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1	Introduction
[bookmark: _Toc67770514]According to Rel-17 RedCap WID ‎[1], the objective on reduced minimum number of Rx branches is as follows.
	· Specify support for the following UE complexity reduction features [RAN1, RAN2, RAN4]:
· Reduced minimum number of Rx branches:
· For frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· For frequency bands where a legacy NR UE (other than 2-Rx vehicular UE) is required to be equipped with a minimum of 4 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· A means shall be specified by which the gNB can know the number of Rx branches of the UE.




In meetings RAN1#104e to RAN1#105e, the following agreements on reduced minimum number of Rx branches were reached ‎[2]:
	Agreements:
· For reduced minimum number of Rx branches in FR1 and FR2 frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports:
· FFS: need for solutions to reduced PDCCH blocking 
· FFS: need for reporting of UE antenna related information to gNB (e.g., # of panels, polarization, etc.)
· Information related to the reduction of the number of antenna branches is assumed to be known at the gNB (either implicitly or explicitly, to be FFS)

Agreements:
· At least using UE capability report according the existing framework to indicate (implicitly or explicitly) the number of Rx branches  
· FFS: whether/how to support earlier indication of Redcap UEs with # Rx branches by Msg1 and/or Msg3, and MsgA 
· FFS: Network configurability of early indication of the number of Rx branches via SIB1, if supported 

Agreements:
· Reuse the existing DCI formats 0_x/1_x (including Rel-16 DCI format 0_2/1_2) applicable to Redcap devices as a starting point.  
· FFS Whether and how potential modification on fields of existing DCI formats is considered to reduce PDCCH block issue, if any.
· FFS: Which DCI formats are mandatory for the RedCap UEs to support. 
Agreements:
· Redcap UE is mandated to support at least DCI format 0_0/1_0.

Agreements:
· For UE capability signalling, the number of Rx branches for RedCap is implicitly indicated by the corresponding capability parameter maxNumberMIMO-LayersPDSCH in the existing UE capability framework.
· Detailed signalling is up to RAN2

Conclusion:
· No consensus to support early identification of the number of Rx branches in Msg1/Msg3/MsgA for Redcap UE in Rel-17

Agreements:
· Regarding DCI format 0_1/1_1 and DCI format 0_2 and 1_2, 
· DCI format 0_1/1_1 are mandatory as in legacy. DCI 0_2/1_2 are optionally supported. 





In following sections, we discuss and investigate the RAN1 related open issue, PDCCH blocking rate.
2	PDCCH blocking rate
PDCCH blocking probability is defined as the probability that all PDCCH candidates for scheduling of a UE are blocked (or overlapped) by candidates used for other UEs. That is, blocking probability is the ratio of the number of blocked UEs to the number of all UEs that need to be scheduled. Note that blocking probability depends on various factors such as the number of UEs which need to be scheduled (may depend on the traffic), CORESET size (i.e., number of CCEs), number of PDCCH candidates, and PDCCH link performance/coverage (which affects the required aggregation level, AL). Reducing the number of Rx branches degrades the link performance and coverage. Therefore, for a given PDCCH BLER performance target, higher ALs may be needed for RedCap UEs to compensate for the performance loss. Generally, the PDCCH blocking rate increases when higher ALs are used. This means that reducing the number of Rx branches can result in a higher PDCCH blocking rate. 
We have used the link BLER performance together with the SINR distribution — obtained from system-level simulations and shown in Figure 18 and Figure 19 in Appendix— to quantitively investigate the impact of reducing the number of Rx branches on PDCCH blocking rate at carrier frequencies of 28 GHz (FR2) and 2.6 GHz (FR1). We have also investigated the impact of reducing the DCI size on the PDCCH blocking rate at the considered carrier frequencies.
Our simulation assumptions are based on the link-level and system-level assumptions in ‎[3], and the details of parameters for blocking probability analysis are provided in Table 1.
[bookmark: _Ref67048145]Table 1: Parameters for blocking probability analysis.
	ALs
	[1, 2, 4, 8, 16]

