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1. Introduction

During RAN plenary meeting 90e, a new work item [1] on support of reduced capability NR devices has been approved with the following objectives:

· 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.
· 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.)
· Specify higher layer support of enhancements listed above [RAN2, RAN1]. Details are to be refined at RAN#91e taking the outcome of the RedCap SI into account, and work on this objective shall start after RAN#91e:

· Specify definition of RedCap UE type(s) including set(s) of L1 capabilities for RedCap UE identification and for constraining the use of those RedCap L1 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.

· Specify functionality that will enable RedCap UEs to be explicitly identifiable to networks and allow operators to restrict their access if desired.

· Specify necessary updates of UE capabilities (38.306) and RRC parameters (38.331).

· Specify RAN4 core requirements for the above. 
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.
· 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 discuss the potential complexity reduction techniques for RedCap UEs.     
2. Discussion on UE complexity reduction techniques
2.1. Reduced number of UE RX/TX antennas
As evaluated in TR38.875 [3], reduced number of RX/TX antennas can significantly reduce the cost/complexity of Redcap UEs. Based on the WID [1], 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.

The main issue of reduced number of UE Rx/TX antennas is the coverage loss of downlink. In order to support a Redcap UE with 1Rx, it shall be considered to specify mechanisms to compensate the performance loss due to less number of Rx than that of normal NR UEs.  
For downlink channels, it has already supported slots aggregation for PDSCH. In addition, a UE can combine multiple SS/PBCH blocks to improve its coverage performance. Therefore, the potential coverage bottleneck of downlink channels may be PDCCH. 

For PDCCH, it can be considered to use large PDCCH aggregation level such as 16 and 32, or PDCCH repetition to improve its coverage.

Proposal 1: Consider to specify large PDCCH aggregation level or PDCCH repetition for coverage recovery for Redcap UE with 1Rx.
When a redcap UE with 1Rx enters into RRC connected states, the gNB can set proper transmission parameters for PDCCH/PDSCH transmission since the gNB has already known the number of UE’s Rx antenna based on UE’s capability reporting. But for the transmission before UE’s capability reporting, e.g., during initial access procedure, the gNB does not know it. In such case, the gNB cannot differentiate legacy NR UE and redcap UE with 1RX, the consequence is either the performance of msg2/ms4 for Redcap UE cannot be guaranteed if the gNB assumes all UEs have 2Rx. Or, the resources would be wasted for legacy NR UEs if the gNB assumes all UEs have 1Rx.

In order to enable proper transmission and improve the system efficiency, early indication of the number of Rx shall be specified. As discussed during the study item phase, both Msg1 and Msg 3 can be considered to carry the indication. If early indication of the number of Rx is carried by Msg1, the gNB would receive the indication before transmission of Msg2 thus it is beneficial for Msg2/Msg4 transmission. Otherwise, if it is carried by Msg3, it would be beneficial for Msg4 transmission. 
Proposal 2: Specify early indication of the number of Rx via Msg1 or Msg3.
It is noted that there would be other impacts of 1Rx. For example, the performance requirements of channel decoding of downlink channels such as PDCCH and PDSCH, RRM measurement requirements shall be revisited in RAN4. As it would be further discussed in detail in RAN4, we will not discuss these here in RAN1. 
For RedCap UEs operating in TDD bands in FR1, there has been intensive discussion on whether to support reducing the number of the Rx antennas from 4 to 1 besides reducing the number of the Rx antennas from 4 to2.

In our views, reducing the number of the Rx antennas from 4 to 1 shall be supported due to the following reasons:

Firstly, reducing the number of the Rx antennas from 4 to 1 has additional cost saving gain. It is observed from the evaluation result in TR38.875[3] that reducing the number of the Rx antennas from 4 to 2 can bring in 31% cost saving and reducing the number of the Rx antennas from 4 to 1 can bring in 46% cost saving. There is 15% additional cost saving with reducing the number of the Rx antennas from 4 to 1. 

