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Introduction
[bookmark: _Hlk525462591]In Rel-17 WI for reduced capability devices [1], UE complexity reduction features are to be specified as described below –
· 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.)
In this contribution, we consider RAN1 specification impact of UE complexity reduction features, taking into consideration the need to minimize L1 changes.
[bookmark: _Hlk525462634][bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973]Reduced maximum UE bandwidth
In [1], it was agreed that the maximum bandwidth for FR1 and FR2 RedCap UEs during and after initial access would be 20 and 100 MHz, respectively. In addition, optional support of a wider bandwidth in FR1 up to 40 MHz after initial access will be discussed at RAN#91e. Furthermore, the WID states that Rel-15 SSB bandwidth is reused and L1 changes minimized.
For initial access, the bandwidth of the SSB, CORESET0, and SIB1 are within the maximum bandwidth for FR1 and FR2 RedCap UEs. Therefore, existing SSB, CORESET0 and SIB1 design can be reused for RedCap UEs. Furthermore, in [2], it was concluded that there is no coverage issue with SSB, CORESET0 and SIB1 for RedCap UEs except for the case of FR1 TDD with 1Rx and reduced antenna efficiency where a small enhancement for PDCCH CSS (e.g. 1dB) may be needed. It was noted that, for FR2, SSB and CORESET0 may be multiplexed together in the frequency domain. In some cases, the bandwidth exceeds 100 MHz. While this would require the UE to first receive the SSB then retune to receive CORESET0 in a time-multiplexed manner, there is no issue with this configuration. In practice, it means that some multiplexing configurations may require longer acquisition time, but latency is not expected to be an issue for RedCap UEs. Therefore, we propose to reuse existing SSB, CORESET0, and SIB1 design for RedCap UEs. The SSB and CORESET0 design may be reused without any changes. For SIB1, additional parameters related to RedCap may be added. However, this is no difference than adding additional parameters to support other features. 
Proposal 1: Reuse Rel-15 SSB, CORESET0, and SIB1 design for RedCap UEs.
One issue to be addressed is with respect to UE transmission or reception beyond its current frequency range. This can happen in several situations when the configured BWP is larger than the maximum UE bandwidth, for example –
· PRACH occasions that are frequency mutiplexed such that the total frequency range of the PRACH extend beyond the maximum UE bandwidth
· PUCCH frequency hopping on the BWP edges when the uplink BWP is larger than the maximum UE bandwidth
· PDSCH or PUSCH transmission on the BWP where the BWP is larger than the maximum UE bandwidth (e.g. in FR1, if the BWP is 50 MHz, the UE maybe allocated resources within the BWP that is beyond maximum UE BW the as shown in Figure 1)   
[image: ]
[bookmark: _Ref59284686]Figure 1. RedCap UE operating in wideband BWP (FR1).
This RF re-tuning will allow for efficient operation and seemless coexistence with legacy UE. However, the issues of center frequency and re-tuning time need to be discussed. It may be so that the center frequency can be left up to UE implementation or addressed in RAN4. However, the re-tuning time may need some discussion in RAN1.
Furthermore, in case that gNB allocates bandwidth to RedCap UE that is larger than its maximum bandwidth, this is an error case and it can be discussed whether UE behavior needs to be defined. In general, this error behavior is up to gNB implementation to avoid and UE behavior is not defined.
Alternately, RedCap UE could be restricted to only operate in BWP that is smaller than or equal to the maximum UE bandwidth. In this case, there would be no issue with wideband operation as discussed above. However, this means that there may be some restrictions on the legacy UE as the network would be limited in configuring the initial BWPs such that they are within the maximum UE bandwidth. In our understanding, in NR, the UE is not allowed to access the system if the initial bandwidth part is larger than the supported bandwidth per RRC specification. In 38.331, it states –