	Number of PDCCH candidates for each AL {1, 2, 4, 8, 16}
	FR1: [6, 5, 4, 2,1]
FR2: [4, 3, 1, 1, 1]

	Number of simultaneously scheduled UEs
	Ranging from 2 to 10

	2-symbol CORESET size (number of CCEs)
	FR1: 16
FR2: 22

	DCI size (without CRC bits)
	20, 30, and 40



Figure 1 and Figure 2 show the PDCCH blocking rate for a scenario with 25% RedCap UEs and 75% legacy UEs at carrier frequencies of 2.6 GHz and 28 GHz, respectively. In these figures, we have compared the PDCCH blocking rate for a 1 Rx branch with that for 2 Rx branches considering three different DCI sizes, while the total number of the scheduled UEs changes from 2 to 10. 
By increasing the number of the scheduled UEs, the impact of reducing the number of Rx antenna branches on the PDCCH blocking probability increases. However, the number of simultaneously scheduled UEs is expected to be between 1 and 5 in real deployments. As shown in the figures, for the operational region of 1–5 scheduled UEs, the impact of reducing the number of Rx branches on the PDCCH blocking probability is small. As an example, for the case of 5 simultaneously scheduled UEs and DCI size of 40, the PDCCH blocking probability is still less than 2.5% for 2.6 GHz and less than 0.5% for 28 GHz even for having 1 Rx antenna branch.
[bookmark: _Toc79176872]Considering a typical operation region of 1 to 5 simultaneously scheduled UEs, the impact of reducing the number of Rx branches on PDCCH blocking probability in FR1 and FR2 frequency bands is small.
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[bookmark: _Ref67318075]Figure 1: PDCCH blocking probability for FR1, 2.6 GHz.
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[bookmark: _Ref67056222]Figure 2: PDCCH blocking probability for FR2, 28 GHz.

For a given performance target, by significantly reducing the DCI size, a smaller AL can be potentially used, and consequently, the PDCCH blocking can decrease. However, for the considered operation region of 1 to 5 scheduled UEs, the impact of reducing DCI size on the blocking probability is very small especially for FR2 and FR1 with 2 Rx branches.
Figure 3 shows the comparison between PDCCH blocking probabilities for different DCI sizes at the carrier frequency of 2.6 GHz and 1 Rx antenna branch. As it can be seen from the figure, even by reducing the DCI size by half, the blocking probability only reduces from ~2.1% to ~1.2% for the 5 simultaneously scheduled UEs. Moreover, considering the agreements from RAN1#105e, the more flexible DCI format 0_2/1_2 can be optionally supported in the case that a smaller DCI size is needed.
[bookmark: _Toc79176873]Reducing the DCI size only by a few numbers of bits has marginal impact on the reduction of the PDCCH blocking probability.
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[bookmark: _Ref70943892][bookmark: _Ref70943885]Figure 3: PDCCH blocking probability for FR1, 2.6 GHz, 1 Rx.

Regarding the solutions for reducing the PDCCH blocking probability, during the RAN1#105e-meeting the following solutions have been discussed.
· P1: Separate (initial) DL BWP 
· P2: Multi-UE scheduling 
· P3: Multi-TB scheduling 
· P4: Support RACH-based or CG-based SDT for RedCap UE in RRC inactive state 
· P5: For initial access, a dedicated CORESET or search space for RedCap UEs could be defined to reduce PDCCH blocking
· P6: Support link adaptation on PDCCH to improve the spectrum efficiency of RedCap with reduced minimum number of Rx branches 
· P7: For at least RedCap UEs, support repetition of CORESET#0/CommonCORESET in frequency domain within wide configured gNB carrier

Note that the proposals P1, P5, and P7 have been discussed under AI 8.6.1.1, and can reduce the possible blocking issue in CORESET #0, as long as the dedicated CORESET/BWP for RedCap UE is not entirely overlapping with that of the legacy UE. 
[bookmark: _Toc71587213][bookmark: _Toc79176874]The proposals P1, P5, and P7 have been discussed under AI 8.6.1.1. These solutions can help to reduce the possible blocking (or congestion) issue in CORESET #0, as long as the dedicated CORSET/BWP for RedCap UE is not entirely overlapping with that of the legacy UE.

