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1. Introduction
In RAN1#102-e meeting, some agreements have been achieved for RedCap devices on the UE complexity reduction features, power saving and coverage recovery [1].
	RAN1#102 chairman’s notes [1]
Agreements
For the channel(s) affected by complexity reduction, the following methodology can be used to determine the target performance for coverage recovery

· Step 1: Obtain the link budget performance of the channel based on link budget evaluation

· Step 2: Obtain the target performance requirement for RedCap UEs within a deployment scenario

· FFS on the target performance requirement

· Step 3: Find the coverage recovery value for the channel if the link budget performance is worse than the target performance requirement 

Agreement:

· Link budget evaluation for RedCap should include at least PDCCH/PDSCH and PUCCH/PUSCH

Agreements:

· For initial access related channels, at least Msg2, Msg3, Msg4 and PDCCH scheduling Msg2/4 are included for link budget evaluation

· Other initial access related channels are not precluded

Agreements:

· The impact of small form factor is considered for all the uplink and downlink channels

· A 3dB loss of antenna gain is included in link budget calculation for FR1

· FFS on the application to both FDD and TDD bands or only FDD bands

Agreements: Down-selection on the following options for the target performance requirement for RedCap UEs in RAN1#103-e (aim for early in the e-meeting):
· Option 1: The target performance requirement for each channel is identified by a target MCL or MIL or MPL within a reasonable deployment

· Option 3: The target performance requirement for each channel is identified by the link budget of the bottleneck channel(s) for the reference NR UE within the same deployment scenario

· Note: The “bottleneck channel(s)” are the physical channel(s) that have the lowest MCL or MIL or MPL

· The details for the target performance requirement are FFS

Agreements:
· For SLS based capacity evaluation, use the assumption in TR 38.802, Table A.2.1-1 as the baseline.

· For calibration purposes, the following settings can be used:

Parameters

FR1 values

FR2 values

Layout

Single layer
Macro layer: Hex. Grid

Single layer

Indoor floor: (12BSs per 120m x 50m)

Candidate TRP numbers: 3, 6, 12

Inter-BS distance

500m

20m

Scenario and frequency

Dense Urban:

2.6 GHz (TDD) (primary choice) 

4 GHz (TDD) (secondary choice)

Other scenarios (e.g. Rural 700MHz) are not precluded.

Indoor: 28 GHz (TDD)

Frame structure for TDD

For 2.6 GHz: 

DDDDDDDSUU (S: 6D:4G:4U)

For 4 GHz:

DDDSUDDSUU (S: 10D:2G:2U)

DDDSU (S: 10D:2G:2U)

Channel model

3Duma

5GCM office

UE distribution

20% Outdoor in cars: 30km/h,
80% Indoor in houses: 3km/h

100% Indoor: 3km/h 

Traffic model

Full buffer (Optional)

Non-full buffer traffic, e.g. FTP traffic model 3 for the reference NR UEs and the IM traffic model from TR 38.840 for RedCap UEs 

Traffic load

Full buffer traffic (Optional):

10 users per cell including both RedCap and reference NR UEs
Non-full buffer traffic:

Low (e.g. <30%) and medium (e.g. 30%-50%) loading (resource utilization) 

Percentage of RedCap UEs among total number of UEs

Note: Other UEs are the reference NR UEs

Full buffer traffic (Optional):

0, 20%, 50% (i.e. 0, 2 or 5 RedCap UEs per cell), 100% (as applicable)

Non-full buffer traffic:

0, 25%, 50%,100% (optional, as applicable)


	


In this contribution, we provide the coverage and capacity evaluation results of DL/UL physical channels for RedCap UEs, and analyze the impacts on coverage, capacity and spectrum efficiency caused by the hardware complexity reduction. Furthermore, some potential enhancement techniques are discussed for DL/UL physical channels for RedCap UEs. 
2. Discussion
2.1.  Link level evaluations for the coverage performance of DL/UL channels
RedCap UE is a new type user equipment, such as wearables, video surveillance, and industrial sensors, serving for the medium requirement and specific applications. These applications could be carried by some special devices and widely deployed or used in the industry or in daily life. Compared to the eMBB and URLLC devices for Rel-15/Rel-16, RedCap UE is expected to have lower data rate, looser latency and longer battery life. For example, the reference data rate of 5-50Mbps in DL and 2-5Mbps in UL for RedCap UEs. The battery of wearables should last multiple days or up to 1-2 weeks. 
Due to the regularity and simplicity of the dedicated services, the device cost and complexity of RedCap UE is expected to be lower than the reference UEs as specified in Rel-15/16. Besides, at FR1 bands, due to the limitation of device form, e.g. wearables, the size of RedCap UE may have smaller size than reference UEs. Therefore, compared to reference UE in Rel-15/16, RedCap UE is tended to have reduced number of Rx antennas, narrower maximum UE bandwidth and lower antenna gain loss, as discussed in the last meeting [1]. The differences between RedCap UE and normal UE are summarized in Table 1.
Table 1. Device differences between reference UE and RedCap UE
	Parameter 
	Reference UE
	RedCap UE

	Bandwidth
	FR1 Urban: 100MHz

FR1 Rural: 20MHz
FR2: 100MHz
	FR1: 20MHz

FR2: 50MHz or 100MHz

	Number of UE Antennas
	Urban: 1Tx4Rx

Rural: 1Tx2Rx
	1Tx1Rx or 1Tx2Rx

	Antenna gain loss
	0dBi
	FR1: 3dBi
FR2: 0dBi


2.1.1. Discussion of the target performance requirement
There are two options for determining the target coverage performance requirements for RedCap UEs according to the agreements of the last meeting:
· Option 1: The target performance requirement for each channel is identified by a target MCL or MIL or MPL within a reasonable deployment.
· Option 3: The target performance requirement for each channel is identified by the link budget of the bottleneck channel(s) for the reference NR UE within the same deployment scenario.
For Option 1, RedCap UEs are assumed to work within several reasonable and typical scenarios, such as urban, rural, and indoor scenarios, as defined in [2]. It has been verified that the reference UE can work effectively with the satisfaction of ITU requirements [3]. RedCap UEs are expected to share the site location and frequency band with the reference UE. Therefore, it is reasonable to evaluate the coverage performance of RedCap UEs in typical scenarios already defined for reference UEs, and make sure that RedCap UEs can also meet the requirements in these scenarios. 
For Option 3, the key assumption is that the coverage of RedCap UEs is expected to provide the similar coverage compared to the reference UE working at a reference DL/UL bit rate, and thus the target coverage requirement is determined by the coverage of bottleneck channel of the reference UE. The target performance requirement in Option 3 is a kind of relative requirement. For a given scenario, the evaluation results or the coverage performance gaps between the reference UE and RedCap UE is not impacted by the change of the network deployment parameter, such ISD. Option 3 could be adopted as an additional metric if the coverage requirement is not clearly defined for some scenario. 
Observation 1. Option 1 should be adopted as a general target performance requirement, while Option 3 could be adopted as an additional metric if the coverage requirement is not defined clearly for some scenarios.
2.1.2. The evaluation results of RedCap UE

