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Introduction
The study item on the support of reduced capability NR devices for use cases such as industrial wireless sensors, video surveillance, and wearables started in RAN1#101e [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.
Related to study of coverage loss/recovery the following agreements have been made in RAN1#101e [2].
	Agreements:
· If/when coverage evaluations outside the CE SI are needed,
· The basic evaluation methodology is based on link-level simulation for FR1.
· Step 1: Obtain the required SINR for the physical channels under target scenarios and service/reliability requirements.
· Step 2: Obtain the baseline performance based on required SINR and link budget template.
· Note: aspects related to identifying target performance and coverage bottlenecks based on target performance metric is to be handled separately
· The evaluation methodology for FR2 is the same as FR1.

Agreements:
· If/when link-level coverage evaluations outside the CE SI are needed,
· The CE SI link-level simulation assumptions can be used as a starting point.
· For calibration purposes, the following settings can be used:
	Parameters
	FR1 values
	FR2 values

	Scenario and frequency
	Urban:
2.6 GHz (TDD) (primary choice)
4 GHz (TDD) (secondary choice)

Rural:
700 MHz (FDD)
	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
	TDL-C
	TDL-A

	UE velocity
	3 km/h
	3 km/h






In relation to our general intention to investigate the impact of complexity reduction, in this contribution we present link-level simulations to obtain the required SINR for the physical channels under target scenarios and service/reliability requirements. 
Also, considering the newly added objective to the SID, “The study includes evaluations of the impact to network capacity and spectral efficiency”, we propose assumptions for system-level simulations. 
Finally, we list several possible coverage recovery solutions for different channels. 
UE complexity reduction and coverage evaluation
[bookmark: _Ref47015832]Link-level simulations
In order to evaluate the impact of the UE complexity reduction, we have performed link-level simulations to obtain the required SINR for the physical channels under baseline performance target. For that, we have considered three different scenarios: 
1) FR1, Urban with the carrier frequency of 2.6 GHz, 
2) FR2, Indoor with the carrier frequency of 28 GHz, and 
3) FR1, Rural with the carrier frequency of 0.7 GHz. 
The 4 GHz Urban scenario have not been considered because it is agreed to be a secondary choice according to the RAN1-101e agreements for the RedCap study.
As a first step, we have performed baseline link-level simulations considering the assumptions listed in Table 1 to evaluate the performance of the reference UE. It is worth mentioning that the parameters listed in this table, are selected based on the settings agreed for calibration purposes during the RAN1#101e meeting [2][3], except for those of the yellow-coloured cells, i.e., number of gNB TX chains and UE antenna correlation. For all scenarios, we have considered that the number of the gNB TX chains is equal to that of the gNB RX chains and low antenna correlation, for both UE and gNB.
[bookmark: _Ref46753289]Table 1: Link-level simulations assumptions for reference UE 
	Parameter name
	FR1, Urban
	FR2, Indoor
	FR1, Rural

	Carrier Frequency
	2.6 GHz (TDD)
	28 GHz (TDD)
	0.7 GHz (FDD)

	BWP BW
	100 MHz (273 PRBs)
	100 MHz (66 PRBs)
	20 MHz (106 PRBs)

	SCS
	30 kHz
	120 kHz
	15 kHz

	Frame structure for TDD
	DDDDDDDSUU (S: 6D:4G:4U)
	DDDSU (S: 10D:2G:2U)
	

	# of gNB TX chains
	4
	2
	4

	# of gNB RX chains
	4
	2
	4

	# of UE TX chains
	1
	1
	1

	# of UE RX chains
	4
	2
	2

	Channel Model
	TDL-C, NLOS
	TDL-A, NLOS
	TDL-C, NLOS

	UE antenna correlation
	Low
	Low
	Low

	delay spread
	300 ns
	30 ns
	300 ns

	UE velocity
	3 km/h
	3 km/h
	3 km/h



To investigate the impact of the UE complexity reduction, we have also performed the link-level simulations for the RedCap UEs. We have considered simulations parameters are as shown in Table 1, but reduced bandwidth and the number of Tx/Rx antenna chains as reported in Table 2.
[bookmark: _Ref46754532][bookmark: _Ref46952047]Table 2: Link-level simulations assumptions for RedCap
	RedCap parameter
	FR1, Urban
	FR2, Indoor
	FR1, Rural

	BW
	20 MHz (51 PRBs)
	50 (32 PRBs) or 100 MHz (66 PRBs)
	20 MHz (106 PRBs)

	# of UE TX chains
	1
	1
	1

	# of UE RX chains
	1 or 2
	1 or 2
	1 or 2



Our channel-specific assumptions and simulation results are shown separately for each channel in the following subsections.
SSB
Table 3 shows the channel-specific parameters and performance targets for SSB.
[bookmark: _Ref47339958]Table 3: SSB parameters.
	Parameter
	Value

	(Residual) frequency offset (UE)
	0.1 ppm

	SS burst set periodicity
	20 ms

	Precoder
	Precoder cycling

	Number of transmissions (shots)
	4

	BLER target for PBCH
	1%
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Figure 1: PBCH performance for 700 MHz.
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Figure 2: PBCH performance for 2.6 GHz.
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Figure 3: PBCH performance for 28 GHz. (120 kHz SCS)
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Figure 4: Impact of bandwidth reduction on PBCH performance for 240 kHz SSB SCS.



