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Introduction
[bookmark: _Hlk525462591]In RAN#97, the work item on enhanced support of reduced capability NR devices was approved [1]. The objective on further reducing UE complexity is described as follows –
· Further reduced UE complexity in FR1 [RAN1, RAN2, RAN4]
· UE BB bandwidth reduction
· 5 MHz BB bandwidth only for PDSCH (for both unicast and broadcast) and PUSCH, with 20 MHz RF bandwidth for UL and DL
· The other physical channels and signals are still allowed to use a BWP up to the 20 MHz maximum UE RF+BB bandwidth.
· UE peak data rate reduction
· Relaxation of the constraint () for peak data rate reduction
· The relaxed constraint is, e.g., 1 (instead of 4).
· The parameters () can be as in Rel-17 RedCap.
· Both 15 kHz SCS and 30 kHz SCS are supported.
· Aim to define at most one Rel-18 RedCap UE type for further UE complexity reduction.
· The existing UE capability framework is used, and changes to capability signalling are specified only if necessary. By default, all UE capabilities applicable to a Rel-17 RedCap UE are applicable unless otherwise specified.
Notes:
· The work defined as part of this WI is not to overlap with LPWA use cases.
· Coexistence with non-RedCap UEs and Rel-17 RedCap UEs should be ensured.
· This WI considers all applicable duplex modes unless otherwise specified.
Check in RAN#98-e regarding:
· [bookmark: _Hlk114756505]Whether UE peak data rate reduction for UE is limited only with UE BB bandwidth reduction or standalone
· Whether or not/how a separate early indication can be supported
· Other restrictions of the WI (e.g., connectivity restrictions, band, etc.)
In this contribution, we discuss RedCap UE complexity reduction.
[bookmark: _Hlk525462634][bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973]UE Baseband Bandwidth Reduction
The objective on further reducing UE complexity in [1] includes reducing the UE baseband bandwidth in FR1. For this complexity reduction, the data channel bandwidth (PDSCH and PUSCH) is limited to 5 MHz in the baseband (i.e. 5 MHz in contiguously assigned PRBs) while keeping the RF at 20 MHz. All the other channels and signals (e.g. SSB, PDCCH, CSI-RS, DL PRS, PRACH, PUCCH, SRS) can still use 20 MHz RF + BB. 

Observation 1: Rel-18 RedCap UE has the same capabilities as Rel-17 RedCap UE regarding the following channels and signals – SSB, PDCCH, CSI-RS, DL PRS, PRACH, PUCCH, SRS.

Comprehensive analysis of this option was performed with results captured in [2] and the corresponding average UE complexity reduction is summarized in Table 1.
[bookmark: _Ref114749056]Table 1. Average UE complexity reduction achieved compared to corresponding Rel-17 baselines [2].
	Option
	FD-FDD 1Rx
	TDD 1Rx
	HD-FDD 1Rx
	FD-FDD 2Rx
	TDD 2Rx
	HD-FDD 2Rx

	BW3
	8.02%
	7.66%
	8.90%
	8.72%
	7.68%
	9.19%



Since only the PDSCH and PUSCH are limited in the baseband, Rel-18 RedCap UE can support the same BWP framework and operations as Rel-17 RedCap UE. The only limitation would be that the gNB would have to restrict the PDSCH and PUSCH allocation to 5 MHz. For UE in connected mode, this is not an issue as the gNB would be aware of the UE capability. For UE in idle/inactive, the initial BWP can still be shared and at most the gNB would have to limit data channel allocation to 5 MHz. This allows the network to support both RedCap UE types within the same BWP. Note that [1] indicates that, by default, all UE capabilities applicable to a Rel-17 RedCap UE are applicable to Rel-18 RedCap UE unless otherwise specified. Therefore, there is no need to have a separate initial/active BWP for Rel-18 RedCap UE.
Proposal 1: Rel-18 RedCap UE supports the same BWP framework and capabilities as Rel-17 RedCap UE and can be configured in the same BWP.
Proposal 2: There is no need to configure separate initial/active BWP for Rel-18 RedCap UE from Rel-17 RedCap UE.
For Rel-17 RedCap UE, center carrier alignment for DL and UL is required in TDD. For Rel-18 RedCap UE, the same principle should apply. However, in this case, only the RF bandwidth for UL and DL needs to be aligned. The 5 MHz portion can be assigned anywhere within the BWP.

