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Introduction
The work item on NR support of reduced capability NR devices has been approved [1]. One objective is to specify the support for the following UE complexity reduction features:
	· [bookmark: _Hlk60663703]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.)



In this contribution, we present our views on how these UE complexity reduction features can be supported in NR. In Section 2, we highlight a few general aspects and considerations. In Sections 3 to 7, we discuss the specification impacts and open issues for each of the complexity reduction features in the RedCap WID [1]. The conclusion of this contribution is presented in Section 8.
General aspects and considerations
As reported in [2], the support for each of the UE complexity reduction features scoped in the WID [1] can be achieved without major specification efforts. In this section, we discuss general aspects and considerations concerning the support for UE complexity reduction features. Further aspects specific to a UE complexity reduction feature will be discussed in Sections 3 to 7.
· System information: With the UE support of 20 MHz bandwidth in FR1 and 100 MHz in FR2, all the existing PDCCH/PDSCH configurations for transmission of system information blocks can be supported by a RedCap UE. Thus, there is no need to define new, additional system information blocks for RedCap UEs to convey the same system information. However, in order to support RedCap UEs in the cell, there might be a need for additional RRC information. In general, such RedCap-specific information may be conveyed using the following options: 1) reusing the existing SIBs and defining new information elements in one of the existing SI blocks, or 2) introducing separate SIBs (i.e., new SI blocks for RedCap). The pros and cons of these two approaches need to be analysed in RAN2.
· DCI definition: Since Rel-15 NR already supports operation in a smaller BWP, we expect the existing DCI formats to be reusable to a very large extent. DCI format optimization for the sake of saving 1 or 2 bits would not have substantial coverage or spectral efficiency benefits and can be considered sub-optimization that should be avoided.
· Coverage recovery solutions: Reduction in UE bandwidth and the number of Rx branches may reduce coverage and consequently require coverage recovery solutions. This has been thoroughly analysed in [2]. According to [1], the appropriate WI for handling of any potential coverage recovery aspects related to RedCap UEs will be considered at RAN#91e. Thus, we suggest leaving out the discussions on coverage recovery solutions in RAN1 until there is a clear guidance from RAN#91e. We share our views in our companion contribution [3] for the purpose for information sharing.
In our view, RAN1 should strive to enable the RedCap features with minimal specs changes to minimize efforts required for implementing RedCap features in gNB and UE as well as efforts required for interoperability device testing (IoDT). Any over-optimization that may result in a substantial increase in development and IoDT efforts should be avoided in Rel-17. Furthermore, enhancements for high RedCap connection density scenarios are not included in the work item scope. In our view, it will take some time for the RedCap ecosystem to be fully developed and therefore there is no pressing need for Rel-17 to introduce features targeting high RedCap connection density scenarios. Depending on the pace of RedCap ecosystem development, enhancements for high RedCap connection density scenarios can be considered in future releases but should be avoided in Rel-17. 
[bookmark: _Hlk60822020]Reduced maximum UE bandwidth
According to Rel-15 and Rel-16 NR specifications, a UE is required to support 100 MHz in FR1 and 200 MHz in FR2. These bandwidth requirements are considerably higher than what is needed from the data rate requirements of the RedCap use cases. Therefore, in the RedCap study item [2], reduced BW options including 20 MHz in FR1 and 50 MHz or 100 MHz in FR2 were studied. According to the new WID [1], one objective is to specify support for the following reduced maximum UE bandwidth features:
	· 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