Table 4: Required SNR for 1% BLER for SSB (PBCH).
	Channel and Rx antennas
	700 MHz
	2.6 GHz
	28 GHz

	SSB (PBCH): 4 Rx UE
[4 shots]
	
	-11 dB
	

	SSB (PBCH): 2 Rx UE
[4 shots]
	-7.4 dB
	-8 dB
	-8.2 dB

	SSB (PBCH): 1 Rx UE
[4 shots]
	-2.7 dB
	-4.1 dB
	-4.5 dB



Table 5: Impact of bandwidth reduction on SSB (PBCH) for 240 kHz SCS.
	Scenario
	SNR for 1% BLER (4 shots)

	2 Rx UE (100 MHz BW)
	-7.8 dB

	2 Rx UE (50 MHz BW)
	-7.5 dB (0.3 dB loss compared to 100 MHz BW)

	1 Rx UE (100 MHz BW)
	-4 dB

	1 Rx UE (50 MHz BW)
	-3.7 dB (0.3 dB loss compared to 100 MHz BW)



[bookmark: _Toc47023236][bookmark: _Toc47701338][bookmark: _Hlk46569266][bookmark: _Toc47023237][bookmark: _Toc47023238][bookmark: _Toc47023239]For the evaluated scenarios, the coverage losses for SSB (PBCH after 4 transmissions, 1% BLER) incurred from reducing the number of receiver branches for a RedCap UE with respect to the reference NR UE are: i) 4.7 dB for a 1 Rx RedCap UE in FR1 FDD band; ii) 3.0 dB and 6.9 dB for a 2 Rx and 1 Rx RedCap UE, respectively, in FR1 TDD band; and iii) 3.7 dB for a 1 Rx RedCap UE in FR2.
[bookmark: _Toc47701339]For SSB with 240 kHz SCS (SSB BW =57.6 MHz), 0.3 dB coverage loss is observed when reducing bandwidth from 100 MHz to 50 MHz.
[bookmark: _Toc47701340]The impact of BW reduction to 50 MHz on the SSB coverage in FR2 is negligible.
[bookmark: _Toc47701341]In FR1, BW reduction to 20 MHz does not have any impact on SSB coverage since the UE receive BW is larger than the SSB BW.
PRACH
The channel-specific parameters and performance targets for PRACH are shown in Table 6.
[bookmark: _Ref47340063]Table 6: PRACH parameters.
	Parameter
	Value

	Performance target
	10% and 1% missed detection at 0.1% false alarm probability

	MCS index/TBS (or modulation and code rate, 
or PRACH format)
	0.7 GHz: Format 0 (1.25 KHz SCS); BW = 1.04875 MHz
2.6 GHz: Format B4 (15 KHz SCS); BW = 2.085 MHz
28 GHz: Format B4 (120 KHz SCS); BW = 16.68 MHz 


	Number of transmissions
	1

	Rx combining
	non-coherent combining of branches

	Propagation delay (RTT)
	0.7 GHz (rural): Uniformly distributed [0, 23] µs (ISD 6 km)
2.6 GHz (urban): Uniformly distributed [0, 2.7] µs (ISD 700 m)
28 GHz (indoor): Uniformly distributed [0, 0.077] µs (ISD 20 m)


	Frequency error
	0.10 ppm at the UE, none at the gNB



[image: ]
Figure 5: Missed detection rates of PRACH for different bands.

Table 7: Required SNR (dB) to achieve performance target for PRACH.
	Carrier Frequency
	Required SNR 
at 10% missed detection rate
	Required SNR 
at 1% missed detection rate

	0.7 GHz
	-18
	-14.7

	2.6 GHz
	-20.5
	-17.2

	28 GHz
	-16.1
	-12.2



For PRACH, the number of Tx antennas at the reference NR UE and the RedCap UE are the same. Also, the PRACH BW for each PRACH occasion in the frequency domain is less than the RedCap UE BW in all the bands. Therefore, the link performance will be identical for the reference and the RedCap UEs. The total frequency span of multiple PRACH occasions in the frequency domain, however, can be greater than the UE BW. This issue and the potential solution have been discussed in detail in Section 4.5.2 of our companion paper [8]. Note that potential reduced transmit antenna efficiency due to device size limitations in FR1 is not considered in the above evaluations and will be reflected in the link budget calculations. The same approach is also taken in this paper for other uplink physical channels, such as PUCCH and PUSCH.
[bookmark: _Toc47701342]For PRACH, the link performance will be identical for the reference NR UE and the RedCap UE.
[bookmark: _Toc47701343]For PRACH, PUCCH and PUSCH, potential reduced transmit antenna efficiency due to device size limitations in FR1 is not considered in the link simulations and will be reflected in the link budget calculations.
PDCCH
Table 8: PDCCH parameters.
	Parameter
	Value

	DCI payload size
	40 bits+CRC

	Aggregation level (AL)
	16

	CORESET
	2 symbols x 48 PRBs

	Precoding
	Precoder cycling at CCE level (REG bundle=6)

	BLER target for PDCCH
	1%
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Figure 6: PDCCH BLER performance for 700 MHz.
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Figure 7: PDCCH BLER performance for 2.6 GHz.



	[image: ]
Figure 8: PDCCH BLER performance for 28 GHz.
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Figure 9: Impact of bandwidth reduction on PDCCH BLER performance in FR2.



