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1 Introduction

The Rel-17 SI on support of reduced capability NR (RedCap) devices includes an objective is to identify and study potential UE complexity reduction features, including [1]:
· Reduced number of UE RX/TX antennas

· UE Bandwidth reduction 

· Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized 

· Half-Duplex-FDD 

· Relaxed UE processing time 

· Relaxed UE processing capability  

Implementation of some of these complexity reduction features could result in a performance degradation for the device. Therefore, the SI also includes the objective to study the functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including:

· 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

In RAN1 #102-e, the following agreements were made related to coverage evaluation and the functionality for coverage recovery [2].

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

Agreement: For RedCap UE, adopt the following target data rates for link budget evaluation for FR1 Rural.

· 1 Mbps on DL and 100kbps in UL

Agreement: For RedCap UE, down-selection on adopt the following target data rates for link budget evaluation for FR1 Urban.
· 2 Mbps on DL and 1Mbps in UL

Note: The 2Mbps target data rate in downlink is the scaled value of the 10Mbps in the CE SI by a factor of 0.2 

Agreements: For RedCap UEs, the target data rates for link budget evaluation for FR2 are as follows:

· 25Mbps for BW 50MHz/100MHz on DL and 5Mbps in UL
· Optionally, 12.5Mbps for BW 50MHz as the target data rate for DL, assuming the same DL PSD as that of BW 100MHz

· Note: in case of 50MHz BW, the maximum supported DL data rate is half that of the 100MHz BW in DL

Agreements:
· For link budget evaluation, the antenna gain loss due to the small form factor can be applied to all the FR1 bands

· For RedCap coverage analysis, the agreements in the Rel-17 CE SI regarding link budget template and antenna array gain are reused.

· Continue to discuss and decide the performance metric in RAN1-103 e-meeting

In this contribution, we discuss further aspects related to coverage evaluation and coverage recovery in RedCap devices.
2 Coverage analysis

In this section, we consider the coverage of Reference NR UE and RedCap UE in the scenarios in Table 1 based on agreements following RAN1 #101-e.
Table 1. Scenarios for link-level simulations
	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)


In each scenario, the MCS and TBS for PDSCH and PUSCH are determined based on the assumed number of PRBs to achieve the target data rate while taking into the frame structure assumed as in the above table. We consider the hardware link budget for the following channels.

· PDCCH (USS)

· PDSCH

· PUCCH (2 bits)

· PUCCH (22 bits)

· PUSCH

· Msg2

· Msg4

· PRACH

· Msg3

For simplicity of analysis and comparison among different channels, we assume in the following that the transmitter and receiver antenna gain correction factors at antenna gain component 3 and antenna gain component 4 is zero for all channels in all scenarios. Other assumptions related to the various channels are provided in Appendix A.

2.1 Urban 2.6 GHz (TDD)

Figure 1 shows the hardware link budget for the reference UE in the Urban 2.6 GHz scenario. It is seen from this figure that PUSCH is the limiting channel for coverage of the reference NR UE among the channels considered. The hardware link budget for all the other channels is at least 8 dB better. In particular, the hardware link budget for the DL channels is at least 26 dB better.
Observation 1: PUSCH is the limiting channel for the reference UE in the Urban 2.6 GHz (TDD) scenario.
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Figure 1. Hardware link budget for Reference UE in Urban 2.6 GHz scenario.
Figure 2 and Figure 3 show the hardware link budget for the RedCap UE with 2Rx antennas and 1Rx antenna, respectively. For the uplink channels, there is reduction in link budget by 3 dB relative to the NR UE due to an antenna with reduced efficiency. The downlink channels are additionally affected by reduced number of antennas and smaller bandwidth (for PDSCH). Since the hardware link budget for the downlink channels is significantly better than the limiting channel for the reference UE, the link budget for these channels in the RedCap UE is still better in spite of complexity reduction. Therefore, it is seen that the link budget of all channels other than PUSCH is better than that of the limiting channel of the reference UE.
Observation 2: The hardware link budget of all channels other than PUSCH for RedCap UE with 1Rx and 2Rx in the Urban 2.6 GHz (TDD) scenario is better than that of the limiting channel for the reference UE.
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Figure 2. Hardware link budget for RedCap UE (2Rx) in Urban 2.6 GHz scenario.
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Figure 3. Hardware link budget for RedCap UE (1Rx) in Urban 2.6 GHz scenario.
2.2 Urban 4 GHz (TDD)
Figure 4 shows the hardware link budget for the reference UE in the Urban 4 GHz scenario. PUSCH is again the limiting channel in this scenario although the gap with the next best channel is reduced to 6 dB. The hardware link budget for the DL channels is at least 24 dB better.
Observation 3: PUSCH is the limiting channel for the reference UE in the Urban 4 GHz (TDD) scenario.