In this section, we present our analysis on these bandwidth reduction options (focusing on 20 MHz in FR1 and 100 MHz in FR2). In particular, we focus on the impacts of the bandwidth reduction on the system performance, coexistence with legacy UEs, and specifications.
SSB/SIB acquisition time
In FR2, SSB and CORESET#0 can be frequency domain multiplexed for multiplexing patterns 2 and 3. In these cases, the total bandwidth can span more than 100 MHz. This means that a RedCap UE cannot acquire SSB and SIB1 simultaneously. This would result in a longer SSB/SIB acquisition time as the UE needs to perform a frequency retuning. However, for RedCap use cases, it is not necessary to have stringent SSB acquisition requirements. From RAN 1 point of view, there is no need to achieve tight SSB/SIB acquisition time for RedCap. It should also be noted that aspects of SSB/SIB acquisition time requirements for RedCap UEs are more of RAN 4 considerations. 
[bookmark: _Toc53800355][bookmark: _Toc61872617][bookmark: _Toc61602912]Bandwidth reduction may result in a longer SSB/SIB1 acquisition time in FR2. However, from RAN 1 perspective, since it is not necessary to have stringent SSB acquisition requirements for RedCap use cases, the impact of bandwidth reduction on the acquisition time in FR2 is tolerable. 
Initial BWP
The initial BWP may be configured up to the entire carrier bandwidth. From scheduling complexity and resource utilization perspective, it may be beneficial to have the same initial DL and UL BWPs for RedCap and legacy UEs. Meanwhile, to avoid congestion in case of shared initial BWPs for potentially a large number of UEs, the gNB may use some means (e.g. access control) or configuration restriction [2]. For shared initial BWPs, however, there are couple of issues related to the random access procedure and frequency hopping that need to be addressed. 
[bookmark: _Toc61872618][bookmark: _Toc53800363]From scheduling complexity and resource utilization point of view, it may be beneficial to have the shared initial DL and UL BWPs for RedCap and legacy UEs. 
PRACH occasions outside the UE BW 
[bookmark: _Hlk61256318]Bandwidth reduction has a potential impact on the random access procedure. Specifically, when RACH occasions are frequency multiplexed, the total frequency span of 8 RACH occasions can be greater than 20 MHz in FR1 and 100 MHz in FR2. As the RACH occasion is associated with an SSB beam, a RedCap UE might find its preferred RACH occasion falling outside of its bandwidth. A remedy for such a situation is to require the UE to retune to an appropriately chosen centre frequency for PRACH preamble transmission so that its preferred RACH occasion is within its transmission bandwidth.
[bookmark: _Toc61602916][bookmark: _Toc53800357][bookmark: _Toc61872619][bookmark: _Toc61602919]In a shared initial UL BWP, the UE can properly retune its frequency based on the frequency location of PRACH preamble transmissions such that its preferred RACH occasion is within its transmission bandwidth.
Frequency hopping for PUCCH and PUSCH
Another potential issue with the bandwidth reduction is related to the frequency hopping for PUCCH and PUSCH in the initial uplink BWP during the initial access procedure. PUCCH is used for carrying the ACK/NACK for Msg4. In this case, frequency hopping is configured and the PRBs used for PUCCH are determined based in the initial UL BWP configuration, which may have a bandwidth larger than the maximum RedCap UE bandwidth. A similar problem exists for Msg3 PUSCH if frequency hopping is configured for PUSCH. This issue can be addressed if the RedCap UE properly retunes its center frequency between the hops to ensure PUCCH and PUSCH is transmitted as in legacy without falling outside the RedCap device BW . In NR, the RF-retuning time for intra-band operation is around 50-200 µs. In this case, the UE can still support frequency hopping at least for the long PUCCH while accounting for the RF retuning delay. 
[bookmark: _Toc61872634]For frequency-hopping Msg4 PUCCH or Msg3 PUSCH transmissions, support frequency retuning between the hops for the RedCap UE to ensure its PUCCH or PUSCH transmission is within its transmission bandwidth.
Therefore, by addressing the potential issues pertaining to the random access procedure and PUCCH/PUSCH frequency hopping, it is possible that a RedCap UE can camp on a cell when the initial DL or UL BWP is larger than the maximum UE bandwidth.
