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Introduction
[bookmark: _Hlk525462591]In Rel-17 WI for reduced capability devices [1], UE complexity reduction features are to be specified. One component of complexity reduction is the reduced number of Rx branches –
· 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#104bis-e, the following agreement was made with respect to this issue –
Agreements
· [bookmark: _Hlk70603935]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 this contribution, we address issues related to reduced number of Rx branches.
[bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973]Reduced minimum number of Rx branches
Two main issues with respect to reduced number of Rx branches as discussed in RAN1#104bis-e are PDCCH blocking and reporting of number of Rx branches.
PDCCH Blocking
A key reason cited for increased PDCCH blocking is due to the need to use higher aggregation level for RedCap PDCCH. The extent of this increase, however, depends on cell deployment scneario and the underlying link budget. If, for example, the cell is deployed such that the PDCCH performance is significantly better than the bottleneck channel, then most RedCap UEs will still use AL of 1 or 2 and the PDCCH blocking is not expected to increase significantly beyond the natural increase due to having to support more UEs in the cell. Table 1 shows the PDCCH coverage margin (for PDCCH AL=16) compared to the bottleneck channel (usually the PUSCH) MIL [2]. It can be seen that, in most cases, there is significant PDCCH margin even at the cell edge MIL. In a large number of cases where the margin is greater than 8 dB, most RedCap UEs will require only AL of 1 or 2, with very few RedCap UEs requiring AL beyond 4. Even if the PDCCH coverage margin is small (e.g. 4 dB), this means that most RedCap UEs will require AL of 4 or less.
Note that results in Table 1 for FR1 include reduced antenna efficiency of 3dB. In practice, only small form-factor UEs will experience this reduced antenna efficiency. This would increase the coverage margin further by 3dB and reduce the number of RedCap UEs requiring large PDCCH aggregation levels. 
[bookmark: _Ref70601302]Table 1. PDCCH coverage margin compared to the bottleneck channel MIL [2].
	
	Coverage margin for 1Rx RedCap UE - representative value (dB)

	
	Urban scenario at 2.6 GHz

	Rural scenario at 0.7 GHz
	Urban scenario at 4.0 GHz, 33 dBm/Hz PSD
	Urban scenario at 4.0 GHz, 23 dBm/Hz PSD
	Indoor scenario at 28 GHz