Considering the above assumptions, the maximum propagation loss (MPL) of DL/UL physical channels for RedCap UE with 1Tx1Rx and 1Tx2Rx in 4 typical scenarios are evaluated and illustrated in Figure 1~4. ISD of  these scenarios is aligned with the current assumptions in the evaluations of Coverage Enhancement SI.  ISD=350m for urban scenario, ISD=1732m for rural scenario, ISD=20m for indoor scenario. The detailed evaluation parameters for different DL/UL physical channels are summarized in Appendix A. The detailed MCL/MIL/MPL values of all DL/UL physical channels are summarized in the excel file appended to this document. The target MPL thresholds of Option 1 and Option 3 are plotted in the figures to indicate the performance gaps of RedCap UEs. The red and green dashed line denote the target MPL derived from Option 3 and Option1 respectively.
· Urban 4GHz
Fig. 1 shows the coverage performance in 4GHz urban scenario. For RedCap UE with 1Tx1Rx, there are five physical channels, broadcast PDCCH (-0.68dB), Msg2 (-1.60dB), PUSCH (-9.99dB), PUCCH Format 3 with 22bits (-1.49dB) and PRACH format B4 (-2.89dB) not satisfying the coverage requirement derived from Option1, and only PUSCH (-2.83dB) cannot reach the coverage requirement of Option3. It should be noted that there is a performance gap of -7.16dB for PUSCH of the reference UE according the target derived from Option 1. For RedCap UE with 1Tx2Rx, all DL channels satisfy the coverage requirement of both Option1 and Option3, the performance gaps of UL channels are same as those of RedCap 1Tx1Rx. For PRACH, it should be noted that PRACH format 0 can meet the coverage target for both option 1 and option 3 metrics. Therefore in the system using the agreed TDD configuration, network can use PRACH format 0 instead so that no coverage issue. 
Observation 2-1. For RedCap UE with 1Tx1Rx, two DL channels, broadcast PDCCH (-0.68dB), Msg2 (-1.60dB), do not reach the coverage requirement of Option1, all DL channels satisfy the coverage requirement of Option3. For RedCap UE with 1Tx2Rx, all DL channels satisfy the coverage requirement of both Option1 and Option3.
Observation 2-2. For RedCap UE, three UL channels, PUSCH (-9.99dB), and PUCCH Format 3 with 22bits (-1.49dB) do not reach the coverage requirement of Option 1, and PUSCH (-2.83dB) do not reach the coverage requirement of Option3.
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Figure1. MPL of RedCap UE for urban scenario at 4GHz
· Urban 2.6GHz

The coverage performance of 2.6GHz urban scenario is drawn in Fig. 2. For RedCap UE, all DL channels can reach the coverage requirement of both Option 1 and Option3. Only PUSCH does not satisfy the coverage requirement with a performance gap of -7.73dB according to Option 1 and -2.81dB according to Option3. It is noted that there is also a performance gap of -4.92dB for PUSCH of the reference UE according to the target requirement of Option 1.
Observation 3. For RedCap UE, all DL channels satisfy the coverage requirement of both Option1 and Option3, and PUSCH does not satisfy the coverage requirement with a performance gap of -7.73dB according to Option 1 and -2.81dB according to Option3.
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Figure2. MPL of RedCap UE for urban scenario at 2.6GHz
· Rural 700MHz

In Fig. 3, the coverage performance for the rural scenario at 700MHz is shown. For RedCap UE with 1Tx1Rx, all DL channels have reached the coverage requirement of Option 1, and Msg2 (-2.49dB) does not reach the target requirement according to Option 3. For RedCap UE with 1Tx2Rx, all DL channels have reached the coverage requirement of Option 1 and Option 3. All UL channels have reached the coverage of Option 1. Four UL channels, including PUSCH (-3.00dB), PUCCH (-5.24dB for format3 22bits, -2.84dB for format3 11bits), Msg3 (-0.67dB) and PRACH format 0 (-4.64dB), do not reach the requirement of Option 3. All the DL/UL channels of RedCap UEs outperform the target requirement derived from Option 1 with additional coverage margin of 11dB at least. The conflict observation indicates that Option 3 relies on the proper selection of target bitrate of the reference UE. For PRACH, although format 0 cannot meet the coverage target, but in the FDD system it is possible to use PRACH format with longer preamble to improve the coverage. For example, PRACH format #2 has 4 times longer preamble sequence than format #0 which expects to provide 6dB gain than format#0, so there should be no coverage issue if format #2 is used. 
Observation 4-1. For RedCap UE with 1Tx1Rx, all DL channels have reached the coverage requirement of Option 1, Msg2 (-2.49dB) does not reach the target requirement according to Option 3. For RedCap UE with 1Tx2Rx, all DL channels have reached the coverage requirement of Option 1 and Option 3.