Table 9: Required SNR (dB) for 1% BLER for PDCCH” 
	Channel and Rx antennas
	700 MHz
	2.6 GHz
	28 GHz

	PDCCH: 4 Rx UE
	
	-9.2 dB
	

	PDCCH: 2 Rx UE
	-6.5 dB
	-6 dB
	-6 dB

	PDCCH: 1 Rx UE
	-2.8 dB
	-3 dB
	-2.1 dB







Table 10: Impact of bandwidth reduction on PDCCH in FR2.
	Scenario
	1% BLER (SNR)

	2 Rx UE (100 MHz BW)
	-6 dB

	2 Rx UE (50 MHz BW)
	-4.5 dB (1.5 dB loss)

	1 Rx UE (100 MHz BW)
	-2.1 dB

	1 Rx UE (50 MHz BW)
	-0.4 dB (1.7 dB loss)



[bookmark: _Toc47701344]For the evaluated scenarios, the coverage losses for PDCCH (1% BLER) incurred from reducing the number of receiver branches for a RedCap UE with respect to the reference NR UE are: i) 3.7 dB for a 1 Rx RedCap UE in FR1 FDD band; ii) 3.2 dB and 6.2 dB for a 2 Rx and 1 Rx RedCap UE, respectively, in FR1 TDD band; and iii) 3.9 dB for a 1 Rx RedCap UE in FR2.
[bookmark: _Toc47023251][bookmark: _Toc47701345]In FR2, a 50 MHz UE bandwidth can still detect PDCCH in the CORESET for Type0-PDCCH configured with 69.12 MHz bandwidth. At 1% BLER, the degradation is about 1.7 dB and 1.5 dB for 1 Rx and 2 Rx UEs, respectively.
PDSCH
[bookmark: _GoBack]Table 11 shows the channel-specific parameters and performance targets for PDSCH (eMBB data), Msg 2, and Msg 4. We have adjusted the TBS and MCS accordingly, so that we can obtain the targeted data rate for the reference UE. Then, the target data rates for RedCap UEs are adjusted lower to reflect the BW constraint. As an example: for 2.6 GHz with 30 kHz SCS, there are 51 PRBs in limited bandwidth of 20 MHz. We use the MCS value from the reference UE, i.e. MCS=0. So, we end up with TBS=1480. Considering the targeted BLER, this then give 1480/0.005*(1-0.1) = 2.7 Mbps. In essence, for eMBB data, the coverage is assessed based on the same spectral efficiency expected from the reference and RedCap UEs. 
[bookmark: _Ref47017859]Table 11: PDSCH (eMBB data), Msg 2, and Msg 4 parameters.
	Parameter
	Value for PDSCH eMBB data
	Value for Msg 2
	Value for Msg 4

	FDRA (reference UE)
	2.6 GHz: 200 PRBs
28 GHz: 60 PRBs
700 MHz: 40 PRBs
	3 PRBs 

	2.6 GHz: 36 PRBs
28 GHz: 18 PRBs
700 MHz: 36 PRBs

	TDRA
	12 OFDM symbols

	Waveform
	CP-OFDM

	DMRS
	Type I, 2 DMRS symbol, 
no multiplexing with data.
	Type I, 3 DMRS symbol, no multiplexing with data
	Type I, 3 DMRS symbol, no multiplexing with data

	Payload
	target data rate 10 Mbps (30 kHz SCS): TBS =5640 
target data rate 1 Mbps (15 kHz SCS): TBS = 1128
target data rate 25 Mbps (120 kHz SCS): TBS = 3624
	9 bytes
	130 bytes

	MCS index/TBS 
	Use Table 5.1.3.1-1
target data rate 10 Mbps (30 kHz SCS): MCS=0
target data rate 1 Mbps (15 kHz SCS): MCS = 0
target data rate 25 Mbps (120 kHz SCS): MCS = 3
	MCS=0
	Use Table 5.1.3.1-1
MCS=0 for FR1
MCS = 3 for FR2

	Number of transmissions
	No HARQ

	Rx combining
	MRC

	Diversity scheme
	Precoder cycling; PRB bundle size of 2

	Performance target
	FR1: 10 Mbps (Urban), 1 Mbps (Rural); 10% iBLER
FR2: 25 Mbps; 10% iBLER
	10% iBLER
	10% iBLER
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Figure 10: PDSCH BLER performance for 700 MHz.
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Figure 11: PDSCH BLER performance for 2.6 GHz.
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[bookmark: _Ref47616042][bookmark: _Ref47616036]Figure 12: PDSCH BLER performance for 28 GHz.
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Figure 13: Msg2 BLER performance for 700 MHz.
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Figure 14: Msg2 BLER performance for 2.6 GHz.
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Figure 15: Msg2 BLER performance for 28 GHz.
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Figure 16: Msg 4 BLER performance for 700 MHz
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Figure 17: Msg 4 BLER performance for 2.6 GHz.
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Figure 18: Msg 4 BLER performance for 28 GHz
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[bookmark: _Ref47616653]Figure 19: Data rates of PDSCH


A summary of BLER performance for PDSCH (eMBB data), Msg 2 and Msg 4 is presented in Table 12. 
[bookmark: _Ref47017127]Table 12: Required SNR for 1% BLER for (eMBB data), Msg 2, and Msg 4.
	Rx antennas
	700 MHz
	2.6 GHz
	28 GHz