[bookmark: _Toc61872620]It is feasible to allow a RedCap UE to camp on a cell even when the initial DL or UL BWP configured in the cell is larger than the maximum UE bandwidth.
40 MHz bandwidth in FR1 after initial access as an optional feature
Bandwidth reduction results in data rate reduction. However, the RedCap use cases do not have as demanding data rate requirements as eMBB use cases. These requirements can be sufficiently met by 20 MHz maximum UE bandwidth in FR1. The downlink peak bitrate of wearables may be up to 150 Mbps for high-end use cases, however, most wearable use cases only require much lower peak downlink bitrates. The combination of 20 MHz and 64 QAM achieves a peak bitrate greater than 80 Mbps even without MIMO which is enough for a great majority of wearable use cases. In the uplink, without MIMO, the combination of 20 MHz and 64 QAM can also achieve a peak bitrate around 80 Mbps. Therefore, 20 MHz maximum UE bandwidth in FR1 can adequately fulfil the peak bitrate requirements of all RedCap use cases, at least when the bandwidth reduction is not combined with other UE complexity reduction techniques. Although there might be some specific TDD configurations which require bandwidths larger than the 20 MHz to meet the peak data rate requirements, it is still unclear which TDD configurations may benefit from the option of having a wider bandwidth up to 40 MHz in FR1 after initial access. 
[bookmark: _Toc61872621]Except for certain TDD configurations, the 20 MHz maximum UE bandwidth in FR1 can adequately fulfil the data rate requirements of RedCap use cases. The TDD configurations where supporting more than 20 MHz UE bandwidth after initial access may be beneficial have not been identified.
Utilizing shared or overlapped CORESETs
Efficient resource utilization is a key aspect in supporting UEs with different capabilities. Specifically, in order to support RedCap UEs in coexistence with legacy UEs, proper CORESET configurations for PDCCH transmissions are needed. While it is possible to configure separate CORESETs for different UEs, it may reduce resource utilization due to resource fragmentation. Moreover, using a smaller number of CORESETs reduces the signalling overhead (thus improving energy efficiency) and can be beneficial from implementation point of view. Therefore, if done properly, it would be beneficial if RedCap UEs can utilize the same pool of resource elements as the legacy UEs, either through a shared CORESET or multiple overlapping CORESETs.
[bookmark: _Toc61872622]It can be beneficial to utilize shared or overlapped CORESETs between RedCap UEs and legacy UEs to avoid resource fragmentation and have an efficient resource utilization. 
Narrow BWP operation
After the initial access, the RedCap UE may be configured to switch to a narrow active BWP for power saving. With such a narrow BWP, SSB may not be fully contained within the narrow BWP. In this case, SSB-based measurements cannot be properly done. We note that such issue can also exist for regular NR UEs as the active BWP may not contain SSB. To address this issue, BWP switching mechanisms can be used for enabling RedCap UEs to periodically switch to BWPs containing the SSB for measurement purposes. During the study item phase, it was also proposed [4] to have new special SSBs within the narrow BWPs for RedCap UEs to do measurements. However, such additional SSBs result in significant overhead, increased inter-cell interference, and reduced network energy/spectral efficiency.  
[bookmark: _Toc61602925][bookmark: _Toc61872623]For measurement purposes, it would be beneficial to support BWP switching mechanisms that enable RedCap UEs to periodically switch from a narrow BWP to a larger BWP containing the SSB. 
[bookmark: _Toc61872624]Transmitting additional SSBs in a narrow BWP results in significant overhead, increased inter-cell interference, and reduced network energy/spectral efficiency.  
Reduced minimum number of Rx branches
Reducing the number of UE Rx branches is one of the UE complexity reduction techniques that has been investigated in the RedCap study item [2]. Based on the WID [1], to specify support for the Reduced minimum number of Rx branches, the following objectives are considered:
	· 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 will be decided at RAN#91e; hence no specific work for these frequency bands will be done before RAN#91e.



