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1	Introduction
In RAN#86, a new study item on the support of reduced capability NR devices for use cases such as industrial wireless sensors, video surveillance, and wearables was approved ‎[1]. Lower device cost and complexity, as compared to high-end eMBB and URLLC devices of Rel-15/16, are among the requirements for these three use cases, as described in ‎[1].
One potential consequence of device cost and complexity reduction is coverage loss. Thus, one of the study item objectives is coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. It is worth noting that the levels of coverage recovery needed are likely different for different physical channels. Thus, the first step is to assess the coverage situation of Rel-15/16 NR and identify physical channels that are limiting the NR coverage, as they can potentially also limit the Redcap coverage. These coverage limiting channels then need coverage recovery solutions. Different coverage recovery solutions for different physical channels can be considered.
In relation to our general intention to investigate the impact of complexity reduction, in this contribution we aim to establish a baseline of NR coverage, considering all the physical channels and signals. Coverage evaluation methodology is proposed. We also discuss evaluation assumptions for coverage recovery discussion.
2	Coverage evaluation methodology
The NR link budget was discussed in the study item on self-evaluation towards IMT-2020 submission ‎[2]. The results captured in ‎[2] however only include PDCCH, PDSCH, PUCCH, and PUSCH. In the Redcap study, one important objective is to identify coverage limiting physical channel(s). Thus, PSS, SSS, PBCH, and PRACH also need to be considered. Additionally, link budgets for system and initial access messages such as SIB1, Paging, RAR, Message-3, Message-4, and Message-5 need to be studied.
As an example of coverage recovery evaluation, Figure 1 shows preliminary results based on the eMBB evaluation presented in ‎[5]. Based on this example, the bottleneck is PSS/SSS cell ID detection.

[image: ] Figure 1. An example of link simulation results of maximum isotropic loss for 30 kHz SCS numerology at 3500 MHz.
[bookmark: _Toc40491904]Evaluation of Redcap coverage should include PSS/SSS, PBCH, PDCCH, PDSCH, PRACH, PUCCH, PUSCH, SIB1, paging, RAR, Message-3, Message-4, and Message-5.
[bookmark: _Toc40491905]As a first step, identify coverage limiting physical channel(s) or system message(s) and quantify their significance for NR coverage.
For each of the physical channels and system messages, a desired performance target can be specified based on RAN4 requirements in TS38.101 and TS38.104. The performance target may be specified in terms of throughput, latency, block error rate (BLER), etc. A proposal for the baseline performance targets is shown below.
[bookmark: _Ref31287135]Table 1: Baseline performance targets
	Physical channel or system messages
	Performance target

	PSS/SSS
	1% detection error

	PBCH
	1% detection error

	PDCCH
	1% BLER

	PDSCH (including SIB1, RAR, Message-4)
	10% BLER

	PRACH
	1% detection error

	PUCCH (CSI)
	1% BLER

	PUCCH (ACK/NACK)
	0.1% for NACKACK
1% miss ACK
1% for DTXACK

	PUSCH (including Message-3, Message-5 RLC status)
	10% BLER

	UCI on PUSCH (CSI part 1 and CSI part 2)
	1% BLER



[bookmark: _Toc40491906]Baseline performance targets listed in Table 1 are adopted for Redcap baseline coverage evaluation.
Maximum coupling loss (MCL) and maximum isotropic loss (MIL) are two commonly used metrics in coverage evaluation. The difference between the two is that the latter includes antenna gains. Beam management is an essential, integrated feature of NR, and different physical channels may have different antenna gains due to beam management, e.g. wide-angle beams versus narrow-angle beams. Thus, when evaluating coverage, beamforming gains need to be considered. Thus, we propose to use the MIL as the coverage evaluation metric.
[bookmark: _Toc40491907]Maximum isotropic loss (MIL) is used as the coverage evaluation metric.
For link-level simulations, we propose that the assumptions listed in Table 2 and Table 3 are used for FR1 and FR2, respectively. These simulation assumptions for FR1 are aligned with ‎[2]. Specifically the 0.7 GHz and 4 GHz scenarios are aligned with the “Rural-eMBB” and “DU-eMBB 4GHz, DDDSU” scenarios in the link budget template of ‎[2], respectively. However, some adjustments are noted below.
· The gNB effective antenna gain accounts for “transmitter antenna gain”, “transmitter array gain”, and “feeder loss” in ‎[2]. These are separate line items in ‎[2].
· The UE effective antenna gain absorbs a 1 dB cable loss, which is present in the link budget template in ‎[2] as a separate line item.
[bookmark: _Ref513451277]Table 2. Baseline coverage recovery evaluation assumptions for FR1
	Carrier frequency
	0.7 GHz (FDD)
	4 GHz (TDD)

	gNB total Tx power 
	46 dBm
	44 dBm

	gNB effective antenna gain per Tx or Rx branch (including 3 dB cable loss)
	TX: 20 dBi
RX: 20 dBi
	TX: 23 dBi
RX: 20 dBi