Secondly, for some wearable use cases, e.g., smart watch, it is almost impossible to place RF components for 2Rx within the modem due to very small form factor of the devices thus 1Rx is already the typical implementation.
Thirdly, based on our internal evaluation, there would be no obvious difference of the coverage performance between wearable UEs with 2Rx and wearable UEs with 1Rx since: 1) there isn’t sufficient isolation between 2 Rx antenna elements thus there is no diversity gain and 2) very smaller size of the second antenna which is restricted by the small form factor thus the antenna gain is much lower than that of 1st antenna. 
Therefore, we propose 1Rx shall be supported for Redcap UEs operating in TDD bands in FR1.
Proposal 3: 1Rx shall be supported for Redcap UEs operating in TDD bands in FR1.

Proposal 4: Specify 1Rx and 2Rx Redcap UEs operating in TDD bands in FR1 in the work item.
Another issue regarding UE antenna shall be considered for Redcap UEs is the antenna gain loss due to small form factor. Due to the small form factor of the wearable devices, the size of antenna is restricted compared with normal UE thus there is antenna gain loss for such devices. It has been agreed and noted in the updated SID [4] that the extent of additional recovery of coverage loss due to reduced antenna efficiency is to be limited to 3 dB. In this work item, mechanism to handle the antenna gain loss shall be specified in order to well support wearables UEs. Otherwise, the coverage of both downlink and uplink channels would be affected. 
Proposal 5: Mechanism to handle the antenna gain loss shall be specified in the work item.

2.2. UE Bandwidth reduction 
UE bandwidth reduction is another important technique for Redcap UEs. During RAN1 meeting#101-e, the following agreements have been agreed:

Agreements: 
· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access

· Other bandwidths FFS

· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 

· Other bandwidths FFS

Then, during RAN1 meeting 102-e, it is agreed the following:
Agreements:
· For RedCap UEs in FR1,

· The baseline UE bandwidth capability is 20 MHz, which can be assumed during the initial access procedure. 

· Discuss further by email whether there is an issue or a necessity in achieving up to 150Mbps assuming a 20MHz and rank 1 transmission.
Further, during RAN1 meeting 103-e, it is agreed the following:

Working assumption: 
· Support that the maximum bandwidth of an FR2 RedCap UE is 100 MHz during initial access and 100MHz after initial access.

In the following, we discuss bandwidth reduction for Redcap UEs in FR1 and FR2 respectively.
2.2.1 Bandwidth reduction for FR1
For FR1, it is specified in the WID that Maximum bandwidth of an FR1 RedCap UE during and after initial access of 20 MHz is supported. 

During initial access, with a 20MHz bandwidth the Redcap UE can fully cover the initial downlink BWP defined by CORESET 0. Therefore even with the current SS/PBCH and initial downlink BWP, there is no problem for the UE to receive the downlink signals/channels during initial access. One potential issue may be the insufficient system capacity for initial access when the system load is high due to massive number of Redcap UEs in some use cases such as industrial wireless sensors.  To solve this issue, it can be considered to configure multiple initial downlink BWPs and different Redcap UEs can be offloaded to different initial downlink BWP, as shown in Figure 1.  All redcap UEs can share the same initial downlink BWP for SSB and system information reception, e.g., legacy initial downlink BWP defined by CORESET 0 while different Redcap UE can switch to different initial downlink BWPs for RAR and paging reception. The UE camps in BWPs other than the legacy initial downlink BWP can retune to the legacy initial downlink BWP for synchronization and system information if needed.
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Figure 1 Multiple initial DL BWP before initial access 

