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Introduction
The work item on the support of reduced capability NR devices has been approved [1]. One of the objectives is to specify higher layer support for these reduced capability devices:
	· [bookmark: _Hlk58502603][bookmark: _GoBack]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).



As mentioned in the WID [1], work on the above objective will start only after RAN#91e. Therefore, this contribution is only intended for presenting our views on the objective, and not for discussion during RAN1#104e. In this contribution, we present our views on early RedCap identification, as well on the definition of RedCap UE type(s) and constraining of RedCap UEs. 
[bookmark: _Hlk60822020]UE identification and access restrictions
Early RedCap Identification
The motivation of early RedCap UE identification is that RedCap UEs may have to be treated differently than legacy UEs during initial access, i.e. before the UE capabilities are known. The possible reasons for this have been listed by RAN1 in TR 38.875 [2] as the following:
	-	Coverage recovery (including link adaptation) for one or more of: Msg2 PDCCH/PDSCH, Msg3 PUSCH and PDCCH scheduling Msg3 retransmission, Msg4 PDCCH/PDSCH or PUCCH in response to Msg4, Msg5 PUSCH and associated PDCCH, if it is determined that coverage recovery for RedCap UEs is necessary for one of more of these channels
-	Identifying UE minimum processing times capabilities for PDSCH processing and PUSCH preparation, if relaxations to UE min processing times are defined for N1 and N2
-	Identifying UE capability for UL modulation order for Msg3 and Msg5 scheduling, if relaxations to max UL modulation order (i.e., UL modulation order restricted to lower than 64QAM) are introduced
-	Identifying UE max bandwidth capability for Msg3 and Msg5 scheduling and PUCCH in response to Msg4



Starting from the bottom, the minimum device BW for initial access has in FR1 been agreed to be 20 MHz and 100 MHz in FR2 [1]. 
	o	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



With such relatively wide RedCap BW there will likely not be any practical limitation for Msg2, Msg3, Msg4, or Msg5 scheduling during initial access since the TBS is relatively small. However, the UL initial BWP may be configured to be wider than 20 MHz in FR1 and 100 MHz in FR2, and is this case early RedCap indication would be beneficial (for Msg3/Msg5 PUSCH and Msg4 PUCCH). If not, early RedCap indication is not needed.
Further, with regards to relaxation of maximum UL modulation order, RAN1 did not find the complexity reduction to be large enough to motivate any large relaxations and in practice the only outcome is to make 256QAM optional instead of mandatory for DL in FR1. Therefore, relaxed max modulation order does not motivate any early RedCap indication.
	o	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.



Observation 1 [bookmark: _Toc61904429]RedCap early indication is not required for UE capability for UL modulation order.
Regarding minimum processing time, it was decided to not include it in the WI description [1][4]. Therefore, relaxed minimum processing time does not motivate any early RedCap indication. Note that HD-FDD is not included in the RAN1 list since it is always assumed to be used for initial access.

What then remains is that an early RedCap UE indication could potentially be useful when the UL initial BWP is configured to be wider than the maximum RedCap UE BW and/or for coverage recovery during initial access.[footnoteRef:2]  [2:  Early RedCap indication to provide coverage compensation for the least capable RedCap UE, i.e. with 3 dB antenna efficiency and 1 Rx branch.] 