2>	if the UE supports an uplink channel bandwidth with a maximum transmission bandwidth configuration (see TS 38.101-1 [15] and TS 38.101-2 [39]) which
-	is smaller than or equal to the carrierBandwidth (indicated in uplinkConfigCommon for the SCS of the initial uplink BWP), and which
-	is wider than or equal to the bandwidth of the initial uplink BWP, and
2>	if the UE supports a downlink channel bandwidth with a maximum transmission bandwidth configuration (see TS 38.101-1 [15] and TS 38.101-2 [39]) which
-	is smaller than or equal to the carrierBandwidth (indicated in downlinkConfigCommon for the SCS of the initial downlink BWP), and which
-	is wider than or equal to the bandwidth of the initial downlink BWP:
….
2>	else:
3>	consider the cell as barred in accordance with TS 38.304 [20]; and
3>	perform barring as if intraFreqReselection is set to notAllowed;
Therefore, RedCap UE should also follow this same procedue. Furthermore, we don’t see a compelling reason to configure larger BWP for RedCap UE. It is then proposed that RedCap UE does not support BWP that is wider than the maximum UE bandwidth. This would apply for UE in idle, connected, and inactive states. It would be up to the network to ensure that the system is configured appropriately for RedCap. In our view, while this places some limitations on network configuration and potential legacy UE performance, we believe the liminations are relatively minor.
Proposal 2: RedCap UE does not support BWP that is wider than the maximum UE bandwidth.  
In a related issue, the gNB would need to know of the UE capability in order to allocate resources accordingly. Since Msg2 and Msg4 are transmitted within the CORESET0 bandwidth, there is no issue with RedCap UE. However, in case that the initial UL BWP is larger than the maximum UE bandwidth, the gNB would either need to identify the UE prior to Msg3 or to restrict Msg3/Msg5 to within the UE bandwidth. Generally Msg3 and Msg5 sizes are generally small and therefore do not require large transmission bandwidth. In the SI evaluation, Msg3 size is 56 bits and uses only 2 PRBs. Even the PUSCH for data transmission requires only 30 PRBs in the SI evaluation. Therefore, even if the initial UL bandwidth part is allowed to be larger than maximum UE bandwidth, it is unlikely that the gNB would schedule the UE for Msg3/Msg5 with larger bandwidth. Therefore, from this perspective, there is no need to identify RedCap UE before Msg3.
However, it has been concluded in [2] that coverage enhancement of up to 3dB may be needed in FR1 for Msg3 for UE with reduced antenna efficiency. In this case, it may be necessary to identify such a UE prior to Msg3 in order to allow for Msg3 coverage enhancement (e.g. modified RAR grant and PUSCH transmission).
Proposal 3: In FR1, it may be necessary to identify RedCap UE with reduced antenna efficiency in Msg1 if Msg3 coverage enhancement is needed. 
One remaining issue with reduced bandwith is optional support of a wider bandwidth up to 40MHz. This can be used, e.g. by a RedCap UE with 1 Rx antenna to reach 150 Mbps peak rate in the downlink. Presently, for UE with 1Rx antenna and using optional 256-QAM, downlink peak rate of a little over 109 Mbps can be achieved (note that for 64-QAM the peak downlink data rate would be around 82 Mbps). However, this requires significant increase in complexity as shown in Table 1. Note that, for a RedCap UE with 2 Rx antenna branches, 2 DL MIMO layers are supported and therefore the UE can reach 150 Mbps peak rate using 20 MHz bandwidth. Furthermore, it may not be necessary to achieve 150 Mbps downlink peak rate for all RedCap configurations. Therefore, we don’t see the need to support optional 40 MHz bandwidth after initial access.
[bookmark: _Ref46433070]Table 1. Relative complexity reduction estimation from reducing the RF bandwidth.
	Functional block
	Cost breakdown