Proposal 3: For TDD, only the RF bandwidth for UL and DL needs to be aligned.
One issue to clarify is the precise definition of 5 MHz baseband bandwidth. In [2], this was assumed to be 25 contiguous PRBs at 15 kHz SCS and 11 contiguous PRBs at 30 kHz SCS. These numbers are based on the transmission bandwidth configuration as defined in RAN4 specification 38.104 for channel bandwidth of 5 MHz. In the study item, the use 12 contiguous RBs at 30 kHz SCS was also optionally studied since CORESET construction needs to be a multiple of 6 PRBs. In this case, however, the PDCCH can use up to 20 MHz BW so there is no issue with CORESET. From data channel perspective, the additional PRB at 30 kHz may –
· For PDSCH transmission, this might increase performance (e.g. by allowing lower coding rate for a given TBS, or higher data rate for a given MCS). However, analysis in [2] shows that the improvement is small.
· For PUSCH transmission, this can increase peak data rate. However, as noted in [2], peak data rate requirement of 10 Mbps can already be satisfied using 11 PRBs. Note that, for PUSCH transmission using transform precoding, allocation of 11 PRB is not possible due to restriction that the allocation need to fulfill where a, b, and c are non-negative integers. However, this restriction is the same for all UEs and not expected to cause any loss in system performance.
Therefore, it is proposed to define the 5 MHz baseband bandwidth restriction for data channel based on the transmission bandwidth configuration as defined in RAN4 specification 38.104 for channel bandwidth of 5 MHz.
Proposal 4: From RAN1 perspective, Rel-18 RedCap UE supporting 5 MHz baseband bandwidth for data channels can support up to a maximum of 25 contiguous PRBs at 15 kHz SCS and 11 contiguous PRBs at 30 kHz SCS.
From the RF perspective, the UE can receive up to 20 MHz. In the downlink, this means that the gNB can actually transmit PDSCH that is up to 20 MHz wide to the UE. Of course, the UE will only receive 5 MHz at the maximum. For unicast PDSCH transmission, the gNB of course should allocate PDSCH only up to 5 MHz as additional allocation beyond 5 MHz would be wasted. For broadcast PDSCH transmission (e.g. SIB1, OSI, RAR, paging), the gNB may want to use PDSCH allocation that is larger than 5 MHz. This is because broadcast transmission is received by all UEs. In [2], it was shown that limiting the SIB1 transmission to 5 MHz can severely degrade the performance of SIB1. This is also illustrated in Table 2 where the SIB1 is transmitted using wider bandwidth but the Rel-18 RedCap UE can only receive a portion of it. Therefore, for broadcast transmission, it would be beneficial to allows the gNB to use up to 20 MHz. Rel-18 RedCap UE will only receive 5 MHz but legacy UEs will be able to receive the full transmission.
[bookmark: _Ref115092518]Table 2. Required SNR for SIB1 –2.6 GHz, 30 kHz SCS, 44 PRBs, TBS=1256 bits, 2 Tx antennas at gNB.
	BLER operating point
	Rel-17 RedCap UE receiving all 44 PRBs
	Rel-18 RedCap UE receiving 11 out of 44 PRBs