Observation 2 [bookmark: _Toc61546412][bookmark: _Toc61611773][bookmark: _Toc61904430]RedCap early indication may be required for UE max bandwidth capability and/or coverage compensation.
According to Table 9.1.1-2 in TR 38.875, for the Urban scenario at 2.6 GHz only PUSCH requires coverage compensation of 3 dB for RedCap (both with 1 Rx and 2 Rx branches). Further, this is only the case when 3 dB antenna efficiency loss for wearables is assumed. Even in such case the TR concludes that coverage compensation can be achieved by reducing the PUSCH target data rate.
For the rural scenario at 700 MHz (Tables 9.1.2-2 and 9.1.2-3), similarly there is with the same assumptions a need for an average coverage compensation of 2.8 dB and 1 dB for PUSCH and Msg3, respectively.
For the urban scenario at 4 GHz (Tables 9.1.3-2 to 9.1.3-5), the need for coverage loss was studied by RAN1 at two different power spectrum densities (PSDs) for DL, 33 dBm/MHz and 24 dBm/MHz. These correspond to different base station output power classes, e.g., to macro and micro deployments, respectively. For three of the four cases, considering 1 Rx and 2 Rx branches for RedCap, the only need for coverage compensation is again 3 dB for PUSCH. However, the combination of 24 dBm/MHz and 1 Rx for RedCap in addition requires coverage compensation for some DL channels, approximately 5.5 dB, 2.4 dB and 0.8 dB for Msg2, Msg4 and PDCCH CSS, respectively (assuming 3 dB antenna efficiency loss in both DL and UL for RedCap). That is, DL channels only need coverage compensation in the very specific case of RedCap UEs with 1 Rx antenna with 3 dB efficiency loss in “micro deployments”.
For the indoor scenario at 28 GHz, results are presented for both 50 MHz and 100 MHz RedCap device BW, but since this has been down-selected to 100 MHz we will only discuss this case here (see agreements above and the WID in [1]). For 100 MHz RedCap device BW, there is no need for coverage compensation at all according to Table 9.1.4-2 in the TR (antenna efficiency loss is not assumed in FR2).
In summary, coverage compensation is only needed in FR1 and in specific cases:
[bookmark: _Ref61167360]Table 1: Coverage recovery need and RedCap early indication.
	PHY-channel:
	Coverage compensation:
	Scenario:
	Coverage compensation solution:
	Early indication:

	Msg3
	1 dB
	Only for 700 MHz and with 3 dB antenna efficiency loss.
	E.g. lower-MCS table, repetition for Msg3 PUSCH, and/or HARQ retransmission (+legacy frequency hopping).
	Msg1 indication.

	PUSCH
	3 dB
	Only with 3 dB antenna efficiency loss.

	Lower data target rate.
	Msg1 or Msg3 indication.

	Msg2
	5.5 dB [ 2.5 dB]
	Only in 4 GHz band with 24 dBm/MHz and 1 Rx, AND with 3 dB antenna efficiency loss
[Without 3 dB antenna efficiency loss].

	TBS scaling.
	Msg1 indication.

	Msg4
	2.4 dB
	Only in 4 GHz band with 24 dBm/MHz and 1 Rx, AND with 3 dB antenna efficiency loss.
	Can be solved by more robust scheduling.
	Msg1 or Msg3 indication.

	PDCCH CSS
	0.8 dB
	Only in 4 GHz band with 24 dBm/MHz and 1 Rx, AND with 3 dB antenna efficiency loss.
	E.g. keep-trying, AL=24 (AL=16 used in evaluations), compact DCI, etc.
	Msg1 indication



Looking at which kind of early RedCap indication would be needed, it is seen from Table 1 above that if there is no 3 dB antenna efficiency loss, only Msg2 would need coverage compensation of 2.5 dB.[footnoteRef:3] The connection to the early RedCap indication is that either the coverage compensation is applied for all UEs in the cell (which may lead to unnecessarily high radio resource consumption for legacy UEs), or it is selectively applied only to RedCap UEs after the reception of the early indication in Msg1. [3:  This could be solved by “existing TBS scaling technique” for Msg2 according the TR [4], which refers to a legacy procedure of scheduling the UE over a larger number of PRBs to achieve a lower code rate.] 