Figure 5 and Figure 6 show the hardware link budget for the RedCap UE with 2Rx antennas and 1Rx antenna, respectively. In spite of losses from complexity reduction, all channels other than PUSCH again maintain a link budget that is better than that of the limiting channel for the reference UE.

Observation 4: The hardware link budget of all channels other than PUSCH for RedCap UE with 1Rx and 2Rx in the Urban 4 GHz (TDD) scenario is better than that of the limiting channel for the reference UE.
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Figure 4. Hardware link budget for Reference UE in Urban 4 GHz scenario.
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Figure 5. Hardware link budget for RedCap UE (2Rx) in Urban 4 GHz scenario.
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Figure 6. Hardware link budget for RedCap UE (1Rx) in Urban 4 GHz scenario.
2.3 Rural 700 MHz (FDD)

Figure 7 shows the hardware link budget for the reference UE in the Rural 700 MHz scenario. In this scenario, Msg3 is the limiting channel. Several other UL channels have a hardware link budget that is 5–7 dB better. The hardware link budget for the DL channels is at least 28 dB better.
Observation 5: Msg3 is the limiting channel for the reference UE in the Rural 700 MHz (FDD) scenario.

Figure 8 and Figure 9 show the hardware link budget for the RedCap UE with 2Rx antennas and 1Rx antenna, respectively. The first type of RedCap UE has 2Rx antennas, which is the same as in the reference UE. In this RedCap UE, the performance degradation for the DL channels is only due the 3 dB reduction in antenna efficiency. Consequently, the RedCap UE link budget for all channels are than Msg3 remains above that of the limiting channel of the reference UE. For the RedCap UE with 1 Rx antenna, there is a further loss due to the reduced number of antennas but not enough to reduce the hardware link budget to less than that of the limiting channel of the reference UE.
Observation 6: The hardware link budget of all channels other than Msg3 for RedCap UE with 1Rx and 2Rx in the Rural 700 MHz (FDD) scenario is better than that of the limiting channel for the reference UE.
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Figure 7. Hardware link budget for Reference UE in Rural 700 MHz scenario.
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Figure 8. Hardware link budget for RedCap UE (2Rx) in Rural 700 MHz scenario.
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Figure 9. Hardware link budget for RedCap UE (1Rx) in Rural 700 MHz scenario.
2.4 Indoor 28 GHz (TDD)

Figure 10 shows the hardware link budget for the reference UE in the Indoor 28 GHz scenario. We only consider a RedCap UE with 100 MHz bandwidth. It is seen that PDSCH is the limiting channel in this scenario primarily due to the transmit power assumptions. The channel that has the next larger hardware link budget is PDCCH, with a gap of around 2.7 dB. Most of the UL channels have a significantly higher hardware link budget.
Observation 7: PDSCH is the limiting channel for the reference UE in the Indoor 28 GHz (TDD) scenario.
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Figure 10. Hardware link budget for Reference UE in Indoor 28 GHz scenario.
Figure 11 shows the hardware link budget for the RedCap UE with 100 MHz bandwidth and 1Rx antenna. At FR2, there is no assumption of reduced antenna efficiency for the RedCap UE. As a result, the hardware link budget for the UL channels is the same as for the RedCap UE. The link budget of the DL channels is degraded to due to performance loss from reducing the number of Rx antennas to 1. The figure shows, however, that the loss experienced by channels other than PDSCH does not reduce their link budget below that of the limiting channel for the Reference UE.
Observation 8: The hardware link budget of all channels other than PDSCH for RedCap UE with 1Rx in the Indoor 28 GHz (TDD) scenario is better than that of the limiting channel for the reference UE.

