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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK1]In RAN #90 meeting, a new WID on support of reduced capability (REDCAP) NR devices was approved [1]. One of the objectives is as follows:
	· 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, the potential solutions to support each UE complexity reduction feature are analyzed, focusing on performance, coexistence with non-RedCap UEs, and specification impacts. 
[bookmark: _Ref129681832]On reduced maximum UE bandwidth
As described above, it was specified in WID that the maximum bandwidth during and after initial access for an FR1 RedCap UE and an FR2 RedCap UE is 20MHz and 100MHz respectively. The possibility of optional support of a wider bandwidth up to 40MHz after initial access in FR1 will be further discussed at RAN#91e. In this section, the potential issues and solutions are discussed to support the reduced maximum UE bandwidth in FR1, i.e. 20MHz, wherein the coexistence with non-RedCap UEs is considered as noted in WID.
During initial access
Uplink
For UL, the initial BWP configured in SIB for non-RedCap UEs is different to the initial DL BWP. The bandwidth of the initial UL BWP can be larger than the RedCap UE’s bandwidth capability. One typical configuration of initial UL BWP is 100MHz for TDD band, so that common PUCCH resource can be configured at the both sides of system bandwidth, which can avoid PUSCH source fragmentation. If the existing initial UL BWP for non-RedCap UEs is larger than 20MHz, the following issues should be studied for RedCap UEs.
· Msg.1/PRACH transmission
As discussed in [3], the total BW of 8 FDMed PRACH transmission occasions confined within the initial UL BWP may be larger than 20MHz. Therefore RedCap UEs may not be able to transmit PRACH associated with the selected SSB if the PRACH resources are shared between RedCap UEs and non-RedCap UEs. Several potential solutions can be further studied, including retuning an appropriately chosen center frequency for PRACH preamble transmission as described in [4], restricting the number of SSB indexes associated with one RO be larger than one as analyzed in [5], and etc.
· The transmission of PUSCH for Msg.3
For PUSCH for Msg.3, due to the limited payload size, the scheduled frequency resource will not exceed 20 MHz generally. However, intra-slot frequency hopping for Msg.3 has been specified in Rel-15/16, and it is enabled or disabled dynamically by RAR UL grant scheduled in Msg.2. The frequency hopping pattern is related to the bandwidth and also indicated by RAR UL grant as shown in Table 1-1. 
Table 1-1. Frequency hopping offset for Msg.3 transmission
	Number of PRBs in initial UL BWP
	Value of  Hopping Bits
	Frequency offset for 2nd hop