Observation 3 [bookmark: _Toc61546413][bookmark: _Toc61611774][bookmark: _Toc61904431]Without 3 dB UE antenna efficiency loss, coverage compensation is only needed for Msg2 in the specific case with 24 dBm/MHz PSD (e.g. micro deployment) and 1 Rx, which can be solved by TBS scaling for Msg2.
Observation 4 [bookmark: _Toc61546414][bookmark: _Toc61611775][bookmark: _Toc61904432]The purpose of the potential RedCap early indication is to be able to apply coverage compensation to RedCap UEs only, and not to all UEs in the cell, to avoid negative impact.
With 3 dB antenna efficiency loss, which is mainly relevant for wearables, DL channels again only require coverage compensation for the specific case of low PSD (24 dBm/MHz) and 1 Rx branch for RedCap, but in addition to Msg2, Msg4 and PDCCH CSS also require compensation. In our understanding the solution for Msg4 is to have more robust scheduling and for PDCCH CSS to have more robust configuration. In the same way as for ‘without 3 dB antenna efficiency loss’ above, the purpose of the RedCap early indication is to either apply the solution to all UEs in the cell, or specifically to RedCap UEs after the indication has been received by gNB. If impact on legacy UEs and scheduling is to be avoided, the Msg1 indication is better in this case since RedCap-specific coverage compensation can then be applied also for Msg2 and PDCCH CSS.  
As stated, the DL coverage compensation is limited to a very specific scenario, and the more general problem is coverage compensation for Msg3 and PUSCH when there is 3 dB antenna efficiency loss. Msg3 is among the evaluation scenarios only a problem for 700 MHz, and the solution is to schedule Msg3 more robustly to compensate for the 1 dB coverage loss (early indication in Msg1 is required to apply to RedCap UEs only, but perhaps not needed for this moderate coverage compensation since the impact on legacy will be small). 
For PUSCH, it has been concluded that this can be solved by a lower target data rate [2]. As outlined above, this would be done, either for all UEs in the cell, or as soon as the gNB becomes aware that the UE is a RedCap UE, i.e. after reception of early indication, either after Msg3 reception (if the UE comes from RRC_INACTIVE), or after Msg5 reception at the latest (if the UE comes from RRC_IDLE). However, the only PUSCH transmission before this is the actual transmission of Msg5 (Msg3 is treated separately above), so to have PUSCH coverage compensation specifically for RedCap UEs either Msg1 or Msg3 early indication could be used. To avoid having a lower target data rate for Msg5 PUSCH for all UEs in the cell, and hence negative impact on legacy UEs and system performance, it is beneficial to have support for early RedCap indication in Msg3.
[bookmark: _Toc61349039][bookmark: _Toc61611787][bookmark: _Toc61904433]It is beneficial to support early RedCap indication in Msg3.
This would also ensure that the gNB has the possibility to reject RRC Setup/Resume from RedCap UEs (See section 2.2.4). If the UE comes from RRC_INACTIVE, this early Msg3 indication comes for free since gNB can determine the full UE capabilities from the UE context retrieved with the I-RNTI in Msg3. However, for UEs coming from RRC_IDLE, a new RedCap early Msg3 indication would be required.
On top of this, it may in some cases be beneficial to have early indication in Msg1, e.g. for Msg3 coverage compensation, or for DL PHY-channel coverage compensation in “micro deployment” with 1 Rx branch as discussed above. However, it may not be desirable to be restricted to always have the Msg1 indication, since in many scenarios the coverage loss can be compensated e.g. by more robust configuration without negative impact on legacy performance. Alternatively, if RedCap UEs with 3 dB antenna efficiency loss need not be supported, if some coverage loss is acceptable for these UEs, or if cell size is small, no coverage compensation is needed at all (except for Msg2 with 24 dBm/MHz and 1 Rx). Therefore, and to avoid always reserving resources for early Msg1 indication, we think making it configurable to have the early indication in Msg1 or not is the best and most adaptive solution.
[bookmark: _Toc61349040][bookmark: _Toc61611788][bookmark: _Toc61904434]It is beneficial to support optionally configurable early RedCap indication in Msg1.
Whether to have separation of PRACH resources, of preambles, or of initial UL BWP can be discussed after RAN#91e.
2.1.1 Early Indication in MsgA
The above discussion considers 4-step RACH for initial access. RedCap UEs may additionally support 2-step RACH and RAN1 includes the option for 2-step RACH for the early indication in the TR as follows [2]:
	· Option 4: During MsgA transmission
· Subject to support of 2-step RACH procedure



However, Option 4 was deprioritized in RAN1 during the SI phase [2].
	Study of Option 4 was deprioritized, i.e. study of the 4-step RACH procedure was prioritized over study of the 2-step RACH procedure.