Proposal 6:  Multiple initial downlink BWP for RAR and paging can be configured for redcap UEs.
For the uplink, it has been proposed as in [5] that in some cases (e.g., when long sequence is used, SCS=5, FDMnum = 8 or when short sequence is used, SCS=30,FDMnum = 8) the total bandwidth of the FDMed ROs will exceed 20MHz. On the other hand, only an initial BWP that is smaller than 20MHz can be configured for a Redcap UE. Please note that, in this case the initial uplink BWP for redcap UEs would be different with that for legacy NR UEs (since initial uplink BWP for legacy NR UE will be large than 20MHz ).  In such case, how the Redcap UE send PRACH shall be considered. 
One possible way is to restrict the network configuration such that the FDMed RO will not span a bandwidth more than 20MHz. With this method, the above issue can be resolved but the flexibility of the network is sacrificed. 
Another way is to allow the UE to retune outside of the initial uplink BWP and send PRACH when the selected RO is outside of the initial uplink BWP. After sending PRACH, the UE retune back to its initial downlink/uplink BWP for reception of Msg2 and Msg4 and transmission of Msg3, as shown in Figure 2. With this method, it does not need to restrict the RO configuration and only frequency retuning is needed for PRACH transmission outside of the initial uplink BWP of Redcap UEs.
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Figure 2 Frequency retuning during initial access when selected RO is outside of the initial UP BWP for RedCap
Proposal 7: Allow Redcap UE to send PRACH outside of its initial uplink BWP.
After initial access, the UE can be configured to work in another initial DL BWP as in SIB1. The initial DL BWP after initial access may be same or different with that of legacy NR UEs. In addition, if all Redcap UE share the same initial DL BWP, the UPT for each Redcap UE would be limited due to bandwidth restriction for the initial DL BWP of a Redcap UE. Therefore, it would be beneficial to improve the system efficiency if different Redcap UEs are allowed to work in different initial DL BWP to boost the system capacity. 

Proposal 8: Different Redcap UE can be configured (e.g., via SIB1) with different initial DL BWP after initial access. 
After the RRC connection is set up, the UE can be configured with one or more dedicated DL/UL BWPs. The bandwidth of the dedicated DL/UL BWPs would be smaller than 20MHz. When UEs only needs small date rate, very small DL/UL BWPs such as 15 PRBs with 15 kHz subcarrier spacing may be configured for the UE for power saving. However, with such a narrow BWP, there would be no enough frequency diversity gain thus the transmission performance would be degraded. Therefore, how to improve the transmission performance when the UE is configured with narrow DL/UL BWP shall be considered. 
Proposal 9: How to improve the transmission performance when the UE is configured with narrow DL/UL BWP shall be further studied.

During the study item phase and RAN plenary meeting#90e, whether to optionally support a large bandwidth than 20MHz (e.g., 40MHz)after initial access has been intensively discussed but without consensus. In our views, 
Optionally supporting of 40MHz is needed at least for high end wearable UEs. Since a wearable UE can only support 1Rx due to its small form factor, if only 20MHz is supported, the supported peak date rate would be less than 150Mbps and cannot meet the requirements of high end wearable use case. Please note that carrier aggregation and dual-connectivity would not be supported for a Redcap UE in this work item.
Proposal 10: 40MHz can be optionally supported by a Redcap UE.
2.2.2 Bandwidth reduction for FR2
We have agreed that Maximum bandwidth of an FR2 RedCap UE during and after initial access is 100 MHz in this work item. Therefore there is no issue for the UE to complete initial access procedure.  In order to resolve the system capacity issue, proposal 5 and proposal 7 can be also applied for FR2.
2.3. HD-FDD
It has been agreed to specify type-A half-duplex operation for Redcap UEs to further reduce complexity. Similar as TDD UE, a half-duplex UE cannot perform signal transmission and reception simultaneously. In order to support type-A half-duplex operation, the switching time between Rx and Tx shall be defined for the UE to adjust the RF chain for switching between transmission and reception. The UE is not required to transmit during the Rx-Tx switching time after the last reception time. And the UE is not required to receive during the Tx-Rx switching time after the last transmission time. For type-A half-duplex, symbols level switching time would be needed.
Proposal 11: The symbol level switching time between Rx and Tx shall be defined for type-A half-duplex operation.
Another important issue shall be considered for a half-duplex Redcap UE is that how to control the UE’s transmission and reception behaviors. Unlink TDD case where there is slot structures configured to guide which slots are downlink slots and which slots are uplink slots, for half-duplex operation there is no such slot structure. 

Fortunately, both LTE Rel-8 and MTC/NB-IoT have already support half-duplex operation, which can serve as a good reference. Generally, in LTE Rel-8 and MTC/NB-IoT, the UE will not take a slot as uplink unless the UE is configured by RRC signaling or scheduled by uplink grant to transmit in that slot. 

