequence of 8 PBCH instances. Metric accumulation is significantly more efficient than multiple attempts alone. 
Finally, we note that a shorter SSB period can also offer more opportunities, if needed, for repetition of RedCap specific (broadcast) scheduling information on CORESET#0s in subsequent periods.  
For all the above reasons, at initial cell search a RedCap UE should be allowed to assume a shorter SSB period - 5ms or 10ms - than a normal NR UE currently does (20 ms).
Proposal 7: At initial cell search, a RedCap UE should be allowed to assume a shorter SSB period - 5ms or 10ms - than a normal NR UE currently does (20 ms).
Conclusions
In this contribution, we discussed and evaluated the impact of UE complexity reduction features on the coverage of NR channels, and presented the possible mechanisms to compensate for the coverage loss. We have the following observations and proposals:
Observation 1: No changes are required to the minimum number (1) of mandatory Tx antenna in the standard.
Observation 2: The coverage of NR UL channels is not impacted by the features for complexity reduction for RedCap NR UEs.
Observation 3: Existing NR schemes, such as PDSCH repetition and HARQ retransmission, offers high flexibility for the network to recover any coverage loss for PDSCH due to reduced #Rx antennas.
Observation 4: PDCCH performance is degraded by reducing the #Rx antennas. The PDCCH performance loss is AL dependent, where lower ALs suffer larger performance loss compared to higher ALs.
Observation 5: AL16 PDCCH link budget decreases by 2.72 dB for 99% target reliability in 4GHz band when the number of UE receive antennas is reduced from 4 to 2.
Observation 6: AL16 PDCCH link budget decreases by about 6 dB for 99% target reliability in 4GHz band when the number of UE receive antennas is reduced from 4 to 1.
Observation 7: Increasing the AL of the PDCCH to 32 cannot be supported for smaller BWs that are considered for RedCap UEs.
Observation 8: [bookmark: _GoBack]Increasing CORESET size to more than 3 symbols could be one of the approaches to recover the coverage loss due to reducing #Rx antennas.
Proposal 1: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.
Proposal 2: Coverage compensation mechanisms for NR UL channels are not considered in RedCap NR SI.
Proposal 3: Coverage compensation mechanisms for PDSCH is not considered in RedCap NR SI.
Proposal 4: If NR coverage is impacted by PDCCH performance loss, techniques for improving the performance of NR PDCCH to compensate the coverage loss due to the reduction of #Rx antennas should be studied.
Proposal 5: UE-aware PDCCH repetition schemes are not considered for RedCap NR UEs. 
Proposal 6: UE-transparent PDCCH repetitions can be considered for RedCap NR UEs.
Proposal 7: At initial cell search, a RedCap UE should be allowed to assume a shorter SSB period - 5ms or 10ms - than a normal NR UE currently does (20 ms).
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Appendix
Link-level simulation settings for PDCCH performance evaluation are listed in Table 2.
[bookmark: _Ref40465928]Table 2: Link-level simulation settings for PDCCH performance evaluation.
	Parameter
	Value

	Carrier frequency for evaluation
	4 GHz

	Channel model
	TDL-C (delay spread: 300ns) as in 38.901

	UE speed
	3 km/h

	BS antenna configuration
	4 Tx

	UE antenna configuration
	4, 2 and 1 Rx antenna ports

	System bandwidth
	40 MHz

	Sub-carrier spacing
	30 kHz

	Channel estimation
	Practical
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Figure 4: PDCCH BLER for AL8 and AL1 with 4, 2 and 1 Rx antennas.
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