	
	100 → 20 MHz
(FR1 TDD)
	100 → 40 MHz
(FR1 TDD)

	Power amplifier
	25.0%
	25.0%

	Filters
	15.0%
	15.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	55.0%
	55.0%

	Duplexer / Switch
	5.0%
	5.0%

	Total of RF
	100%
	100%

	ADC / DAC 
	1.7%
	3.5%

	FFT/IFFT
	0.6%
	1.4%

	Post-FFT data buffering
	1.9%
	3.9%

	Receiver processing block
	17.4%
	23.2%

	LDPC decoding
	5.4%
	7.2%

	HARQ buffer
	2.3%
	4.7%

	DL control processing & decoder
	4.0%
	4.0%

	Synchronization / cell search block
	9.0%
	9.0%

	UL processing block
	1.0%
	2.0%

	MIMO specific processing blocks
	9.0%
	9.0%

	Total of Baseband
	52%
	68%

	Overall relative cost
	71%
	81%



Based on the above discussion, it is proposed that optional wider bandwidth up to 40MHz after initial access for FR1 RedCap UE is not supported.
Proposal 4: Optional wider bandwidth up to 40MHz after initial access for FR1 RedCap UE is not supported.  
Reduced minimum number of Rx branches
The WI states that –
· 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.
For reduced number of Rx branches, the main specification impacts are mostly related to RAN4, namely demodulation performance requirements, RRM, CSI reporting requirements, RF, and receiver sensitivity requirements. From RAN1 perspective, potential specification impacts for this feature are mostly related to coverage recovery. However, as noted in [2], although there are performance loss associated with reducing the number of Rx branches, generally the coverage of the DL channels is better that that of the bottleneck channel for the reference NR UE. The only exception is for 4Rx → 1Rx reduction with reduced antenna efficiency. However, as it is not clear what would be the minimum number of Rx branches for frequency bands where a legacy NR UE is required to be equipped with a minimum of 4 Rx antenna ports, it is not yet clear whether there would be any specification impact.
One potential optimization is related to RedCap identification in Msg1 which could help with MCS selection and resource allocation for subsequent messages during initial access. Otherwise, the gNB would have to treat all UEs as RedCap UEs until the type is known.
Proposal 5: There is no RAN1 specification impact from reducing the minimim number of Rx branches in frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports, except for possible RedCap early identification in Msg1 for potential optimization.
For FR1 TDD with minimum of 4 Rx antennas, the minimum number of Rx branches has not been agreed. From the simulation results presented in [3], it is seen that there are substantial link-level loss when the number of Rx antennas is reduced. In general, when the reduction is by half (e.g. 4Rx→2Rx or 2Rx→1Rx), the loss may be an acceptable trade-off to cost reduction. However, from 4Rx→1Rx, the loss of 7.2 dB will severely impact coverage. Note that this loss is determined at 10% BLER. For some messages (e.g. Msg2) where HARQ is not used, the eNB would have to target lower BLER (e.g. 1%). At 1% BLER, the loss from 4Rx→1Rx is even larger (8.2 dB for the example [3]). In addition, due to small form factor, additional antenna efficiency loss of up to 3dB also needs to be considered. Indeed, coverage analysis from [2] shows that DL coverage recovery will be needed if 1Rx is supported for FR1 TDD.
Proposal 6: For frequency bands where a legacy NR 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 is 2.
Maximum number of DL MIMO layers
The WI states that for a RedCap UE with 2 Rx branches, 2 DL MIMO layers are supported. In addiiton, for a RedCap UE with 1 Rx branch, 1 DL MIMO is supported. Thus, the number of supported DL MIMO layer is directly dependent on the number of Rx branches. During initial access and in idle mode, all downlink transmission uses a single layer, so there is no issue. In connected mode, UE capability is known and the gNB can handle each UE type appropriately. Therefore, there is no RAN1 specification impact for RedCap UE supporting 1 or 2 downlink MIMO layer.
Proposal 7: There is no RAN1 specification impact for RedCap UE supporting 1 or 2 downlink MIMO layer.
Relaxed maximum modulation order
In [1], it was stated that support of 256-QAM in the downlink is optional (instead of mandatory) for an FR1 RedCap UE. In addition, no other relaxations of maximum modulation order are specified for a RedCap UE. In term of RAN1 specification impact for this feature, the following potential items are listed –
· DCI optimization
· CQI table optimization
· MCS table optimization
[bookmark: _Hlk60753945]As noted above, these are all optimization and therefore not strictly needed. In our view, there is no need to optimize for this RedCap UE and we should re-use existing DCI formats, CQI tables, and MCS tables. This is especially true since some RedCap UEs can optionally support 256-QAM. Therefore, it is proposed that RAN1 does not consider DCI, CQI, and MCS optimization when 256-QAM is not supported by the RedCap UE.
