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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The 3GPP Rel-17 work item for reduced capability (RedCap) devices was updated in [1]. Among the objectives, the scope of this WI includes specifying support for five UE complexity reduction features (reduced maximum bandwidth, reduced minimum number of Rx branches, maximum number of DL MIMO layers, relaxed maximum modulation order, and half duplex operation). 
In RAN1#104b, discussions for RX branch reduction led to some agreements and some FFS regarding early identification. In this contribution, proposals showing the need for early identification are provided. 
Discussion for early identification
Past agreements and summaries
In RAN1#104b, the following agreements were reached for the reduction in receive branches [2].
	· 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 



This agreement follows the agreements in RAN1#104 [3].
	· 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) 



Early identification
In RAN1#104b, the discussions were directed towards the objectives of the revised WID for early identification [1].
	· Reduced minimum number of Rx branches:
…
· A means shall be specified by which the gNB can know the number of Rx branches of the UE.
…
· Specify definition of one RedCap UE type including capabilities for RedCap UE identification and for constraining the use of those RedCap capabilities only for RedCap UEs, and preventing RedCap UEs from using capabilities not intended for RedCap UEs including at least carrier aggregation, dual connectivity and wider bandwidths. [RAN2, RAN1]
· The existing UE capability framework is used; changes to capability signalling are specified only if necessary.
· 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. [RAN2, RAN1]



The agreement in [2] about indicating the number of receive branches (implicitly/explicitly) using the existing UE capability reporting framework follows from the objectives of the WID (in yellow). As we indicated in [7], “early identification was included in the WID as part of the discussion to allow 1RX, and operators have expressed a desire to be able to configure functionality specific to the number of RX antennas”. 
The functionality specific to the number of antennas targets the DL performance degradation due to the reduced number of branches. As simulation studies in the TR [4] have shown, there is significant performance loss in the DL of nearly 10 dB when using 1 Rx branch. This degradation, captured for several channels in the following table, is present for RedCap UEs in coverage. 
[bookmark: _Ref71583902]Table 1. Performance degradation from using 4 to 2 branches and 4 to 1 Rx branch. Based on the simulation studies of Urban scenarios in Appendix C in [4]. See the appendix for description of the calculation.
	