	10% BLER
	-1.3 dB
	8.0 dB

	1% BLER
	0.8 dB
	12.1 dB


Therefore, it is proposed that, for PDSCH, gNB can allocate up to 5 MHz for unicast data to Rel-18 RedCap UE but gNB can allocate up to 20 MHz for broadcast transmission. In both cases, Rel-18 RedCap UE will receive up to maximum of 5 MHz.
Proposal 5: For unicast PDSCH transmission, the gNB can allocate up to 5 MHz to Rel-18 RedCap UE. For broadcast PDSCH transmission, the gNB can allocate up to 20 MHz.
From a scheduling perspective, since the UE RF spans 20 MHz, the UE can transmit/receive any 5 MHz portion within the BWP of up to 20 MHz. There is no need to restrict the PDSCH/PUSCH allocation to a certain 5 MHz portion or define a frequency portion for UE to operate in.
Proposal 6: Rel-18 RedCap UE can be dynamically allocated any frequency allocation within the BWP of up to 20 MHz.
Since the gNB can use up to 20 MHz for broadcast transmission, there should not be any performance impact to legacy UEs. Therefore, there is no need for separate broadcast transmission (e.g. separate SIB1 or OSI transmission) for Rel-18 RedCap UE. This can also minimize overhead as there would be no need to send duplicate information separately to Rel-18 RedCap UE. 
Proposal 7: There is no need for separate broadcast transmissions (e.g. SIB1, OSI, RAR, Paging) for Rel-18 RedCap UE.
However, as shown in Table 2, Rel-18 RedCap UE can suffer large performance loss. Therefore, performance enhancement that might be needed for Rel-18 UE (e.g. additional repetition) can be considered. For SI transmissions, the UE can combine multiple instances of the PDSCH transmissions. This improves performance at the expense of additional latency. However, it was noted in [2] that the relaxed latency requirements for RedCap can still be met. For Msg2 (RAR), however, only one instance is transmitted. In this case, the gNB can improve performance by ensuring that Msg2 size is small (e.g. by breaking up multiple random access responses into several Msg2 transmissions in the response window). Thus, it seems that performance degradation for broadcast channels can be alleviated either via gNB or UE implementation. However, it would be beneficial to study further potential performance enhancements for broadcast transmission.
Proposal 8: It is FFS whether performance enhancements are needed for broadcast transmissions for Rel-18 RedCap UE.
In the downlink, the PDSCH is limited in the baseband to 5 MHz. However, other channels and signals can be transmitted in BWP up to 20 MHz. In case of simultaneous reception of PDSCH and other channels/signals, this should be supported. For simultaneous reception of two PDSCH transmissions (e.g. unicast and broadcast), this should be allowed as specified by mandatory feature group 5-1. This can be handled via gNB implementation. In case the two PDSCH allocations are larger than 5 MHz, it is FFS whether handling behavior needs to be defined.
Proposal 9: Simultaneous reception of PDSCH (limited to 5MHz in baseband) and SSB/PDCCH/CSI-RS within the BWP is supported for BWP of up to 20 MHz.

Proposal 10: Simultaneous reception of two PDSCH transmissions (e.g. unicast and broadcast) is supported. In case the total frequency allocation is larger than 5 MHz, it is FFS whether UE behaviour needs to be spcified or it can be left to UE implementation.
In the uplink, the PUCCH and PRACH can utilize the full 20 MHz bandwidth. Thus, the PUCCH can be configured e.g. within a 20 MHz BWP while the PUSCH is allocated only a 5 MHz portion. For simultaneous PUCCH + PUSCH transmission, it is proposed that this is supported for BWP of up to 20 MHz
Proposal 11: Simultaneous transmission of PUSCH (limited to 5MHz in baseband) and PUCCH within the BWP is supported for BWP of up to 20 MHz.
UE peak data rate reduction
From 38.306, the peak data rate is determined via –

For RedCap UE, the number of component carrier is 1 and the constraint is given by . In [2], option PR1 was studied where the constraint was relaxed (e.g. to 1) to target peak data rate of 10 Mbps. Table 3 illustrates the cost savings for both peak rate reduction and bandwidth reduction. It is seen that complexity reduction from peak rate reduction is significantly less than from bandwidth reduction. Therefore, the recommendation from [2] was that option PR1 is considered as a potential add-on.
[bookmark: _Ref114757878]Table 3. Average UE complexity reduction achieved compared to corresponding Rel-17 baselines [2].
	Option
	FD-FDD 1Rx
	TDD 1Rx
	HD-FDD 1Rx
	FD-FDD 2Rx
	TDD 2Rx
	HD-FDD 2Rx

