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Introduction
In RAN Plenary #95e, the new study on further enhanced RedCap NR devices was approved. In the last RAN1 meetings, the potential options are agreed to further reduce UE complexity, for how to achieve the narrower bandwidth, the lower data rate and the possibly reduced UE processing time for both data and CSI report.
Those complexity reduction Options are agreed to be further evaluated.
Agreement
· The following options for relaxed UE processing timeline will be studied:
· Option PT1: Relaxation of UE processing time for PDSCH/PUSCH in terms of N1 and N2
· Option PT2: Relaxation of UE processing time for CSI in terms of Z and Z’
· UE complexity reduction estimates for relaxed UE processing timeline are only reported for combinations with UE bandwidth reduction or UE peak rate reduction.
Agreement
· In Option PT1, the relaxation factor for N1 and N2 is 2.
· In Option PT2, the relaxation factor for Z and Z’ is 2.
· The combination of Options PT1 and PT2 is also studied.


Agreement
· The following options for further UE bandwidth reduction can be studied:
· Option BW1: Both RF and BB bandwidths are 5 MHz for UL and DL.
· Option BW3: 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.
· In addition, optional results for the following option can also be reported:
· Option BW2: 5 MHz BB bandwidth for all signals and channels with 20 MHz RF bandwidth for UL and DL. 
· At least the following cases are studied:
· The resource allocation spans a bandwidth of maximum 5 MHz (Maximum UE channel bandwidth).
· The same option is used for UL and DL.
· The same option is used for idle/inactive and connected mode.
· It is FFS whether to study other cases.
· Note: As part of study of above options, it is not precluded to indicate that an observation is relevant for UL only or DL only.
 
Agreement
· The following options for further UE peak rate reduction can be studied:
· Option PR1: Relaxation of the constraint   for peak data rate reduction.
· Option PR2: Restriction of maximum TBS for PDSCH and PUSCH.
· Option PR3: Restriction of maximum number of PRBs for PDSCH and PUSCH.
· At least the following cases are studied:
· The studied peak rate reduction applies to both UE-specific (unicast) and common (broadcast) channels.
· The resource allocation spans a bandwidth of maximum 20 MHz (maximum UE channel bandwidth).
· The same option is used for UL and DL.
· The same option is used for idle/inactive and connected mode.
· It is FFS whether to study other cases.
· Note: As part of study of above options, it is not precluded to indicate that an observation is relevant for UL only or DL only.

In this contribution, we further analyze options of complexity reduction.
Enhancement aspects for RedCap
In the earlier RedCap study, several enhancement areas are identified to be beneficial for lower capability NR devices.  For maximum UE bandwidth, only one bandwidth per FR was accepted for the first release of RedCap devices. Maximum bandwidth of an FR1 RedCap UE during and after initial access is 20 MHz. Maximum bandwidth of an FR2 RedCap UE during and after initial access is 100 MHz. The actually specified RX and MIMO layer are reflected as maximum MIMO layers reported by UE capability. Half-duplex FDD is supported as an optional feature for RedCap devices.
Relaxed UE processing time by double the processing time in terms of N1 and N2 was evaluated but not standardized due to limited of meeting time. Modulation order does not need to be changed as the minimal 64QAM is kept same as Rel-15.
For the Rel-18, several identified options, e.g., BW1~BW3, PR1~PR3 and PT1/2 for reductions of complexity are now under further analysis. 
Smaller Bandwidth for RedCap UE
The target of bandwidth reduction of lower capability UE is 5MHz. For the complexity reduction, 5MHz UE bandwidth would be lowest possible value to be studied and are now in the agree evaluation template. 
Options for supporting narrower bandwidth
Generally, there would be 2 possible directions to realize the bandwidth reduction.
Fixed UE bandwidth for both RF part and BB part: always restricting UE bandwidth to 5MHz. 
If the UE bandwidth is always 5MHz, during the initial access UE have to make it cover the SSB. For 15 kHz sub-carrier spacing, it is possible for that UE’s band cover SSB at 3.6 MHz wide. Larger SCS will not be used. Under that fixed bandwidth limitation, 5MHz RedCap UE have to focus on 15KHz subcarrier spacing. The CORESET#0 support some flexible configuration by SIB1. However, network accommodating that narrowband RedCap UE must have CORESET#0 with the minimal 24 PRBs.
Advanced scheme of retuning RF to sweeping larger bandwidth can be further support to work for higher SCS. If we can let 5MHz UE cover larger bandwidth though TDM, the 30 kHz SCS can be supported. Some extra analysis should be done for the additional complexity and performance loss for RedCap UE.
Decoupled UE bandwidth for RF part and BB part: UE will always tune a maximum 20MHz RF bandwidth and the channels can be restricted to 5MHz.
In terms of complexity reduction, this direction would be targeting the some of the Base Band simplification. However, the RF cost of this direction will not be reduced.
The first direction goes to option BW1. The second direction leads to 2 options: BW3 and BW2. The difference between BW3 and BW2 is whether all the channels or only data channels should be restricted to 5MHz, as illustrated in the Figure 1.   
Thus, it seems the benefit of cost saving will be similar as for BW3 and BW2.