[image: image11.png]Hardware link budget (dB)

165.0
160.0
155.0
150.0
145.0
1400
1350
1300
1250
1200

RedCap UE (100 MHz)

160-5 158.9

139.3

136.0

I

145.4
I 1425

157.5
153.1
1415

PDCCH PDSCH PUCCH PUCCH PUSCH Msg2

(Uss)

2bits  22bits.

Msg4 PRACH Msg3





Figure 11. Hardware link budget for RedCap UE (100 MHz) in Indoor 28 GHz scenario.
3 Recovery of coverage loss
The objective in the current SI is to only compensate for potential coverage degradation resulting from reduction in complexity of the NR UE. Thus, there is no need to uniformly enhance coverage of all channels or achieve a fixed coverage target for all channels. In RAN1 #102-e it was agreed that the following options for the target performance requirement for RedCap UEs will be considered.
· 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

In our view, Option 3 makes more sense since the coverage for the reference NR UE is determined by the limiting channel and hence the link budget target can be based on this channel. In other words, there is no need to recover any loss in link budget of a channel due to complexity reduction for the RedCap UE as long the link budget for that channel still exceeds that of the limiting channel for the reference NR UE.

Proposal 1: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.
Several candidates for comparing the coverage performance have been considered. There is not a fixed gap between the different types of losses (MIL, MCL, or MPL), and therefore the relative link budgets for different channels are different for MIL, MCL, and MPL. Consequently, the limiting channel may be different in some scenarios depending on the metric. The limiting channel also depends on the scenario.
Observation 9: The limiting channel depends on the scenario and on the performance metric (MIL, MCL, or MPL) used for comparing coverage of the different channels.
Based on the coverage analysis in Section 2 using the hardware link budget (MIL), it is seen the generally there is a significant gap between the limiting channel and the other channels for the reference NR UE in all the scenarios. In the FR1 scenarios, coverage is limited by an UL channel, whereas in the FR2 scenario, coverage is limited by PDSCH. For the RedCap UE, the performance loss experienced by the other channels does not reduce their hardware link budget below that of the limiting channel for the reference UE. Therefore, if the target for coverage recovery is based on the limiting channel, coverage recovery may need to be performed only for the limiting channel and only a small amount of coverage recovery (3–4 dB) is needed.

Observation 10: If the target for coverage recovery is based on the hardware link budget of the limiting channel, coverage recovery may be necessary only for the limiting channel and the amount of coverage recovery is 3–4 dB.
Based on the hardware link budget analysis above, it is seen that coverage at FR1 is uplink-limited for both reference NR UEs and RedCap UEs. Furthemore, the hardware link budget for the DL channels is at least 20 dB better than that of the limit channel. Therefore, if the target for coverage recovery is based on the hardware link budget of the limiting channel, coverage recovery is not necessary for DL channels at FR1.
Observation 11: If the target for coverage recovery is based on the hardware link budget of the limiting channel, coverage recovery is not necessary for DL channels at FR1.

As previously noted, the choice of the performance metric (MIL, MCL, or MPL) determines which is the limiting channel in some scenarios and the gap between the limiting channel and the other channels. As such, the determination of which channels require coverage recovery and the amount of coverage recovery depend on this choice.

Observation 12: The determination of which channels require coverage recovery in any scenario and the amount of coverage recovery depend on the choice of the performance metric (among MIL, MCL, and MPL).

Therefore, before discussing the amount of coverage recovery needed for each channel, the performance metric must also be downselected.

Proposal 2: Downselect the performance metric from MIL, MCL, and MPL for coverage recovery analysis.

Various coverage enhancement techniques were investigated for eMTC channels. These techniques can be used as a starting point for discussion of techniques to be used for RedCap devices as well. Below we consider a few candidate techniques for each channel if coverage recovery is necessary.

PDSCH and PUSCH

Based on the hardware link budget analysis above, PUSCH may be the limiting channel in some FR1 scenarios while PDSCH may be the limiting channel in some FR2 scenarios. Furthermore, if there is no reduction in complexity relative to the baseline for uplink channels, the link performance of these channels is not degraded. Therefore, coverage recovery for these channels may be needed only to compensate for the reduction in antenna efficiency.
Coverage degradation for PDSCH and PUSCH implies that the data rate is degraded. While repetition helps with improving SINR, it cannot improve the data rate for the UE. A small amount of coverage recovery (e.g., 1-2 dB) can be achieved through the use of a lower MCS or HARQ.
It may be noted that repetition of PDSCH and PUSCH transmission is already supported for NR devices via RRC configuration, although it is an optional UE capability. With this approach, the same symbol allocation is applied over up to 8 consecutive slots based on the repetition factor value configured in RRC. If this approach is supported for coverage recovery in RedCap devices, it must be mandatory for these devices. If necessary, this approach for configuration of repetitions can be extended to support larger numbers of repetitions.
Several messages in the random access procedure are carried over PDSCH and PUSCH (Msg2, Msg3, and Msg4). Some of the messages already support techniques such as slot aggregation that may be used for coverage recovery.