Observation 4-2. All UL channels have reached the coverage of Option 1; PUSCH (-3.00dB), PUCCH (-5.24dB for format3 22bits, -2.84dB for format3 11bits), and Msg3 (-0.67dB) do not reach the requirement of Option 3.
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Figure3. MPL of RedCap UE for rural scenario at 700MHz

· Indoor 28GHz
In Fig. 4, the coverage performance for indoor scenario at 28GHz is provided. According to Option 3, PDSCH (-0.55dB), broadcast PDCCH (-2.92dB), Msg2 (-4.04dB), Msg4 (-0.84dB) and PBCH (-0.38dB) for RedCap UE with 1Tx1Rx should be enhanced. There is no need for DL/UL channel enhancement according to the requirement of Option 1.Note that in this scenario there is large gap for the coverage target based on Option 1 and Option 3 and it should be discussed whether Option 3 is valid for this scenario. 
Observation 5. For RedCap UE, PDSCH (-0.55dB), broadcast PDCCH (-2.92dB), Msg2 (-4.04dB), Msg4 (-0.84dB) and PBCH (-0.38dB) should be enhanced according to Option 3, all DL channels have reached the requirement of Option 1. All UL channels have reached the coverage requirement of both Option1 and Option3.
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Figure4. MPL of RedCap UE for indoor scenario 
· Summary of the bottleneck channels
We summarize the results of Fig.1~4 in Table 2. More details can be seen in Appendix C. In FR1, we observed that for Option 1, most of the coverage problem channels appear in the 4GHz urban scenario. 
Proposal 1. In FR1, the following DL or UL channels may need to be enhanced comparing with the target coverage requirement according to either Option 1 or Option3 for RedCap UE.
· DL channels: Broadcast PDCCH, Msg2
· UL channels: PUSCH, PUCCH format 3 with 11bits payload or larger, Msg3.
· Table 2. MPL performance gaps of DL/UL channels for RedCap UEs

	
	
	DL
	UL

	4GHz urban
	Option 1
	Broadcast PDCCH (-0.68dB), Msg2 (-1.60dB)
	PUSCH (-9.99dB), PUCCH format3 22bits (-1.49dB)

	
	Option 3
	
	PUSCH (-2.83dB)

	2.6GHz urban
	Option 1
	-
	PUSCH (-7.73dB)

	
	Option 3
	-
	PUSCH (-2.81dB)

	700MHz rural
	Option 1
	-
	-

	
	Option 3
	Msg2 (-2.49dB for 1Tx1Rx)
	PUSCH (-3.00dB), PUCCH (-5.24dB for format3 22bits, -2.84dB for format3 11bits), Msg3 (-0.67dB), 

	28GHz indoor
	Option 1
	-
	-

	
	Option 3
	Broadcast PDCCH (-2.92dB), PDSCH (-0.55dB), Msg2 (-4.04dB), Msg4 (-0.84dB), PBCH (-0.38dB)
	-


Note that, for all the evaluated scenarios, the existence and the extent of the coverage problem is different depending on which option is selected to determine the target coverage performance requirement. Some option may exaggerate the coverage problems for some scenarios. For example, in indoor scenario in 28GHz, the target ISD is 20m as suggested by TR 38.913 [2], no coverage problem is identified if Option 1 is used. Even if the target ISD is extended to 100m, this requirement can still be fulfilled for all the channels. However, when Option 3 is used as the target performance requirement, the coverage “problem” appears. Therefore, even if the coverage problem can be identified using Option 3, the coverage recovery may not be needed for any of the channels, if the target ISD can be achieved in real deployment. For FR2, RAN1 should discuss and decide the proper metric first before the identifying the physical channels with coverage problem. 
Observation 6. It may be not reasonable to use Option 3 to identify the coverage problems in some scenarios, e.g. 28GHz indoor scenario.
To achieve convincing evaluation results, the parameters, such as ISD, in the evaluations for different scenarios should be confirmed based on the NR network deployment in practical. As discussed in coverage enhancement SI in RAN1#102-e, the bottleneck channel defined based on certain target ISD/MPL is considered as one of the metrics, which would be clarified in RAN1#103e.

	Agreements:

· RAN1 strives for satisfying appropriate targets identified by companies particularly operators

· The targets may be in the form of one or more of the following:

· 1. Scenario dependent targets, e.g., ISD/MPL

· 2. Service dependent targets, e.g., [MCL=147] dB for VoIP;

· 3. Relative difference between channels, e.g, MIL(/[MCL])

· Further values and details of such targets will be clarified at RAN1#103-e 


If the targets are available from CE SI, Option 1 should be used based on the same requirements. 

Proposal 2. If MPL/ISD targets are available from CE SI, Option 1 should be used based on the same requirements. 
Proposal 3. The parameters, such as ISD, in the evaluations for different scenarios should be confirmed based on the NR network deployment in practical to achieve convincing evaluation results.
For UL channels, PUSCH of RedCap UE always suffers from a severe performance gap for both options. As noted above, PUSCH of the reference UE also suffers from a -7.16dB performance gap compared with the target MPL derived from option 1. In CE SI, the enhancement of UL channels, such as PUSCH and PUCCH, are the high priority channels as guided by CE SID. It is expected that the UL coverage problems would be well studied, and some new enhancement schemes would be reused for RedCap UEs. The solutions developed for UL channels in coverage enhancement SI can be reused for RedCap UEs. There is a performance gap of PRACH formatB4 in 4GHz urban and PRACH format0 in 700MHz rural scenario. For FR1 band, PRACH with long format, such as PRACH format0 in urban and PRACH format2 in rural, could be used to improve PRACH coverage. As shown in Fig. 1, PRACH format0 satisfies the target coverage requirement of Option 1. Therefore, we should focus to improve the coverage performance of DL channels in the study of RedCap Coverage Recovery.

Proposal 4. The solutions for UL channels introduced in coverage enhancement SI can be reused for Redcap UEs, and enhancement of UL channels could be deprioritized in RedCap.
2.2. System level evaluations for RedCap UEs
In this section, we will discuss network capacity and spectrum efficiency. Several aspects of performance including Resources utilization, UPT, SE and number of scheduled users per slot are considered. In the system level simulation, maximum modulation order of 64QAM in DL and 16QAM in UL, 1 layer are used for FR1; Maximum modulation order of 16QAM in DL and 16QAM in UL, 1 layer are used for FR2. The differences between RedCap UE and normal UE are summarized in Table 3 for FR1 and Table 4 for FR2 respectively.
Table 3. Device feature differences between normal UE and RedCap UE at FR1
	Parameter 
	Normal UE
	RedCap UE

	Bandwidth
	100MHz
	20MHz

	Number of UE Antennas
	1Tx4Rx
	1Tx1Rx or 1Tx2Rx

	Antenna gain
	0dBi
	-3dBi

	Max modulation order
	256QAM in DL
64QAM in UL
	64QAM in DL
16QAM in UL

	Max Tx layers
	2
	1


Table 4. Device feature differences between normal UE and RedCap UE at FR2
	Parameter 
	Normal UE
	RedCap UE

