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1. Introduction
In RAN1#101-e meeting, some agreements have been achieved for RedCap devices on the UE complexity reduction features, power saving and coverage recovery [1]. In RAN#88e, the study objectives of coverage recovery for RedCap devices are further discussed and updated in the revised SID [2].
	RAN1#101 chairman’s notes [1]
Agreements: 

· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access

· Other bandwidths FFS

· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 

· Other bandwidths FFS

Agreements:

· For safety related sensors, latency requirements apply to traffic initiated from RRC_CONNECTED.

· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.

· Include antenna parts at least in the cost/complexity breakdown for FR2.

· Potential benefits in terms of reduced device size can be mentioned where applicable in the TR (e.g. in the section on reduced number of antennas), but the SI will not aim to quantify such benefits.

· Reuse the power consumption models and scaling factors for FR1 and FR2 provided in TR 38.840 (sections 8.1.1, 8.1.2, 8.1.3) as appropriate.

· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and impacts on latency and scheduling flexibility (at least qualitatively).
Objective of SI for coverage recovery [2]
Study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including [RAN1]:

· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. 
· Note: For FR1, coverage analysis for wearables can include consideration of potential reduced antenna efficiency due to device size limitations as part of the antenna gains. The extent of additional recovery of coverage loss due to reduced antenna efficiency is to be limited to 3 dB

· The study includes evaluations of the impact to network capacity and spectral efficiency

Note2: Potential overlap with coverage enhancements study is discussed and resolved in RAN#87 or later.


In this contribution, we provide the coverage evaluation results of DL/UL physical channels for RedCap UE, and analyze the impact and performance gap caused by the hardware complexity reduction. Furthermore, the potential enhancement techniques are discussed for DL/UL physical channels. 
2. Discussion
2.1. 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, loose latency and long 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. Video surveillance devices are required to support 2-4Mbps video transmission, and the latency requirement is extended to 500ms. 
On the other hand, the device cost and complexity of RedCap UE is expected to be lower than lower normal eMBB UEs. Besides, due to the limitation of device form, e.g. wearables, the size of RedCap UE may have smaller size than normal UEs. Therefore, compared to normal UE in Rel-15/Rel-16, RedCap UE may have reduced number of Rx antennas, narrower maximum UE bandwidth and lower antenna gain loss, as discussed [3]. The differences between RedCap UE and normal UE are summarized in Table 1.
Table 1. Device differences between normal UE and RedCap UE
	Parameter 
	Normal UE
	RedCap UE

	Bandwidth
	100MHz at FR1

400MHz at FR2
	20MHz at FR1

50MHz or 100MHz at FR2

	Number of UE Antennas
	1Tx4Rx
	1Tx1Rx or 1Tx2Rx

	Antenna gain
	0dBi
	-3dBi (antenna gain loss)


Considering the above differences, the coverage of DL/UL physical channels for RedCap UE with 1Tx1Rx and 1Tx2Rx are evaluated and illustrated in Figure 1 and Figure 2, and the detailed evaluation results for different FR1 scenarios are summarized in Table 2~4 in Appendix A. The performance of normal UE with 1Tx4Rx is also provided as comparison. Urban scenario for FR1 is considered for RedCap UEs. The detailed assumptions and methodologies agreed in Coverage Enhancement SI and RedCap SI in last meeting are adopted in the evaluations as illustrated in Appendix B. It should be noted that PDSCH eMBB with 5Mbps data rate is evaluated for both normal UE and RedCap UE as defined in [2]. Besides, beamforming gain difference of broadcast channel and unicast channel is modeled via the system level evaluation. Broadcast channels are usually served by fixed and wider beams compared to unicast channels, therefore beamforming gain of broadcast channels are usually lower compared with unicast beamforming, about 8dB beamforming gain loss is observed in FR1, as discussed in our companion contribution [4].
As shown in the evaluation results of FR1 urban scenario at 4GHz, the available path loss of DL channels degrades for RedCap UE with 1Tx1Rx about 9~11dB compared with that of normal UEs in the worst case considering 1Rx and -3dB antenna loss for RedCap UEs. The broadcast DL channels, such as broadcast PDCCH, Msg4 PDSCH are the coverage limiting channels. The available path loss of UL channels is reduced by 3dB compared to those of normal UE because of the reduced antenna gain, which makes the coverage of UL channels even worse. PUSCH is the worst channel among all DL and UL channels for RedCap UE. In a word, both DL and UL channel coverage for RedCap UEs are reduced compared with normal UEs, and DL broadcast PDCCH/PDSCH and PUSCH are the bottleneck of RedCap UE coverage among DL and UL channels, respectively.
According the evaluation results in Table 3, all DL and UL channels in the urban scenario at 2.6GHz, except PUSCH, satisfy the coverage requirements of ISD=350m. The performance gap of PUSCH is -7.73dB. For the rural scenario at 700MHz as shown in Table 4, all DL and UL channels reach the coverage requirement of ISD=1732m.
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Figure1. the available path loss of RedCap UE with 1Tx1Rx for urban scenario at 4GHz
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Figure2. the available path loss of RedCap UE with 1Tx2Rx for urban scenario at 4GHz
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Figure3. the isotropic loss evaluation of normal UE with 1Tx4Rx for urban scenario at 4GHz
Observation 1: Coverage of both DL and UL channels for RedCap UEs are reduced compared with normal UEs.

