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Introduction
[bookmark: _Hlk22834419]The RedCap WI was approved in RAN#90-e [1] to support the following UE complexity reduction 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
· 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.)


This contribution discusses the support of UE complexity reduction features.
Analysis on UE complexity reduction features
Reduced maximum UE bandwidth
Maximum UE bandwidth is 20MHz for FR1 (potentially larger depends on RAN plenary decision) and 100MHz for FR2. Based on the previous study [2], compared to non-RedCap UEs, there may have some degradation due to the loss in frequency selective scheduling gain. In addition, if CORESET is configured according to the RedCap UE capability and shared by both RedCap UEs and non-RedCap UEs, this may result in increased PDCCH blocking rate. Moreover, if RedCap UEs and eMBB UEs share the same initial BWP in downlink and uplink for initial access procedure, and the number of RedCap UEs in the network is large, congestion is expected, which needs to be resolved. 
Observation 1: Some degradation is observed due to loss in frequency selective scheduling gain with reduced bandwidth.
Observation 2: Higher PDCCH blocking rate and congestion for initial access are expected in same CORESET are shared between RedCap UEs and Non-RedCap UEs.
Reduced minimum number of Rx branches
In general, degradation of performance (e.g., coverage, network capacity and spectral efficiency) of DL channels, including PDCCH, PDSCH is expected when reducing the number of Rx branches, which may affect the scheduling flexibility and spectral efficiency. 
In order to compensate for the performance degradation on PDCCH resulting from a reduced number of UE Rx branches, higher aggregation levels may need to be used. This can lead to increase in PDCCH blocking rate if the amount of PDCCH resources is not increased. According to simulations in [3], the coverage loss is ~6-10dB when Rx antennas reduced from 4 to 1, and ~3-6dB for Rx antennas reduced from 4 to 2 or 2 to 1. Given that REDCAP UEs will support a small BW, e.g. 20 MHz, and number of Rx antennas is reduced, if a 8-16 CCE AL is needed (equivalent to 4-8 CCE AL for 2 Rx antennas due to the ~4 dB loss for 1Rx antenna), only ~2 UEs can get scheduled as a CORESET of 3 symbols over 20 MHz (48 RBs @SCS=30KHz) provides 144 RBs and one CCE corresponds to 6 RBs. Using 20 MHz over 3 symbols to schedule ~2 REDCAP UEs is obviously unattractive for RedCap uses cases with the large connectivity, such as industrial wireless sensors.
In addition, low spectral efficiency is another issue due to reduced RX antennas. For a REDCAP use case, TB in PDSCH or PUSCH is small because of the low data rate. Given that the BLER for DCI formats is typically 10 times smaller than for TBs and that for REDCAP the TBs will not be much larger (e.g. ~10x) than the DCI format size (including CRC). The resources for PDCCH at 1% could be similar to resources for PDSCH with small TBs at 10%, which results in ~50% PDCCH overhead. 
Observation 3: Reduced number of Rx branches results in large control overhead, PDCCH blocking, and low spectral efficiency for downlink.   
Type A HD-FDD operation
It is assumed to have two oscillators for RedCap UE with Type A HD-FDD operation. RAN 4 needs to define the transition time, and DL-to-UL and UL-to-DL switching time need to be specified by RAN 1, considering transition time and timing advance. In addition, handling of DL/UL collision also needs to be specified by RAN 1.  
Observation 4: DL-to-UL and UL-to-DL switching time, and handling of DL/UL collision needs to be specified by RAN 1 to support Type A HD-FDD operation.
Maximum number of DL MIMO layers
RedCap UE is mandatory to support same DL MIMO layer as the number of Rx branches. After UE capability report, gNB can configured the number of DL MIMO layers, which can be supported by current specification. 
Observation 5: No specification change is needed to support reduced the number of DL MIMO layer with the reduced number of Rx branches.
 Relaxed maximum modulation order
RedCap is not mandatory required to support 256QAM in DL for FR 1. In current NR, the support of 256QAM in DL is optionally configured to UE in specific PDSCH parameters. As well for the CQI report, different Tables are defined with and without 256QAM. Therefore, there is no additional work is expected in RAN 1 to optionally support 256QAM in DL for an FR1 RedCap UE.  
Observation 6: No specification change is needed to optionally support 256QAM in DL for an FR1 RedCap UE.