Figure1. 3 Options for UE operating in 5MHz bandwidth.
As discussed before, the second direction about decoupling UE bandwidth for RF part and BB part is quite close to the solution of reducing peak data rate. In the end, this should also be taken into account in combination of techniques. In general, BW3/2 can be replaced by PRx. 
Proposal 1: For the feasibility study of narrower bandwidth, the BW3&2 should be under comparation to options of peak data rate reduction, when considering the combination of technologies.
Complexity reduction of narrower bandwidth
Base on earlier study of MTC type devices, we expect baseband part for complexity will be the main part for reduction especially for BW3&2. We had gone through all the sub-blocks: ADC/DAC, FFT/IFFT, Post-FFT data buffering, Receiver processing block, LDPC decoding, HARQ buffer, DL control, Synchronization, UL process and MIMO, as been agreed in last meeting for evaluation methodology.
Although the RF cost reduction may depend on different vendors’ implementations, we see BW1 could have some complexity reduction. However, the BW3&2 should not have much reduction for RF.
In the Table 1, we shown our results of complexity/cost analysis for narrow bandwidth. 
Table1. RedCap UE cost saving for 20MHz -> 5MHz
	UE BW Reduced to 5MHz
	TDD 1Rx
	FD-FDD 1Rx
	HD-FDD 1Rx (opt)
	TDD 2Rx (opt)
	FD-FDD 2Rx (opt)
	HD-FDD 2Rx (opt)