Observation 2: DL broadcast PDCCH/PDSCH and PUSCH are the bottleneck channels for RedCap UE.
As shown in Figure 1 - 3, one available path loss targets of ISD=350m are drown as a reference, which is a realistic and reasonable target for coverage recovery. Before studying the coverage recovery schemes, the coverage recovery target should be determined at the beginning of this SI. Four candidate coverage recovery targets can be considered:

Option 1: To improve the physical channels which is observed as coverage bottleneck, achieving a balanced coverage performance across different DL/UL channels.
Option 2: To compensate the coverage loss caused by the reduced capability, align with the coverage of 4Rx normal UE.
Option 3: To match a given target available path loss for the specific deployment scenario, such as ISD=350m.
Option 4: Best effort, i.e. no clear target.
According to the discussion in RedCap and CE, the evaluation results are varied with different evaluation assumptions. The deployment scenario and the coverage recovery target should be discussed, considering the number of receiving antennas and the coverage range.
Observation 3: The coverage recovery target should be discussed and decided.
2.2. Potential techniques for coverage recovery
2.2.1. Coverage Recovery for UL channels
As discussed above, the hardware parameters for UL transmission of RedCap UE are not changed except for the reduced antenna gain. As shown in the evaluation results, even if considering the reduced the number of UE Rx antenna number, the coverage of UL channels is lower compared with DL channels. 
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. 
Proposal 1: The solutions for UL channels in CE SI/WI can be reused for RedCap UEs.
2.2.2. 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 FR1 urban scenario ISD=350m, the performance gap of PDSCH Msg4 is -2.75dB 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. PDSCH repetition scheme has been used in URLLC and improve the reliability of UE specific PDSCH obviously, and it can also be considered for broadcast channels for Redcap UEs.
Proposal 2: PDSCH repetition scheme can also be considered for broadcast PDSCH enhancement for RedCap UEs.
2.2.3. 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 5 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 4. The diagram of inter-slot PDCCH repetition for RedCap UE
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Figure 5. 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 6. 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 7. The diagram of inter-slot CORESET bundling for RedCap UE
Proposal 3: 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 4: 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 4: 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 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: Coverage of both DL and UL channels for RedCap UEs are reduced compared with normal UEs.

Observation 2: DL broadcast PDCCH/PDSCH and PUSCH are the bottleneck channels for RedCap UE.
Observation 3: The coverage recovery target should be discussed and decided.
Observation 4: 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: The solutions for UL channels in CE SI/WI can be reused for RedCap UEs.
Proposal 2: PDSCH repetition scheme can also be considered for broadcast PDSCH enhancement for RedCap UEs.

Proposal 3: The coverage recovery for broadcast PDCCH should be studied for RedCap UEs, following potential options can be considered:
· Opt1. Longer duration CORESET.
· Opt2. CORESET bundling.

· Opt3. PDCCH repetition.
Proposal 4: Compatibility with normal UE 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
Table2. avaiable pathloss and coverage gap of DL and UL channels in FR1 urban scenario at 4GHz (dB)
	
	PDSCH
	PDSCH (VoIP)
	UE PDCCH
	PDSCH MSG4
	Broadcast PDCCH
	SSB
	

	RedCap 1T1R
	121.14
	130.59
	124.05
	113.05
	115.93
	119.84
	

	Gap for ISD=350m
	5.44
	14.89
	8.35
	-2.75
	0.23
	4.14
	

	RedCap 1T2R
	125.52
	134.29
	127.23
	117.42
	119.15
	122.53
	

	Gap for ISD=350m
	9.82
	18.59
	11.53
	1.72
	3.45
	6.83
	

	Normal UE
	132.25
	139.91
	132.57
	124.21
	124.57
	127.70
	

	
	PUSCH
	PUSCH (VoIP)
	PUSCH MSG3
	PRACH format B4
	PRACH format 0
	PUCCH format 1
	PUCCH format 3

	RedCap 1T1R
	105.71
	120.99
	118.84
	112.81
	116.83
	116.23
	114.22

	Gap for ISD=350m
	-10.01
	5.29
	3.14
	-2.91
	1.13
	0.53
	-1.48

	RedCap 1T2R
	105.71
	120.99
	118.84
	112.81
	116.83
	116.23
	114.22

	Gap for ISD=500m
	-10.01
	5.29
	3.14
	-2.91
	1.13
	0.53
	-1.48

	normal UE
	109.05
	124.26
	121.59
	115.81
	119.83
	119.23
	117.22


The target MPL for the case of Urban scenario ISD=350m at 4GHz is 115.70dB. PDSCH MSG4 for 1Rx RedCap UE, PUSCH, PRACH format B4 and PUCCH format 3 cannot reach the required coverage.
Table3. available pathloss and coverage gap of DL and UL channels in FR1 urban scenario at 2.6GHz (dB)