The proposal P3 is currently discussed in the NR_ext_to_71GHz WI, therefore we suggest down-prioritizing the study of multi-TB scheduling in Rel-17 RedCap and wait until the NR-U solution is specified.
Finally regarding P2 and P6, we think there is no need to consider them in Rel-17.
Considering the above-mentioned reasons, we think there is no need for introducing new solutions for reducing PDCCH blocking rate. 

[bookmark: _Hlk71038056][bookmark: _Toc79176907]When motivated by reduced number of Rx branches, solutions for reducing PDCCH blocking rate should not be considered further by RAN1 in the Rel-17 RedCap WI.

[bookmark: _Toc68636458][bookmark: _Toc67669165][bookmark: _Toc67770532][bookmark: _Toc67669166][bookmark: _Toc67669167]2	Conclusion
In the previous sections we made the following observations: 
Observation 1	Considering a typical operation region of 1 to 5 simultaneously scheduled UEs, the impact of reducing the number of Rx branches on PDCCH blocking probability in FR1 and FR2 frequency bands is small.
Observation 2	Reducing the DCI size only by a few numbers of bits has marginal impact on the reduction of the PDCCH blocking probability.
Observation 3	The proposals P1, P5, and P7 have been discussed under AI 8.6.1.1. These solutions can help to reduce the possible blocking (or congestion) issue in CORESET #0, as long as the dedicated CORSET/BWP for RedCap UE is not entirely overlapping with that of the legacy UE.

Based on the discussion in the previous sections we propose the following:
Proposal 1	When motivated by reduced number of Rx branches, solutions for reducing PDCCH blocking rate should not be considered further by RAN1 in the Rel-17 RedCap WI.
[bookmark: _In-sequence_SDU_delivery]
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Appendix
A.1	SINR distribution obtained from system-level simulations
[image: ]
Figure 4: SINR distribution, considering 25% RedCap UEs and 75% legacy UEs in the network, FR1.
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Figure 5: SINR distribution, considering 25% RedCap UEs and 75% legacy UEs in the network, FR2.

A.2	BLER performance obtained from link-level simulations
	[image: ]Figure 6: BLER Performance of PDCCH Channels, 1 Rx, DCI 20 bits, 2.6 GHz.
	[image: ]Figure 7: BLER Performance of PDCCH Channels, 1 Rx, DCI 30 bits, 2.6 GHz.

	[image: ]Figure 8: BLER Performance of PDCCH Channels, 1 Rx, DCI 40 bits, 2.6 GHz.
	[image: ]Figure 9: BLER Performance of PDCCH Channels, 2 Rx, DCI 20 bits, 2.6 GHz.



	[image: ]Figure 10: BLER Performance of PDCCH Channels, 2 Rx, DCI 30 bits, 2.6 GHz.
	[image: ]Figure 11: BLER Performance of PDCCH Channels, 2 Rx, DCI 40 bits, 2.6 GHz.



	[image: ]Figure 12: BLER Performance of PDCCH Channels, 1 Rx, DCI 20 bits, 28 GHz.
	[image: ]Figure 13: BLER Performance of PDCCH Channels, 1 Rx, DCI 30 bits, 28 GHz.



	[image: ]Figure 14: BLER Performance of PDCCH Channels, 1 Rx, DCI 40 bits, 28 GHz.
	[image: ]Figure 15: BLER Performance of PDCCH Channels, 2 Rx, DCI 20 bits, 28 GHz.



	[image: ]Figure 16: BLER Performance of PDCCH Channels, 2 Rx, DCI 30 bits, 28 GHz.
	[image: ]Figure 17: BLER Performance of PDCCH Channels, 2 Rx, DCI 40 bits, 28 GHz.



A.3	Aggregation level distributions 
The aggregation level distributions obtained based on system-level and link-level simulations.
[image: ]
[bookmark: _Ref78180752]Figure 18: Aggregation level distributions, 2.6 GHz.
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[bookmark: _Ref78180756]Figure 19: Aggregation level distributions, 28 GHz.
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