	# of gNB antenna branches (TX/RX)
	2TX/2RX
	2TX/4RX

	gNB receiver noise figure
	5 dB
	5 dB

	UE Tx power (conducted power at antenna connector)
	23 dBm (class 3)
	23 dBm (class 3)

	UE effective antenna gain per Tx or Rx branch 
	-1 dBi
	-1 dBi

	# of UE antenna branches (TX/RX)
	1TX/2RX
	1TX/2 or 4RX

	UE receiver noise figure
	7 dB
	7 dB

	Interference margin
	0 dB
	0 dB

	Channel model
	non-LOS TDL A channel, delay spread 100ns, UE speed 3km/h

	Channel estimation
	Non-ideal
	Non-ideal

	Subcarrier spacing
	15 kHz
	30 kHz

	Carrier bandwidth
	10 MHz
	20 MHz

	TDD pattern
	
	DDDSU
S = (10D,2G,2U)



[bookmark: _Ref31283763]

Table 3. Baseline coverage recovery evaluation assumptions for FR2
	Carrier frequency
	30 GHz (TDD)

	gNB total Tx power 
	26 dBm

	gNB effective antenna gain per Tx or Rx branch
	TX: 20 dBi
RX: 20 dBi

	# of gNB antenna branches (TX/RX)
	2TX/2RX

	gNB receiver noise figure
	7 dB

	UE Tx power (peak EIRP)
	 23 dBm (class 3) 

	UE effective antenna gain per Tx or Rx branch
	5 dBi (per element) +10 log10(4)=11dBi

	# of UE antenna branches (TX/RX)
	1TX/2RX

	UE receiver noise figure
	10 dB

	Interference margin
	0 dB

	Channel model
	TDL A, indoor delay spread: 10ns, UE speed: 3 km/h

	Channel estimation
	Non-ideal

	Subcarrier spacing
	120 kHz

	Carrier bandwidth
	100 MHz

	TDD pattern
	DDDSU



The assumptions listed in Table 2 and Table 3 are included as coverage recovery evaluation assumptions based on ‎[2] and ‎[3], respectively. Based on the simulation assumptions listed in Table 2 and Table 3, the link budget for the 0.7 GHz, 4 GHz and 30 GHz scenarios can be calculated through the link budget tables shown below (Table 4, Table 5 and Table 6, respectively). For the case of 0.7 GHz and 4 GHz, the occupied channel bandwidth for PDSCH, PUSCH, PDCCH, and PUCCH is also based on the aforementioned link budget template in ‎[2]. PRACH, PBCH, PSS, SSS link budget evaluations were not included in ‎[2]. For these channels we simply apply the same assumptions while adjusting for the occupied bandwidth. For PRACH, the preamble format and the occupied bandwidth may be determined after further discussion. For PSS and SSS, the occupied bandwidth corresponds to 127 subcarriers, and for PBCH the occupied bandwidth corresponds to 20 PRBs. The data rates for PDSCH and PUSCH are also based on ‎[2]. When evaluating initial access messages, the data rates of PDSCH and PUSCH need to be adjusted accordingly.

[bookmark: _Toc40491908]The assumptions listed in Table 4, Table 5 and Table 6 are included as coverage recovery evaluation assumptions.



