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1 [bookmark: _Ref40465791]Introduction
At RAN plenary meeting #90-E, a work item (WI) for the support of reduced capability NR devices was approved, and the following objectives related to UE complexity reduction were identified for the WI [1]:
	· Specify support for the following UE complexity reduction features [RAN1, RAN4]:
· Reduced maximum UE bandwidth:
· Maximum bandwidth of an FR1 RedCap UE during and after initial access of 20 MHz is supported. The possibility of, and any associated conditions for, optional support of a wider bandwidth up to 40MHz after initial access for this case will be further discussed at RAN#91e.
· Maximum bandwidth of an FR2 RedCap UE during and after initial access is 100 MHz
· 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.
· [bookmark: _Hlk58502022][bookmark: _Hlk58574559]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 will be decided at RAN#91e; hence no specific work for these frequency bands will be done before RAN#91e.
· Maximum number of DL MIMO layers:
· For a RedCap UE with 1 Rx branch, 1 DL MIMO layer is supported.
· For a RedCap UE with 2 Rx branches, 2 DL MIMO layers are supported.
· Relaxed maximum modulation order:
· Support of 256QAM in DL is optional (instead of mandatory) for an FR1 RedCap UE.
· No other relaxations of maximum modulation order are specified for a RedCap UE.
· Duplex operation:
· HD-FDD type A with the minimum specification impact (Note that FD-FDD and TDD are also supported.)
…
Notes:
· Rel-15 SSB bandwidth is reused and L1 changes minimized.
· The work defined as part of this WI is not to overlap with LPWA use cases.
· Coexistence with non-RedCap UEs is to be ensured.
· This WI focuses on SA mode and single connectivity with operation in a single band at a time.
· The work in other WGs than RAN1 starts after RAN#91e.
· [bookmark: _Hlk58575355]The appropriate WI for handling of any potential coverage recovery aspects related to RedCap UEs devices will be considered at RAN#91e.



In this contribution, we present our views on the normative specification work necessary for efficient support of RedCap UEs in existing and future NR deployments with minimal impact to non-RedCap UEs. Our initial views on higher layer related considerations are presented in our companion paper in [2].
2 [bookmark: _Ref61879091][bookmark: _Ref53792937]Reduced maximum UE BW

For FR1 bands, maximum bandwidth of a RedCap UE during and after initial access has been agreed as 20 MHz. For FR2 bands, maximum bandwidth of a RedCap UE during and after initial access has been agreed as 100 MHz.
The possibility of, and any associated conditions for, optional support of a wider bandwidth up to 40 MHz after initial access in FR1 bands is expected to be further discussed at RAN#91e.
Other than peak data rate considerations, the primary impact from reduced maximum UE BW is two-fold:
· Constraining initial DL and UL BWPs to no more than 20 MHz, that could lead to congestion in the initial BWPs and restrictions in FDM-ed RACH configurations in initial UL BWP. 
· Reduced benefits from frequency diversity and frequency selective scheduling when comparing to DL/UL BWPs of 100 MHz BW.
For RedCap UEs, the effects of congestion in the initial DL/UL BWPs are amplified by: 
· worse link performance for RedCap UEs in DL due to reduced number of Rx branches, potential antenna gain losses in FR1 DL of up to 3 dB, and reduced frequency diversity when comparing 20 MHz and 100 MHz BWP sizes (focusing on FR1 bands); and
· worse link performance for RedCap UEs in UL due to possible antenna gain losses in FR1 UL of up to 3 dB, and reduced frequency diversity when comparing 20 MHz UL BWP to 100 MHz UL BWP (focusing on FR1 bands).
For data channels, worse link performance in DL and UL implies conservative scheduling with lower spectral efficiency (smaller MCS, larger time/frequency allocations). While some of the effects could be possibly mitigated for shared channels by relying on more aggressive MCS selection, i.e., operating at a higher target initial BLER, depending on the connection density of RedCap UEs, the impact via larger control overhead (OH) in DL and UL may  cause non-negligible impact on non-RedCap UEs. 
Considering DL, for PDCCH, the use of larger ALs for RedCap UEs (DL SNR gap between non-RedCap and RedCap UEs can be in excess of 6 dB) and increased PDCCH load (if relying on higher target initial BLERs for PDSCH/PUSCH) can adversely impact system spectral efficiency via increased PDCCH OH, increased PDCCH blocking, impacting both RedCap and non-RedCap UEs. In particular, the most significant impact may be to the initial DL BWP as indicated by the cell defining SSB due to the constraint on initial DL/UL BWPs in the cell to cater to the 20 MHz max UE BW for RedCap UEs.  
In order to alleviate possible congestion in the initial DL/UL BWPs, mechanisms to offload at least some of the transmissions to/receptions from RedCap UEs from the initial DL and UL BWPs should be considered. 
Particularly, for UL, it would be beneficial if a separate initial UL BWP can be configured (up to gNB implementation) to RedCap UEs using SIB signaling. Further, RedCap UEs are expected to be provided with RACH configurations in the separate initial UL BWP. Accordingly, when configured, RedCap UEs would consider the separately indicated initial UL BWP as the initial UL BWP for PRACH transmissions to initiate random access procedure and subsequent transmissions of Msg3, PUCCH, etc., until (re-)configured. 
Note that, while the configuration of separate initial UL BWP can naturally facilitate early identification of RedCap UEs to the network, such procedure should not be mandated, e.g., if an initial UL BWP configuration, common to non-RedCap and RedCap UEs, may suffice. Accordingly, RAN1 decision on support of such configurability can be independent of decision on support of early identification of RedCap UEs. Decisions on the details of such configuration and relation to any early identification feature for RedCap UEs or indication of support of Msg3 enhanced coverage can be determined subsequently. 
Proposal 1:  
· Support configurability of separate initial UL BWP for RedCap and non-RedCap UEs.
· FFS: Configuration details.
· FFS: Relationship to early identification of RedCap UEs, if supported, and to support of enhanced Msg3 coverage, if supported.