RedCap UE operation in a wider bandwidth
One requirement of this WI is to ensure coexistence with non-RedCap UEs. That is, RedCap UE and non-RedCap UEs share the same band. Since the bandwidth of non-RedCap UE is larger than RedCap UE, in order to fully utilize the spectrum and to provide higher user throughput for non-RedCap UEs, a wider bandwidth than the maximum bandwidth of a RedCap UE can be configured for non-RedCap UEs. RedCap UEs need to operate in a wider bandwidth of the cell. In order to achieve a better spectral efficiency, it is better be able to dynamically schedule RedCap UEs in the wider bandwidth.  
In eMTC, several narrowbands were defined for each wider LTE bandwidth. Search space for MPDCCH and PDSCH/PUSCH scheduling are restricted within one narrowband. eMTC UE can be dynamically scheduled to any narrowband by DCI. Retuning time is defined for eMTC to retune the RF center frequency to transmit and receive in one narrowband. Frequency hopping within a wider bandwidth is supported for all the channels to obtain the frequency diversity. CSI for multiple narrowband can be reported to eNB, so that scheduling gain can be obtained as well. 
Similar mechanism can be used to support RedCap UEs operating in a wider bandwidth to increase the network capacity with fully deploying diversity gain and scheduling gain. There are two options for RedCap UEs operating in a wider bandwidth:
· Option 1: Support RedCap UE operating in a BWP larger than its RF bandwidth
In this option, RedCap UEs can be configured with a BWP with larger bandwidth. For example, the same BWP configuration as non-RedCap UEs can be configured to RedCap UEs as well. gNB scheduler needs to be upgraded to restrict the bandwidth allocated for all the channels to RedCap UEs within its RF bandwidth. However, there is not required gNB to support multiple BWPs, or restrict non-RedCap UEs to a smaller bandwidth. It is easier for gNB implementation and can avoid verifications on multiple configuration between gNB and UEs. It can provide the better coexistence with non-RedCap UEs, as well as higher spectral efficiency and better scheduling flexibility. 
Observation 7: Better spectral efficiency, scheduling flexibility, coexistence with non-RedCap UE can be achieved by supporting RedCap UEs operating in a wider BWP. 
Observation 8: Simper gNB implementation is expected and not requiring gNB to support multiple BWPs with different bandwidth. 
To support RedCap UE dynamically operating in a wider BWP, some specifications change is needed. For example, retuning time need to be defined. It is expected to be smaller than BWP switching time since the same subcarrier spacing is assumed. For example, 1 symbol is used for RF retuning in eMTC system.  Resource allocation of PDSCH/PUSCH needs to be reviewed, as well as configuration of CORESET/search space for PDCCH and resource for PUCCH.  In addition, enhancement on CSI report for a wider bandwidth is essential to improve the spectral efficiency for UE operating in a BWP larger than RF bandwidth. Similar as eMTC, link adaptation on PDCCH can be considered. In this case, the RS resources associated with CORESETs in different frequency locations can be used for CSI measurement over wider bandwidth. To reduce resource overhead, the RS resources can be PDCCH DMRS. In addition to the benefit of CSI measurement over wider BW, link adaptation on PDCCH can also improve coverage of PDCCH with SE gain. The link adaptation SE gain for PDCCH can be seen as comparable to that for PDSCH, considering the equivalent resources overhead according to the analysis in Section 2. Alternatively, the legacy CSI report or SRS transmissions per BWP can be extended to multiple narrowbands to provide CSI for a wider BWP. 
Proposal 1: Further study on RedCap UE operating in a wider BWP, at least considering:
· Define a retuning time for frequency hopping within a wider BWP
· Resource allocation of PUSCH/PUSCH
· Resource configuration for PDCCH and PUCCH
· CSI report for a wider BWP bandwidth, including PDCCH based CSI report. 
· Option 2: UE-specific BWP no larger than RF bandwidth
Alternatively, BWP switching mechanism can be reused to provide frequency selective gain for RedCap with RF bandwidth smaller than the entire carrier bandwidth. RedCap UEs can be configured with multiple BWPs with BW no larger than maximum UE BW in different frequency locations, while gNB can distribute UEs to an ideal BWP for data reception/transmission according to real-time channel conditions and traffic load for each BWP. 
However, BWP switching requires a longer switching time, e.g., slot level, which may bring unnecessary latency and reduced the data rate. Currently, most of configurations are configured per-BWP, all the configurations are configured with a per-BWP manner. Besides, UE may clear buffers after BWP switching. HARQ-ACK may not able to transmit to gNB. It may not be an issue for current NR system because it is not expected to frequently switch BWP although BWP can be dynamically switched.  