Observation 13: Existing techniques for repetition of PDSCH and PUSCH can be used for coverage recovery and further extension of these techniques can be considered if larger coverage recovery is necessary.

PDCCH

In eMTC, the repetition approach has also been used for the control channel. While RRC configuration indicates the maximum number of repetitions of the control channel, which determines the various candidate repetition numbers that the UE tries when performing blind decoding, the DCI itself indicates the actual number of repetitions transmitted. This approach is useful for dynamically changing channel conditions. A straightforward application of this approach to reduced complexity NR devices involves repetition of the CORESET in multiple slots with the number of repetitions configured in RRC.
An alternate approach is to repeat the CORESET contiguously in time or frequency, effectively creating an extended CORESET. The repeated PDCCH itself may be discontinuous in time if it occupies fewer symbols than the CORESET duration.
A second alternate approach that may be used if the required coverage recovery is small is to support higher aggregation levels. Currently, the maximum aggregation level is 16 and higher aggregation levels can be considered for RedCap UEs. The higher aggregation levels can also be considered in conjunction with an extended CORESET for RedCap UEs. Unlike the previous two approaches, where simple combining of repetitions can be done, this approach impacts codeword generation and mapping to CCEs and may have an overall high specification impact.
A third alternate approach that is also applicable if the required coverage recovery is small is to define a new compact DCI format with fewer bits that can be supported with the current aggregation levels. Like the previous approach, this approach is also likely to have a relatively high specification impact. 

A fourth alternate approach is to repeat the transmission across multiple CORESETs that the RedCap UE is configured with. Depending on the CORESET and associated search space configurations, the codeword mapping may be different in each CORESET and combining the repetitions involves higher complexity. The specification impact of this approach is also expected to be high.
Observation 14: Multiple candidate techniques can be considered for coverage recovery of PDCCH, with some techniques being useful when the required coverage recovery is small.
PBCH

Various techniques were considered for coverage extension in eMTC. Since the same information is carried in multiple transmissions of PBCH, improvement in decoding performance can be achieved through multiple decoding attempts by the UE at the expense of increased latency. Unlike in eMTC, the PBCH is beam based and therefore the UE can take advantage of only those PBCH transmissions that are transmitted on the same beam. The SSB burst set period is configurable and, for larger periods, there is a bigger impact on latency with this approach of multiple decoding attempts.

Repetition of PBCH is supported in eMTC and can also be considered for supporting RedCap UEs if necessary. This approach involves repeating the PBCH in other symbols. Due to the SSB burst structure in NR, there is less flexibility to repeat the PBCH in adjacent symbols or slots. Therefore, repetition of the entire SSB burst set may need to be considered. Furthermore, the design must consider the large number of cases corresponding to different sub-carrier spacings and different RF frequency ranges. It should be noted, however, that coverage recovery can be achieved by combining the repetition approach with the approach of multiple decoding attempts.
Observation 15: PBCH repetition design for coverage recovery must consider SSB structure for different sub-carrier spacings and different RF frequency ranges.
PUCCH

The reference performance for PUCCH is specified assuming a single Tx antenna. Therefore, no impact on PUCCH coverage is anticipated due to UE complexity reduction. Based on the preceding analysis, PUCCH may have sufficient coverage margin to incorporate the loss due to a smaller antenna size.
Observation 16: No impact on PUCCH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary.
PRACH

The reference performance for PRACH is specified assuming a single Tx antenna. Therefore, no impact on PRACH coverage is anticipated due to UE complexity reduction. Based on the preceding analysis, PRACH may have sufficient coverage margin to incorporate the loss due to a smaller antenna size.
Observation 17: No impact on PRACH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary.