Similarly, for DL, configuration of a secondary initial DL BWP allows for offloading of some of the common control traffic of RedCap UEs from the initial DL BWP as indicated by the SSB. 
Unless a separate SIB signaling framework (separate from non-RedCap UEs) is used for RedCap UEs (up to RAN WG2), it may not be beneficial or efficient to offload delivery of SI messages to a separate initial DL BWP. Instead, the configurable secondary initial DL BWP may be used to offload at least some or all of paging PDCCH/PDSCH, RA Msg2/Msg3/Msg4 scheduling PDCCH and associated PDSCH.
Proposal 2:  
· Support configurability of secondary initial DL BWP for RedCap UEs for offloading at least part of common control traffic to RedCap UEs.
· FFS: Configuration details.
· FFS: Offloaded common control type may include paging PDCCH and PDSCH, and RA Msg2/Msg3/Msg4 scheduling PDCCH and associated PDSCH (as applicable). 

Due to the degraded link performance, use of repetitions for PDSCH and PUSCH is expected to be more typical for RedCap UEs than their non-RedCap counterparts. In this context, to recover some of the potential frequency diversity losses when comparing against 100 MHz BWP sizes, and towards limiting some of the link performance degradations in DL and UL, enhanced frequency hopping mechanisms, based on inter-BWP frequency hopping (FH) could be introduced. 
One of the fundamental considerations regarding support of inter-BWP FH is impact from transition times to accommodate BWP switches. The currently specified values (reproduced below in Table 1) appear prohibitively long to justify efficient inter-BWP FH.

Table 1. BWP switch delay (from Table 8.6.2-1 in 3GPP TS 38.133)
	[image: ]
	NR Slot length 
	BWP switch delay TBWPswitchDelay (slots)

	
	(ms)
	Type 1Note 1
	Type 2Note 1

	0
	1
	1
	3

	1
	0.5
	2
	5

	2
	0.25
	3
	9

	3
	0.125
	6
	18

	Note 1:	Depends on UE capability.
Note 2:	If the BWP switch involves changing of SCS, the BWP switch delay is determined by the smaller SCS between the SCS before BWP switch and the SCS after BWP switch.