Related to the second bullet, to determine the minimum Rx branches supported by specification for a RedCap UE, for frequency bands where a legacy NR UE is required to be equipped with a minimum of 4 Rx antenna ports, in the following we have compared two alternatives, 
· Alt 1: support 2 Rx branches, 
· Alt 2: support 1 Rx branch, where 2 Rx is also supported.

Coverage recovery:
Based on the outcomes of Redcap study item [2], considering reduced antenna efficiency, the channels that need coverage recovery are listed in Table 1. As it can be seen from the table, besides PUSCH and Msg3, considering DL PSD 24 dBm/MHz and 1 Rx, a few DL channels, namely PDCCH CSS, Msg2, and Msg4 also need coverage recovery. However, the coverage loss for these DL channels can be compensated by existing techniques such as TBS scaling, keep trying method, and HARQ retransmission for Msg2, PDCCH CSS and Msg4, respectively.
[bookmark: _Ref61255393]Table 1: Channels need coverage recovery, FR1 TDD.
	
	2 Rx
	1 Rx

	2.6 GHz
	PUSCH/ Msg3
	PUSCH/ Msg3

	4 GHz with 
DL PSD 24 dBm/MHz
	PUSCH/ Msg3
	PUSCH/ Msg3
[1 dB] for PDCCH CSS
[2-3 dB] for Msg4
[5-6 dB] for Msg2



Complexity/ Cost reduction:
The average estimated cost reductions (without considering MIMO layers reductions) achieved for reducing the number of Rx branches from 4 Rx to 2 Rx and 1 Rx are ~31% and ~46%, respectively. Therefore, supporting minimum 1 Rx branch can lead to higher cost reduction. Besides, considering the size limitations, supporting 1 Rx branch might be beneficial for use cases such as wearables.
Spectral efficiency/Network capacity loss:
The loss in downlink spectral efficiency and network capacity is expected to be bigger considering 1 Rx branch. However, if the traffic volume from a 1-Rx RedCap UE is much lower compared to that from an eMBB UE (e.g., with a 1:50 ratio), the impact on network capacity can be limited.
Specification/Coexistence impact:
By supporting Alt2 and minimum 1 Rx branch, more coverage recovery techniques may be required for different physical channels, which may impact RAN1 specifications. However, as it is mentioned earlier and in [3], by using the existing techniques for coverage compensation, the impact on RAN1 specification would be limited. 
Based on Table 1, considering the coverage recovery needed for Msg2, having an early indication of RedCap UE in Msg1 is more crucial for supporting 1 Rx branch [5]. 
[bookmark: _Toc61872625]To down-select the minimum number of Rx branches for RedCap UE, for the frequency bands where the reference UE is required to be equipped with a minimum of 4 Rx antenna branches, the following two alternatives have been compared with each other. 
· [bookmark: _Toc61872626]Alt 1: support 2 Rx branches, 
· [bookmark: _Toc61872627]Alt 2: support 1 Rx branch, where 2 Rx is also supported.
[bookmark: _Toc61872628]With regards to coverage recovery solutions, impact on specification, spectral efficiency and network capacity, and need of early UE type-indication, Alt1 has advantage over Alt2. However, Alt2 provides higher complexity and cost reduction and is more flexible with size limitations.
[bookmark: _Toc53800332][bookmark: _Toc47691958]In general, the main impact of reducing the number of Rx branches on RAN1 specification is related to the techniques that are used for coverage compensations. Therefore, by relying on existing methods and/or Rel-17 coverage enhancement techniques, this impact would be limited. Nevertheless, it might be useful to have an option of early indication of RedCap UE in Msg1 in some scenarios, e.g., to mitigate Msg2 coverage loss, which would impact both RAN1 and RAN2 specifications [5]. 
Reduced number of Rx branches will also impact several aspects of RAN4 specifications, mainly related to RAN4 performance requirements, including demodulation performance, CSI reporting, RRM, cell handover or (re)selection, radio link management, beam management. These specification impacts need to be evaluated and addressed in RAN4.
Reduced maximum number of DL MIMO layers
The reduction of maximum number of DL MIMO layers was studied in the Rel-17 RedCap Study item [2]. The topic is strongly connected to the reduction of the number of the minimum number of Rx antennas discussed in the previous section, which is reflected in the work item objective in [1]:
	· Maximum number of DL MIMO layers:
· [bookmark: _Hlk61869027]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.



In the study item, it was concluded that “The specification impact from reduction of the maximum number of MIMO layers for RedCap UEs is small” [2]. From a RAN1 perspective, the following changes can be considered:
· The maximum number of DL MIMO layers may be captured with a sentence stating that reduced capability NR device is not expected to be scheduled with the number of transmission layers (or transport blocks) exceeding the number of Rx branches. The sentence would suitably be added to TS 38.214 under Section 5.1 related to the UE procedure for receiving the physical downlink shared channel. The exact formulation can be determined once it is decided how the number of Rx branches is specified, e.g. in terms of UE capability or somehow fixed in the specification.
· Similarly, a note can be added to TS 38.214 under Section 5.2 that the UE is not expected to report rank indicator or layer indicator when the UE only supports 1 DL MIMO layer.
· When only 1 DL MIMO layer is supported, a smaller DCI size can be used. However, a restriction to use only 1 DL MIMO layer is already possible in Rel-15 by configuring the UE specific higher layer parameter maxNrofCodeWordsScheduledByDCI in PDSCH-Config to the value 1. This implies, e.g., that the MCS/NDI/RV bits for a second transport block are omitted from DCI Format 1_1. The same mechanism may thus be used for a reduced capability NR device, either by reusing the maxNrofCodeWordsScheduledByDCI parameter, or adding a condition related to the number of RX branches to the DCI description in TS 38.212. 
Proposal 1 [bookmark: _Toc61872635][bookmark: _Toc61603985]Capture a reduction in number of supported DL MIMO layers in physical layer specifications as notes and/or conditions related to number of Rx branches.
[bookmark: _Toc61872636]Existing DCI format can be used for RedCap UEs with 1 Rx branch supporting 1 DL MIMO layer and RedCap UEs with 2 Rx branches supporting 2 DL MIMO layers.
Relaxed DL maximum modulation order in FR1
During the Rel-17 RedCap SI phase [2], it was agreed that maximum modulation order of 64QAM in FR1 DL can sufficiently meet most of RedCap requirements. According to the RedCap WID, the support of the 256QAM in FR1 DL could be optional [1]:
	· 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.