4 Conclusions

In this contribution, we discuss coverage of NR and RedCap devices based on link budget analysis and functionality for coverage recovery in RedCap devices. The following observations and proposals are made.
Observation 1: PUSCH is the limiting channel for the reference UE in the Urban 2.6 GHz (TDD) scenario.

Observation 2: The hardware link budget of all channels other than PUSCH for RedCap UE with 1Rx and 2Rx in the Urban 2.6 GHz (TDD) scenario is better than that of the limiting channel for the reference UE.

Observation 3: PUSCH is the limiting channel for the reference UE in the Urban 4 GHz (TDD) scenario.

Observation 4: The hardware link budget of all channels other than PUSCH for RedCap UE with 1Rx and 2Rx in the Urban 4 GHz (TDD) scenario is better than that of the limiting channel for the reference UE.

Observation 5: Msg3 is the limiting channel for the reference UE in the Rural 700 MHz (FDD) scenario.

Observation 6: The hardware link budget of all channels other than Msg3 for RedCap UE with 1Rx and 2Rx in the Rural 700 MHz (FDD) scenario is better than that of the limiting channel for the reference UE.

Observation 7: PDSCH is the limiting channel for the reference UE in the Indoor 28 GHz (TDD) scenario.
Observation 8: The hardware link budget of all channels other than PDSCH for RedCap UE with 1Rx in the Indoor 28 GHz (TDD) scenario is better than that of the limiting channel for the reference UE.

Observation 9: The limiting channel depends on the scenario and on the performance metric (MIL, MCL, or MPL) used for comparing coverage of the different channels.

Observation 10: If the target for coverage recovery is based on the hardware link budget of the limiting channel, coverage recovery may be necessary only for the limiting channel and the amount of coverage recovery is 3–4 dB.
Observation 11: If the target for coverage recovery is based on the hardware link budget of the limiting channel, coverage recovery is not necessary for DL channels at FR1.

Observation 12: The determination of which channels require coverage recovery in any scenario and the amount of coverage recovery depend on the choice of the performance metric (among MIL, MCL, and MPL).

Observation 13: Existing techniques for repetition of PDSCH and PUSCH can be used for coverage recovery and further extension of these techniques can be considered if larger coverage recovery is necessary.

Observation 14: Multiple candidate techniques can be considered for coverage recovery of PDCCH, with some techniques being useful when the required coverage recovery is small.

Observation 15: PBCH repetition design for coverage recovery must consider SSB structure for different sub-carrier spacings and different RF frequency ranges.

Observation 16: No impact on PUCCH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary.

Observation 17: No impact on PRACH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary.

Proposal 1: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.
Proposal 2: Downselect the performance metric from MIL, MCL, and MPL for coverage recovery analysis.
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Appendix A – Assumptions for link budget evaluation
A.1
General assumptions
A.1.1
FR1 scenarios

This subsection summarizes general assumptions for the link budget evaluation for the Rural and Urban scenarios in FR1. The parameters are presented in Table 2.

Table 2. General assumptions for link budget evaluation in FR1.
	Scenario parameters

	Duplexing 
	TDD
	FDD

	Scenario
	Urban
	Rural

	Carrier frequency
	2.6 GHz and 4 GHz
	700MHz

	SCS
	30 kHz


	15 kHz

	BW
	Reference UE
	100 MHz
	20 MHz

	
	RedCap UE
	20 MHz
	20 MHz

	Channel parameters

	Model
	TDL-C

	Delay spread
	TDD
	FDD

	
	Urban
	Rural

	
	300 ns
	300 ns

	UE speed
	3 Km/h
	3 Km/h

	Propagation
	NLOS 

	Power allocation parameters

	Tx power gNB
	Urban
	Rural

	
	53 dBm
	49 dBm

	Tx power UE
	Reference UE
	23 dBm

	
	RedCap UE
	

	Power allocation
	DL
	Uniformly allocated to CBW

	
	UL
	Concentrated on occupied BW

	Antenna element parameters

	Antenna element gain
	gNB
	Rural
	8 dBi

	
	
	Urban
	

	
	Reference UE
	Rural
	0 dBi

	
	
	Urban
	

	
	RedCap UE
	Rural
	-3 dBi

	
	
	Urban
	

	Antenna array configuration parameters

	Antennas
	Elements [#E]
	Chains [#C]

	
	gNB
	Rural
	16 
	gNB
	2DL 2UL

	
	