However, much shorter transition times can be expected if considering mainly RF retuning times and possibly AGC settling time. In this regard, it should be noted that original RAN WG4 feedback in Rel-15 in [3] included the following: 
	· How fast is the UE RF bandwidth adaptation?
· Transition time (RF aspects)
· For intra-band operation, at least for sub6, the transition time can be up to 20 µs if the center frequency is the same before and after the bandwidth adaptation, regardless other conditions listed in the LS
· For intra-band operation, at least for sub6, the transition time is 50~200 µs if the center frequency is different before and after the bandwidth adaptation, regardless other conditions listed in the LS
· For inter-band operation, at least for sub6, the transition time can be up to 900 µs, regardless the conditions listed in the LS. RAN1 should note that this time does not include AGC settling time which is covered in baseband aspects.
· Transition time (baseband aspects)
· For single-carrier operation, the total transition time includes the processing time of the bandwidth adaptation signaling, RF transition time and the waiting time for slot boundary alignment if DL signal from the same cell is assumed before and after the bandwidth adaptation
· For multiple-carrier operation, the total transition time includes the processing time of the bandwidth adaptation signaling, RF transition time, the waiting time for slot boundary alignment and the waiting time for reference signals for AGC settling
· It’s difficult for RAN4 to conclude quantitative values now because it highly depends on the bandwidth adaptation design as well as the final physical design of e.g. reference signals.



In the context of RedCap UEs, the above two highlighted bullets are of interest in consideration of support of inter-BWP frequency hopping (FH) for DL/UL.
As can be seen from Table 1, eventually, the BWP switching delays specified by RAN4 in Rel-15 are much longer than 50~200 us due to other components (e.g., some of these mentioned in the second set of bullets above). Of these, PDCCH decoding time and application of the RRC configuration of the new BWP being key contributors. 
However, if PDCCH decoding latency can be obviated (e.g., following a configured hopping pattern) and the candidate BWPs have same configuration with exception of center frequency, the overall transition time for inter-BWP FH may be shortened to within a few OFDM symbols, within the RF retuning times previously indicated by RAN4. Considering that retuning times are typically impacted by the range of the candidate center frequencies, some restrictions on the maximum range of the candidate center frequencies (e.g., within 100 MHz) could help further. 
As alluded to in the first two sub-bullets in the above-quoted response from RAN WG4, assuming that the same DL branch(es) (with common FFT timing) are used at the gNB side across the BWPs for a given DL cell, it may be sufficient to use CP for AGC settling time. 
However, it may be instructive to send an LS to RAN4 requesting them to provide feedback on potential transition times for inter-BWP switching when assuming that application times may not need to be accounted for PDCCH decoding or for RRC configuration of the destination BWP.

Proposal 3:  
· RAN1 to consider introduction of inter-BWP frequency hopping for DL and UL.
· RAN1 to send an LS to RAN WG4 for feedback on transition times for inter-BWP switching when assuming that PDCCH decoding and RRC configuration application times may be ignored and when maximum range of center frequencies of the candidate BWPs may be limited.  
3 Reduced number of UE Rx branches

While the required number of Rx branches for FR1 bands above 2496 MHz is not finalized and expected to be resolved at RAN #91-e meeting, it has been agreed that RedCap UEs would only be required to support a single Rx branch for FR1 bands below 2496 MHz and for FR2 bands, for which a Rel-15 NR UE is expected to support minimum of 2 Rx branches.
As detailed in [4], other than reduced data rates via reduction in max number of MIMO layers, reduction in number of Rx branches can be expected to cause link performance (coverage, reliability) degradations, in turn causing adverse impact to network throughput and user capacity, PDCCH blocking, etc.
In terms of co-existence impacts, presence of RedCap UEs in the cell may necessitate scheduling of PDCCH and PDSCH for common control delivery based on the “worst link” assumption. This implies that the gNB scheduler is likely to select PDCCH ALs, MCS, and resource assignments that may be too conservative for non-RedCap UEs, thereby increasing system OH, and increasing PDCCH blocking that would likely impact non-RedCap UEs.
In this regard, it can be beneficial in improving scheduling for non-RedCap UEs during initial access if RedCap UEs with reduced # of Rx branches are identified during Msg1 transmission. Further, as discussed in Section 2, configuration of a secondary initial DL BWP can help in offloading some of the common control for RedCap UEs that may need to be scheduled with higher PDCCH ALs and/or low MCS, etc. (e.g., paging or RA related), thereby easing the congestion in the initial DL BWP.