	
	0
	

	
	1
	

	
	00
	

	
	01
	

	
	10
	

	
	11
	Reserved



If the bandwidth of legacy initial UL BWP is larger than 20 MHz, e.g. 100MHz which is a typical configuration in existing commercial network, RedCap UEs has to perform RF retuning for Msg.3 transmissions between each frequency hopping within a slot for intra-slot hopping with part of the symbols not being able to be used, or perform BWP switching across slots for the same PUSCH/TB. Either of these will require specification changes, unless frequency hopping is completely disabled for all RedCap UEs for Msg.3 PUSCH, which will lead to further performance loss.
· The transmission of PUCCH for Msg.4 HARQ feedback
For PUCCH for Msg.4 HRAQ feedback, the main issue is when frequency hopping is configured, the hopping range determined according to the initial UL BWP can be larger than RedCap UE’s bandwidth capability. 
One potential solution is to configure additional common PUCCH resources for RedCap UEs, which enables PUCCH frequency hopping within UE bandwidth, 20MHz. However, this may lead to PUSCH resource fragmentation as shown in Fig. 1, especially for the scenario that SSB is deployed at the middle of system bandwidth. Uplink data rate of non-RedCap Users will be much influenced, especially for the UEs which are not in support of continuous resource allocation. 
[image: ]
Figure 1. PUSCH fragmentation by common PUCCH resources for RedCap UEs
Another potential solution is to study enhancements of PUCCH frequency hopping within the initial UL BWP larger than 20MHz. In this way, legacy common PUCCH resources can be reused by RedCap UEs. Compared with the first solution, the PUCCH overhead is less and PUSCH resource fragmentation can be avoided. However, the main issue is RedCap UEs have to perform RF retuning before next frequency hopping, which means some part of the PUCCH duration will be dropped and the performance of PUCCH will be degraded. If frequency hopping is disabled, similar to the issue of PUSCH, the UL coverage would be further reduced.
In summary, from the aspect of network flexibility, dedicated initial UL BWP for RedCap UEs can be supported such that the network can easily configure a clean resource for RedCap UEs only. However this may directly create separate (common) resources thus may increase the overhead. If the initial UL BWP is shared, several issues may need to be addressed in order to guarantee RedCap UE performance and also legacy UE performance. A relatively larger amount of specification work may be needed, but most of them may relate to potential enhancements on BWP switching or RF retuning. 
Observation 1: The bandwidth range of PRACH occasions/PUSCH transmission for Msg.3/common PUCCH transmission for non-RedCap UEs may be larger than 20MHz.
Observation 2: UL initial BWP configuration of 20MHz will cause PUSCH resource fragmentation for 100MHz carrier, which reduces data rate experience of eMBB UEs.
Proposal 1: Study potential solutions for uplink channel transmission during initial access to resolve the issues caused by RedCap UE bandwidth reduction, including
· PRACH/PUSCH for Msg.3/common PUCCH
Downlink 
For DL, the initial BWP is limited to 96RBs (SCS = 15KHz) and 48 RBs (SCS = 30KHz), which does not exceed the maximum bandwidth of an FR1 RedCap UEs. However whether the downlink cell-specific/common resource and information confined within the initial DL BWP including SSB, SIB1, RAR as well as paging could be shared between RedCap UEs and non-RedCap UEs should be further analyzed.
· SSB
The bandwidth of RedCap UE is larger than SSB. It can reuse the SSB deployed for non-RedCap UEs to access to the network. The SSB procedure shall not be changed unless any essential issue identified.
· SIB1
Since SIB1 contains the minimum system information for UEs to complete the initial access, whether it can be shared mainly depends on how much similarity there is between the initial access procedures of RedCap UEs and non-RedCap UEs. At the early stage of RedCap development, specific design to RedCap UEs may not be necessary considering the tradeoff between the economies of scale and the network overhead. Therefore, most of the cell common information contained in SIB1 can be expected to be shared between RedCap UEs and non-RedCap UEs. 
On the other side, when the economies of scale of RedCap is enlarged, a new SIB1 containing RedCap-specific information may be investigated. The RedCap-specific SIB1 can be tailored to meet the requirement for RedCap UEs, e.g. with more compact payload such that the coverage of the new SIB1 is improved, and/or with larger minimum periodicity such that overhead is less (comparing to always transmitting a same SIB1 with larger payload). In summary, according to the analysis, whether or not the SIB1 PDSCH can be shared between RedCap UE and normal UE may be decided by the network to provide flexible implementation. One example is depicted in Fig. 2.
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Figure 2. SIB1 transmission structure
For paging and RAR, similar analysis may generally apply. 
Proposal 2: Consider to support configurability of using legacy SIB1 (possibly with RedCap specific IEs) or defining RedCap specific SIB1. FFS configuration separation for Paging or RAR specific to RedCap.

After initial access
· BWP related
In [6], it was specified that bwp-WithoutRestriction is not a mandatory feature. bwp-WithoutRestriction means BW of UE-specific RRC configured BWP may not include BW of the CORESET#0 (if CORESET#0 is present) and SSB for PCell/PSCell (if configured) according to TR38.822. On the contrary, as a mandatory feature, the BW of a UE-specific RRC configured BWP should include SSB for PCell/PSCell. Therefore the BWP configuration for all non-RedCap UEs will be concentrated around one narrow band of 20MHz containing SSB as shown in Fig. 3-a. Furthermore, common channels including SSB, SIB1, SI, paging and so on are all transmitted in the initial DL BWP around SSB, the overhead can be up to ~ 40% from the perspective of the narrow band of  20MHz. This will lead to less available time-frequency resource for RedCap UEs. Thus, for RedCap UEs, when the number of UEs are considerable, traffic congestion will likely occur. 
As a result, the performance for RedCap UEs will be degraded. For example, the data rate for RedCap UEs will be decreased and the PDCCH blocking rate will be increased. According to the evaluation in the previous contribution [7], when the bandwidth of the available resources allocated for RedCap UEs is reduced from 50MHz to 20MHz, the achieved 50% data rate is decreased about 50%. Furthermore when the simultaneously scheduled RedCap UEs are increased from 5 to 10, the average PDCCH blocking rate increases by about 170% as shown in [9]. From this aspect, it would be preferable to ensure the BWPs configured for different RedCap UEs can spread over the whole carrier bandwidth, which results in some BWPs not including any SSB (i.e. SSB-less as depicted in Fig. 3-b) for some RedCap UEs. 
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	(a). BWP for RedCap UEs concentrated around SSB
	(b). SSB-less BWP for RedCap UEs to achieve load balance