	PDCCH (CSS)
	11.4
	7.1
	14.5
	-0.8
	8.2

	PDCCH (USS)
	15.7
	7.5
	18.1
	4.3
	9.1



Furthermore, Figure 1 illustrates the CDF of DL SINR for UE with 1Rx at 2.6 GHz. It can be seen from the CDF that most UEs have SINR greater than 0 dB and ~90% of UEs have SINR greater than 10dB. Therefore, UEs will not require high PDCCH aggregation levels even with 1 Rx branch and reduced antenna efficiency.
[image: ]
[bookmark: _Ref71617206]Figure 1. CDF of DL SINR.
Observation 1: Link budget analysis shows that, in most deployment scenarios, UEs will not require high PDCCH aggregation levels even with reduced Rx braches and reduced antenna efficiency. 
Figure 2 illustrates PDCCH blocking performance for FR1 based on simulation assumptions presented in [6]. The number of PDCCH candidates for each AL is given by [6,5,4,2,1] and CORESET size contains 24 CCEs. From the figure, it can be seen that, when up to 5 UEs are simultaneously scheduled in the slot, the PDCCH blocking probability is less than 5%. Typically, less than 5 UEs are scheduled simultaneously. Even if 8 UEs are scheduled simultaneously, the block probability is less than 20%. Therefore, it can be observed that PDCCH blocking is not expected to be an issue with RedCap UE.
[image: ]
[bookmark: _Ref70604837]Figure 2. PDCCH Blocking probability for FR1.
In addition, if necessary, PDCCH blocking can be mitigated using existing methods. They include –
· Use of compact DCI formats 0_2 and 1_2 for PDCCH USS to reduce the required aggregation level. The number of bits in the DCI can be reduced significantly with the compact DCI and gain of up to 3dB may be possible. While the compact DCI formats have greater scheduling restrictions, they may only need to be configured for UEs in poor channel conditions.
· Power boosting of the PDCCH to reduce the required PDCCH aggregation level.
· Configuring separate CORESETs / search spaces for RedCap and non-RedCap UEs. This would eliminate PDCCH blocking impact to non-RedCap UE. For RedCap UE, traffic may be delay-tolerant and thus can tolerate PDCCH blocking.
· Configuring separate CORESETs / search spaces for RedCap UEs in poor channel conditions. This would eliminate PDCCH blocking impact to most RedCap UEs which would required only AL=1, 2, or 4.
Observation 2: Based on our analysis, PDCCH blocking is not expected to be an issue with RedCap UE. In addition, if necessary, existing methods can be used to significantly reduce PDCCH blocking.
Based on the previous observations, we therefore note that PDCCH blocking is not expected to be an issue with the introduction of RedCap UE and therefore modification to the DCI format is not necessary.
Proposal 1: PDCCH blocking is not expected to be an issue for RedCap UE with reduced Rx branches, and therefore modification to the DCI format is not necessary.
It has been left for further study which DCI formats are mandatory for the RedCap UEs to support. Generally, this discussion on UE capability is left to the end of the work item. However, in this case, it would be beneficial from a PDCCH performance perspective if RedCap UE also supports the compact DCI formats 0_2 and 1_2. Therefore, it is proposed that RedCap UE supports the compact DCI formats in addition to the default formats.
Proposal 2: RedCap UE supports at least DCI formats 0_0, 0_2, 1_0 and 1_2.
Reporting of UE Antenna Related Information
With respect to the number of Rx branches, the gNB can obtain this information as part of the UE capability. This would be known after the completion of the random access procedure. In RAN1#104bis-e, it was agreed that UE capability report can be used to indicate (implicitly or explicitly) the number of Rx branches. Two possibilities have been discussed –
· Implicit signalling via parameter maxNumberMIMO-LayersPDSCH
· Explicit signalling via a new parameter
It may be beneficial for the UE to signal the number of Rx branches separately from the maximum number of MIMO layers. For instance, the UE may wish to only support 1 DL MIMO layer to save power. However, from a network perspective, it is not beneficial for the UE to artificially limits its capability. In case maximum UE power saving is desired, it can be up to the gNB to determine and configure the UE appropriately. Therefore, implicit signalling of the number of Rx branches tied to the maximum number of DL MIMO layers is preferred. 
Proposal 3: The number of Rx branches can be implicitly signalled via parameter maxNumberMIMO-LayersPDSCH in UE capability report.
In [1], another objective states –
· Specify functionality that will enable RedCap UEs to be explicitly identifiable to networks through an early indication in Msg1 and/or Msg3, and Msg A if supported, including the ability for the early indication to be configurable by the network.
With this early indication, the network would be able to identify RedCap UE during initial access. However, if the number of Rx branches is not part of this early indication, the network would have to assume the UE has 1 Rx branch. In addition, the network would not be able reject connection from 1Rx UE during initial access. In addition, several observations were made with respect to early identification of RedCap UE [5][7] –
· There are different types (sets of capabilities) of RedCap devices that the same cell could support, some with 1Rx, others with 2Rx, and some of those with reduced antenna efficiency (due to the device form factor), that will have differing coverage capabilities that could be optimized for during the initial RACH access procedure.
· There are certain carrier frequencies where certain RedCap devices (1 Rx with reduced antenna efficiency) will need/benefit from some form coverage compensation for Msg3 during initial access, compared to the reference NR UE for that carrier frequency.
[bookmark: _GoBack]It was proposed that a cell can be optionally configured to identify certain RedCap device types (a type defines a subset of capabilities, e.g. reduced antenna efficiency and number of Rx branches) using Msg1 of the initial access procedure to (1) optimize further message transmission during random access procedure, and (2) support load balancing of RACH resources between REDCAP and non-REDCAP devices. In our view, the wording of this objective, indicates that RAN1 has a choice whether to specify either or both Msg1 and Msg3 methods of early indication and further that support for the specified method(s) in the network is configurable.  Given that Msg3 triggered indication cannot be used to optimize either Msg2 or Msg3 transmission, we do not see a strong reason to support specification of a Msg3 based early identification method in addition to Msg1.
Proposal 4: A cell can be optionally configured to identify the number of Rx branches for RedCap UE in Msg1 and MsgA.
In RAN1#104-e, an open issue on whether the UE needs to indicate to the network any antenna configuration information in addition to the number of Rx branches was left for further study. At FR2, the UE may be equipped with one or more panels, with either one or two polarizations per panel. When the UE is equipped with multiple panels, based on capability, the UE may be able to receive with only a single panel at any time (and switch between panels to receive with different panels at different times) or receive simultaneously with multiple panels. The number of Rx branches that that the RedCap UE indicates to the network as its capability should be based on the number of simultaneously active panels that the UE can receive with. Otherwise, the indicated number is not meaningful. Given this information, however, the question is whether it is beneficial for the network to also know the antenna configuration, i.e., how two Rx branches of RedCap UE are spread across polarizations and panels. While the relative performance of different antenna configurations can be established in an average sense, this relative performance is not necessarily maintained in all deployment conditions (e.g., it may depend on the UE orientation and/or other channel conditions). Thus, it is not clear that the performance of different antenna configurations can be clearly established such that the network can pre-determine the gain or loss associated with one antenna configuration relative to another in a particular deployment condition (which may be unknown to the network). This implies that the benefit for the network from being able to distinguish between RedCap UEs with different types of antenna configurations (for two Rx branches) is not clear. Therefore, there is no need to indicate the additional antenna related information. In RAN1#104bis-e, it was noted that no company proposed to indicate any additional antenna configuration. Therefore, this issue is considered resolved.
Conclusions
In this contribution, we consider reduced number of Rx branches and make the following observations and proposals –
Observation 1: Link budget analysis shows that, in most deployment scenarios, UEs will not require high PDCCH aggregation levels even with reduced Rx braches and reduced antenna efficiency. 
Observation 2: Based on our analysis, PDCCH blocking is not expected to be an issue with RedCap UE. In addition, if necessary, existing methods can be used to significantly reduce PDCCH blocking.
Proposal 1: PDCCH blocking is not expected to be an issue for RedCap UE with reduced Rx branches, and therefore modification to the DCI format is not necessary.
Proposal 2: RedCap UE supports at least DCI formats 0_0, 0_2, 1_0 and 1_2.
Proposal 3: The number of Rx branches can be implicitly signalled via parameter maxNumberMIMO-LayersPDSCH in UE capability report.
Proposal 4: A cell can be optionally configured to identify the number of Rx branches for RedCap UE in Msg1 and MsgA.
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