	4 Rx UE
	
	Data: -5.7
Msg 2: -4.1
Msg 4: -6.6
	

	2 Rx UE
	Data: -2.7
Msg 2: -0.4
Msg 4: -3
	Data: -2.7
Msg 2: -0.4
Msg 4: -3.1
	Data: -2.4
Msg 2: 2.6
Msg 4: -1.8

	1 Rx UE
	Data: 1.3
Msg 2: 4.7
Msg 4: 1.1
	Data: 0.5
Msg 2: 4.5
Msg 4: 0.9
	Data: 1.5
Msg 2: 9
Msg 4: 2.5









Based on these results,
[bookmark: _Toc47701346]For 2.6 GHz, by reducing the number of UE Rx antennas from 4Rx to 1Rx, the BLER performances of the PDSCH (data), Msg 2 and Msg 4 are degraded by 6.2 dB, 8.6 dB, and 7.5 dB, respectively.
[bookmark: _Toc47701347]For 28 GHz, by reducing the number of UE Rx antennas from 2Rx to 1Rx, the BLER performances of the PDSCH (data), Msg 2 and Msg 4 are degraded by 3.9 dB, 6.4dB, and 4.3 dB, respectively.
[bookmark: _Toc47701348]For 700 MHz, by reducing the number of UE Rx antennas from 2Rx to 1Rx, the BLER performances of the PDSCH (data), Msg 2 and Msg 4 are degraded by 4 dB, 5.1 dB, and 4.1 dB, respectively.
For the transmission of PDSCH, we have considered identical MCS indices and consequently identical coding rate for the reference and RedCap UE (This means that for transmitting PDSCH to RedCap UE the TBS is reduced proportionally to the BW reduction). Therefore, the impact of the BW reduction on BLER performance is negligible. As it is shown in Figure 12, for 28 GHz and the both cases of 2 Rx and 1 Rx antenna, at 1% BLER the performance degradation is approximately 0.4 dB. However, the BW reduction can have significant impact on data rate as it is shown in Figure 19.
[bookmark: _Toc47617292][bookmark: _Toc47701349]For a given MCS (i.e. same spectral efficiency), the impact of BW reduction on the BLER performance of PDSCH (eMBB data), Msg 2, and Msg 4 is negligible.
PUCCH
Table 13 shows the channel-specific parameters and performance targets for PUCCH.
[bookmark: _Ref47354902]Table 13: PUCCH parameters.
	Parameter
	Value for PUCCH format 1
	Value for PUCCH format 3

	Payload and format
	2 bits (A/N)
	4/11/22 bits (A/N+SR/UCI)

	Number of symbols
	14
	14

	Number of PRBs
	1
	1

	Frequency hopping
	At UL BWP edge
	At UL BWP edge

	DMRS
	every even symbol according to the specification
	Additional DMRS configured (4 symbols)

	Performance target for PUCCH
	1% D2A and Aerr, 0.1% N2A
	BLER 1% for 4 bits, 10% and 1% for the rest



	[image: ]
Figure 20: PUCCH format 1 performance for 700 MHz.
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Figure 21: PUCCH format 3 performance for 700 MHz.
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Figure 22: PUCCH format 1 performance for 2.6 GHz.
	[image: ]
Figure 23: PUCCH format 3 performance for 2.6 GHz.
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Figure 24: PUCCH format 1 performance for 28 GHz.
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Figure 25: PUCCH format 3 performance for 28 GHz.



A summary of required SNR to achieve performance target for PUCCH is presented in Table 14. 
[bookmark: _Ref47428365][bookmark: _Ref47428359]Table 14: Required SNR (dB) to achieve performance target for PUCCH.
	Carrier frequency
	700 MHz
	2.6 GHz
	28 GHz

	BW (MHz)
	20
	20
	100 (ref)
	50
	100
	200 (ref)

	PF1 (2 bits)
	-6.64 
	-6.75 
	-6.62
	-3.02 
	-3.02 
	-3.02

	PF3 (4 bits)
	-8.72 (1%)
	-8.50 (1%)
	-8.41 (1%)
	-4.69 (1%) 
	-4.98 (1%)
	-4.80 (1%)

	PF3 (11 bits)
	-7.60 (1%)
-10.28 (10%)
	-7.34 (1%)
-10.03(10%)
	-7.30 (1%)
-9.97 (10%)
	-3.04 (1%)
-6.95 (10%)
	-3.37 (1%)
-7.20 (10%)
	-3.15 (1%)
-7.00 (10%)

	PF3 (22 bits)
	-5.62 (1%)
-7.98 (10%)
	-5.43 (1%)
-7.81 (10%)
	-5.35 (1%)
-7.76 (10%)
	-0.57 (1%)
-4.21 (10%)
	-0.91 (1%)
-4.46 (10%)
	-0.67 (1%)
-4.28 (10%)



The results above show that there is no significant performance impact due to BW reduction. This can be understood from the simulation assumption related to frequency hopping and delay spread parameters. For all cases, the bandwidth sizes can be considered sufficiently large compared to channel coherence bandwidth so that frequency hopping at the BWP edge provides a similar level of frequency diversity gain.
Since a single UE transmit antenna is assumed in the simulation for both RedCap and NR reference UE, there is no performance impact related to the reduction of the number of UE antennas.
[bookmark: _Toc47701350]There is no significant performance impact for PUCCH due to BW reduction.
[bookmark: _Toc47701351]There is no performance impact for PUCCH due to the reduction of the number of UE antennas.
PUSCH
Table 15: PUSCH (eMBB data) and Msg3 parameters.
	Parameters
	Value for PUSCH eMBB data
	Value for Msg3