	Bandwidth
	100MHz
	100MHz

	Number of UE Antennas
	1Tx2Rx
	1Tx1Rx or 1Tx2Rx

	Antenna gain
	5dBi
	0dBi

	Max modulation order
	256QAM in DL

64QAM in UL
	16QAM in DL

16QAM in UL

	Max Tx layers
	2
	1


We believe that Burst Traffic can better simulate the actual communication environment, hence, FTP model 3 is used for eMBB UE. Consider the low data rate of the RedCap UE, instant messaging is more suitable. The traffic model configuration as agreed in RAN1 is shown in the table 5.
Table 5. Traffic model configuration
	Parameter 
	Normal UE(FTP model)
	RedCap UE(Instant messaging)

	Model
	FTP model 3
	FTP model 3

	Packet size
	0.5 Mbytes
	0.1 Mbytes

	Mean inter-arrival time
	200 ms
	2 sec


RedCap UE is a new type user equipment which used in the industry or in daily life. However, in our view, the number of eMBB UE on the existing network will not decrease with RedCap UE joining. Therefore, in our evaluation, we determine the number of eMBB UE first, then keep the number of eMBB UE unchanged, and assume different number of RedCap UE added to the network. Which is option 2 in the template that agreed in the email discussion.
Based on the evaluation parameters agreed in the last meeting, we evaluated the impact of RedCap UE on the existing network performance under different scenarios. Take the evaluation results of Urban Macro at 2.6GHz as an example, shown in the following Table 5. For more evaluation results please refer to the excel file based on the agreed evaluation template that we submitted together with this contribution.
Table 6. Evaluation results of Urban Macro at 2.6GHz with 1Rx RedCap
	Metric
	Low Loading (N=8, M=0)
	Low Loading (N=8, M=3)
	Low Loading (N=8, M=8)
	Medium Loading (N=12, M=0)
	Medium Loading (N=12, M=4)
	Medium Loading (N=12, M=12)

	RU
	0.2792
	0.2968
	0.3023
	0.4594
	0.476
	0.4913

	50% UPT (eMBB UEs)
	488090000
	471061000
	471375000
	396736000
	392376000
	387629000

	5% UPT (eMBB UEs)
	177709000
	162543000
	165984000
	102392000
	97197500
	95886300

	Cell avg. SE (bps/Hz) (eMBB UEs)
	5.747
	5.4884
	5.5313
	5.223
	5.1252
	5.0945

	50% UPT (RedCap UEs)
	/
	36388800
	35203400
	/
	25543800
	24365900

	5% UPT (RedCap UEs)
	/
	13540200
	13800900
	/
	7726860
	7239640

	Cell avg. SE (bps/Hz) (RedCap UEs)
	/
	2.3498
	2.3815
	/
	2.362
	2.3096

	50% UPT (All UEs)
	/
	456728000
	436730000
	/
	379110000
	347192000

	5% UPT (All UEs)
	/
	95095200
	34729500
	/
	59827100
	22793800

	Cell avg. SE (bps/Hz) (All UEs)
	/
	5.4334
	5.3932
	/
	5.0859
	4.9779

	Cell served throughput
(Mbps)
	160.46
	161.27
	163.05
	239.9392
	242.1024
	244.5813


In Table 6, N stands for the number of eMBB UE and M stands for the number of RedCap UE. Based on our evaluation results, comparing the simulation results under different RedCap UE number, we observed significantly reduced spectrum efficiency and UPT performance for RedCap UEs compared to eMBB UEs, due to the fact that RedCap UEs have much lower capability for bandwidth and antennas. However, compared to the case with eMBB UEs only, the introduction of RedCap UEs to the system (up to 1 :1 for the ratio between RedCap and eMBB user) has little impact on the eMBB UE performance. This is mainly due to the much sparser traffic model of RedCap UEs comparing to eMBB UEs. Furthermore, the cell capacity (cell served throuhgput) is increased due to the introduction of RedCap UEs to the system.
Observation 7. Due to lower capability of bandwidth, antenna and MCS, RedCap UEs have degraded spectrum efficiency and UPT performance compared to eMBB UEs. 
Observation 8. The introduction of RedCap UEs has little impact to the co-existing eMBB UEs in the system.
Observation 9. The cell capacity (cell served throughput) is increased due to the introduction of RedCap UEs to the system.
In addition, additional RedCap UEs accessed to network may cause the gNB to schedule more UE at the same time, resulting in more PDCCH blockage and reducing network capacity and spectrum efficiency. Hence, we also evaluate the distribution of the number of UEs that gNB schedules at the same time. The detailed evaluation results for different scenarios are summarized in Fig.5~7, and the detailed evaluation results for different scenarios are summarized in Table 7 in Appendix B.
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Figure 5. Ratio of simultaneously scheduled UE number for Urban Macro at 2.6GHz
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Figure 6. Ratio of simultaneously scheduled UE number for Urban Macro at 4GHz
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Figure 7. Ratio of simultaneously scheduled UE number for Indoor hotspot at 28GHz
In figure 5~7, N stands for the number of eMBB UE and M stands for the number of RedCap UE. The corresponding value of the bar graph is the ratio of the slot number which gNB schedules a certain number of users to the total slot number. Based on our evaluation results, we observe that, in most time, the gNB needs only to serve one or two UE(s) at a slot because of the much sparser traffic model for the UE. Otherwise, RedCap UEs do not significantly increase the number of users that the gNB serves at the same time, therefore, the probability of PDCCH blocking will not be significantly increased. For more PDCCH blocking evaluations, please refer our paper in [4].
Observation 10. In most time, the gNB needs only to serve one or two UE(s) within a slot.
Observation 11. RedCap UEs do not significantly increase the probability of PDCCH blocking.
2.3. Potential techniques for coverage recovery
2.3.1. Coverage Recovery for broadcast PDSCH
In Rel-15, PDSCH repetition is adopted to achieve a high reliability. It can also be used to recover the performance degradation caused by the reduced number of Rx antennas. For the use case of 4GHz urban scenario, the performance gap of Msg2 is 1.60dB for 1Rx RedCap UE, which requires about 2 repetitions to compensate the coverage loss. For 2Rx RedCap UE, single PDSCH transmission could satisfy the BLER requirement of PDSCH. The PDSCH repetition number should be determined differently related to the number of Rx antennas of RedCap devices. However, for PDSCH scheduled by fallback DCI, i.e. DCI format 1-0, the PDSCH repetition is not supported in Rel-15/Rel-16. and it can also be considered for broadcast channels for Redcap UEs.
Proposal 5. PDSCH repetition scheme can also be considered for broadcast PDSCH enhancement for RedCap UEs.
2.3.2. Coverage Recovery for broadcast PDCCH
In Rel 15/16, CORESET#0, used to carry the broadcast PDCCH, is associated to different SSBs transmitted by gNB. The time and frequency resources and multiplexing patterns between SSB and CORESET#0 are predefined as several configurable candidates, and transmitted in SSB. Due to the restriction that the maximum CORESET#0 duration is 2 symbols for 20MHz initial BWP with 30KHz SCS, PDCCH with AL >16 is not possible for CORESET#0 PDCCH. Methods to improve the CORESET#0 PDCCH coverage need to be studied, e.g. configure more time and frequency resources for broadcast PDCCH within the limited UE bandwidth. 