Proposal 8: RAN1 does not consider DCI, CQI table, and MCS table optimization when 256-QAM is not supported by the RedCap UE.
Based on the above discussion, the main specification impact would be related to capability signaling. This capability can be part of normal UE capability signaling as 256-QAM would not be needed until the UE is in connected mode. Furthermore, in case of scheduling error where the gNB schedule such UE using 256-QAM, the UE behavior is not defined.
Half-duplex operation
RedCap UE can support half-duplex FDD operation (in addition to FDD and TDD) although the WID specifies that this feature should be supported with minimal specification impact. There are several RAN1 specification impacts for this feature, including –
· Switching times between downlink and uplink
· Collision handling and traffic prioritization
· HARQ-ACK bundling support
In our view, HARQ-ACK bundling support can be considered optimization and left to future release given WI guidance of specifying HD-FDD operation with minimum specification impact. 
Proposal 9: HARQ-ACK bundling is not considered in Rel-17.
For the switching time, one option is to reuse the following times ( and ) from 38.211. 
· 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. 
The other option is to adopt the definition of Type A HD-FDD from LTE, namely –
· For type A half-duplex FDD operation, a guard period is created by the UE by not receiving the last part of a downlink subframe immediately preceding an uplink subframe from the same UE
Our preference is to reuse the LTE definition for Type A HD-FDD where both switching times are incorporated into the guard period.
Proposal 10: For half-duplex FDD operation, a guard period is created by the UE by not receiving the last part of a downlink subframe immediately preceding an uplink subframe from the same UE.
In half-duplex operation, the UE is always monitoring the downlink channel unless directed by the network to transmit something in the uplink. For collision handling, several scenarios can be considered. On one hand, it is possible to leave collision avoidance up to the gNB scheduler with no predefined rules. On the other hand, it may be beneficial to define some rules to provide more flexibility to the gNB (i.e. to allow the gNB to schedule overlapping downlink and uplink transmissions). Some potential scenarios include –
· Dynamically scheduled PDSCH colliding with semi-persistent scheduled PUSCH
· Periodic CSI colliding with PDSCH (with and without PDSCH slot aggregation)
For these scenarios, simple priority rule can be defined.
Proposal 11: Define the following collision handling for HD-FDD UE –
· Dynamically scheduled PDSCH is prioritized over semi-persistent scheduled PUSCH
· In case of collision between periodic CSI and PDSCH with slot aggregation, the periodic CSI is dropped
For other cases, it is up to the gNB implementation to avoid collision.
Conclusions
In this contribution, we consider RedCap UE complexity reduction features and make the following proposals –
Proposal 1: Reuse Rel-15 SSB, CORESET0, and SIB1 design for RedCap UEs.
Proposal 2: RedCap UE does not support BWP that is wider than the maximum UE bandwidth.  
Proposal 3: In FR1, it may be necessary to identify RedCap UE with reduced antenna efficiency in Msg1 if Msg3 coverage enhancement is needed. 
Proposal 4: Optional wider bandwidth up to 40MHz after initial access for FR1 RedCap UE is not supported.  
Proposal 5: There is no RAN1 specification impact from reducing the minimim number of Rx branches in frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports, except for possible RedCap early identification in Msg1 for potential optimization.
Proposal 6: For frequency bands where a legacy NR 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 is 2.
Proposal 7: There is no RAN1 specification impact for RedCap UE supporting 1 or 2 downlink MIMO layer.
Proposal 8: RAN1 does not consider DCI, CQI table, and MCS table optimization when 256-QAM is not supported by the RedCap UE.
Proposal 9: HARQ-ACK bundling is not considered in Rel-17.
Proposal 10: For half-duplex FDD operation, a guard period is created by the UE by not receiving the last part of a downlink subframe immediately preceding an uplink subframe from the same UE.
Proposal 11: Define the following collision handling for HD-FDD UE –
· Dynamically scheduled PDSCH is prioritized over semi-persistent scheduled PUSCH
· In case of collision between periodic CSI and PDSCH with slot aggregation, the periodic CSI is dropped
For other cases, it is up to the gNB implementation to avoid collision.
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