	BW3
	8.02%
	7.66%
	8.90%
	8.72%
	7.68%
	9.19%

	PR1
	4.13%
	4.02%
	4.99%
	5.36%
	3.73%
	4.74%


In [1], it states – 
Check in RAN#98-e regarding: 
· Whether UE peak data rate reduction for UE is limited only with UE BB bandwidth reduction or standalone.  
In our view, the complexity saving from peak reduction alone is not sufficient for a stand-alone feature. In addition, it is not preferred to have several variations of Rel-18 RedCap UE – BW3, PR1, BW3 + PR1. Therefore, we propose to have UE peak data rate reduction supported as an add-on to baseband bandwidth reduction and not stand-alone
Proposal 12: UE peak data rate reduction is only supported with the UE baseband bandwidth reduction feature and not as a stand-alone feature.
With baseband bandwidth reduction, the peak data rates for an FDD system with the constraint are given in Table 4, where ,  corresponding to 64-QAM (improved spectral efficiency compared to 16-QAM) and .
[bookmark: _Ref114758631]Table 4. Peak data rates for UE with baseband bandwidth reduction to 5 MHz – FDD (.
	
	15 kHz SCS (25 PRBs)
	30 kHz SCS (11 PRBs)

	Downlink
	15.05 Mbps
	13.24 Mbps

	Uplink
	16.10 Mbps
	14.17 Mbps



Table 4 below, shows the new scaling factor and constraint limit combinations that would be needed to achieve exactly 10 Mbps for this subset of bandwidth reduced PDSCH and PUSCH.   
Table 4. Peak data rates for UE with baseband bandwidth reduction to 5 MHz - FDD.
	
	15 kHz SCS (25 PRBs)
	30 kHz SCS (11 PRBs)

	Downlink
	10 Mbps
	10 Mbps 
(8.2 Mbps with )

	
	 
	
	 
	 

	Uplink
	10 Mbps  
(12.1 Mbps with )
	10 Mbps

	
	 
	
	 
	