Observation 1:
· In consideration of reduced number of Rx branches for RedCap UEs,
· it can be beneficial in improving scheduling for non-RedCap UEs during initial access if RedCap UEs with reduced # of antennas are identified during Msg1 transmission; and 
· configurability of a secondary initial DL BWP can help with congestion management due to expected use of higher PDCCH ALs and low MCS scheduling for RedCap UEs.
4 Support of Half-Duplex-FDD
Half duplex operation is one way to reduce the cost or complexity of FDD UE, since the duplexer is not needed. Support of HD-FDD for RedCap UEs was primarily motivated because the cost/complexity savings from avoiding duplexer accumulate across multiple bands that a UE may support. 
Half duplex operation is already supported in Rel-15 NR with limited specification. In brief, the conflicting DL reception and UL transmission, i.e. without sufficient switching time is considered as an error case. 
It has been agreed to support Type A HD-FDD for RedCap UEs, and is expected to be defined as an optional UE feature in Rel-17 for RedCap UEs. A first question in this regard is whether the Rx-Tx and Tx-Rx switching times defined in Rel-15 NR may still apply or not. First, we note from [5] (see Table 2) that Rel-15 specifies a switching time of ~13 us for FR1 bands.

Table 2. Transition time  and  (from Table 4.3.2-3 in TS 38.211)
	Transition time
	FR1
	FR2

	
	25600
	13792

	
	25600
	13792



For Type A HD-FDD, it is assumed that the UE still maintains separate local oscillators (LOs) for DL and UL, and mainly avoids use of a duplex with a switch (also offering better insertion loss). For such UEs, the existing transition times are likely to be sufficient and further adjustments (relaxations) to the ~13 us value may not be necessary. 
[bookmark: _GoBack]Consequently, unless any particular new issues are identified, the handling of the switching times can still be ensured by gNB scheduler, following Rel-15 specifications. 
Observation 2
· Transition time of ~13 us, defined in Rel-15 NR for DL-to-UL and UL-to-DL switching, are sufficient for Type A HD-FDD RedCap UEs. 

Proposal 4
· Consider sending an LS to RAN WG4 to confirm on transition times for DL-UL and UL-DL switching.

Proposal 5
· As a starting point, it is assumed that handling of switching times for DL-UL (and UL-DL) transitions are handled by gNodeB scheduler:
· A (HD-FDD RedCap) UE is not expected to transmit in the uplink earlier than  after the end of the last received downlink symbol in the same cell where  is given by Table 4.3.2-3.
·  A (HD-FDD RedCap) UE is not expected to receive in the downlink earlier than  after the end of the last received downlink symbol in the same cell where  is given by Table 4.3.2-3.

5 Conclusions
In this contribution, we presented our views on the normative specification work necessary for efficient support of RedCap UEs in existing and future NR deployments with minimal impact to non-RedCap UEs.
Based on the presented discussion, our views can be summarized via the following observations and proposals.

Proposal 1:  
· Support configurability of separate initial UL BWP for RedCap and non-RedCap UEs.
· FFS: Configuration details.
· FFS: Relationship to early identification of RedCap UEs, if supported, and to support of enhanced Msg3 coverage, if supported.
Proposal 2:  
· Support configurability of secondary initial DL BWP for RedCap UEs for offloading at least part of common control traffic to RedCap UEs.
· FFS: Configuration details.
· FFS: Offloaded common control type may include paging PDCCH and PDSCH, and RA Msg2/Msg3/Msg4 scheduling PDCCH and associated PDSCH (as applicable). 
Proposal 3:  
· RAN1 to consider introduction of inter-BWP frequency hopping for DL and UL.
· RAN1 to send an LS to RAN WG4 for feedback on transition times for inter-BWP switching when assuming that PDCCH decoding and RRC configuration application times may be ignored and when maximum range of center frequencies of the candidate BWPs may be limited.  
Observation 1:
· In consideration of reduced number of Rx branches for RedCap UEs,
· it can be beneficial in improving scheduling for non-RedCap UEs during initial access if RedCap UEs with reduced # of antennas are identified during Msg1 transmission; and 
· configurability of a secondary initial DL BWP can help with congestion management due to expected use of higher PDCCH ALs and low MCS scheduling for RedCap UEs.
Observation 2
· Transition time of ~13 us, defined in Rel-15 NR for DL-to-UL and UL-to-DL switching, are sufficient for Type A HD-FDD RedCap UEs. 

Proposal 4
· Consider sending an LS to RAN WG4 to confirm on transition times for DL-UL and UL-DL switching.

Proposal 5
· As a starting point, it is assumed that handling of switching times for DL-UL (and UL-DL) transitions are handled by gNodeB scheduler:
· A (HD-FDD RedCap) UE is not expected to transmit in the uplink earlier than  after the end of the last received downlink symbol in the same cell where  is given by Table 4.3.2-3.
·  A (HD-FDD RedCap) UE is not expected to receive in the downlink earlier than  after the end of the last received downlink symbol in the same cell where  is given by Table 4.3.2-3.
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