In this subsection, we discuss our views on the potential impacts due to relaxed DL maximum modulation order in FR1.
Data rates, MCS and CQI
As discussed in Section 3, the combination of 20 MHz and 64QAM and single MIMO layer support is sufficient to achieve peak bit rates greater than 80 Mbps and is enough for a great majority of RedCap use cases. If a RedCap device is not targeted for the high-end wearable use case, it would not be necessary for such devices to support 256QAM in FR1 DL. Correspondingly, the MCS index table 2 for PDSCH specified in Table 5.1.3.1-2 and the CQI table 5.2.2.1-3 [8] only need to be optionally supported by those UEs.
Furthermore, as RedCap devices are not expected to achieve more stringent requirements than those needed for URLLC devices, we do not see a necessity to go beyond the existing 64QAM MCS tables (i.e. Table 5.1.3.1-1 and Table 5.1.3.1-3 [8]) and the corresponding CQI tables (Table 5.2.2.1-2 and Table 5.2.2.1-4 [8]). Thus, the existing MCS and CQI tables for 64QAM support should be re-used by RedCap devices to avoid unnecessary small optimizations that may bring little or no gain to the system.
[bookmark: _Toc61872637]Reuse existing MCS and CQI tables (i.e. Table 5.1.3.1-1, Table 5.1.3.1-3, Table 5.2.2.1-2 and Table 5.2.2.1-4 in TS 38.214 [8]) for RedCap UEs that do not support 256QAM in DL.
DCI definition
Relaxing the maximum modulation order from 256QAM to 64QAM would still require MCS indexes spanning from MCS 0 to MCS31 (including the reserved MCS indexes) if the existing Tables are to be re-used for RedCap devices [8]. It would still be necessary for the gNB to signal to RedCap UEs to use 64QAM with the associated highest code rates (i.e. MCS 28) specified in the Table 5.1.3.1-1 and Table 5.1.3.1-3. This would still require 5 bits for indication. Thus, optimizations in the field “Modulation and coding scheme” in DCI formats [9] is unnecessary when the maximum DL modulation order in FR1 is relaxed from 256QAM to 64QAM.
[bookmark: _Toc61872638]Do not introduce new DCI formats for scheduling the PDSCH for RedCap UEs that do not support 256QAM in DL.
Initial/Random access
In Rel-15 and Rel-16 NR specification [8], PDSCH is not expected to be scheduled with modulation order higher than Qm = 2 during initial/random access. From the relaxed maximum modulation order aspect, early capability indication on the maximum supported modulation order is not necessary.
[bookmark: _Toc61872629]Early capability indication is not necessary for indicating relaxed DL maximum supported modulation order in FR1.
UE capability indication
Despite it is mandatory for the legacy eMBBs to support 256QAM in FR1 DL, in the current TS 38.306 [10], there already exits the parameter “pdsch-256QAM-FR1”, the same parameter could potentially be reused by the RedCap devices to indicate whether the device support 256QAM.
[bookmark: _Toc61872639][bookmark: _Toc61603988]Leave to RAN2 to discuss how to indicate UE’s maximum modulation order support.
HD-FDD Type A
In Rel-17 NR RedCap SI [2], half-duplex (HD) operation has been studied for both HD-FDD type A and type B as defined in LTE. The study concluded that HD-FDD Type A can provide reasonable complexity reduction gain with limited performance and specification impacts. It was therefore recommended to be included as part of the Rel-17 work item.    
According to the WID [1], HD-FDD type A operation should be supported with minimum specification impact.    
	· Duplex operation:
· HD-FDD type A with the minimum specification impact (Note that FD-FDD and TDD are also supported.)