[bookmark: _Ref40449814][bookmark: _Hlk40272058]Table 4: link budget for 0.7 GHz scenario.
	Physical channel name
	PUCCH
	PRACH
	PUSCH
	PDSCH
	PDCCH
	PSS/SSS
	PBCH

	Data rate (Mbps)
	 
	 
	0.56
	6
	 
	 
	 

	Transmitter
	 
	 
	 
	 
	 
	 
	 

	Max Tx power (dBm)
	23
	23
	23
	46
	46
	46
	46

	(1) Actual Tx power (dBm)
	23
	23
	23
	46
	46
	39.1
	41.9

	Receiver
	 
	 
	 
	 
	 
	 
	 

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	7
	7
	7
	7

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180000
	TBD
	720000
	9360000
	9360000
	1905000
	3600000

	(6) Effective noise power
	 
	 
	 
	 
	 
	 
	 

	         = (2) + (3) + (4) + 10 log((5))  (dBm)
	-116.4
	TBD
	-110.4
	-97.3
	-97.3
	-104.2
	-101.4

	(7) Required SINR (dB)
	TBD 
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	(8) Receiver sensitivity
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	         = (6) + (7) (dBm)
	
	
	
	
	
	
	

	(9) MCL 
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	         = (1)  (8) (dB)
	
	
	
	
	
	
	

	Antenna gains
	 
	 
	 
	 
	 
	 
	 

	(10) Effective transmitter antenna gain
	-1
	-1
	-1
	20
	20
	20
	20

	(11) Effective receiver antenna gain
	20
	20
	20
	-1
	-1
	-1
	-1

	(12) MIL
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	           = (9) + (10) + (11)
	
	
	
	
	
	
	





[bookmark: _Ref40449817]Table 5: link budget for 4 GHz scenario.
	Physical channel name
	PUCCH
	PRACH
	PUSCH
	PDSCH
	PDCCH
	PSS/SSS
	PBCH

	Data rate (Mbps)
	 
	 
	0.22
	6.64
	 
	 
	 

	Transmitter
	 
	 
	 
	 
	 
	 
	 

	Max Tx power (dBm)
	23
	23
	23
	44
	44
	44
	44

	(1) Actual Tx power (dBm)
	23
	23
	23
	44
	44
	37.2
	39.9

	Receiver
	 
	 
	 
	 
	 
	 
	 

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	7
	7
	7
	7

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	360000
	TBD
	1440000
	18360000
	18360000
	3810000
	7200000

	(6) Effective noise power
	 
	 
	 
	 
	 
	 
	 

	         = (2) + (3) + (4) + 10 log((5))  (dBm)
	-113.4
	TBD
	-107.4
	-94.4
	-94.4
	-101.2
	-98.4

	(7) Required SINR (dB)
	TBD 
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	(8) Receiver sensitivity
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	         = (6) + (7) (dBm)
	
	
	
	
	
	
	

	(9) MCL 
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	         = (1)  (8) (dB)
	
	
	
	
	
	
	

	Antenna gains
	 
	 
	 
	 
	 
	 
	 

	(10) Effective transmitter antenna gain
	-1
	-1
	-1
	23
	23
	23
	23

	(11) Effective receiver antenna gain
	20
	20
	20
	-1
	-1
	-1
	-1

	(12) MIL
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	           = (9) + (10) + (11)
	
	
	
	
	
	
	





[bookmark: _Ref40449819]Table 6: link budget for 30 GHz scenario
	Physical channel name
	PUCCH
	PRACH
	PUSCH
	PDSCH
	PDCCH
	PSS/SSS
	PBCH

	Data rate (Mbps)
	 
	 
	TBD
	TBD
	 
	 
	 

	Transmitter
	 
	 
	 
	 
	 
	 
	 

	Max Tx power (dBm)
	23
	23
	23
	26
	26
	26
	26

	(1) Actual Tx power (dBm)
	23
	23
	23
	26
	26
	18.1
	20.8

	Receiver
	 
	 
	 
	 
	 
	 
	 

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	7
	7
	7
	10
	10
	10
	10

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	1440000
	TBD
	5760000
	95040000
	95040000
	15240000
	28800000

	(6) Effective noise power
	 
	 
	 
	 
	 
	 
	 

	         = (2) + (3) + (4) + 10 log((5))  (dBm)
	-105.4
	TBD
	-99.3
	-87.37
	-87.37
	-95.17
	-92.4

	(7) Required SINR (dB)
	TBD 
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	(8) Receiver sensitivity
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	         = (6) + (7) (dBm)
	
	
	
	
	
	
	

	(9) MCL 
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	         = (1)  (8) (dB)
	
	
	
	
	
	
	

	Antenna gains
	 
	 
	 
	 
	 
	 
	 

	(10) Effective transmitter antenna gain
	11
	11
	11
	20
	20
	20
	20

	(11) Effective receiver antenna gain
	20
	20
	20
	11
	11
	11
	11

	(12) MIL
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD
	TBD

	           = (9) + (10) + (11)
	