	Urban scenario 2 Rx branches
	Urban scenario 1 Rx branch

	Channel
	2.6 GHz
	4 GHz
	2.6 GHz
	4 GHz

	CSS PDCCH
	5.6 dB
	5.3 dB
	9.3 dB
	9.4 dB

	USS PDCCH
	5.8 dB
	5.3 dB
	9.4 dB
	8.8 dB

	PDSCH
	6.4 dB
	6.3 dB
	9.6 dB
	10.1 dB

	Msg2
	6.0 dB
	5.2 dB
	10.4 dB
	9.7 dB

	Msg4
	5.9 dB
	5.4 dB
	9.8 dB
	9.5 dB



For Msg2, the performance degradation from the study is at least 9 dB for a 1 Rx branch RedCap UE. With Msg2, the network can use TB scaling which can use up to 4 times as many PDSCH resources for each RACH occasion for both RedCap and non-RedCap UEs. Always applying TB scaling will affect system capacity. 
For Msg4, obtaining an additional 6-9 dB for 1 Rx branch RedCap UEs can be achieved using retransmissions since Msg4 supports HARQ retransmissions. However, retransmissions, when used, have a cost of increased delay and control channel overhead. As an example of the increased delay, in clause 8.4 of [9], the transmission of PUCCH occurs after 0.5ms+time(N1,0) = 1.5 ms from the last received PDSCH symbol, where time(N1,0) = 14 sym duration/(480*4096) = 1 ms for 15 kHz SCS. For two retransmissions of Msg4, an additional 3 ms would be needed as well as an increase of system resources (PDCCH, PUCCH). This delay and overhead will also occur for subsequent DL transmissions until the RedCap UE enters the connected state. Note the delay is smaller after Msg4 and can be determined by evaluating the processing time for PDSCH (clause 5.3 of [5]). For 15 kHz SCS, the processing time is approximately 1 ms. Clearly, the cost for HARQ retransmissions is high. 
Observation 1: Treating 1RX RedCap UEs the same as other RedCap UEs during initial access is wasteful in resources and increases latency. 
If the gNB knew, from the onset, that the UE starting initial access was a 1Rx RedCap UE, then the gNB can adjust its resource usage if a 1 Rx UE requires additional resources for Msg2/Msg4/PDSCH. 
A form of early identification is used for initial access of LTE MTC devices which have a reduced number of Rx branches. A MTC device select the appropriate Msg1 resource based on measurements of the downlink reference signals (clause 5.1.1 in [10]: “the available set of PRACH resources associated with each enhanced coverage level supported in the Serving Cell for the transmission of the Random Access Preamble”). Based on the received Msg1 (resources), the eNB selects the appropriate downlink resources for the subsequent steps in initial access.
For NR, a similar approach can be applied for 1 Rx branch RedCap UEs. The network configures RACH occasions / resources for non-RedCap UEs and 2 Rx branch RedCap UEs. The network configures possibly different RACH occasions / resources for 1 Rx branch RedCap UEs. The 1 Rx branch RedCap UE can measure signal quality to select (if necessary) the appropriate RACH occasion / resource. Based on the Msg1 received / RACH occasion used, the network can provide appropriates resources to complete initial access according to that UE’s performance needs because the 1 Rx UE is identified early. In some instances, a 1 Rx UE may not need additional resources to complete initial access.
Early identification allows the network to dynamically adjust its resources when RedCap UEs perform initial access.
Proposal 1: The network provides support for early identification based on Msg1 (RACH occasions/ preambles).
A RedCap UE can indicate the amount of additional resources needed based on measured power by selecting the appropriate RACH resource. For example there can be a mapping between the measured power and RACH resource, like in LTE-MTC.
Proposal 2: A RedCap UE can select the appropriate Msg1 resource according to measured power and/or number of Rx branches.
In a companion paper [11], we discuss further details for initial access and the impact of the performance degradation for 1 Rx branch UEs. 

Discussion for PDSCH
Multi-slot repetition is an optional Rel. 15 feature (corresponding to pdsch-RepetitionMultiSlots) that can address the performance loss for PDSCH due to a reduced number of Rx branches. For such RedCap UEs, this feature should be made mandatory. While multi-slot repetition for PDSCH may not be necessary sometimes, the feature allows the gNB flexibility to assign resources in the time domain when the reduced number of Rx branches RedCap UEs affects performance. While it may be early during the work item stage to discuss features, multi-slot repetition should be noted as a legacy feature that can be reused for RedCap UEs.
Proposal 3: Multi-slot repetition for PDSCH is considered as a mandatory feature for RedCap UEs during feature discussions.
Another feature is use of the low SE MCS table. We show the benefits of low SE MCS table in a companion paper [11]. Multi-slot repetition and the low SE table can be combined to reduce effects of the degradation.
Discussion for PDCCH
In RAN1#104b, the following agreements were reached for the PDCCH [2].
	· Reuse at least 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.



Addressing the second FFS, DCI formats 0_0 and 1_0 must be mandatory as they are used for scheduling in all states and are fallback DCIs. Eliminating them will cause an enormous specification impact. Formats 0_1 and 1_1 should also be mandatory as they provide support for features such as MIMO layers (in case a RedCap UE supports 2 Rx branches) and BWP switching. 
The reason for making formats 0_2/1_2 mandatory is based on performance and resource utilization. Simulation studies show a RedCap UE with 1 receive branch can experience a 9 dB performance degradation for PDCCH, as seen in Table 1. Using aggregation levels up to 16 CCEs can address the performance degradation for PDCCH but the tradeoff is the number of CCEs used. To illustrate, an aggregation level of 16 requires 96 REGs (1 CCE = 6 REGs and 1 REG = 12 consecutive REs in the frequency domain). The following table shows the number of REGs available assuming a CORESET spans the entire 20 MHz bandwidth (for FR1) as a function of SCS. 
· For a 20 MHz BW, 60 kHz SCS cannot support an aggregation level of 16 even with a 3 symbol CORESET.
· With 30 kHz SCS, a minimum of a two symbol CORESET is needed for that aggregation level. 
Table 2. Number of REGs in 20 MHz as a function of SCS and the number of symbols in a CORESET
	SCS
	Max. No. RBs in 20 MHz
	Max REG/symbol:

	1 symbol CORESET
	2 symbol CORESET
	3 symbol CORESET

	15 kHz
	106
	102 (96)*
	96
	192
	288

	30 kHz
	51
	48
	48
	96
	144

	60 kHz
	24
	24
	24
	48
	72


* Although more REGs are available, 96 REGs corresponds to one of the CORESET#0 sizes.
Clearly, an aggregation level of 16 requires a large CORESET that consumes at least 1 symbol in a 20 MHz bandwidth. When the entire slot is dedicated to a RedCap UE PDSCH transmission, this overhead may be acceptable. But if a RedCap UE requires a portion of a slot for the shared channel, the number of CORESET resources used for scheduling may not be acceptable. Since formats 0_2/1_2 are compact DCIs, their smaller size allows them be transmitted with the same reliability as formats 0_1/1_1 but using a smaller aggregation level; thereby reducing the number of PDCCH resources used.
Proposal 4: DCI formats 0_0/1_0, 0_1/1_1, and 0_2/1_2 are mandatory DCIs for RedCap UEs.
The FFS of “Whether and how potential modification on fields of existing DCI formats is considered to reduce PDCCH block issue, if any” involves an in-depth study of which features are supported by a RedCap UE. This study is applicable for non-compact and compact DCIs. Because each DCI consists of fixed-size required fields (e.g., MCS index, NDI), variable-size required fields (e.g., HARQ process, RV, FDRA), and fields present if configuration is provided, determining the actual size is not trivial. Note that some fields become naturally smaller for RedCap UEs. For example, the maximum number of RBs in 20 MHz for 15 kHz SCS is 106 while the maximum number for non-RedCap UEs is 273. The size of the FDRA field, given by , is 13 bits for 106 RBs and is 16 bits for 50 MHz; a potential savings of 3 bits in the DCI.
The goal is to minimize the changes to support RedCap UEs. With many fields having potentially 0 size, changes may not be needed. Another consideration is when a DCI is shared by both RedCap and non-RedCap UEs: how should a common field be treated. 
Observation 2: The FFS “Whether and how potential modification on fields of existing DCI formats is considered to reduce PDCCH block issue, if any” is applicable to both compact and non-compact DCIs. 

[bookmark: _Ref129681832]Conclusion
This contribution examined the impact of supporting the reduced number of Rx branches feature. The following proposals and observations are
Observation 1: Treating 1RX RedCap UEs the same as other RedCap UEs during initial access is wasteful in resources and increases latency
Proposal 1: The network provides support for early identification based on Msg1 (RACH occasions/ preambles).
Proposal 2: A RedCap UE can select the appropriate Msg1 resource according to measured power and/or number of Rx branches.
Proposal 3: Multi-slot repetition for PDSCH is considered as a mandatory feature for RedCap UEs during feature discussions.
Proposal 4: DCI formats 0_0/1_0, 0_1/1_1, and 0_2/1_2 are mandatory DCIs for RedCap UEs.
Observation 2: The FFS “Whether and how potential modification on fields of existing DCI formats is considered to reduce PDCCH block issue, if any” is applicable to both compact and non-compact DCIs. 
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Appendix

For the 2.6 GHz Urban scenario results, the margin values in Tables C.1-1, C.1-2, and C.1-3 in [4] were averaged (in the linear domain) and are expressed below. The values presented above are based on the margin for 4 branches – margin for x branches.
	
	Margin, dB
	Degradation (4 to x branches), dB

	Channel
	4 branches
	2 branches
	1 branch
	4  2 branches
	4  1 branch

	CSS PDCCH
	22.70
	17.10
	13.36
	5.60
	9.34

	USS PDCCH
	26.44
	20.63
	17.07
	5.81
	9.37

	PDSCH
	23.81
	17.41
	14.22
	6.40
	9.59

	Msg2
	20.54
	14.53
	10.12
	6.01
	10.42

	Msg4
	20.73
	14.93
	10.92
	5.79
	9.81



For the 4 GHz Urban scenario results, the margin values in Tables C.3-1, C.3-2, and C.3-3 in [4] were averaged (in the linear domain) and are expressed below. The values presented above are based on the margin for 4 branches – margin for x branches.
	
	Margin, dB
	Degradation (4 to x branches), dB

	Channel
	4 branches
	2 branches
	1 branch
	4  2 branches
	4  1 branch

	CSS PDCCH
	19.53
	14.27
	10.11
	5.26
	9.42

	USS PDCCH
	22.82
	17.57
	14.01
	5.25
	8.81

	PDSCH
	18.39
	12.33
	8.27
	6.06
	10.11

	Msg2
	18.71
	13.55
	8.99
	5.16
	9.72

	Msg4
	17.37
	11.97
	7.87
	5.40
	9.50