Figure 3. SSB BWP configuration for RedCap UEs to achieve load balance

In case that BWP switching happens (e.g. from a SSB-less BWP to a BWP including SSB), if reusing the current BWP switching mechanism (i.e. DCI-based BWP switching) and measurement gap mechanism, a larger switching delay (~ millisecond level) and interruption to data transmission over the SSB-less BWP will frequently incur. The overhead of RRM measurement can be up to 15% considering a typical configuration of measurement period of 40 ms and measurement gap of 6 ms. Efficiency improvement to the BWP switching and measurement gap can be further considered.
Proposal 3: Support that RedCap UEs can be configured on a BWP not containing any SSB.

On reduced minimum number of RX branches
· The number of supported reduced minimum number of Rx branches
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 is still under discussion. For some use case, such as wearable devices, which is with small device form factor like smart watch, it is challenging to implement 2 Rx branches. On the one hand, if 2 Rx are equipped to the smart watch, the radiation space for the antennas is smaller than 1 Rx, which may lead to higher antenna efficiency loss than 1 Rx. On the other hand, the 2 Rx branches may be correlated with each other, which can further reduce the antenna efficiency. 
Considering 2 Rx could provide better network capacity, spectral efficiency at least for non-wearable use cases, peak data rate and lower PDCCH blocking rate [11], both 1 Rx and 2R could be supported by specification. The supported number of Rx branches should be reported explicitly to the network as a UE capability.
Proposal 4: Both 1 Rx and 2 Rx branches are supported by specification for RedCap UEs in FR1 TDD bands where a non-RedCap UE is required to be equipped with a minimum of 4 Rx branches, and the supported number of Rx branches should be reported explicitly to the network.
· Potential DL enhancements 
The need for coverage enhancements may be eliminated/mitigated with existing features (possibly with simple extension) such as TBS scaling for RAR and slot aggregation for Msg.4. While the PDCCH enhancement may require some further investigation. 
For PDCCH, RX braches reduction reduces the receiver diversity gain, resulting in performance degradation. As evaluated in our companion contribution [10], the performance loss is related to the number of Rx branch and PDCCH AL. In summary, the less Rx branches and the smaller PDCCH AL, the larger performance loss. 
To maintain same PDCCH performance loss without reducing payload size of DCI, larger AL has to be used for RedCap UEs, which will lead to higher probability of PDCCH blockage and less scheduled Users with same CCE resources.
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Figure 4． Performance loss due to RX antenna reduction for PDCCH
As discussed above, for the perspective of PDCCH capacity and efficiency, some enhancements should be considered. Starting from techniques that are widely considered in previous PDCCH design, there are two simple approaches for improving the PDCCH capability: a UE specific DCI with reduced payload, or a DCI addressed to multiple UEs by sharing/optimizing some fields.
Compact DCI
Considering RedCap UEs have smaller bandwidth, reduced Rx branches and other reduced capability, some DCI field could be reduced or removed. Reduced DCI size allows transmitting a DCI with lower coding rate for a given AL, meaning that smaller AL can be used with reduced DCI size at same performance, then PDCCH capacity can be improved. Furthermore, if the size of the compact DCI for RedCap UEs can be aligned with fallback DCI, less DCI formats are needed for blind detection, which is beneficial for UE power saving. In Rel-16, a new compact DCI format 0_2/1_2 has been specified. Further reduction to the existing formats or a new format could be considered.
Group wised DCI scheduling multi-UEs
For industrial wireless sensors and video surveillance, the devices are stationary or limited mobility, so UE’s propagation channel varies slowly. On the other hand, for these use cases, traffic model are also periodicity and steady. Under the two conditions, there could be multiple users simultaneously scheduled by a single PDCCH with shared/optimized information fields, thus the total PDCCH overhead can be reduced. Note many group-wise PDCCH are already supported in Rel-15/16.
Proposal 5: Consider to support PDCCH enhancements from the perspective of PDCCH capacity and efficiency improvement, e.g. a compact DCI or a group-wise DCI.

