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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 RAN1#104e and RAN1#104bis-e meetings, 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.




In following sections, we discuss and investigate the open issues based on the above agreements.
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 SINR distribution — obtained from system-level simulations — 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 PDCCH blocking rate at the considered carrier frequencies.
Our simulation assumptions have been 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
	FR1: [6, 5, 4, 2,1]
FR2: [4, 3, 1, 1, 1]

	Number of UEs
	Ranging from 2 to 20

	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 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 20. 
By increasing the number of the scheduled UEs, the impact of reducing the number of Rx antennas on 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 PDCCH blocking probability is small.
[bookmark: _Toc71683052]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.

[image: ]
[bookmark: _Ref67318075]Figure 1: Blocking probability for FR1, 2.6 GHz.
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[bookmark: _Ref67056222]Figure 2: Blocking probability for FR2, 28 GHz.

For a given performance target, by reducing the DCI size, a smaller AL can be 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, the DCI size must be significantly reduced (e.g., by half and not only by a few bits) to have effective impact on PDCCH blocking probability. 
[bookmark: _Toc71683053]Reducing the DCI size only by a few numbers of bits has marginal impact on the reducing PDCCH blocking probability.
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[bookmark: _Ref70943892][bookmark: _Ref70943885]Figure 3: Blocking probability for FR1, 2.6 GHz, 1 Rx.

In general, regarding the DCI size and compact DCI, all features of complexity reduction should be considered together. However, from PDCCH blocking rate point of view we suggest there is no need to introduce new solutions including new DCI format. RedCap UEs, similar to legacy UEs, should have Rel-15 fallback (0_0/1_0) and non-fallback (0_1/1_1) DCI formats as the mandatory formats and the more flexible formats, the Rel-16 (0_2/1_2) DCI formats, as optional formats for the RedCap UEs that can support them. Note that whether to have an additional CORESET for scheduling of Msg2, Msg4, paging and SI (other than SIB1) messages for RedCap UEs is currently FFS under AI 8.6.1.1. If agreed to be supported, it can help to reduce the possible blocking issue in CORESET #0, which is shared between RedCap and non-RedCap UEs. 
[bookmark: _Toc71587213][bookmark: _Toc71683054]Consider addressing the DCI format open-issues such as introducing new formats with respect to all complexity reduction features.
[bookmark: _Toc71683055]Whether to have an additional CORESET for scheduling of Msg2, Msg4, paging and SI (other than SIB1) messages for RedCap UEs is currently FFS under AI 8.6.1.1. If agreed to be supported, it can help to reduce the possible blocking issue in CORESET #0, which is shared between RedCap and non-RedCap UEs. 
[bookmark: _Hlk71038056][bookmark: _Toc71683059]There is no need to introduce solutions, including new DCI formats, in Rel-17 RedCap WI for reducing PDCCH blocking rate.
[bookmark: _Toc71683060]RedCap UEs, similar to legacy UEs, should have the Rel-15 fallback (0_0/1_0) and non-fallback (0_1/1_1) DCI formats as the mandatory formats and the more flexible Rel-16 (0_2/1_2) DCI formats as optional formats.
3	Reporting of number of Rx branches
In RAN1 #104bis-e meeting, it was agreed to indicate the number of Rx branches at least by the UE capability report, and the discussions on the need for an early indication of the number of Rx branches was left for further study ‎[2]. We propose using the early indication only for indicating whether the UE is a RedCap UE or not, and the UE capability reporting can be used for indicating the number of UE’s Rx branches. By this, as it is also suggested in the related contributions from Ericsson ‎[4]‎[5]‎[6], we can avoid unnecessary PRACH overhead and partitioning of PRACH resources, especially considering that PRACH partitioning has been discussed and agreed for a number of other purposes such as coverage enhancement, slicing, NTN, and small data transmission. In addition, there is already preamble partitioning for group A/B, and 4-step RACH or 2-step RACH. Therefore, it may not be feasible to require more than one partition for RedCap alone (to indicate RedCap and non-RedCap as well as 1 Rx or 2 Rx branches). Moreover, the early indication of the number of Rx branches in Msg1 and/or Msg3, and MsgA can be interpreted as there is more than one RedCap UE type, therefore — as the WID ‎‎[1] mandates to specify only one RedCap UE type — the early indication should be used only to indicate whether the UE is RedCap or not. 
One of the advantages which have been mentioned for having the early indication of the number of the Rx branches (in addition to the RedCap UE type) is to improve the DL performance during the initial access. However, considering that there are no capacity issues, techniques that can improve DL performance can conservatively be used during initial access for all RedCap UEs regardless of the number of UE’s Rx branches. Finally, by avoiding the early indication of the number of Rx branches, we can avoid the unnecessary specification work.
[bookmark: _Toc71683056]The potential advantages of having an early indication of the number of UE’s Rx branches do not seem to outweigh its drawbacks.
[bookmark: _Toc71683061]An early report in Msg1/Msg3/MsgA of the number of Rx branches is not supported.
[bookmark: _Toc68636458]4	DL coverage recovery
The RedCap UE coverage evaluation was thoroughly studied during the study item phase and the results have been captured in ‎[3]. According to ‎[3], DL coverage recovery is not needed in FR2 if the UE with 12 dBm TRP is considered, but is needed if the UE with 23 dBm TRP is considered. We do not consider an FR2 network with all the UEs capable of 23 dBm TRP a realistic scenario. In practice, most of the FR2 UEs are actually limited to a maximum TRP of 12 dBm, although there might also be some UEs with 23 dBm TRP in the same network. However, considering the presence of the 12 dBm UEs in the network, cell planning (from coverage perspective) needs to be based on the 12 dBm UEs. Otherwise, the 12 dBm UEs will have UL coverage issues due to its lower TRP level. Once the cell planning is based on the 12 dBm UE TRP (e.g., with reduced site-to-site distance), the DL coverage is not a problem for the 23 dBm UEs. Thus, in our view, coverage recovery is not needed for RedCap UEs operating in FR2. 
[bookmark: _Toc71683057]DL coverage recovery is not needed for RedCap UEs operating in FR2.
Considering that 3 dB efficiency loss is not currently in the WID scope ‎[1] for FR1, based on ‎[3], for 1 Rx antenna branch, 3 dB coverage recovery is needed for Msg2 (without antenna efficiency loss and TBS scaling) at carrier frequency of 4 GHz with DL PSD 24 dBm/MHz. As noted in ‎[3], the coverage loss for Msg2 can be compensated by using the existing TBS scaling technique. Regarding Msg4, if coverage recovery is needed, up to 3 dB coverage recovery can be achieved by simply relying on the HARQ retransmission, which does not require any specification work either. Thus, existing methods can be used for the coverage recovery needed for RedCap UEs in bands above 2496 MHz with DL PSD 24 dBm/MHz. As it is mentioned in the above section, these solutions can conservatively be used for RedCap UEs regardless of the number of UE’s Rx branches to avoid the need for early indication of the number of Rx branches. 
[bookmark: _Toc71683058]Existing methods can be used for downlink coverage recovery needed for RedCap UEs in bands above 2496 MHz with DL PSD 24 dBm/MHz regardless of the number of UE’s Rx branches.
[bookmark: _Toc67669165][bookmark: _Toc67770532][bookmark: _Toc67669166][bookmark: _Toc67669167]5	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 reducing PDCCH blocking probability.
Observation 3	Consider addressing the DCI format open-issues such as introducing new formats with respect to all complexity reduction features.
Observation 4	Whether to have an additional CORESET for scheduling of Msg2, Msg4, paging and SI (other than SIB1) messages for RedCap UEs is currently FFS under AI 8.6.1.1. If agreed to be supported, it can help to reduce the possible blocking issue in CORESET #0, which is shared between RedCap and non-RedCap UEs.
Observation 5	The potential advantages of having an early indication of the number of UE’s Rx branches do not seem to outweigh its drawbacks.
Observation 6	DL coverage recovery is not needed for RedCap UEs operating in FR2.
Observation 7	Existing methods can be used for downlink coverage recovery needed for RedCap UEs in bands above 2496 MHz with DL PSD 24 dBm/MHz regardless of the number of UE’s Rx branches.