	Urban
	192
	
	

	
	Reference UE
	Rural
	2
	Reference UE
	2 (FDD)/4 (TDD) DL 1UL

	
	
	Urban
	4
	
	

	
	RedCap UE
	Rural
	1 or 2
	RedCap UE
	1 or 2 (FDD)/1 or 2 (TDD) DL 1UL

	
	
	Urban
	1 or 2
	
	

	Antenna array gain
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	gNB TXRUs
	Rural
	Urban

	
	2
	64

	Receiver parameters

	Receiver noise figure
	gNB
	Rural
	5 dB

	
	
	Urban
	

	
	Reference UE
	Rural
	7 dB

	
	
	Urban
	

	
	RedCap UE
	Rural
	7 dB

	
	
	Urban
	

	Frame configuration parameters

	Frame structure for TDD
	DDDSUDDSUU (D:U=10:2, 5 ms periodicity) for 4 GHz and DDDDDDDSUU (D:U=6:4, 5 ms periodicity) for 2.6 GHz

	Symbols per slot
	14

	DMRS
	PxSCH
	Urban/Rural
	DL/UL

	
	
	
	2 symbols

Type 1 - 1 layer 

no multiplexing with data

3dB power boost

	
	PxCCH
	Urban/Rural
	DL/UL

	
	
	
	According to NR specification

	HARQ
	No


A.1.2
FR2 scenarios
This subsection summarizes general assumptions for the link budget evaluation for the Indoor scenario in FR2. Parameters are presented in Table 3.

Table 3. General assumptions for link budget evaluation in FR2.
	Scenario parameters

	Duplexing 
	TDD

	Scenario
	Indoor

	Carrier frequency
	28 GHz

	SCS
	120 kHz

	BW
	Reference UE
	100 MHz

	
	RedCap UE
	

	Channel parameters

	Model
	TDL-A

	Delay spread
	30 ns

	UE speed
	3 Km/h

	Propagation
	NLOS

	Power allocation parameters

	Tx power gNB
	26 dBm

	Tx power UE
	Reference UE
	23 dBm

	
	RedCap UE
	

	Power allocation
	DL
	Uniformly allocated to CBW

	
	UL
	Concentrated on occupied BW

	Antenna element parameters

	Antenna element gain
	gNB
	8 dBi

	
	Reference UE
	5 dBi

	
	RedCap UE
	5 dBi

	Antenna array configuration parameters

	Antennas
	Elements [#E]
	Chains [#C]

	
	gNB
	128
	gNB
	2DL 2UL

	
	Reference UE
	8
	Reference UE
	2DL 1UL

	
	RedCap UE
	4
	RedCap UE
	1DL 1UL

	Antenna array gain
	[image: image13.png]10log,,(#E / #0)





	gNB TXRUs
	2

	Receiver parameters

	Receiver noise figure
	gNB
	5 dB

	
	Reference UE
	7 dB

	
	RedCap UE
	7 dB

	Frame configuration parameters

	Frame structure for TDD
	DDDSU (D:U=10:2, 0.5 ms periodicity)

	Symbols per slot
	14

	Number of symbols
	PDCCH
	2

	
	PDSCH
	12

	
	PUSCH
	14

	DMRS
	PxSCH
	DL/UL

	
	
	2 symbols

Type 1 - 1 layer

No multiplexing with data

3dB power boost

	
	PxCCH
	DL/UL

	
	
	According to NR specification

	HARQ
	No


A.2
Detailed assumptions for each physical channel
In the following, the MCS index is with reference to Table 3 (Table 5.1.3.1-3 in TS 38.214). For obtaining the transmission parameters based on target data rate, it is assumed that PDSCH is transmitted only in DL-only slots and PUSCH is transmitted only in UL-only slots.
A.2.1
FR1 shared channels

Table 4 and Table 5 show the number of PRBs and MCS indices that are used for link budget evaluation for PDSCH in FR1 for Reference NR UE and RedCap UE, respectively. Similarly, Table 6 and Table 7 show the number of PRBs and MCS indices that are used for link budget evaluation for PUSCH in FR1 for Reference NR UE and RedCap UE, respectively. It is worth mentioning that intra-slot frequency hopping is enabled for PUSCH. Given the number of PRBs, the lowest MCS index that satisfies target throughput is used for both PDSCH and PUSCH and the corresponding TBS is determined.