Observation 9: Using BWP switching to support RedCap UE dynamically scheduled in a wider bandwidth may lead to low data rate, longer latency and poor performance. 
 In addition, NR Rel-16 only supports CSI report or channel sounding for active BWP. When the maximum UE BW for a RedCap UE is smaller than carrier bandwidth, the RedCap UE only acquire CSI for a narrowband per each measurement or CSI report.  Without the CSI for the entire carrier bandwidth, it’s impossible for the NW to switch RedCap UEs to an ideal BWP with best channel condition. Therefore, enhancement regarding CSI acquisition outside active BWP is essential for the deployment of RedCap services with high spectral efficiency.
To obtain CSI outside active BWP, both CSI measurement or report for non-active DL BWPs and channel sounding based on SRS transmission for non-active UL BWPs can be considered. For the benefit of less spec impact, periodic/semi-persistent SRS transmission or CSI report outside active BWPs can be supported. Alternatively, aperiodic SRS transmission or CSI report can be extended for both active BWPs or non-active BWPs. 
Observation 10: CSI report outside of active BWP and SRS transmission for non-active UL BWPs can improve spectral efficiency.
Proposal 2: Further study on supporting RedCap UE with UE-specific BWP no larger than its RF bandwith, at least considering:
· Support SRS transmissions or CSI report for link adaptation outside active BWP.  
If gNB configure a wider BWP for non-RedCap UEs, and a narrower BWP for RedCap UEs, for coexistence, RedCap UEs should be able to dynamically schedule between multiple BWPs, which may have the same subcarrier spacing with the wider BWP for non-RedCap UE. Similar as switching between frequency locations within a wider BWP, the returning time for RedCap UE to switch between different BWPs with same subcarrier spacing can be much shorter than current BWP switching time.  Therefore, for both options, LS to RAN 4 to ask on the switching time assuming the same subcarrier spacing is needed for RAN 1 to provide a proper design. 
Proposal 3: LS RAN4 on the BWP switching time or RF retuning time assuming same subcarrier spacing.
Subband CSI reporting for smaller BWP size
Similar as non-RedCap UEs, RedCap UEs can also be dynamically scheduled between BWPs whose sizes (number of PRBs) can be different. In particular, some BWP sizes can be small (e.g. smaller than 24 PRBs). In the current NR specification, however, for the BWP size < 24 PRBs, only wideband (WB) CSI reporting is supported; whereas for the BWP size >= 24 PRBs, gNB can configure a subband (SB) CSI reporting, wherein the CSI report includes one CQI or/and PMI for each SB in the CSI reporting band (within the configured BWP). For Redcap UEs, since the data rate and TBS is expected to be much lower than non-Redcap UEs, the occupied BW is not expected to be large for typical traffic. With the SB CSI reporting, the gNB has the flexibility to schedule RedCap UEs at the granularity of the SB size (which is configurable and the minimum value is 4 PRBs). In addition, the SB CQIs (one CQI for each SB) can be used for improved link adaptation, which can help improve performance significantly (when compared with a WB CQI). In summary, the SB CSI reporting is beneficial for RedCap UEs since it can improve link adaptation, scheduling flexibility, and UE power saving. 
Observation 11: SB CSI reporting for RedCap UEs can facilitate better link adaption, scheduling flexibility, and UE power saving.
Based on the above observation, we propose to allow SB CSI reporting for all BWP sizes. In particular, just like the case when BWP size >= 24 PRBs, the SB CSI reporting should be supported for the case when the BWP size < 24 PRBs, at least for RedCap UEs. This for example can be supported by introducing a SB size (e.g. 2 or 4) for BWP size < 24 PRBs. In addition, due to the small BWP size, the UE CSI calculation can be restricted for example to rank 1 only, or small number of CSI-RS ports (e.g. 2 or 4) even for the RedCap UEs with more than 1 Rx branches. Such restrictions are beneficial for RedCap UEs due to the following reasons:
· Calculating rank > 1 CSI or processing large number of CSI-Rs ports require more computations at the UE, hence, should be avoided for power saving purpose.
· For small BWPs (e.g. < 24 PRBs), the likelihood of both rank >1 and the spatial multiplexing gain with large number of CSI-RS ports are small, hence, there may not be any performance benefits for asking the UE to compute a rank > 1 CSI or process large number of CSI-RS ports.