Further, the RAN1 coverage recovery in the SI, which is found to be one of the main motivation for having a RedCap early indication as outlined above, does not consider 2-step RACH procedure.
[image: ]
Figure 1: 2-step RACH signaling diagram.
[bookmark: _Toc61349032]Since MsgA in principle consists of the combination of the 4-step Msg1 and Msg3, our understanding is that the coverage recovery assessment in Table 1 would be applicable, correspondingly. That is, “Msg3”, or rather the MsgA PUSCH, would need coverage compensation by 1 dB for UEs with 3 dB antenna efficiency loss, which could either be applied to all UEs (via more robust scheduling) or using an early indication in MsgA. The latter would e.g. correspond to MsgA indication in the preamble part, i.e. separate 2-step resources or separate preambles to be used for RedCap, which are then mapped to more robust coverage compensated MsgA PUSCH resources (as for Msg1, not coverage compensation should be required for MsgA preamble part). Note that unlike for 4-step RACH, there is no possibility to dynamically change the MsgA PUSCH grant depending on if early indication is received from the UE or not.
Observation 5 [bookmark: _Toc61611776][bookmark: _Toc61904435]For RedCap specific coverage compensation of MsgA (PUSCH part), separate 2-step resources for MsgA preamble part are required.
[bookmark: _Toc61349041]For subsequent messages to MsgA, if the UE comes from RRC_INACTIVE, gNB can, in the same way as for 4-step RACH, deduce that the UE is of RedCap type from the I-RNTI. I.e. no RedCap early indication in “Msg3” is required. However, if the UE comes from RRC_IDLE the second part of the 5G-S-TMSI will not be received until in “Msg5”, i.e. the uplink transmission subsequent to MsgB. For RedCap UEs with 3 dB antenna efficiency loss it may be of interest to be able to coverage compensate this transmission and if so an early indication in MsgA would be needed. The options for early indication in MsgA are to either have early indication in the MsgA preamble part (e.g. separate RedCap 2-step preambles) or an indication in MsgA PUSCH. If MsgA PUSCH coverage compensation is not needed it is preferable to have the early indication in MsgA PUSCH to avoid preamble partitioning. Since this depends on the scenario, it is beneficial to have the indication in MsgA preamble part configurable.
[bookmark: _Toc61611789][bookmark: _Toc61904436]For 2-step RACH, it is beneficial to support configurable MsgA early RedCap indication in MsgA preamble part (e.g. separate preambles). 
[bookmark: _Toc61349033]Similar to 4-step RACH, from Table 1 it can be seen that MsgB coverage compensation is only required in lower power cells (e.g. micro base-stations) with 24 dBm/MHz in combination with only 1 Rx branch in the RedCap  UE. MsgB, which is in principle a combination of Msg2 and Msg4, could be coverage compensated only for RedCap UEs without impact on legacy UEs, if an early RedCap indication has been received in MsgA. Again, the MsgA early indication could either be in the MsgA preamble part (e.g. separate preambles) or in the MsgA PUSCH part, but for coverage compensation of the DL and MsgB there is no added benefit of having the early indication via preamble partitioning (also valid for “Msg5” and later messages).
Observation 6 [bookmark: _Toc61611777][bookmark: _Toc61904437]For coverage compensation for MsgB and later messages, early RedCap indication in the preamble part of MsgA (e.g. separate 2-step RACH resources) does not have any advantages compared to indication in MsgA PUSCH.
[bookmark: _Toc61349042]For 2-step RACH it is therefore in most cases sufficient to have an early RedCap indication in the PUSCH part of MsgA. This can be achieved either implicitly via the existing I-RNTI (when then UE comes from RRC_INACTIVE) or via a new indication (when the UE comes from RRC_IDLE).
[bookmark: _Toc61611790][bookmark: _Toc61904438]It is beneficial to support early RedCap indication in MsgA PUSCH.
Definition and constraining of reduced capabilities
Definition of RedCap UE type
With regards to the definition of RedCap UE type(s), it has been captured in the TR that the definition can be based on one of [2]:
· Option 1: All the reduced capabilities recommended at the end of the RedCap study.
· Option 2: Only include the reduced capabilities that the network needs to know during initial access, if any.
· Option 3: All the recommended reduced capabilities as well as recommended power saving features.
Option 4: The corresponding minimum set of the reduced capabilities that one RedCap UE type shall mandatorily support.
RedCap UE type definition can be further discussed after RAN#91e when the open issues regarding UE complexity reduction objectives are resolved.
[bookmark: _Toc61611794][bookmark: _Toc61904439]RedCap UE type definition can be further discussed after RAN#91e when the open issues regarding UE complexity reduction objectives are resolved.