	Performance target
	FR1: 1 Mbps (Urban), 100 kbps (Rural); 10% iBLER
FR2: 5 Mbps; 10% iBLER
	10% iBLER

	FDRA (reference UE)
	1 Mbps: 30 PRBs
100 kbps: 4 PRBs
5 Mbps: 66 PRBs
	2 PRBs

	TDRA
	14 OFDM symbols
	14 OFDM symbols

	Waveform
	DFT-s-OFDM
	DFT-s-OFDM

	DMRS
	Type 1, 1+1 DMRS,
 no multiplexing with data.
	Type 1, 1+1+1 DMRS,
 no multiplexing with data

	Payload
	target data rate 1 Mbps (30 kHz SCS): TBS = 552
target data rate 100 kbps (15 kHz SCS): TBS = 128
target data rate 5 Mbps (120 kHz SCS): TBS = 736
	56 bits

	MCS index/TBS
 (or modulation and code rate)
	target data rate 1 Mbps (30 kHz SCS): MCS=3
target data rate 100 kbps (15 kHz SCS): MCS = 6
target data rate 5 Mbps (120 kHz SCS): MCS = 1
MCS Table 6.1.4.1-2 (TS38.214)
	MCS0
MCS Table 6.1.4.1-1 (TS38.214)

	Number of transmissions
	1
	1

	Rx combining
	MRC
	MRC

	Diversity scheme
	no frequency hopping
	no frequency hopping
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Figure 26: Data rates of PUSCH (data) for different bands.
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Figure 27: Block error rates of PUSCH (data) for different bands.
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Figure 28: Block error rates of Msg3 for different bands.

Table 16: Required SNR (dB) to achieve performance target for PUSCH (data) and Msg3.
	Carrier frequency
	PUSCH (data)
	Msg3

	0.7 GHz
	-7.3
	-6.3

	2.6 GHz
	-10.7
	-6

	28 GHz
	-9.5
	-1.8



For PUSCH, as for other uplink physical channels, the number of Tx antennas at the reference UE and the RedCap UE are the same. The BW used for the PUSCH transmission is also less than the RedCap UE BW in all the bands. Therefore, the link performance will be identical for both the UEs.
[bookmark: _Toc47701352]For PUSCH, the link performance will be identical for the reference NR UE and the RedCap UE.
Link budget
The simulation assumptions and results presented in Section 2.1 and , can be used to calculate the Hardware link budget. For that, it is possible to use the template proposed in RAN1#101e meeting [4], which is an adapted version of the link budget template in [5], and shown in Table 17.
[bookmark: _Ref46838605][bookmark: _Ref46838599]Table 17: Link budget template
	Scenario
	FR1, Urban
	FR2, Indoor
	FR1, Rural

	Frame structure
	
	
	

	Carrier frequency (GHz)
	2.6
	28 
	0.7

	Transmission bit rate (bit/s)
	
	
	

	Target packet error rate for the required SNR in item (19a) 
	
	
	

	Spectral efficiency (bit/s/Hz)
	
	
	

	UE speed (km/h)
	
	
	

	Feeder loss (dB)
	
	
	

	Transmitter
	
	

	(1) Number of transmit antennas. 
(The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	
	
	

	(1bis) Number of transmit antenna ports
	
	
	

	(2) Maximal transmit power per antenna (dBm)
	
	
	

	(3) Total transmit power = function of (1) and (2) (dBm) (The value shall not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0)
	
	
	

	(4) Transmitter antenna gain (dBi)
	
	
	

	(5) Transmitter array gain 
(depends on transmitter array configurations and technologies such as adaptive beam forming, CDD (cyclic delay diversity), etc.) (dB)
	
	
	

	(6) Channel power boosting gain or loss (dB)
	
	
	

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	
	
	

	(9a) EIRP = (3) + (4) + (5) + (6) – (8) dBm
	
	
	

	Receiver
	
	

	(10) Number of receive antennas 
(The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	
	
	

	(10bis) Number of receive antenna ports
	
	
	

	(11) Receiver antenna gain (dBi)
	
	
	

	(11bis) Receiver array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, etc.) (dB)
	
	
	

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	
	
	

	(13) Receiver noise figure (dB)
	
	
	

	(14) Thermal noise density (dBm/Hz)
	
	
	

	(15a) Receiver interference density (dBm/Hz) 
	
	
	

	(16a) Total noise plus interference density = 
10 log (10^(((13) + (14))/10) + 10^((15a)/10)) dBm/Hz  
	
	
	

	(17a) Occupied channel bandwidth
 (for meeting the requirements of the traffic type) (Hz)
	
	
	

	(18a) Effective noise power = 
(16a) + 10 log((17a)) dBm
	
	
	

	(19a) Required SNR (dB) 
	
	
	

	(20) Receiver implementation margin (dB)
	
	
	

	(21a) H-ARQ gain (dB)
	
	
	

	(22a) Receiver sensitivity = 
(18a) + (19a) + (20) – (21a) dBm
	
	
	

	(23a) Hardware link budget = 
(9a) + (11) + (11bis) − (22a) dB
	
	
	