	
	
	
	
	
	



3	UE complexity reduction features and coverage impact
Certain UE complexity reduction features are considered in ‎[6]. Among them, the following features are not expected to reduce the coverage:
· HD-FDD is not expected to result in a worse coverage based on the conclusion in ‎[4].
· Reduction in number of MIMO layers will not reduce coverage.
· Peak data rate reduction will not result in coverage reduction.
While the following features may reduce the coverage:
· UE bandwidth reduction may result in lower frequency diversity in control and data channels.
· UE bandwidth reduction may limit the aggregation level of PDCCH ‎[7].
· Reduction of the number of receive branches may result in lower coverage due to a lower receiver processing gain and reduced diversity.
· A reduced number of UE antenna elements in FR2 may result in a lower EIRP and reduced EIS, and reduced uplink/downlink coverage.
During the study item phase, the coverage impact from each of these UE complexity reduction features — that can reduce the coverage — need to be evaluated.
[bookmark: _Ref39612012][bookmark: _Toc40491902]Among the complexity reduction features reducing the UE bandwidth, number of UE antenna elements, and number of receive branches can lead to coverage reduction.
[bookmark: _Toc40491909]Redcap study should aim to evaluate the coverage impact of the following UE complexity reduction features: UE bandwidth, number of UE antenna elements, and number of receive branches.
4	Coverage recovery solutions
In this section, we discuss potential coverage recovery solutions that may be considered. Here, we itemize solutions for different channels, signals, and messages in Table 7. However, depending on the findings from the coverage evaluation study, coverage enhancement is needed only for channels and/or messages that end up having Redcap UE coverage lower than the target NR coverage.
[bookmark: _Ref40448679]Table 7: Coverage recovery solutions
	Channel
	Coverage recovery solutions

	SSB and system information acquisition
	· For Redcap use cases, the acquisition time needed for SSB acquisition can be relaxed. The longer acquisition time allows multiple trials of SSB acquisition. This improves coverage. With relaxed SSB acquisition time, the UE may also try to accumulate the detection metrics over multiple SSB transmissions in the same beam to improve coverage. The “keep trying” method and metric accumulation can be also used for improving the coverage of system information acquisition.

	PDCCH
	· Reduce DCI sizes to allow for lower code rates for a given aggregation level. Since Redcap UEs have smaller BW and reduced capability, some of the DCI fields may be either reduced or removed.
· Increase the largest aggregation level beyond 16, e.g. 24 or 32 (also, AL 8 and 16 for the cases that are not already supported), when possible. Also, as the Redcap UEs have reduced BW, using a higher aggregation level may be achieved e.g., by time repetition.
· Consider frequency-hopped CORESET for Redcap UEs to increase frequency diversity.

	PDSCH
	· Consider frequency-hopping to increase frequency diversity.

	PRACH
	· Repeat random access attempts
· Use longer PRACH preambles. 

	PUCCH
	· Use a longer PUCCH format
· Take the advantage of PUCCH repetition

	PUSCH
	· Use slot aggregation. Rel-16 already introduces slot aggregation level up to 16, which allows the same payload to be repeated in 16 slots.
· Consider frequency-hopping to increase frequency diversity.


5	Conclusion
In the previous sections, we discuss a baseline for coverage evaluation, the impact of the complexity reduction on coverage, and possible coverage recovery solutions for different physical channels. We made the following observation: 
Observation 1	Among the complexity reduction features reducing the UE bandwidth, number of UE antenna elements, and number of receive branches can lead to coverage reduction.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Evaluation of Redcap coverage should include PSS/SSS, PBCH, PDCCH, PDSCH, PRACH, PUCCH, PUSCH, SIB1, paging, RAR, Message-3, Message-4, and Message-5.
Proposal 2	As a first step, identify coverage limiting physical channel(s) or system message(s) and quantify their significance for NR coverage.
Proposal 3	Baseline performance targets listed in Table 1 are adopted for Redcap baseline coverage evaluation.
Proposal 4	Maximum isotropic loss (MIL) is used as the coverage evaluation metric.
Proposal 5	The assumptions listed in Table 4, Table 5 and Table 6 are included as coverage recovery evaluation assumptions.
Proposal 6	Redcap study should aim to evaluate the coverage impact of the following UE complexity reduction features: UE bandwidth, number of UE antenna elements, and number of receive branches.
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