The time and frequency resources allocated for PDCCH, including UE specific PDCCH, is limited due to the reduced UE maximum bandwidth for RedCap UEs. The typical bandwidth of FR1 RedCap UE is 20MHz, which is also the maximum bandwidth of the initial BWP. Assuming that there are 48RBs in the RedCap BWP and SCS is 30kHz, thus at most 16CCEs could be used to transmit PDCCH when the CORESET duration is 2 symbols. The limited number of CCEs would impact the PDCCH reliability and the flexibility of multiple UE scheduling. Although PDCCH at the high aggregation level, e.g. AL16, is preferred for RedCap to compensate the Rx antenna number reduction, it will probably result in PDCCH blockage for scheduling multiple RedCap UEs when the cell load is heavy. The solutions for CORESET/PDCCH other than broadcast PDCCH should be also studied for PDCCH coverage recovery.
PDCCH repetition can increase PDCCH reliability without changing the Rel-15/Rel-16 UE behaviors. For inter-slot PDCCH repetition, a DCI is repetitively transmitted in several CORESETs in the continuous slots. For intra-slot PDCCH repetition, a DCI is repetitively transmitted in several CORESETs within a slot. If RedCap UE is required to combine the received signals of these CORESETs for coverage recovery, both intra-slot and inter-slot PDCCH repetition should be studied, which is related to the UE BD/CCE budget discussion. PDCCH repetition may increase the complexity and latency for DCI decoding, and DCI content is preferred to be consistent during the repetition if soft combing is required. Alternatively, PDCCH without combining can also be considered, the performance improvement is achieved by accumulated probability along with the times of decoding attempts. To be compatible with DCI decoding with or without soft combining, the criterion of scheduling PDSCH, e.g. inter slot scheduling, should be studied for RedCap UEs. Figure 6 gives the BLER performance for DCI repetition with soft combining. For RedCap UE with 1Tx1Rx, about 2dB coverage gain can be achieved by 2 times of PDCCH repetition in 2 consecutive slots. On the other hand, PDCCH blockage for other UEs may occur during these consecutive slots. PDCCH repetition scheme should be designed carefully avoiding PDCCH blockage.
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Figure 8. The diagram of inter-slot PDCCH repetition for RedCap UE
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Figure 9. performance evaluation for PDCCH repetition in consecutive slots (PDCCH AL16)
Another way to increase the number of CCEs in one slot is to configure more symbols for CORESET. For example, a six-symbol length CORESET can be configured for one CORESET within one slot, and the scheduled PDSCH and the associated DMRS have to be transmitted at the seventh symbol of the current slot or in the later slots. The new resource mapping criterion should be designed if longer CORESET duration is introduced. However, this approach does not allow for sharing CORESET between RedCap and normal UEs, thus cannot be applicable to CORESET#0 coverage enhancement unless RedCap UEs are configured for a separate initial BWP.
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Figure 10. The resource allocation of six-symbol length CORESET for RedCap dedicated BWP
CORESET bundling is another scheme to increase the CCE number for PDCCH transmission. Two or more CORESETs at different time occasions could be configured to be bundled. The bundled CORESETs could be transmitted several different slots. A high aggregation level DCI could be split into several low aggregation DCI parts and mapped to the CORESETs in a bundle. RedCap UEs would extract the PDCCH candidates from the bundled CORESETs according to a certain CCE mapping rule before DCI decoding. The channel design and resource mapping, within a CORESET in the bundle, remains the same as that for a legacy CORESET. To leave enough time for DCI decoding from multiple segmented DCI, the cross-slot scheduling should be used for RedCap UEs, which is also beneficial for RedCap UEs. Nevertheless, there would be a longer latency due to CCE distributing across multiple CORESETs, but it is not a big issue for RedCap UE, since the latency requirement for RedCap devices is much relaxed compared to normal UEs. 
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Figure 11. The diagram of inter-slot CORESET bundling for RedCap UE
Proposal 6. The coverage recovery for PDCCH should be studied for RedCap UEs, following potential options can be considered:
· Opt1. Longer duration CORESET.
· Opt2. CORESET bundling.

· Opt3. PDCCH repetition.