[bookmark: _Toc47693738]Use an adapted version of the IMT-2020 self-evaluation methodology, according to the template presented in Table 17, to determine “Hardware link budget” for the considered channels and messages.
Based on the LLS results and the link budget table in Table 17, the coverage of a reference UE considering all the physical channels evaluated is summarized in Table 18. Here, it is assumed that the total transmit power is 49 dBm at the gNB. The gNB transmit power is evenly distributed across all the PRBs within a 100 MHz bandwidth. From Table 18, it can be seen that the bottleneck channel is PDSCH for Msg2 and the coverage for a reference UE can be said to be 154.4 dB, which will be a reference point for RedCap coverage recovery. We note that the TBS and PRB configurations for Msg2 according to Table 11 might not be optimal. With better TBS and PRB settings, the coverage of Msg2 might be improved. For example, a smaller TBS can be assigned to a given MCS and a given number of PRBs, by considering a TBS scaling factor as
,
where S, R, , and  are TBS scaling factor, code rate, modulation order and transmission layer, respectively.

[bookmark: _Ref47601633]Table 18: Coverage analysis for a reference UE (2.6 GHz, Urban, 49 dBm total gNB transmit power).
[image: ]
The coverage of a RedCap UE with 2 Rx branches is summarized in Table 19. It can be seen that PSDSCH for Msg2 and Msg4 fall below the coverage of the reference UE, i.e. 154.4 dB. Thus, according to this scenario coverage recovery solutions might be considered for PDSCH for Msg2 and Msg4.
[bookmark: _Ref47602151]Table 19: Coverage analysis for a RedCap UE with two Rx branches (2.6 GHz, Urban, 49 dBm total gNB transmit power).
[image: ]
Assumptions for system-level simulation
In Table 20, we present the assumptions for baseline system-level simulations (SLS) considering two scenarios: Urban macro for FR1 and Indoor hotspot for FR2. These assumptions are based on sections A-2 and 8.4 in [6] and [7] , respectively. Table 20 can be the basis for further discussions on SLS assumptions.
[bookmark: _Ref46936146]Table 20: System-level evaluation assumptions
	Parameters
	FR1 (Urban)
	FR2 (Indoor)

	Layout
	Single layer
Macro layer: Hex. Grid
	Single layer
Indoor floor: (12BSs per 120m x 50m)
Candidate TRP numbers: 3, 6, 12

	Carrier frequency
	2.6 GHz
4 GHz
	28 GHz

	Inter-BS distance
	500 m
	20 m

	Aggregated system bandwidth
	Up to 200 MHz (DL+UL)
	Up to 1GHz (DL+UL)

	Simulation bandwidth
	20MHz
	80 MHz

	Channel model
	3D Uma
	5GCM office

	BS Tx power
	49 dBm
	23 dBm

	UE Tx power
	23 dBm
	23 dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1).
(dH, dV) = (0.5, 0.8)λ
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1)
(dH, dV) = (0.5, 0.5)λ

	BS antenna height
	25 m
	3 m

	BS antenna element gain +
connector loss
	8 dBi
	5 dBi

	BS receiver noise figure
	5 dB
	7 dB

	UE antenna configuration
	RedCap UE: TBD

Legacy UE: 
Panel model 1: Mg = 1, Ng = 1, P = 2, dH = 0.5


	RedCap UE: TBD

Legacy UE:
(M, N, P) = (2,2,2)



	UE antenna height
	1.5 m
	1.5 m

	UE antenna gain
	0 dBi
	5 dBi

	UE receiver noise figure
	9 dB
	13 dB (baseline performance), 10 dB (high performance)

	Traffic model
	Full buffer and FTP model 1/2/3 with packet size 0.1 and 0.5Mbytes (other value is not precluded). 
Other traffic models are not precluded.
	Full buffer and FTP model 1/2/3 with packet size 0.1 and 0.5Mbytes (other value is not precluded). 
Other traffic models are not precluded.

	Traffic load (Resource utilization)
	For baseline scheme: 25, 50 and 80%
	For baseline scheme: 25, 50 and 80%

	UE distribution
	100% Indoor: 3km/h
10 users per TRP for full buffer traffic
	20% Outdoor in cars: 30km/h,
80% Indoor in houses: 3km/h
10 users per BS for full buffer traffic

	UE receiver
	MMSE-IRC as the baseline receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic
	Realistic

	Channel estimation
	Realistic
	Realistic



[bookmark: _Toc47693739]Use an adapted version of assumptions from TR 38.802, Table A.2.1-1 for system-level simulations.
Potential coverage recovery techniques
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 21. 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 21: Potential coverage recovery techniques
	Channel
	Coverage recovery techniques

	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.
· Take the advantage of PDCCH repetition.

	PDSCH
	· Consider frequency hopping to increase frequency diversity.
· Take the advantage of PDSCH repetition.

	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.