For the reference signals and common messages such as SS/PBCH blocks, CSI-RS/TRS, system information, paging message etc., the UE will receive them based on their periodicities and/or the network configuration. In addition, NR has defined flexible PDCCH search space sets, a half-duplex UE only needs to monitor PDCCH in the configured PDCCH search space, which avoid the UE to monitor PDCCH in all slots.  

For uplink, the UE will send uplink channels/signals such as PRACH, SRS based on the network configuration/trigger if needed. The UE is not expected to receive an uplink grant to transmit in a slot where the UE is configured to receive downlink channels and signals. 
Therefore, half-duplex operation mechanism as defined for LTE Rel-8 and MTC/NB-IoT can be considered as the baseline for Redcap UEs. It can be further studied whether any enhancement is needed.

Proposal 12: Half-duplex operation mechanism as defined for LTE Rel-8 and MTC/NB-IoT can be considered as the baseline for Redcap UEs
2.4. Maximum number of DL MIMO layers and Relaxed maximum modulation order 
It has been agreed in the work item that support of 256QAM in DL is optional (instead of mandatory) for an FR1 RedCap UE and no other relaxations of maximum modulation order are specified for a RedCap UE. For a redcap UE not support 256QAM in DL, one important issue is to decide the MCS table. One option is to use existing NR normal coverage or the low SE MCS table for PDSCH which do not have 256 QAM entries. Another option is to define a new MCS table which does not support 256QAM. Within this table, the MCS entries can be carefully optimized for Redcap UEs, e.g., taking account into the characteristics such as 1Rx, antenna gains loss etc.

Proposal 13: For a Redcap UE not support 256 QAM, the following two options can be considered:

· Option 1: Using existing NR normal coverage or the low SE MCS table for PDSCH

· Option 2: Defining a new MCS table
For the maximum number of DL MIMO layers, it has been agreed in the work item that:

· 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.
With the above objective, for a RedCap UE with 1 Rx branch, only 1 DL MIMO layer can be supported. For a RedCap UE with 2 Rx branches, the maximum DL MIMO layers of 2 is supported. One issue is for a RedCap UE with 2 Rx branches, whether it is allowed to support MIMO layer adaptation, which is as specified in Rel-16 power saving. The MIMO layer adaptation is realized via BWP switching framework, which has acceptable complexity for a Redcap UE. In our view, MIMO layer adaptation as specified in Rel-16 power saving shall be supported because of the importance of power saving for a Redcap UE. 
 Proposal 14: MIMO layer adaptation as specified in Rel-16 power saving shall be supported for a RedCap UE with 2 Rx branches.
3. Conclusions
In this contribution, we discussed the complexity reduction techniques for RedCap UEs and we have the following proposals:   
Proposal 1: Consider to specify large PDCCH aggregation level or PDCCH repetition for coverage recovery for Redcap UE with 1Rx.

Proposal 2: Specify early indication of the number of Rx via msg1 or msg3.
Proposal 3: 1Rx shall be supported for Redcap UEs operating in TDD bands in FR1.

Proposal 4: Specify 1Rx and 2Rx Redcap UEs operating in TDD bands in FR1 in the work item.
Proposal 5: Mechanism to handle the antenna gain loss shall be specified in the work item.

Proposal 6:  Multiple initial downlink BWP for RAR and paging can be configured for redcap UEs.

Proposal 7:  Multiple initial downlink BWP for RAR and paging can be configured for redcap UEs.

Proposal 8: Different Redcap UE can be configured (e.g., via SIB1) with different initial DL BWP after initial access. 
Proposal 9: How to improve the transmission performance when the UE is configured with narrow DL/UL BWP shall be further studied.

Proposal 10: 40MHz can be optionally supported by a Redcap UE.
Proposal 11: The symbol level switching time between Rx and Tx shall be defined for type-A half-duplex operation.
Proposal 12: Half-duplex operation mechanism as defined for LTE Rel-8 and MTC/NB-IoT can be considered as the baseline for Redcap UEs

Proposal 13: For a Redcap UE not support 256 QAM, the following two options can be considered:

· Option 1: Using existing NR normal coverage or the low SE MCS table for PDSCH

· Option 2: Defining a new MCS table
Proposal 14: MIMO layer adaptation as specified in Rel-16 power saving shall be supported for a RedCap UE with 2 Rx branches.
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