Besides, compatibility with normal UEs should also be considered for broadcast PDCCH enhancements. For PDCCH repetition and CORESET bundling, the PDCCH channel design could be almost the same as that defined in Rel-15, which may facilitate multiplexing PDCCH resources for normal UEs and RedCap UEs. For CORESET with longer duration, the physical channel design and resource mapping in the new CORESET may be quite different with that of the legacy design. It would be difficult to configure RedCap UE and normal UE with CORESETs in the overlapping resources. On the other hand, due to the reduced coverage for RedCap UEs, RedCap UEs would occupy more CCEs than that for normal UEs to reach the same PDCCH coverage as normal UEs, which would lead to higher PDCCH blockage rate for normal UEs in the shared BWP. 
As discussed in [5], in addition to the DL BWP configured for normal UEs, a separated initial DL BWP for RedCap UEs can be introduced for offloading. Furthermore, RedCap UE specific solutions could be designed on this specific BWP for different purposes, e.g. for access control, as well as coverage recovery. If a separated initial BL BWP was introduced for RedCap UEs, the aforementioned solutions could be developed without considering compatibility and coexistence with normal UEs.
Observation 12. If a separated initial BL BWP is introduced for Redcap UEs, the aforementioned solutions can be developed without considering compatibility and coexistence with normal UEs.
Proposal 7. Compatibility with normal UEs should be considered for broadcast PDCCH enhancement if RedCap UEs and normal UEs share the same initial DL BWP.
3. Conclusion
In this contribution, we provide our coverage and capacity evaluations of DL/UL physical channels for RedCap UE, and introduce the potential techniques for coverage recovery. The observations and proposals are summarized as follows:
Observation 1. Option 1 should be adopted as a general target performance requirement, while Option 3 could be adopted as an additional metric if the coverage requirement is not defined clearly for some scenarios.
Observation 2-1. For RedCap UE with 1Tx1Rx, two DL channels, broadcast PDCCH (-0.68dB), Msg2 (-1.60dB), do not reach the coverage requirement of Option1, all DL channels satisfy the coverage requirement of Option3. For RedCap UE with 1Tx2Rx, all DL channels satisfy the coverage requirement of both Option1 and Option3.

Observation 2-2. For RedCap UE, three UL channels, PUSCH (-9.99dB), PUCCH Format 3 with 22bits (-1.49dB) and PRACH format B4 (-2.89dB) do not reach the coverage requirement of Option 1, and PUSCH (-2.83dB) do not reach the coverage requirement of Option3.

Observation 3. For RedCap UE, all DL channels satisfy the coverage requirement of both Option1 and Option3, and PUSCH does not satisfy the coverage requirement with a performance gap of -7.73dB according to Option 1 and -2.81dB according to Option3.
Observation 4-1. For RedCap UE with 1Tx1Rx, all DL channels have reached the coverage requirement of Option 1, Msg2 (-2.49dB) does not reach the target requirement according to Option 3. For RedCap UE with 1Tx2Rx, all DL channels have reached the coverage requirement of Option 1 and Option 3.

Observation 4-2. All UL channels have reached the coverage of Option 1; PUSCH (-3.00dB), PUCCH (-5.24dB for format3 22bits, -2.84dB for format3 11bits), Msg3 (-0.67dB) and PRACH format 0 (-4.64dB), do not reach the requirement of Option 3.

Observation 5. For RedCap UE, PDSCH (-0.55dB), broadcast PDCCH (-2.92dB), Msg2 (-4.04dB), Msg4 (-0.84dB) and PBCH (-0.38dB) should be enhanced according to Option 3, all DL channels have reached the requirement of Option 1. All UL channels have reached the coverage requirement of both Option1 and Option3.
Observation 6. It may be not reasonable to use Option 3 to identify the coverage problems in some scenarios, e.g. 28GHz indoor scenario.
Observation 7. Due to lower capability of bandwidth, antenna and MCS, RedCap UEs have degraded spectrum efficiency and UPT performance compared to eMBB UEs. 

Observation 8. The introduction of RedCap UEs has little impact to the co-existing eMBB UEs in the system.
Observation 9. The cell capacity (cell served throughput) is increased due to the introduction of RedCap UEs to the system.
Observation 10. In most time, the gNB needs only to serve one or two UE(s) within a slot.
Observation 11. RedCap UEs do not significantly increase the probability of PDCCH blocking.
Observation 12. If a separated initial BL BWP is introduced for Redcap UEs, the aforementioned solutions can be developed without considering compatibility and coexistence with normal UEs.
Proposal 1. In FR1, the following DL or UL channels may need to be enhanced comparing with the target coverage requirement according to either Option 1 or Option3 for RedCap UE.

· DL channels: Broadcast PDCCH, Msg2

· UL channels: PUSCH, PUCCH format 3 with 11bits payload or larger, Msg3.
Proposal 2. If MPL/ISD targets are available from CE SI, Option 1 should be used based on the s ame requirements.

Proposal 3. The parameters, such as ISD, in the evaluations for different scenarios should be confirmed based on the NR network deployment in practical to achieve convincing evaluation results.
Proposal 4. The solutions for UL channels introduced in coverage enhancement SI can be reused for Redcap UEs, and enhancement of UL channels could be deprioritized in RedCap.
Proposal 5. PDSCH repetition scheme can also be considered for broadcast PDSCH enhancement for RedCap UEs.
Proposal 6. The coverage recovery for PDCCH should be studied for RedCap UEs, following potential options can be considered:

· Opt1. Longer duration CORESET.

· Opt2. CORESET bundling.

· Opt3. PDCCH repetition.
Proposal 7. Compatibility with normal UEs should be considered for broadcast PDCCH enhancement if RedCap UEs and normal UEs share the same initial DL BWP.
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Appendix A LLS assumptions for RedCap UEs

The evaluation assumptions and parameters for link level simulations are generated from the agreements of RAN1 102#.
Table 7 Evaluation assumptions and parameters for RedCap UE
	Parameter 
	Evaluation assumptions

	Target data rate
	DL: 2Mbps for urban scenario, 1Mbps for rural scenario, 25Mbps for indoor scenario
UL: 1Mbps for urban scenario, 100Kbps for rural scenario, 5Mbps for indoor scenario

	Scenario 
	Urban: 2.6G/4GHz, SCS=30kHz
Rural: 700MHz, SCS=15kHz

Indoor: 28GHz, SCS=120kHz

	Frame structure
	DDDSUDDSUU for 4GHz, DDDDDDDSUU for 2.6GHz

FDD for 700MHz, DDDSU for 28GHz

	Pathloss model
	NLOS O-to-I for urban and rural scenario

NLOS I-to-I for indoor scenario

	BWP
	20MHz for FR1, 100MHz for FR2

	Channel model
	TDL-C 300ns for urban and rural, TDL-A 30ns for indoor

	UE velocity
	3km/h

	Number of gNB antenna port in LLS
	2 for 2.6G/4GHz and 28GHz
4 for 700MHz

	Number of UE antenna port in LLS
	1Tx/1Rx, 1Tx/2Rx

	Tx Power at gNB
	Urban: 53dBm, Rural: 49dBm, Indoor: 23dBm

	Power assignment
	Concentrated on occupied BW for UL
Uniformed allocated to channel BW for DL

	PDSCH (eMBB)
	MCS0 for rural scenario, around 1/3 code rate for other scenarios. All DL slots allocated for PDSCH for eMBB.