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	For the evaluated scenarios, the coverage losses for SSB (PBCH after 4 transmissions, 1% BLER) incurred from reducing the number of receiver branches for a RedCap UE with respect to the reference NR UE are: i) 4.7 dB for a 1 Rx RedCap UE in FR1 FDD band; ii) 3.0 dB and 6.9 dB for a 2 Rx and 1 Rx RedCap UE, respectively, in FR1 TDD band; and iii) 3.7 dB for a 1 Rx RedCap UE in FR2.
Observation 2	For SSB with 240 kHz SCS (SSB BW =57.6 MHz), 0.3 dB coverage loss is observed when reducing bandwidth from 100 MHz to 50 MHz.
Observation 3	The impact of BW reduction to 50 MHz on the SSB coverage in FR2 is negligible.
Observation 4	In FR1, BW reduction to 20 MHz does not have any impact on SSB coverage since the UE receive BW is larger than the SSB BW.
Observation 5	For PRACH, the link performance will be identical for the reference NR UE and the RedCap UE.
Observation 6	For PRACH, PUCCH and PUSCH, potential reduced transmit antenna efficiency due to device size limitations in FR1 is not considered in the link simulations and will be reflected in the link budget calculations.
Observation 7	For the evaluated scenarios, the coverage losses for PDCCH (1% BLER) incurred from reducing the number of receiver branches for a RedCap UE with respect to the reference NR UE are: i) 3.7 dB for a 1 Rx RedCap UE in FR1 FDD band; ii) 3.2 dB and 6.2 dB for a 2 Rx and 1 Rx RedCap UE, respectively, in FR1 TDD band; and iii) 3.9 dB for a 1 Rx RedCap UE in FR2.
Observation 8	In FR2, a 50 MHz UE bandwidth can still detect PDCCH in the CORESET for Type0-PDCCH configured with 69.12 MHz bandwidth. At 1% BLER, the degradation is about 1.7 dB and 1.5 dB for 1 Rx and 2 Rx UEs, respectively.
Observation 9	For 2.6 GHz, by reducing the number of UE Rx antennas from 4Rx to 1Rx, the BLER performances of the PDSCH (data), Msg 2 and Msg 4 are degraded by 6.2 dB, 8.6 dB, and 7.5 dB, respectively.
Observation 10	For 28 GHz, by reducing the number of UE Rx antennas from 2Rx to 1Rx, the BLER performances of the PDSCH (data), Msg 2 and Msg 4 are degraded by 3.9 dB, 6.4dB, and 4.3 dB, respectively.
Observation 11	For 700 MHz, by reducing the number of UE Rx antennas from 2Rx to 1Rx, the BLER performances of the PDSCH (data), Msg 2 and Msg 4 are degraded by 4 dB, 5.1 dB, and 4.1 dB, respectively.
Observation 12	For a given MCS (i.e. same spectral efficiency), the impact of BW reduction on the BLER performance of PDSCH (eMBB data), Msg 2, and Msg 4 is negligible.
Observation 13	There is no significant performance impact for PUCCH due to BW reduction.
Observation 14	There is no performance impact for PUCCH due to the reduction of the number of UE antennas.
Observation 15	For PUSCH, the link performance will be identical for the reference NR UE and the RedCap UE.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Use an adapted version of the IMT-2020 self-evaluation methodology, according to the template presented in Table 17, to determine “Hardware link budget” for the considered channels and messages.
Proposal 2	Use an adapted version of assumptions from TR 38.802, Table A.2.1-1 for system-level simulations.
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Parameter SSB PDCCH PDSCH, eMBB PDSCH, Msg2 PDSCH, Msg4 PUCCH PRACH PUSCH, eMBB PUSCH, msg3

Scenario

Frame structure

Carrier frequency (Hz)

Transmission bit rate (bit/s) 10 Mbps 1 Mbps

Target packet error rate for the required SNR in item (19a) 1%, 4 transmissions 1%10% iBLER 10% 10%1% BLER for 22 bits 1% miss detection 10% iBLER 10%

Spectral efficiency (bit/s/Hz)

UE speed (km/h)

Feeder loss (dB)

Transmitter

(1) Number of transmit antennas. 

128 128 128 128 128 4 4 4 4

(The number shall be within the indicated range in § 8.4 of Report ITU-R 

M.2412-0)

(1bis) Number of transmit antenna ports 4 4 4 4 4 1 1 1 1

(2) Maximal transmit power per antenna (dBm)

16.8 20.6 26.8 8.5 19.3 17 17 17 17

(3) Total transmit power = function of (1) and (2) (dBm) (The value shall 

not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0) 37.8 41.6 47.8 29.6 40.4 23.0 23.0 23.0 23.0

(4) Transmitter antenna gain (dBi) 8 8 8 8 8 0 0 0 0

(5) Transmitter array gain  11.1 15.1 15.1 11.1 11.1 6.0 6.0 6.0 6.0

(depends on transmitter array configurations and technologies such as 

adaptive beam forming, CDD (cyclic delay diversity), etc.) (dB)

(6) Channel power boosting gain or loss (dB) 0 0 0 0 0 0 0 0 0

(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) 

(feeder loss must be included for and only for downlink) 3 3 3 3 3 1 1 1 1

(9a) EIRP = (3) + (4) + (5) + (6) – (8) dBm 53.9 61.7 67.9 45.7 56.4 28.0 28.0 28.0 28.0

Receiver

(10) Number of receive antennas 

4 4 4 4 4 128 128 128 128

(The number shall be within the indicated range in § 8.4 of Report ITU-R 

M.2412-0)

(10bis) Number of receive antenna ports 4 4 4 4 4 4 4 4 4

(11) Receiver antenna gain (dBi) 0 0 0 0 0 8 8 8 8

(11bis) Receiver array gain (depends on transmitter array configurations 

and technologies such as adaptive beam forming, etc.) (dB)

0 0 0 0 0 15.1 15.1 15.1 15.1

(12) Cable, connector, combiner, body losses, etc. (enumerate sources) 