As can be seen from Table 4 above, no one combination of a new constraint and new scaling factor will achieve exactly 10 Mbps for all SCS and uplink/downlink combinations. Several options for moving forward now exist, including:
Option 1:	Definining a new scaling factor and constraint for each UL/DL/SCS permutation.
Option 2:	Defining one new scaling factor and one new constraint for all the UL/DL/SCS permutations, e.g. a new scaling factor of 0.57 and contraint limit of 3.4, would ensure a data rate reduction for all permutations which is no lower than 10 Mbps.
Option 3:	Defining one new scaling factor e.g.  = 0.67, would ensure the  element of the peak data rate.
Proposal 13: RAN1 downselect from the following 3 options for modifying the peak data rate calculation for Rel-18 RedCap UEs:
· Option 1:    Definining multiple scaling factors and constraints 
· Option 2:    Defining one new scaling factor and one new constraint
· Option 3:    Defining one new scaling factor and reusing the existing constraint
Other Issues
Early indication:
In [2], it is noted that a separate early indication might be needed for baseband bandwidth reduction. This is because the gNB does not know the UE capability until Msg5. Without a separate early indication, the gNB would be forced to limit the frequency allocation for Msg2/3/4/5 to 5 MHz. In [1], it remains FFS whether or not/how a separate early indication can be supported. For the coverage evaluations in [2], the following assumptions were used –
· Msg2 – 72 bits, 25 PRBs @ 15 kHz, 11 PRBs @ 30 kHz
· Msg3 – 56 bits, 2 PRBs
· Msg4 – 1040 bits, 25 PRBs @ 15 kHz, 11 PRBs @ 30 kHz
In the downlink, in most cases, there was no coverage issue for Msg2/4. For Urban scenario at 4 GHz and DL PSD of 24 dBm/MHz, there were coverage impacts for Msg2 and Msg4. This scenario, however, is a challenging case where other channels also have coverage issues. Also, note that Msg2 is a broadcast message, and the gNB can still send this message using frequency allocation greater than 5 MHz (thus no impact to legacy UE). Rel-18 RedCap UE will of course be able to receive only 5 MHz.
For the uplink, there is no issue with Msg3 coverage except for the rural scenario where the coverage margin for UE with 3dB antenna efficiency loss is worse than the bottleneck channel by less than 0.1dB.
Therefore, it seems that Msg3/4 can be confined via implementation to 5 MHz without any impact to coverage. It should also be noted that Msg3/4/5 support HARQ retransmission, so a packet that cannot be successfully decoded can be re-transmitted. Thus, it is not clear if a separate early identification of Rel-18 RedCap UE is needed. If needed, it seems that having a separate early indication in Msg3 seems sufficient.
Observation 2: The random access procedure for existing Rel-17 RedCap UEs can already be configured to support baseband BW reduced Rel-17 RedCap UEs, but this re-configuration (limiting PUSCH/PDSCH to 5 MHz) may compromise the performance of other non-Rel-18 Bandwidth Reduced RedCap UEs.
Proposal 14: It is FFS whether a separate early indication for Rel-18 RedCap UE is needed. If needed, a separate early indication in Msg3 seems sufficient. 
Rel-18 RedCap UE type:
Currently, the definition of a Rel-17 RedCap UE can be found in TS38.306. This is copied below:
	4.2.21.1	Definition of RedCap UE
RedCap UE is the UE with reduced capability:
-	The maximum bandwidth is 20 MHz for FR1, and is 100 MHz for FR2. UE features and corresponding capabilities related to UE bandwidths wider than 20 MHz in FR1 or wider than 100 MHz in FR2 are not supported by RedCap UEs;
-	The maximum mandatory supported DRB number is 8;
-	The mandatory supported PDCP SN length is 12 bits while 18 bits being optional;
-	The mandatory supported RLC AM SN length is 12 bits while 18 bits being optional;
-	For FR 1, 1 DL MIMO layer if 1 Rx branch is supported, and 2 DL MIMO layers if 2 Rx branches are supported; for FR2, either 1 or 2 DL MIMO layers can be supported, while 2 Rx branches are always supported. For FR1 and FR2, UE features and corresponding capabilities related to more than 2 UE Rx branches or more than 2 DL MIMO layers, as well as UE features and capabilities related to more than 2 UE Tx branches or more than 2 UL MIMO layers are not supported by RedCap UEs;
-	CA, MR-DC, DAPS, CPAC and IAB (i.e., the RedCap UE is not expected to act as IAB node) related UE features and corresponding capabilities are not supported by RedCap UEs. All other feature groups or components of the feature groups as captured in TR 38.822 [24] as well as capabilities specified in this specification remain applicable for RedCap UEs same as non-RedCap UEs, unless indicated otherwise.


A new single definition for a Rel-18 RedCap UE is recommended by the SID. This will help minimize market fragmentation and simplify network support. As discussed earlier, we do not see significant benefits in defining a standalone peak data rate reduction feature, hence key differences of a single Rel-18 RedCap UE definition from the Rel-17 definition above, include:
· The maximum UL and DL RF bandwidth is 20 MHz for FR1. Within this RF BW, the maximum BB bandwidth is unrestricted for all channels, except for PDSCH (for both unicast, broadcast and multicast) and PUSCH, which are restricted to 5MHz.  UE features and corresponding capabilities related to UE bandwidths wider than 20 MHz in FR1 or wider than 100 MHz in FR2 are not supported by RedCap UEs.

· The peak data rate for PDSCH and PUSCH is restricted between 10 and 13 Mbps.
Proposal 15: RAN1 defines one new Rel-18 RedCap UE type for further UE complexity reduction.