	PDSCH
(voip)
	4 repetitions, 4 HARQ transmission times within 20ms period

	PDSCH

(MSG4)
	TBs =1040bits, MCS0

	PDSCH

(MSG2)
	TBs = 72bits, MCS0

	PUSCH

(eMBB)
	30 PRBs for 1Mbps, 4PRB for 100Kbps

	PUSCH
(voip)
	Repetitions and HARQ retransmissions are confined within 20ms period, inter-slot frequency hopping is assumed
2 repetitions, 4 HARQ transmission times for DDDDDDSUU

2 repetitions, 6 HARQ transmission times for DDDSUDDSUU

4 repetitions, 4 HARQ transmission times for FDD
4 repetitions, 4 HARQ transmission times for DDDSU

	PUCCH
	Format 1, 2bit, 0.1% NACK to ACK probability, 1% DTX to ACK
Format 3, 11bit and 22bit, 1% BLER

No repetition


Appendix B SLS assumptions for RedCap UEs
Table 8 Evaluation assumptions and parameters for RedCap UE
	Parameters
	Urban Macro
	Indoor hotspot

	Layout
	Hex. Grid
	Indoor floor: (12BSs per 120m x 50m)

	Inter-BS distance 
	500m
	20

	Carrier frequency 
	2.6 GHz 、4GHz
	Indoor: 28 GHz (TDD)

	Simulation bandwidth
	100MHz
	100MHz

	SCS
	30kHz
	120kHz

	Duplex
	2.6GHz:DDDDDDDSUU(S: 6D:4G:4U)

4GHz: DDDSUDDSUU (S: 10D:2G:2U)
	DDDSU (S: 10D:2G:2U)

	Channel model
	Refer to TR38.901
	Refer to TR38.901

	BS Tx power 
	51dBm
	23dBm

	UE Tx power 
	23dBm

	BS receiver noise figure
	5dB
	7dB

	UE receiver noise figure
	9dB
	13dB

	UE distribution
	80% indoor, 3km/h

20% outdoor, 30km/h, in car.
	100% Indoor: 3km/h

	BS antenna height 
	25m
	3m

	UE antenna height
	hUT = 3(nfl – 1) + 1.5

outdoor UE： nfl =1

indoor UE： nfl ~ uniform(1, Nfl) where nfl ~ uniform(4,8)
	1m

	BS antenna element gain + connector loss
	8dBi
	5dBi

	eMBB UE antenna gain
	0dBi
	5dBi

	redcap UE antenna gain
	-3dBi
	0dBi

	BS antenna down-tilt
	102 degree
	180 degree (pointing to the ground)

	BS antenna configurations
	(M, N, P, Mg, Ng; Mp, Np) = (12,8,2,1,1;4,8)
(dH, dV) = (0.5, 0.8) λ
	(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1;1,1), dH = dV = 0.5 λ

	BS beam set
	/
	Azimuth angle φi = [-7*pi/16, -5*pi/16, -3*pi/16, -pi/16, pi/16, 3*pi/16, 5*pi/16, 7*pi/16]

Zenith angle θj = [1*pi/16, 3*pi/16, 5*pi/16, 7*pi/16, 9*pi/16, 11*pi/16, 13*pi/16, 15*pi/16]

	UE antenna configurations
	1TX/1RX (M, N, P, Mg, Ng; Mp, Np) = (1,1,1,1,1;1,1)

2Rx (M, N, P, Mg, Ng; Mp, Np) = (1,1,2,1,1;1,1)

4Rx (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,1)

(dH, dV) = (0.5, 0.5)λ

	O2I penetration loss models
	Low loss model – 80%

High-loss model – 20%
	/

	Power control parameter
	P0 = -86, alpha = 0.9
	P0 = -60, alpha = 0.6

	Max Rank (eMBB UE)
	2

	Max Rank (RedCap UE)
	1


Table 9 Evaluation results for RedCap UE
	Number of users
	0
	1
	2
	3
	4

	Urban Macro at 2.6GHz
	Low Loading (N=8, M=0) 1 Rx RedCap
	70.4%
	26.4%
	2.8%
	0.3%
	0.0%

	
	Low Loading (N=8, M=3) 1 Rx RedCap
	67.8%
	28.8%
	3.1%
	0.3%
	0.0%

	
	Low Loading (N=8, M=8) 1 Rx RedCap
	64.3%
	31.9%
	3.4%
	0.3%
	0.0%

	
	Low Loading (N=8, M=0) 2 Rx RedCap
	70.6%
	26.2%
	2.9%
	0.3%
	0.0%

	
	Low Loading (N=8, M=3) 2 Rx RedCap
	68.3%
	28.5%
	2.9%
	0.3%
	0.0%

	
	Low Loading (N=8, M=8) 2 Rx RedCap
	64.5%
	31.6%
	3.5%
	0.4%
	0.0%

	
	Medium Loading (N=12, M=0) 1 Rx RedCap
	52.4%
	37.6%
	7.8%
	1.8%
	0.4%

	
	Medium Loading (N=12, M=4) 1 Rx RedCap
	48.3%
	41.1%
	8.2%
	1.9%
	0.4%

	
	Medium Loading (N=12, M=12) 1 Rx RedCap
	43.2%
	44.9%
	9.3%
	2.0%
	0.4%

	
	Medium Loading (N=12, M=0) 2 Rx RedCap
	53.2%
	37.3%
	7.5%
	1.6%
	0.3%

	
	Medium Loading (N=12, M=4) 2 Rx RedCap
	50.4%
	39.5%
	7.8%
	1.8%
	0.4%

	
	Medium Loading (N=12, M=12) 2 Rx RedCap
	43.5%
	44.4%
	9.3%
	2.2%
	0.5%

	Urban Macro at 4GHz
	Low Loading (N=6, M=0) 1 Rx RedCap
	74.2%
	23.7%
	2.0%
	0.1%
	0.0%