Proposal 4: Consider to support SB CSI reporting for BWP size < 24 PRBs, at least for RedCap UEs:
· Support a SB size for BWP size < 24 PRBs, where the SB size can be fixed or configured
· When BWP size < 24 PRBs, the SB CSI reporting can be  restricted to rank 1 only and a small number of CSI-RS ports (e.g. 2 or 4)
PDCCH blocking rate reduction and traffic loading
For initial access
As descripted in TR 38.875[2], if sharing the CORESET with non-RedCap UEs, there may have some congestion. In NR system, although additional search spacing can be configured for DCI for RACH and paging in system information, all the DL transmission before RRC connection is restricted in CORESET 0 bandwidth, including PDCCH and scheduled PDSCH. No issue is observed so far for NR system. However, since RedCap UEs may have less Rx branches, double DL resources are needed to reach the Redcap UEs in the same location. In order to relieve the congestion, separated configurations for initial access and paging for Redcap UEs from non-RedCap UEs can be supported. For example, dedicated/additional RO for PRACH, dedicated/additional CSS for RAR/Msg3retx/Msg 4 and CSS for paging. New IEs in SIB1 or separated SIB1-Redcap can be considered, as well as for other SIBs for Redcap-specific configuration in system information, if any. Moreover, frequency resource out of CORESET 0 bandwidth with in iBWP can be considered for additional CSS and as well as for the PDSCHs scheduled by PDCCH in CSS. On the other hands, with separated configurations for PRACH, gNB can used it to identify Redcap UEs from non-Redcap UEs, if the resource is orthogonal. 
Proposal 5: Separated configuration for initial access and paging can be supported. 
Proposal 6: Further study on allowing the DL resource outside of COREST 0 for at least Type1-PDCCH CSS, Type 2-PDCCH CSS, and the scheduled PDSCH. 
For connected mode	
According to the analysis in Section 2, reducing number of Rx antennas will increase in large control overhead, PDCCH blocking, and low spectral efficiency for data. To mitigate the impact due to reduced Rx branches, enhancements for PDCCH overhead reduction and coverage enhancement can be considered. 
For PDCCH overhead reduction, a single DCI to schedule multiple PDSCH/PUSCH can be supported. The multiple PDSCH/PUSCHs can either be from a single UE without loss on scheduling flexibility or from multiple UEs with additional benefit on PDCCH blocking rate reduction. For the latter case, compact DCI per UE, or FDMed/TDMed PDSCHs/PUSCHs can be further considered to reduce the DCI payload size. 
For PDCCH coverage enhancement, the potential schemes to support should not increasing PDCCH overhead so that higher CCE ALs or PDCCH repetitions are not needed. A simple solution to consider is compact DCI, which is supported for URLLC in Rel-16. In addition, link adaptation on PDCCH can be considered to improve coverage of PDCCH with SE gain. The link adaptation SE gain for PDCCH can be observed as comparable to that for PDSCH, considering the equivalent channel resource overhead according to the analysis in Section 2. 
Proposal 7: Support multi-PDSCHs/PUSCHs scheduling for PDCCH overhead reduction and PDCCH blocking rate reduction.
Support of HD-FDD 
One of objectives for RedCap WI is to support HD-FDD type A with the minimum specification impact. Different from HD-FDD type B utilizing a whole slot as a guard period for RF switching, a guard period for RF switching in HD-FDD type A is created by utilizing small portion of a slot between transmission and reception. Regarding the guard period, one of main specification impacts for HD-FDD type A is about specifying DL-to-UL and UL-to-DL switching time as analyzed in TR38.875. 
Regarding the switching time, Rel-16 spec. (i.e., TS38.211) has already specified a transition time for a UE not capable of full-duplex communication as follows: 
	A UE not capable of full-duplex communication is not expected to transmit in the uplink earlier than 𝑁Rx-Tx𝑇c after the end of the last received downlink symbol in the same cell where 𝑁Rx-Tx 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 𝑁Tx-Rx𝑇c after the end of the last transmitted uplink symbol in the same cell where 𝑁Tx-Rx is given by Table 4.3.2-3.
Table 4.3.2-3: Transition time  and 
	Transition time
	FR1
	FR2

	
	25600
	13792

	
	25600
	13792





Actually, the transition time in Rel-16 was determined based on TAoffset [4] in RAN4. In other words, TAoffset was considered as the upperbound for switching time between Tx and Rx (TTXRX or TRXTX) taking into account impacts on throughput and overheads for all SCSs in the system if the UE is allowed to exceed TAoffset for TTXRX or TRXTX. Given the discussion history in the RAN4, it would be good to check to RAN4 whether or not values for the transition time in the Table 4.3.2-3 of TS38.211 can be also applicable for a RedCap UE supporting HD-FDD type A or, otherwise, other values should be specified for the RedCap UE. 