UE capability framework:
The existing UE capability framework is used, and changes to capability signaling are specified only if necessary. By default, all UE capabilities applicable to a Rel-17 RedCap UE are applicable unless otherwise specified. The most obvious change needed, is a new UE capability parameter (e.g. supportOfRedCap-r18), that indicates to the network both the baseband BW restriction for PDSCH and PUSCH and the peak rate reduction.
Proposal 16: A new UE capability parameter is defined that indicates that the UE has the following functional components:
-	Maximum FR1 RedCap UE bandwidth is 20 MHz;
-	Maximum FR1 RedCap UE BB bandwidth is restricted to 5 MHz for PDSCH (unicast, broadcast) and PUSCH.  Other channels can use the full 20 MHz.
-	Support of RedCap early indication based on Msg1, MsgA and Msg3 for random access;
-	Separate initial UL BWP for RedCap UEs;
-	Separate initial DL BWP for RedCap UEs.
A Rel-18 RedCap UE shall set the field to supported.
FFS: If early indication methods are shared or separated from Rel-17 RedCap UEs
Conclusions
In this contribution, we consider further reduced capability NR devices and make the following observations and proposals –
Observation 1: Rel-18 RedCap UE has the same capabilities as Rel-17 RedCap UE regarding the following channels and signals – SSB, PDCCH, CSI-RS, DL PRS, PRACH, PUCCH, SRS.
Proposal 1: Rel-18 RedCap UE supports the same BWP framework and capabilities as Rel-17 RedCap UE and can be configured in the same BWP.
Proposal 2: There is no need to configure separate initial/active BWP for Rel-18 RedCap UE from Rel-17 RedCap UE.
Proposal 3: For TDD, only the RF bandwidth for UL and DL needs to be aligned.
Proposal 4: From RAN1 perspective, Rel-18 RedCap UE supporting 5 MHz baseband bandwidth for data channels can support up to a maximum of 25 contiguous PRBs at 15 kHz SCS and 11 contiguous PRBs at 30 kHz SCS.
Proposal 5: For unicast PDSCH transmission, the gNB can allocate up to 5 MHz to Rel-18 RedCap UE. For broadcast PDSCH transmission, the gNB can allocate up to 20 MHz.
Proposal 6: Rel-18 RedCap UE can be dynamically allocated any frequency allocation within the BWP of up to 20 MHz.
Proposal 7: There is no need for separate broadcast transmissions (e.g. SIB1, OSI, RAR, Paging) for Rel-18 RedCap UE.
Proposal 8: It is FFS whether performance enhancements are needed for broadcast transmissions for Rel-18 RedCap UE.
Proposal 9: Simultaneous reception of PDSCH (limited to 5MHz in baseband) and SSB/PDCCH/CSI-RS within the BWP is supported for BWP of up to 20 MHz.

Proposal 10: Simultaneous reception of two PDSCH transmissions (e.g. unicast and broadcast) is supported. In case the total frequency allocation is larger than 5 MHz, it is FFS whether UE behaviour needs to be spcified or it can be left to UE implementation.
Proposal 11: Simultaneous transmission of PUSCH (limited to 5MHz in baseband) and PUCCH within the BWP is supported for BWP of up to 20 MHz.
Proposal 12: UE peak data rate reduction is only supported with the UE baseband bandwidth reduction feature and not as a stand-alone feature.
Proposal 13: RAN1 downselect from the following 3 options for modifying the peak data rate calculation for Rel-18 RedCap UEs:
· Option 1:    Definining multiple scaling factors and constraints 
· Option 2:    Defining one new scaling factor and one new constraint
· Option 3:    Defining one new scaling factor and reusing the existing constraint
Observation 2: The random access procedure for existing Rel-17 RedCap UEs can already be configured to support baseband BW reduced Rel-17 RedCap UEs, but this re-configuration (limiting PUSCH/PDSCH to 5 MHz) may compromise the performance of other non-Rel-18 Bandwidth Reduced RedCap UEs.
Proposal 14: It is FFS whether a separate early indication for Rel-18 RedCap UE is needed. If needed, a separate early indication in Msg3 seems sufficient.
Proposal 15: RAN1 defines one new Rel-18 RedCap UE type for further UE complexity reduction.
Proposal 16: A new UE capability parameter is defined that indicates that the UE has the following functional components:
-	Maximum FR1 RedCap UE bandwidth is 20 MHz;
-	Maximum FR1 RedCap UE BB bandwidth is restricted to 5 MHz for PDSCH (unicast, broadcast) and PUSCH.  Other channels can use the full 20 MHz.
-	Support of RedCap early indication based on Msg1, MsgA and Msg3 for random access;
-	Separate initial UL BWP for RedCap UEs;
-	Separate initial DL BWP for RedCap UEs.
A Rel-18 RedCap UE shall set the field to supported.
FFS: If early indication methods are shared or separated from Rel-17 RedCap UEs
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