	
	Low Loading (N=6, M=2) 1 Rx RedCap
	70.3%
	27.1%
	2.4%
	0.2%
	0.0%

	
	Low Loading (N=6, M=6) 1 Rx RedCap
	67.9%
	29.5%
	2.5%
	0.1%
	0.0%

	
	Low Loading (N=6, M=0) 2 Rx RedCap
	72.9%
	24.6%
	2.3%
	0.2%
	0.0%

	
	Low Loading (N=6, M=2) 2 Rx RedCap
	72.1%
	25.7%
	2.1%
	0.2%
	0.0%

	
	Low Loading (N=6, M=6) 2 Rx RedCap
	67.4%
	29.8%
	2.7%
	0.2%
	0.0%

	
	Medium Loading (N=10, M=0) 1 Rx RedCap
	53.2%
	37.1%
	7.7%
	1.6%
	0.3%

	
	Medium Loading (N=10, M=4) 1 Rx RedCap
	46.3%
	43.4%
	8.3%
	1.6%
	0.3%

	
	Medium Loading (N=10, M=10) 1 Rx RedCap
	40.9%
	47.1%
	9.9%
	1.8%
	0.3%

	
	Medium Loading (N=10, M=0) 2 Rx RedCap
	52.2%
	38.1%
	7.7%
	1.6%
	0.3%

	
	Medium Loading (N=10, M=4) 2 Rx RedCap
	46.9%
	43.2%
	8.0%
	1.6%
	0.3%

	
	Medium Loading (N=10, M=10) 2 Rx RedCap
	45.3%
	44.2%
	8.5%
	1.6%
	0.3%

	Indoor hotspot at 28GHz
	Low Loading (N=7, M=0) 1 Rx RedCap
	73.3%
	26.6%
	0.0%
	0.0%
	0.0%

	
	Low Loading (N=7, M=3) 1 Rx RedCap
	72.6%
	27.3%
	0.1%
	0.0%
	0.0%

	
	Low Loading (N=7, M=7) 1 Rx RedCap
	71.1%
	28.8%
	0.1%
	0.0%
	0.0%

	
	Low Loading (N=7, M=0) 2 Rx RedCap
	74.4%
	25.6%
	0.1%
	0.0%
	0.0%

	
	Low Loading (N=7, M=3) 2 Rx RedCap
	73.3%
	26.7%
	0.1%
	0.0%
	0.0%

	
	Low Loading (N=7, M=7) 2 Rx RedCap
	70.9%
	29.1%
	0.0%
	0.0%
	0.0%

	
	Medium Loading (N=11, M=0) 1 Rx RedCap
	50.1%
	49.5%
	0.3%
	0.0%
	0.0%

	
	Medium Loading (N=11, M=4) 1 Rx RedCap
	48.5%
	51.2%
	0.3%
	0.0%
	0.0%

	
	Medium Loading (N=11, M=11) 1 Rx RedCap
	45.8%
	53.8%
	0.4%
	0.0%
	0.0%

	
	Medium Loading (N=11, M=0) 2 Rx RedCap
	51.2%
	48.6%
	0.2%
	0.0%
	0.0%

	
	Medium Loading (N=11, M=4) 2 Rx RedCap
	50.1%
	49.6%
	0.3%
	0.0%
	0.0%

	
	Medium Loading (N=11, M=11) 2 Rx RedCap
	47.2%
	52.4%
	0.3%
	0.0%
	0.0%


Note: N stands for the number of eMBB UE, M stands for the number of RedCap UE.
Appendix C Summary of coverage performance for both option metrics
	Scenario
	2.6GHz Urban
	4GHz Urban
	700MHz Rural
	28GHz indoor

	Metric
	Option 1
	Option 3
	Option 1
	Option 3
	Option 1
	Option 3
	Option 1
	Option 3

	Reach the target
	PDSCH eMBB

PDSCH voip

PDCCH USS

MSG2

MSG4

PDCCH CSS

PBCH

PUSCH voip

MSG3

PRACH format B4
PRACH format 0
PUCCH 2bit

PUCCH 11bits

PUCCH 22bits
	PDSCH eMBB

PDSCH voip

PDCCH USS

MSG2

MSG4

PDCCH CSS

PBCH

PUSCH voip

MSG3

PRACH format B4
PRACH format 0
PUCCH 2bit

PUCCH 11bits

PUCCH 22bits
	PDSCH eMBB 

PDSCH voip

PDCCH USS

MSG4

PBCH

PUSCH voip

MSG3
PRACH format 0
PUCCH 2bit

PUCCH 11bits
	PDSCH eMBB

PDSCH voip

PDCCH USS

MSG2

MSG4

PDCCH CSS

PBCH

PUSCH voip

MSG3

PRACH format B4
PRACH format 0
PUCCH 2bit

PUCCH 11bits

PUCCH 22bits
	PDSCH eMBB

PDSCH voip

PDCCH USS

MSG2

MSG4

PDCCH CSS

PBCH

PUSCH eMBB

PUSCH voip

MSG3

PRACH format 0

PUCCH 2bit

PUCCH 11bits

PUCCH 22bits
	PDSCH eMBB

PDSCH voip

PDCCH USS

MSG4
PDCCH CSS

PBCH

PUSCH voip
PRACH format 2
	PDSCH eMBB

PDSCH voip

PDCCH USS

MSG2

MSG4

PDCCH CSS

PBCH

PUSCH eMBB

PUSCH voip

MSG3

PRACH format B4

PUCCH 2bit

PUCCH 11bits

PUCCH 22bits
	PDSCH voip
PDCCH USS

PUSCH voip
MSG3

PRACH format B4

PUCCH 2bits
PUCCH 11bits

PUCCH 22bits

	Not reach the target
	PUSCH eMBB
	PUSCH eMBB
	MSG2
PDCCH CSS

PUSCH eMBB

PRACH format B4

PUCCH 22bits
	PUSCH eMBB
	
	MSG2
PUSCH eMBB

MSG3

PRACH format 0

PUCCH 2bits

PUCCH 11bits

PUCCH 22bits
	
	PDSCH eMBB

MSG2
MSG4

PDCCH CSS

PBCH

PUSCH eMBB


Slot i
Shared  RedCap BWP
Slot i+1
PDSCH
DCI



CORESET
in slot_i
PDSCH
DCI
CORESET
in slot_i+1
Repetitively
mapping
Shared  RedCap BWP



RedCap
PDSCH
Normal
PDSCH
One slot
CORESET
for normal
CORESET
for RedCap
RedCap BWP
Normal BWP