Proposal 8: Send LS to RAN4 to ask whether “Transition time  and ” can be reused for a RedCap UE supporting HD-FDD type A.
Another specification impact for HD-FDD type A is about specifying how the UE handles DL/UL collision as analyzed in TR38.875. It is very likely that a RedCap UE can be scheduled with both transmission and reception at the same time under current Rel-16 specifications. For example, there may be some collisions between semi-static periodic transmissions (e.g., CSI reporting, SRS and etc.) and periodic receptions (e.g., PDCCH monitoring, CSI-RS and etc) and also between dynamic schedulings for DL and UL. A simple approach to handle these collisions is to follow TDD behaviors as much as possible. For example, 
1) Dynamic scheduling cancels the configuration by higher layers, 
2) No collision is expected between dynamic UL/DL scheduling, 
3) No collision is expected between for semi-UL/DL transmission or reception. 
If there is a case that current TDD spec. cannot address the collisions completely, it can be further discussed whether some specification ways such as specifying a priority rule need to be defined between different channels/signals. 
Proposal 9: Apply TDD principles as much as possible in order to address collisions between DL and UL for a RedCap UE supporting HD-FDD type A. 
Conclusion
This paper discusses UE complexity reduction. The following observations are made:
Observation 1: Some degradation is observed due to loss in frequency selective scheduling gain with reduced bandwidth.
Observation 2: Higher PDCCH blocking rate and congestion for initial access are expected in same CORESET are shared between RedCap UEs and Non-RedCap UEs.
Observation 3: Reduced number of Rx branches results in large control overhead, PDCCH blocking, and low spectral efficiency for downlink.   
Observation 4: DL-to-UL and UL-to-DL switching time, and handling of  DL/UL collision needs to be specified by RAN 1 to support Type A HD-FDD operation.
Observation 5: No specification change is needed to support reduced the number of DL MIMO layer with the reduced number of Rx branches.
Observation 6: No specification change is needed to optionally support 256QAM in DL for an FR1 RedCap UE.
Observation 7: Better spectral efficiency, scheduling flexibility, coexistence with non-RedCap UE can be achieved by supporting RedCap UEs operating in a wider BWP. 
Observation 8: Simper gNB implementation is expected and not requiring gNB to support multiple BWPs with different bandwidth. 
Observation 9: Using BWP switching to support RedCap UE dynamically scheduled in a wider bandwidth may lead to low data rate, longer latency and poor performance. 
Observation 10: CSI report outside of active BWP and SRS transmission for non-active UL BWPs and improve spectral efficiency.
Observation 11: SB CSI reporting for RedCap UEs can facilitate better link adaption, scheduling flexibility, and UE power saving.
Based on the observations, we make the following proposals:
Proposal 1: Further study on RedCap UE operating in a wider BWP, at least considering:
· [bookmark: _GoBack]Define a retuning time for frequency hopping within a wider BWP
· Resource allocation of PUSCH/PUSCH
· Resource configuration for PDCCH and PUCCH
· CSI report for a wider BWP bandwidth, including PDCCH based CSI report. 
Proposal 2: Further study on supporting RedCap UE with UE-specific BWP no larger than its RF bandwith, at least considering:
· Support SRS transmissions or CSI report for link adaptation outside active BWP.  
Proposal 3: LS RAN4 on the BWP switching time or RF retuning time assuming same subcarrier spacing.
Proposal 4: Consider to support SB CSI reporting for BWP size < 24 PRBs, at least for RedCap UEs:
· Support a SB size for BWP size < 24 PRBs, where the SB size can be fixed or configured
· When BWP size < 24 PRBs, the SB CSI reporting can be  restricted to rank 1 only and a small number of CSI-RS ports (e.g. 2 or 4)
Proposal 5: Separated configuration for initial access and paging can be supported. 
Proposal 6: Further study on allowing the DL resource outside of COREST 0 for at least Type1-PDCCH CSS, Type 2-PDCCH CSS, and the scheduled PDSCH. 
Proposal 7: Support multi-PDSCHs/PUSCHs scheduling for PDCCH overhead reduction and PDCCH blocking rate reduction.
Proposal 8: Send LS to RAN4 to ask whether “Transition time  and ” can be reused for a RedCap UE supporting HD-FDD type A.
Proposal 9: Apply TDD principles as much as possible in order to address collisions between DL and UL for a RedCap UE supporting HD-FDD type A. 
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