It should be noted that the definition in terms of UE capabilities may vary between different bands. For example, the number of UE Rx branches in the RedCap UE type definition may vary in different FR1 bands. This may be driven by the consideration of balancing the trade-off between UE cost reduction and coverage loss. For instance, for the operation bands that require 2 Rx, RedCap UEs only need to support 1 Rx, and for the operation bands that require 4 Rx, RedCap UEs may need to support 2 Rx (depending on the outcome of RAN#91e). However, when the RedCap type is indicated by a UE, the network can unambiguously infer the reduced capabilities of the UE in the band it operates.
Observation 7 [bookmark: _Toc53748074][bookmark: _Toc61611786][bookmark: _Toc61904440]The exact definition of RedCap type in terms of UE capabilities may vary between different bands. However, when the RedCap type is indicated by a UE, the network can unambiguously infer the reduced capabilities of the UE in the band it operates.
With regards to the number of UE types, RAN2 has agreed to capture in the TR that “the number of different UE types should be minimised to reduce market fragmentation, and UE types should be introduced only where essential to control UE accesses and differentiate them from other non-RedCap UEs” [5]. This aspect too can be further discussed after RAN#91e when the open issues regarding UE complexity reduction objectives are resolved.
Observation 8 [bookmark: _Toc61904441]RAN2 has agreed to capture in the TR that “the number of different UE types should be minimised to reduce market fragmentation, and UE types should be introduced only where essential to control UE accesses and differentiate them from other non-RedCap UEs”.
Constraining of RedCap UEs
In order to ensure that RedCap UEs are only used for intended use cases, the following potential solutions has been considered during the SI phase in RAN2 (see Section 10.2 of [3] for more details):
· Option 1: RRC Reject based approach
· Option 2: Subscription validation
· Option 3: Verification of RedCap UE
· Option 4: Left up to network implementation to ensure RedCap UE uses intended services and/or resources.
The decision on which of the above option(s) to choose will be made only during the WI phase in RAN2. In addition to the above potential solutions, while specifying the definition of the RedCap UE type, it needs to be ensured that the UEs with reduced number of Rx branches will not be allowed to have the optional support for wider bandwidths than the reduced maximum UE bandwidth (i.e., 20 MHz in FR1 and 100 MHz in FR2). This helps to further prevent RedCap UEs from using capabilities not intended for RedCap UEs
[bookmark: _Toc61904442][bookmark: _Toc61611795]While specifying the definition of the RedCap UE type, it is beneficial to ensure that the UEs with reduced number of Rx branches will not have support for wider bandwidths than the reduced maximum UE bandwidth (i.e., 20 MHz in FR1 and 100 MHz in FR2).  
Conclusion
In the previous sections we made the following observations: 
Observation 1	RedCap early indication is not required for UE capability for UL modulation order.
Observation 2	RedCap early indication may be required for UE max bandwidth capability and/or coverage compensation.
Observation 3	Without 3 dB UE antenna efficiency loss, coverage compensation is only needed for Msg2 in the specific case with 24 dBm/MHz PSD (e.g. micro deployment) and 1 Rx, which can be solved by TBS scaling for Msg2.
Observation 4	The purpose of the potential RedCap early indication is to be able to apply coverage compensation to RedCap UEs only, and not to all UEs in the cell, to avoid negative impact.
Observation 5	It is beneficial to support early RedCap indication in Msg3.
Observation 6	It is beneficial to support optionally configurable early RedCap indication in Msg1.
Observation 7	For RedCap specific coverage compensation of MsgA (PUSCH part), separate 2-step resources for MsgA preamble part are required.
Observation 8	For 2-step RACH, it is beneficial to support configurable MsgA early RedCap indication in MsgA preamble part (e.g. separate preambles).
Observation 9	For coverage compensation for MsgB and later messages, early RedCap indication in the preamble part of MsgA (e.g. separate 2-step RACH resources) does not have any advantages compared to indication in MsgA PUSCH.
Observation 10	It is beneficial to support early RedCap indication in MsgA PUSCH.
Observation 11	RedCap UE type definition can be further discussed after RAN#91e when the open issues regarding UE complexity reduction objectives are resolved.
Observation 12	The exact definition of RedCap type in terms of UE capabilities may vary between different bands. However, when the RedCap type is indicated by a UE, the network can unambiguously infer the reduced capabilities of the UE in the band it operates.
Observation 13	RAN2 has agreed to capture in the TR that “the number of different UE types should be minimised to reduce market fragmentation, and UE types should be introduced only where essential to control UE accesses and differentiate them from other non-RedCap UEs”.
Observation 14	While specifying the definition of the RedCap UE type, it is beneficial to ensure that the UEs with reduced number of Rx branches will not have support for wider bandwidths than the reduced maximum UE bandwidth (i.e., 20 MHz in FR1 and 100 MHz in FR2).
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