Table 4. The considered PRBs and MCS indices that satisfy target throughput for PDSCH for Reference NR UE in FR1 scenarios.
	Scenario
	Carrier Freq./Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Rural FDD
	700 MHz/-
	1 Mbps
	106
	1

	Urban TDD
	2.6 GHz/ DDDDDDDSUU (6D:4G:4U)
	10 Mbps
	273
	6

	
	4 GHz/

DDDSUDDSUU (10D:2G:2U)
	10 Mbps
	273
	8


Table 5. The considered PRBs and MCS indices that satisfy target throughput for PDSCH for RedCap UE in FR1 scenarios.
	Scenario
	Carrier Freq./Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Rural FDD
	700 MHz/-
	1 Mbps
	106
	1

	Urban TDD
	2.6 GHz/ DDDDDDDSUU (6D:4G:4U)
	2 Mbps
	51
	6

	
	4 GHz/

DDDSUDDSUU (10D:2G:2U)
	2 Mbps
	51
	8


Table 6. The considered PRBs and MCS indices that satisfy target throughput for PUSCH for Reference NR UE in FR1 scenarios.
	Scenario
	Carrier Freq./Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Rural FDD
	700 MHz/-
	100 kbps
	4
	5

	Urban TDD
	2.6 GHz/ DDDDDDDSUU (6D:4G:4U)
	1 Mbps
	30
	10

	
	4 GHz/

DDDSUDDSUU (10D:2G:2U)
	1 Mbps
	30
	10


Table 7. The considered PRBs and MCS indices that satisfy target throughput for PUSCH for RedCap UE in FR1 scenarios.
	Scenario
	Carrier Freq./Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Rural FDD
	700 MHz/-
	100 kbps
	4
	5

	Urban TDD
	2.6 GHz/ DDDDDDDSUU (6D:4G:4U)
	1 Mbps
	30
	10

	
	4 GHz/

DDDSUDDSUU (10D:2G:2U)
	1 Mbps
	30
	10


A.2.2
FR2 shared channels

Table 8 and Table 9 show the number of PRBs and MCS indices that are used for link budget evaluation for PDSCH in FR2 for Reference NR UE and RedCap UE with 100 MHz bandwidth, respectively. Similarly, Table 10 and Table 11 show the number of PRBs and MCS indices that are used for link budget evaluation for PUSCH in FR2 for Reference NR UE and RedCap UE with 100 MHz bandwidth, respectively. As mentioned above for FR1, intra-slot frequency hopping is enabled for PUSCH in FR2 and, given the number of PRBs, the lowest MCS index that satisfies target throughput is used for both PDSCH and PUSCH.

Table 8. The considered PRBs and MCS indices that satisfy target throughput for PDSCH for Reference NR UE in the FR2 scenario.
	Scenario
	Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Indoor
	DDDSU (10D:2G:2U)
	25 Mbps
	66
	11


Table 9. The considered PRBs and MCS indices that satisfy target throughput for PDSCH for RedCap UE with 100 MHz bandwidth in the FR2 scenario.
	Scenario
	Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Indoor
	DDDSU (10D:2G:2U)
	25 Mbps
	66
	11


Table 10. The considered PRBs and MCS indices that satisfy target throughput for PUSCH for Reference NR UE in the FR2 scenario.
	Scenario
	Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Indoor
	DDDSU (10D:2G:2U)
	5 Mbps
	30
	11


Table 11. The considered PRBs and MCS indices that satisfy target throughput for PUSCH for RedCap UE with 100 MHz in the FR2 scenario.
	Scenario
	Frame structure
	Target throughput
	Number of PRBs
	MCS index

	Indoor
	DDDSU (10D:2G:2U)
	5 Mbps
	30
	11


A.2.3
Control channels and DMRS

For PDCCH, we consider aggregation level 16 with 40 bits DCI and 24 bits CRC. A CORESET bandwidth of 48 PRBs and two OFDM symbols are used. The channel bandwidth for PDCCH is the same as for PDSCH.

For PUCCH, we consider both Format 1 with 2 bits UCI and Format 3 with 22 bits UCI. One PRB is considered for Format 1 and Format 3, respectively. Intra-slot frequency hopping is enabled for both PUCCH formats.