In this section, we discuss potential solutions to support HD-FDD Type A operation for RedCap UEs including details for DL-to-UL and UL-to-DL switching time and UE behaviour in handling DL/UL collision.   
DL-to-UL and UL-to-DL switching time
In TS 38.211 V16.4.0 [6] clause 4.3.2, also shown below, there are definitions for DL-to-UL and UL-to-DL switching time for a UE which is not capable of full-duplex communication and not supporting simultaneous transmission and reception, so called a “non-full-duplex UE”.
	A UE not capable of full-duplex communication and not supporting simultaneous transmission and reception as defined by parameter simultaneousRxTxInterBandENDC, simultaneousRxTxInterBandCA or simultaneousRxTxSUL [10, TS 38.306] among all cells within a group of cells is not expected to transmit in the uplink in one cell within the group of cells earlier than  after the end of the last received downlink symbol in the same or different cell within the group of cells where  is given by Table 4.3.2-3. 
A UE not capable of full-duplex communication and not supporting simultaneous transmission and reception as defined by parameter simultaneousRxTxInterBandENDC, simultaneousRxTxInterBandCA or simultaneousRxTxSUL [10, TS 38.306] among all cells within a group of cells is not expected to receive in the downlink in one cell within the group of cells earlier than  after the end of the last transmitted uplink symbol in the same or different cell within the group of cells where  is given by Table 4.3.2-3. 
A UE not capable of full-duplex communication 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 UE not capable of full-duplex communication is not expected to receive in the downlink earlier than  after the end of the last transmitted uplink symbol in the same cell where  is given by Table 4.3.2-3.
Table 4.3.2-3: Transition time  and 
	Transition time
	FR1
	FR2

	
	25600
	13792

	
	25600
	13792






These switching time definitions apply to DL reception and UL transmission both in the same cell or on different cells within a cell group including inter-band CA, NR-DC, or SUL scenarios. The switching time  and  defined for FR1 are the same and is equal to 13.02, which amounts to less than 1 OFDM symbol for 15, 30, 60 kHz SCS. 
HD-FDD UE receives and transmits on different frequencies, but not at the same time. Therefore, it can be considered as part of the non-full-duplex UE described in the specification. For the UE supporting HD-FDD Type-A, it can be assumed to be equipped with separate oscillators for DL and UL, and thus does not require much time to retune its frequency when switching the direction. Therefore, it is enough to reuse the existing DL-to-UL and UL-to-DL switching time of the non-full-duplex UE for the HD-FDD Type-A RedCap UE. That is, essentially, the DL-to-UL and UL-to-DL switching time gap for HD-FDD Type-A is 1 OFDM symbol. However, RAN4 confirmation on such feasibility is required.
[bookmark: _Toc61872630]HD-FDD Type-A UE is equipped with separate oscillators for DL and UL, and thus does not require much time to retune its frequency when switching the direction.
Proposal 2 [bookmark: _Toc61872640][bookmark: _Hlk61869628]Strive to reuse the existing DL-to-UL and UL-to-DL switching time of a non-full-duplex UE for a HD-FDD Type-A UE. RAN4 confirmation on such feasibility is required.

How the UE handles DL/UL collision
In addition to the switching time definition, the description of non-full-duplex UE in the specification also captures UE behavior in handling potential DL/UL collision. That is,
· it does not expect to transmit in the uplink earlier than the transition time  after the end of the last received downlink symbol, and  
· it does not expect to receive in the downlink earlier than the transition time  after the end of the last transmitted uplink symbol. 
If the existing description of non-full-duplex UE is reused for HD-FDD Type-A UE, then the UE behavior in handling DL/UL collision is also included. 
The current UE behavior in handling DL/UL collision of non-full-duplex UE can be understood as prioritizing the earlier reception/transmission. For example, if there would be an overlap (in time) between an earlier DL reception and a later UL transmission, the non-full-duplex UE processes the earlier DL reception until the end and does not process the later UL transmission at least until  after the end of the earlier DL reception. We note that with this description of the UE behavior, it can be understood that scheduling/configuration with overlapping DL reception and UL transmission can be properly handled by the UE.
[bookmark: _Toc61872631]The current specification for non-full-duplex UE captures the UE behavior in handling DL/UL collision by prioritizing the earlier reception or transmission.
[bookmark: _Toc61872632]The current specification for non-full-duplex UE implies that scheduling/configuration with overlapping DL reception and UL transmissions can be properly handled by the UE.
Proposal 3 [bookmark: _Toc61872641]Reuse the existing UE behavior in handling DL/UL collision of the non-full-duplex UE as much as possible for the HD-FDD Type-A UE.