Based on the discussion in the previous sections we propose the following:
Proposal 1	There is no need to introduce solutions, including new DCI formats, in Rel-17 RedCap WI for reducing PDCCH blocking rate.
Proposal 2	RedCap UEs, similar to legacy UEs, should have the Rel-15 fallback (0_0/1_0) and non-fallback (0_1/1_1) DCI formats as the mandatory formats and the more flexible Rel-16 (0_2/1_2) DCI formats as optional formats.
Proposal 3	An early report in Msg1/Msg3/MsgA of the number of Rx branches is not supported.

[bookmark: _In-sequence_SDU_delivery]References
RP-210918, “Revised WID on support of reduced capability NR devices”, Nokia and Ericsson, 3GPP TSG RAN #91e, March 2021. 
R1-2104027, “RAN1 agreements for Rel-17 NR RedCap”, Rapporteur (Ericsson), 3GPP TSG RAN1 #104bis-e, April 2021.
TR 38.875 V17.0.0, “Study on support of reduced capability NR devices (Release 17)”, Dec. 2020.
R2-2104933, “RACH partitioning for Rel-17 features”, Ericsson, 3GPP TSG RAN1 #105e, May 2021.
R1-2104183, “RAN1 aspects for RAN2-led features for RedCap”, Ericsson, 3GPP TSG RAN1 #105e, May 2021.
R2-2105234, “Definition of RedCap UE and first look on capability signaling”, Ericsson, 3GPP TSG RAN1 #105e, May 2021.

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: ]
Figure 18: Aggregation level distributions, 2.6 GHz.

 [image: ]
Figure 19: Aggregation level distributions, 28 GHz.
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