[bookmark: OLE_LINK72]On HD-FDD type A
It was agreed to discuss HD-FDD type A with the minimum specification impact in the new WID. The type A HD-FDD in LTE is defined as:
TS36.211 clause 6.2.5
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.

NR supports flexible slot format, unlike subframe-based transmission/reception in LTE. The two following cases with different slot formats are considered.
Case 1: for the slot with UL symbol(s) and without DL symbol(s). As shown in Figure 5, the slot structure is similar to LTE. In this case, according to LTE type-A HD-FDD, RedCap UEs with HD-FDD should not receive the last part of the slot immediately preceding the slot with uplink symbol(s) from the same UE.
t
slot
DL symbol(s)
UL symbol(s)
DL-band
UL-band

Figure 5. Case 1 of NR slot format
Case 2: for the slot with both UL symbol(s) and DL symbol(s), where DL symbol(s) is prior to UL symbol(s). In this case, according to LTE type-A HD-FDD, RedCap UE s with HD-FDD should not receive the last part of DL symbol(s) immediately preceding the uplink symbol(s) in the same slot from the same UE.
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Figure 6. Case 2 of NR slot format
Integrating the two cases, a guard period can be created by not receiving the last part of DL symbol(s) immediately preceding UL symbol(s) from the same UE, in which the DL symbol(s) can be in the same slot or in the preceding slot. The concept of ‘last part’ can be the same as that in LTE specification, e.g. the part after receiving the UL scheduling information. The guard period requirement of HD-FDD RedCap UEs can be discussed in RAN4. Based on the analysis above, we have
Proposal 6: For the NR RedCap UEs with HD-FDD capability, a guard period is created by not receiving the last part of DL symbol(s) immediately preceding UL symbol(s) from the same UE. The requirement of guard period can be determined in RAN4.
During initial access procedure, since DL and UL messages are not received and transmitted simultaneously, in general there is no specification impact for support of HD-FDD RedCap UEs.  Since both HD-FDD and FD-FDD is supported by specifications and some UEs may not support HD-FDD operation, HD-FDD should be an operation capability, as in LTE. 
Proposal 7: The half-duplex capability should be reported explicitly to the network after initial access.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the potential solutions for RedCap UEs complexity reduction are discussed. Based on the analysis, we have the following proposals:
Observation 1: The bandwidth range of PRACH occasions/PUSCH transmission for Msg.3/common PUCCH transmission for non-RedCap UEs may be larger than 20MHz.
Observation 2: UL initial BWP configuration of 20MHz will cause PUSCH resource fragmentation for 100MHz carrier, which reduces data rate experience of eMBB UEs.
Proposal 1: Study potential solutions for uplink channel transmission during initial access to resolve the issues caused by RedCap UE bandwidth reduction, including
· PRACH/PUSCH for Msg.3/common PUCCH
Proposal 2: Consider to support configurability of using legacy SIB1 (possibly with RedCap specific IEs) or defining RedCap specific SIB1. FFS configuration separation for Paging or RAR specific to RedCap.
Proposal 3: Support that RedCap UEs can be configured on a BWP not containing any SSB.
Proposal 4: Both 1 Rx and 2 Rx branches are supported by specification for RedCap UEs in FR1 TDD bands where a non-RedCap UE is required to be equipped with a minimum of 4 Rx branches, and the supported number of Rx branches should be reported explicitly to the network.
Proposal 5: Consider to support PDCCH enhancements from the perspective of PDCCH capacity and efficiency improvement, e.g. a compact DCI or a group-wise DCI.
Proposal 6: For the NR RedCap UEs with HD-FDD capability, a guard period is created by not receiving the last part of DL symbol(s) immediately preceding UL symbol(s) from the same UE. The requirement of guard period can be determined in RAN4.
Proposal 7: The half-duplex capability should be reported explicitly to the network after initial access.
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