	
	PDSCH
	PDSCH (VoIP)
	UE PDCCH
	PDSCH MSG4
	Broadcast PDCCH
	SSB
	

	RedCap 1T1R
	121.42
	133.09
	124.00
	113.05
	115.93
	119.48
	

	Gap for ISD=350m
	9.46
	21.13
	12.04
	1.09
	3.97
	7.52
	

	RedCap 1T2R
	125.72
	135.91
	127.19
	117.43
	119.15
	122.58
	

	Gap for ISD=350m
	13.76
	23.95
	15.23
	5.47
	7.19
	10.62
	

	normal UE
	132.50
	141.35
	132.50
	124.21
	124.53
	128.68
	

	
	PUSCH
	PUSCH (VoIP)
	PUSCH MSG3
	PRACH format B4
	PRACH format 0
	PUCCH format 1
	PUCCH format 3

	RedCap 1T1R
	104.23
	121.15
	118.63
	112.87
	116.81
	115.97
	114.26

	Gap for ISD=350m
	-7.73
	9.19
	6.67
	0.91
	4.85
	4.01
	2.50

	RedCap 1T2R
	104.23
	121.15
	118.63
	112.87
	116.81
	115.97
	114.26

	Gap for ISD=350m
	-7.73
	9.19
	6.67
	0.91
	4.85
	4.01
	2.50

	normal UE
	107.55
	124.15
	121.77
	115.87
	119.81
	118.97
	117.26


The target MPL for the case of urban scenario ISD=350m at 28GHz is 111.96dB. All DL and UL channels except PUSCH satisfy the coverage requirement.
Table4. available pathloss and coverage gap of DL and UL channels in FR1 rural scenario at 700MHz (dB)
	
	PDSCH
	PDSCH (VoIP)
	UE PDCCH
	PDSCH MSG4
	Broadcast PDCCH
	SSB
	

	RedCap 1T1R
	122.92
	132.88
	131.21
	125.42
	131.21
	134.31
	

	Gap for ISD=1732m
	6.48
	16.44
	14.77
	8.98
	14.77
	17.87
	

	RedCap 1T2R
	128.07
	137.51
	134.01
	129.87
	133.90
	138.07
	

	Gap for ISD=1732m
	11.63
	21.07
	17.57
	13.43
	17.46
	21.63
	

	normal UE
	131.07
	140.51
	137.01
	132.87
	136.90
	141.07
	

	
	PUSCH
	PUSCH (VoIP)
	PUSCH MSG3
	PRACH format B4
	PRACH format 0
	PUCCH format 1
	PUCCH format 3

	RedCap 1T1R
	123.84
	128.29
	125.67
	116.69
	118.85
	123.59
	121.12

	Gap for ISD=1732m
	7.40
	11.85
	9.23
	0.25
	2.41
	7.15
	4.68

	RedCap 1T2R
	123.84
	128.29
	125.67
	116.69
	118.85
	123.59
	121.12

	Gap for ISD=1732m
	7.40
	11.85
	9.23
	0.25
	2.41
	7.15
	4.68

	normal UE
	126.84
	131.29
	128.67
	119.69
	121.85
	126.59
	124.12


The target MPL for the case of urban scenario ISD=1732m at 700MHz is 116.44dB. All DL and UL channels satisfy the coverage requirement.
Appendix B
Table 5 Evaluation assumptions and parameters for RedCap UE
	Parameter 
	Evaluation assumptions

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

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

	Frame structure
	DDDSUDDSUU for 4GHz, DDDDDDDSUU for 2.6GHz

FDD for 700MHz

	Pathloss model
	NLOS O-to-I

	BWP
	20MHz for RedCap UE, 100MHz for normal UE

	Channel model
	TDL-C 300ns 

	UE velocity
	3km/h

	Number of gNB antenna port in LLS
	2 for 2.6G/4GHz

4 for 700MHz

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

	Tx Power at gNB
	Urban: 44dBm for 20MHz, 51dBm for 100MHz
Rural: 49dBm for 20MHz, 56dBm for 100MHz

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

	PDSCH (eMBB)
	Around 1/3 code rate. All DL slots allocated for PDSCH for eMBB

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

	PDSCH

(MSG4)
	TBs = 3000bits, around 1/3 code rate.

	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

	PUCCH
	Format 1, 2bit, 0.1% NACK to ACK probability

Format 3, 22bit, 1% BLER

No repetition


Pathloss of target ISD = 350m



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



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



Slot i
Shared  RedCap BWP
Slot i+1
PDSCH
DCI



Pathloss of target ISD = 350m



Pathloss of target ISD = 350m