	Rel-17 RedCap ref (Cost value)
	31.70%
	45.14%
	38.74%
	40.32%
	57.20%
	51.80%

	BW1 (Cost value)
	27.34%
	39.74%
	33.34%
	34.24%
	48.48%
	42.08%

	BW1 cost saving
	13.75%
	11.96%
	13.94%
	15.08%
	15.24%
	18.76%

	BW2 (Cost value) (opt)
	29.26%
	42.14%
	35.74%
	39.24%
	52.25%
	48.08%

	BW2 cost saving
	7.70%
	6.65%
	7.74%
	2.68%
	8.65%
	7.18%

	BW3 (Cost value)
	29.50%
	42.62%
	36.22%
	39.58%
	52.93%
	48.75%

	BW3 cost saving
	6.94%
	5.58%
	6.50%
	1.84%
	7.47%
	5.89%



The relative cost reductions to the Rel-17 RedCap reference case are also given for each Option in different UE configurations. As it can be seen, BW1 have up to 18.76% of cost saving relatively to the refence cases. The BW3&2 can only have single digit percentage gain.
Proposal 2: For better realization of complexity reduction, BW1 should be prioritized for bandwidth reduction study.
Narrower bandwidth impact
When the fixed 5MHz bandwidth UE access the network, it may only access the carriers deployed with 15 kHz SCS. And, for the CORESET#0, bandwidth of 5 MHz can provide maximum control resource as 12 CCEs, if the 24 PRBs and 3 symbols are used. It is not sufficient for supporting AL 16 for that CORESET#0 configuration. Even for AL 8, it is also difficult to select proper resources since the CORESET occupied all the carrier bandwidth. Then, AL4 will be more likely used. It generally means the coverage loss will be 3.0-6.0 dB. For the NR network camping RedCap and non-RedCap UE, the optimal design would be a CORESET size of >= 48 PRBs @ 15 kHz SCS. 
In the contribution [3], corresponding simulation on coverage loss can be found for the related channels, which is inline with the above analysis.
A network should well consider those coexistence cases.  For the carrier without coverage issue, it can configure narrow CORESET#0, which allow RedCap and non-RedCap UE to access. For carriers need larger CORESET#0 only can be accessed by non-RedCap or Rel-17 RedCap UE, a dedicated CORESET#0 can then be configured for 5MHz RedCap UE. That dedicated CORESET#0 will have lower overhead as the bandwidth is much smaller than the legacy one. 
The narrower bandwidth UE should work in dedicated activated BWP. For the data offloading, it may not cover SSB. Then, the measurement for maintain connection have to be well supported. UE should be able to switch BWP between different sub-band for measurement. Another solution would be to allow other measurement resources configured in the dedicated BWP.
The RF retuning for narrower bandwidth UE would be taken into account. For TDD, UE should be able to keep one common central frequency of UL and DL BWP.
Proposal 3: In supporting 5MHz RedCap UE, the candidate solutions to be considered:
RedCap UE can be configured with a dedicated CORESET#0 or a dedicated DL initial BWP.
The DL BWP for RedCap UE may not contain the SSB, additional means of measurement can consider other RS and frequency retuning.
Reduced Data Rate for RedCap UE
Reducing the peak data rate can directly reduce UE complexity in the baseband part. With the evaluation template, we also evaluate the different options of Peak Data reduction.
Target of peak data rate
To evaluate the exact reduction for UE complexity, the exact value range of peak data rate should be given. DL peak rate is available and we agreed options can meet it.
We think for UL, the peak data rate should also be given. Although the DL part is most important for RedCap UE, UL peak data rate may also be useful. In the later stage we also need to consider how to define that capability of UL. In general, we think the application scenarios for RedCap should be the baseline. In Rel-17 SI [1], there are scenarios given.
Three use cases are Industrial wireless sensors, Video Surveillance and Wearables. 
Use case specific requirements [1]: 
· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)
· Video Surveillance: As described in TS 22.804, reference economic video bitrate would be 2-4 Mbps, latency < 500 ms, reliability 99%-99.9%. High-end video e.g. for farming would require 7.5-25 Mbps. It is noted that traffic pattern is dominated by UL transmissions.
· Wearables: Reference bitrate for smart wearable application can be 10-50 Mbps in DL and minimum 5 Mbps in UL and peak bit rate of the device higher, 150 Mbps for downlink and 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).