(dB) (feeder loss must be included for and only for uplink) 1 1 1 1 1 3 3 3 3

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

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

(15a) Receiver interference density (dBm/Hz) -99999 -99999 -99999 -99999 -99999 -9999 -9999 -9999 -9999

(16a) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 

10^((15a)/10)) dBm/Hz  -167 -167 -167 -167 -167 -169 -169 -169 -169

(17a) Occupied channel bandwidth 7200000 17280000 72000000 1080000 12960000 360000 2085000 10800000 720000

 (for meeting the requirements of the traffic type) (Hz)

(18a) Effective noise power = (16a) + 10 log((17a)) dBm -98.4 -94.6 -88.4 -106.7 -95.9 -113.4 -105.8 -98.7 -110.4

(19a) Required SNR (dB)  -11 -9.2 -5.7 -4.1 -6.6 -5.4 -17.2 -10.7 -6

(20) Receiver implementation margin (dB) 2 2 2 2 2 2 2 2 2

(21a) H-ARQ gain (dB) 0 0 0 0 0 0 0 0 0

(22a) Receiver sensitivity = (18a) + (19a) + (20) – (21a) dBm -107.4 -101.8 -92.1 -108.8 -100.5 -116.8 -121.0 -107.4 -114.4

(23a) Hardware link budget = (9a) + (11) + (11bis) − (22a) dB 161.3 163.5 160.0 154.4 156.9 167.9 172.1 158.5 165.5

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

2.6 GHz

Urban

3
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Parameter

SSB PDCCH PDSCH, eMBB PDSCH, Msg2 PDSCH, Msg4 PUCCH PRACH PUSCH, eMBB PUSCH, msg3

Scenario

Frame structure

Carrier frequency (Hz)

Transmission bit rate (bit/s) 10 Mbps 1 Mbps

Target packet error rate for the required SNR in item (19a) 1%, 4 transmissions 1%10% iBLER 10% 10%1% BLER for 22 bits 1% miss detection 10% iBLER 10%

Spectral efficiency (bit/s/Hz)

UE speed (km/h)

Feeder loss (dB)

Transmitter

(1) Number of transmit antennas. 

128 128 128 128 128 2 2 2 2

(The number shall be within the indicated range in § 8.4 of Report ITU-R 

M.2412-0)

(1bis) Number of transmit antenna ports 4 4 4 4 4 1 1 1 1

(2) Maximal transmit power per antenna (dBm)

16.8 20.6 20.8 8.5 19.3 20 20 20 20

(3) Total transmit power = function of (1) and (2) (dBm) (The value shall 

not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0) 37.8 41.6 41.9 29.6 40.4 23.0 23.0 23.0 23.0

(4) Transmitter antenna gain (dBi) 8 8 8 8 8 0 0 0 0

(5) Transmitter array gain  11.1 15.1 15.1 11.1 11.1 3.0 3.0 3.0 3.0

(depends on transmitter array configurations and technologies such as 

adaptive beam forming, CDD (cyclic delay diversity), etc.) (dB)

(6) Channel power boosting gain or loss (dB) 0 0 0 0 0 0 0 0 0

(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) 

(feeder loss must be included for and only for downlink) 3 3 3 3 3 1 1 1 1

(9a) EIRP = (3) + (4) + (5) + (6) – (8) dBm 53.9 61.7 62.0 45.7 56.4 25.0 25.0 25.0 25.0

Receiver

(10) Number of receive antennas 

2 2 2 2 2 128 128 128 128

(The number shall be within the indicated range in § 8.4 of Report ITU-R 

M.2412-0)

(10bis) Number of receive antenna ports 2 2 2 2 2 4 4 4 4

(11) Receiver antenna gain (dBi) 0 0 0 0 0 8 8 8 8

(11bis) Receiver array gain (depends on transmitter array configurations 

and technologies such as adaptive beam forming, etc.) (dB)

0 0 0 0 0 15.1 15.1 15.1 15.1

(12) Cable, connector, combiner, body losses, etc. (enumerate sources) 

(dB) (feeder loss must be included for and only for uplink) 1 1 1 1 1 3 3 3 3

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

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

(15a) Receiver interference density (dBm/Hz) -99999 -99999 -99999 -99999 -99999 -9999 -9999 -9999 -9999

(16a) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 

10^((15a)/10)) dBm/Hz  -167 -167 -167 -167 -167 -169 -169 -169 -169

(17a) Occupied channel bandwidth 7200000 17280000 18360000 1080000 12960000 360000 2085000 10800000 720000

 (for meeting the requirements of the traffic type) (Hz)

(18a) Effective noise power = (16a) + 10 log((17a)) dBm -98.4 -94.6 -94.4 -106.7 -95.9 -113.4 -105.8 -98.7 -110.4

(19a) Required SNR (dB)  -8 -6 -2.7 -0.4 -3.1 -5.4 -17.2 -10.7 -6

(20) Receiver implementation margin (dB) 2 2 2 2 2 2 2 2 2

(21a) H-ARQ gain (dB) 0 0 0 0 0 0 0 0 0

(22a) Receiver sensitivity = (18a) + (19a) + (20) – (21a) dBm -104.4 -98.6 -95.1 -105.1 -97.0 -116.8 -121.0 -107.4 -114.4

(23a) Hardware link budget = (9a) + (11) + (11bis) − (22a) dB 158.3 160.3 157.0 150.7 153.4 164.9 169.1 155.4 162.5

Urban
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