In most of the cases, the existing UE behavior of the non-full-duplex UE together with appropriate scheduling implementation should be enough to ensure a good HD-FDD operation. Nevertheless, there can be some cases where a different UE behavior may be preferred. One example is when there is a collision between dynamically scheduled DL reception and UL configured grant occasion. The current UE behavior cannot ensure that dynamically scheduled DL reception is prioritized as shown in Figure 1 as it may not be possible to always schedule a DL reception to start earlier than the CG occasion (e.g., due to cross slot scheduling). Also, it might not be desirable to delay PDSCH further. Since the UE may or may not actually transmit PUSCH on the UL CG occasion, depending on its available UL data, it can be inefficient from a scheduler perspective to always avoid collision with CG occasions.
[image: ]
[bookmark: _Ref60998153]Figure 1: Existing UE behavior for the non-full-duplex UE is to prioritize CG PUSCH transmission over the dynamically scheduled PDSCH.

[bookmark: _Toc61872633]When there is a collision between dynamically scheduled DL reception and UL configured grant occasion, the current UE behavior cannot ensure that dynamically scheduled DL reception is always prioritized.
Proposal 4 [bookmark: _Toc61872642]In case of a collision between dynamically scheduled DL reception and UL configured grant occasion, discuss further whether the UE needs to prioritize dynamic scheduled DL reception.

Finally, the WID clearly indicates HD-FDD support should be specified with minimum specification impact. Optimization of HD-FDD user throughput performance such as ACK/NACK bundling should be avoided.
Conclusion
In the previous sections, we have discussed the aspects of UE complexity reduction. Some of the discussed aspects are highlighted in Table 2.
[bookmark: _Ref61609174]Table 2: Summary of aspects for supporting UE complexity reduction features
	
	Do’s
	Don’ts

	General aspects
	· Strive to reuse existing formats and solutions as much as possible
· Identify RRC configurations needed, from RAN1 perspective, for supporting RedCap UE in the cell
	· Duplicate existing system information in new SIBs intended specifically for RedCap UEs
· Over-optimization for small benefits
· Enhancements for high RedCap connection density scenarios

	Bandwidth reduction
	· Specify the support for a RedCap UE to operate in an initial DL BWP and/or UL BWP configured with larger than the maximum UE bandwidth
· Strive to have CORESET designs that achieve efficient resource utilization
	· Specify additional SSBs in a narrow BWP


	Reduction in # of RX branches
	· If coverage recovery is needed, aim to reuse existing solutions or solutions to be introduced in the NR CE WI

	· Introduce unnecessary coverage recovery solutions for issues that could have been addressed by existing solutions

	Reduction in # of MIMO layers
	· Capture a reduction in number of supported DL MIMO layers in physical layer specifications as notes and/or conditions related to number of Rx branches.
· Reuse existing DCI formats
	· Introduce new DCI formats


	Relaxed DL max modulation order
	· Reuse existing MCS and CQI tables (i.e. Table 5.1.3.1-1, Table 5.1.3.1-3, Table 5.2.2.1-2 and Table 5.2.2.1-4 in TS 38.214 [6])
· Reuse existing DCI format
	· Introduce new MCS and CQI tables
· Further DCI optimization


	HD-FDD Type A
	· Aim to reuse the already defined DL-to-UL and UL-to-DL switching time of the non-full-duplex UE
· Aim to reuse the existing UE behavior in handling DL/UL collision of the non-full-duplex UE as much as possible
· FFS: whether a new UE behavior needs to be specified in handling the conflicts between dynamically scheduled DL reception and UL configured grant
	· Optimization of HD-FDD user throughput performance such as ACK/NACK bundling