Concerning DMRS, we consider configuration type 1 with 1 layer and 3.0 dB power boost for both DL and UL. Two OFDM symbols for DMRS are used in both DL and UL for all scenarios. Finally, for both PDCCH and PUCCH, DMRS configuration follows NR specification and no additional DMRS is considered for PUCCH.

A.3
Detailed assumptions for PRACH, Msg2, Msg3, and Msg4
A.3.1
FR1 channels
Table 12 shows the number of PRBs for both Reference NR UE and RedCap UE with MCS index 0 to transmit the Msg2 payload of 72 bits.
Table 12. The considered TBS, PRBs, and MCS index for Msg2 transmission for both Reference UE and RedCap UE in FR1 scenarios.
	Scenario
	Carrier Frequency
	TBS
	Number of PRBs
	MCS index

	Rural
	700 MHz
	72 bits
	12
	0

	Urban
	2.6 GHz
	
	
	

	
	4 GHz


	
	
	


Table 13 shows the number of PRBs and the MCS index for both Reference NR UE and RedCap UE to transmit the Msg4 payload of 1040 bits.
Table 13. The considered TBS, PRBs, and MCS index for Msg4 transmission for Reference UE and RedCap UE in FR1 scenarios.
	Scenario
	Carrier Frequency
	TBS
	Number of PRBs
	MCS index

	Rural
	700 MHz
	1064 bits
	90
	2

	Urban
	2.6 GHz
	1064 bits
	37
	6

	
	4 GHz


	1064 bits
	37
	6


Table 14 shows the PRACH configuration assumptions used for both Reference NR UE and RedCap UE for transmission of PRACH.
Table 14. The PRACH configuration assumptions for both Reference UE and RedCap UE in FR1 scenarios.
	Scenario
	Carrier Frequency
	Format
	SCS (kHz)
	Number of PRBs
	ISD assumption

	Rural
	700 MHz
	F0
	1.25
	70
	7

	Urban
	2.6 GHz
	B4
	30
	12
	0.5

	
	4 GHz


	B4
	30
	12
	0.5


Table 15 shows the MCS index for both Reference NR UE and RedCap UE to transmit the Msg3 payload of 56 bits in 2 PRBs.
Table 15. The considered TBS, PRBs, and MCS index for Msg3 transmission for both Reference UE and RedCap UE in FR1 scenarios.
	Scenario
	Carrier Frequency
	TBS
	Number of PRBs
	MCS index

	Rural
	700 MHz
	56 bits
	2
	6

	Urban
	2.6 GHz
	
	
	

	
	4 GHz


	
	
	


A.3.2
FR2 channels

Table 16 shows the number of PRBs for both Reference NR UE and RedCap UE with MCS index 0 to transmit the Msg2 payload of 72 bits.

Table 16. The considered TBS, PRBs, and MCS index for Msg2 transmission for both Reference UE and RedCap UE in the FR2 scenario.
	Scenario
	Carrier Frequency
	TBS
	Number of PRBs
	MCS index

	Indoor
	28 GHz


	72
	12
	0


Table 17 shows the number of PRBs and the MCS index for both Reference NR UE and RedCap UE to transmit the Msg4 payload of 1040 bits.
Table 17. The considered TBS, PRBs, and MCS index for Msg4 transmission for both Reference UE and RedCap UE in the FR2 scenario.
	Scenario
	Carrier Frequency
	TBS
	Number of PRBs
	MCS index

	Indoor
	28 GHz
	1064 bits
	37
	6


Table 18 shows the PRACH configuration assumptions used for both Reference NR UE and RedCap UE for transmission of PRACH.

Table 18. The PRACH configuration assumptions for both Reference UE and RedCap UE in the FR2 scenario.
	Scenario
	Carrier Frequency
	Format
	SCS (kHz)
	Number of PRBs
	ISD assumption

	Indoor
	28 GHz
	B4
	120
	12
	0.2


Table 19 shows the MCS index for both Reference NR UE and RedCap UE to transmit the Msg3 payload of 56 bits in 2 PRBs.
Table 19. The considered TBS, PRBs, and MCS index for Msg3 transmission for both Reference UE and RedCap UE in the FR2 scenario.
	Scenario
	Carrier Freq
	TBS
	Number of PRBs
	MCS index

	Indoor
	28 GHz
	56 bits
	2
	6