The enhanced RedCap can target data rate in the low-end side of application scenarios. Thus 10 Mbps for DL and 5 Mbps for UL should be considered.
In the peak data rate, we can estimate based on the Rel-17 specification, e.g., clause 4.1.2, 38.306.  We can set scaling factor=1, 64QAM for UL. The UL overhead of could be 0.08. Then, peak data rate would be around 91Mbps. The current UL data rate is much high than what required by use cases.
Proposal 4: For reducing peak data rate of RedCap UE, 5Mbps for UL are the target data rates, in addition to 10Mbps for DL.
Reduced Data Rate impact
The reduced Data Rate reflect lower UE processing Capacity. The buffer size, coding processing volumes and HARQ buffer can be correspondingly reduced. With the target peak data rate, the corresponding complexity reduction can help to conclude if the feature can be introduced.
The candidates’ options are under evaluation. Results can be found in the Table A, Appendix. We can see the cost reduction of PR1/2/3 is very close to each other. Also, they are in the same level of BW2/3.
[bookmark: _Hlk111266131]Regarding the complexity reduction, Relaxation of the constraint and restriction of maximum TBS would have similar complexity, while restricting PRB would need slightly more efforts. Thus, PR1 and PR2 is preferable among the 3 candidate Options.
Proposal 5: For reducing peak data rate of RedCap UE, RAN1 consider relaxation of the constraint and restriction of maximum TBS over other options.
Similar cost reduction can be achieved as for BW3&2.
Relaxed UE processing time
For RedCap enhancement, we consider the doubling of N1 and N2 in combination of BWx and PRx. In the Table A, the further reduction by PT1 is shown. 2 times of the existing CSI processing timeline is also combined with BWx and PRx for evaluation. The PT2 is also shown in the Table A together with other basic complexity reduction technologies. 
We can conclude both the enhancements is beneficial for cost saving. As those gains are achieved further on top of BWx and PRx, we suggest to introduce both of them.
Proposal 6: RAN1 consider the doubling of N1 and N2 as the data processing time relaxation scheme and doubling of CSI processing timeline for further reduced UE capability.
Conclusion
In this contribution, we have discussed and analyzed the further enhancement of the RedCap devices. For the bandwidth, data rate and processing time, we discussed the evaluation results and the potential changes to be considered.
As summary, we have proposals:
Proposal 1: For the feasibility study of narrower bandwidth, the BW3&2 should be under comparation to options of peak data rate reduction, when considering the combination of technologies.
Proposal 2: For better realization of complexity reduction, BW1 should be prioritized for bandwidth reduction study.
Proposal 3: In supporting 5MHz RedCap UE, the candidate solutions to be considered:
RedCap UE can be configured with a dedicated CORESET#0 or a dedicated DL initial BWP.
The DL BWP for RedCap UE may not contain the SSB, additional means of measurement can consider other RS and frequency retuning.
Proposal 4: For reducing peak data rate of RedCap UE, 5Mbps for UL are the target data rates, in addition to 10Mbps for DL.
Proposal 5: For reducing peak data rate of RedCap UE, RAN1 consider relaxation of the constraint and restriction of maximum TBS over other options.
Similar cost reduction can be achieved as for BW3&2.
Proposal 6: RAN1 consider the doubling of N1 and N2 as the data processing time relaxation scheme and doubling of CSI processing timeline for further reduced UE capability.
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Appendix
Table A: RedCap UE cost saving for peak data rate reduction and combinations of technologies
	Peak data rate reduction and combinations of technologies
	TDD 1Rx
	FD-FDD 1Rx
	HD-FDD 1Rx (opt)
	TDD 2Rx (opt)
	FD-FDD 2Rx (opt)
	HD-FDD 2Rx (opt)

	Rel-17 RedCap ref
	31.70%
	45.14%
	38.74%
	40.32%
	57.20%
	51.80%

	PR1
	29.62%
	42.86%
	36.46%
	39.75%
	49.64%
	49.08%

	PR2
	29.62%
	42.86%
	36.46%
	39.75%
	42.86%
	49.08%

	PR3
	29.56%
	42.74%
	36.34%
	39.66%
	42.74%
	48.92%

	BW1 + PT1 (opt)
	27.10%
	39.41%
	33.01%
	33.91%
	39.41%
	41.61%

	BW1 + PT1 + PT2
	26.86%
	38.81%
	32.41%
	33.67%
	38.81%
	41.01%

	BW2 + PT1 + PT2 (opt)
	28.78%
	41.21%
	34.81%
	38.67%
	41.21%
	47.01%

	BW3 + PT1 (opt)
	29.26%
	42.29%
	35.89%
	39.24%
	42.29%
	48.29%

	BW3 + PT1 + PT2
	29.02%
	41.69%
	35.29%
	39.00%
	41.69%
	47.69%

	PR1 + PT1 (opt)
	29.38%
	42.53%
	36.13%
	39.41%
	42.53%
	48.62%

	PR1 + PT1 + PT2
	29.14%
	41.93%
	35.53%
	39.17%
	41.93%
	48.02%

	PR2 + PT1 + PT2 (opt)
	29.14%
	41.93%
	35.53%
	39.17%
	41.93%
	48.02%

	PR3 + PT1 (opt)
	29.32%
	42.41%
	36.01%
	39.33%
	42.41%
	48.45%

	PR3 + PT1 + PT2
	29.08%
	41.81%
	35.41%
	39.09%
	41.81%
	47.85%
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