The observations from the above discussions are summarized below.
Observation 1	Bandwidth reduction may result in a longer SSB/SIB1 acquisition time in FR2. However, from RAN 1 perspective, since it is not necessary to have stringent SSB acquisition requirements for RedCap use cases, the impact of bandwidth reduction on the acquisition time in FR2 is tolerable.
Observation 2	From scheduling complexity and resource utilization point of view, it may be beneficial to have the shared initial DL and UL BWPs for RedCap and legacy UEs.
Observation 3	In a shared initial UL BWP, the UE can properly retune its frequency based on the frequency location of PRACH preamble transmissions such that its preferred RACH occasion is within its transmission bandwidth.
Observation 4	It is feasible to allow a RedCap UE to camp on a cell even when the initial DL or UL BWP configured in the cell is larger than the maximum UE bandwidth.
Observation 5	Except for certain TDD configurations, the 20 MHz maximum UE bandwidth in FR1 can adequately fulfil the data rate requirements of RedCap use cases. The TDD configurations where supporting more than 20 MHz UE bandwidth after initial access may be beneficial have not been identified.
Observation 6	It can be beneficial to utilize shared or overlapped CORESETs between RedCap UEs and legacy UEs to avoid resource fragmentation and have an efficient resource utilization.
Observation 7	For measurement purposes, it would be beneficial to support BWP switching mechanisms that enable RedCap UEs to periodically switch from a narrow BWP to a larger BWP containing the SSB.
Observation 8	Transmitting additional SSBs in a narrow BWP results in significant overhead, increased inter-cell interference, and reduced network energy/spectral efficiency.
Observation 9	To down-select the minimum number of Rx branches for RedCap UE, for the frequency bands where the reference UE is required to be equipped with a minimum of 4 Rx antenna branches, the following two alternatives have been compared with each other.
 Alt 1: support 2 Rx branches,
 Alt 2: support 1 Rx branch, where 2 Rx is also supported.
	With regards to coverage recovery solutions, impact on specification, spectral efficiency and network capacity, and need of early UE type-indication, Alt1 has advantage over Alt2. However, Alt2 provides higher complexity and cost reduction and is more flexible with size limitations.
Observation 10	Early capability indication is not necessary for indicating relaxed DL maximum supported modulation order in FR1.
Observation 11	HD-FDD Type-A UE is equipped with separate oscillators for DL and UL, and thus does not require much time to retune its frequency when switching the direction.
Observation 12	The current specification for non-full-duplex UE captures the UE behavior in handling DL/UL collision by prioritizing the earlier reception or transmission.
Observation 13	The current specification for non-full-duplex UE implies that scheduling/configuration with overlapping DL reception and UL transmissions can be properly handled by the UE.
Observation 14	When there is a collision between dynamically scheduled DL reception and UL configured grant occasion, the current UE behavior cannot ensure that dynamically scheduled DL reception is always prioritized.

The proposals from the above discussions are summarized below.
Proposal 1	For frequency-hopping Msg4 PUCCH or Msg3 PUSCH transmissions, support frequency retuning between the hops for the RedCap UE to ensure its PUCCH or PUSCH transmission is within its transmission bandwidth.
Proposal 2	Capture a reduction in number of supported DL MIMO layers in physical layer specifications as notes and/or conditions related to number of Rx branches.
Proposal 3	Existing DCI format can be used for RedCap UEs with 1 Rx branch supporting 1 DL MIMO layer and RedCap UEs with 2 Rx branches supporting 2 DL MIMO layers.
Proposal 4	Reuse existing MCS and CQI tables (i.e. Table 5.1.3.1-1, Table 5.1.3.1-3, Table 5.2.2.1-2 and Table 5.2.2.1-4 in TS 38.214 [8]) for RedCap UEs that do not support 256QAM in DL.
Proposal 5	Do not introduce new DCI formats for scheduling the PDSCH for RedCap UEs that do not support 256QAM in DL .
Proposal 6	Leave to RAN2 to discuss how to indicate UE’s maximum modulation order support.
Proposal 7	Strive to reuse the existing DL-to-UL and UL-to-DL switching time of a non-full-duplex UE for a HD-FDD Type-A UE. RAN4 confirmation on such feasibility is required.
Proposal 8	Reuse the existing UE behavior in handling DL/UL collision of the non-full-duplex UE as much as possible for the HD-FDD Type-A UE.
Proposal 9	In case of a collision between dynamically scheduled DL reception and UL configured grant occasion, discuss further whether the UE needs to prioritize dynamic scheduled DL reception.
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