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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN1#102-e, several agreements related to the coverage recovery for RedCap were made. Some of the agreements were related to the methodology used to determine the target performance while others focused on assumptions for link budget evaluations. As part of the target performance requirement, the following assumption was made:
Agreements:
Ÿ   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

This contribution presents evaluation results following the agreed simulations assumptions – from Coverage Enhancement and RedCap Study Item in [1] - using link level simulations. It further presents link budget results using the coverage recovery template [2] and the results from the link level simulations (SNR required for a defined BLER). The amount of compensation due to complexity reduction is investigated for Option 3. 
The numerical evaluations focus on the FR1 Urban Scenario at 2.6 GHz where specific simulations assumptions are listed in Section 2. The reference bottleneck channel is identified, and its MCL/MPL/MIL is used to compute the amount of compensation needed for Option 3. While a target performance is assumed for Option 1, it is yet to be decided on what an appropriate value on the target MCL would be and subsequently the amount of compensation would be computed using the target MCL/MPL/MIL. For both options it is assumed that not all channels of RedCap should be compensated, only those needed to reach a particular coverage target (i.e., as set by the bottleneck channel in Option 3, or the coverage target of Option 1). It is also shown numerically that for Option 3, the existing compensation techniques are sufficient in providing the amount of compensation.
Compensation techniques are further investigated numerically. In particular, the lower MCS from Table 5.1.3.1-3 [3] is evaluated for the same setup (FR1 Urban 2.6 GHz). It is shown that the lower MCS provides gains over MCS of Table 5.1.3.1-1 which depend on the assumption of the traffic model. 

Link Budget Analysis
PDSCH 
Simulation Assumptions
[bookmark: _Hlk53651279]The link level simulation assumptions for the FR1 Urban 2.6 GHz are summarized in Table 1 where specific assumptions for the RedCap and Reference UE are presented in Table 2 (assumptions on bandwidth and number of receive antennas).
PDSCH data: Using MCS0, the TBS for the reference UE was 5640 bits for a target data rate of 10 Mbps, while the TBS for RedCap UEs was 1480 bits which would result in 2.7 Mbps. Note that a lower MCS from Table 5.1.3.1-3 [3] for same target rate may be used for enhancing coverage. More results are presented in Section 3.

[bookmark: _Ref53383827]Table 1: Link Level Assumptions for FR1 Urban 2.6 GHz
	Assumptions
	Value

	SCS
	30 kHz

	Channel
	TDL-C 300 ns RMS delay spread, 
3km/h

	Channel Estimation
	Practical 

	TxRUs
	64

	Tx Chains
	4

	Antenna Elements 
	192

	MCS 
	MCS 0 

	UE antenna correlation 
	Low 

	Frequency offset 
	0 Hz



[bookmark: _Ref53383845]Table 2: RedCap and Reference UE PDSCH data assumptions
	Assumptions
	RedCap UE Values
	Reference UE Values

	Bandwidth
	20MHz (51 RBs)
36 RBs for Msg4
20 RBs for Msg2
	100 MHz (200 RBs)
36 RBs for Msg4
20 RBs for Msg2

	Number of receive antennas
	1 or 2
	4

	TBS data
TBS Msg4
TBS Msg2
	1480 bits
1032 bits
576 bits
	5640 bits
1032 bits
576 bits

	OFDM symbols
	12
	12




[bookmark: _Hlk47605464]PDSCH Msg2: In [1] it was agreed that for Msg2, the MCS is fixed to zero, and companies would report the number of PRBs and TBS. While 9 bytes is the minimum Msg2 size for one RAR, a larger TBS would support more UEs. For the case NRBs=20, the TBS is 576 bits (72 bytes), accounting for 8 users assuming MCS0.
Antenna Array Gain 
In [1] and related to the coverage enhancement study item, an agreement regarding the antenna array gain was made and used in the template [2]. The antenna array gain contained 4 components and were defined as below (where an illustrative figure was presented in [1]): 
· Antenna gain component 1 is to be included in LLS results
· Antenna gain component 2 is included in link budget template and the gain is 10log10(N/k)- 1
· Antenna gain component 3 is included in the link budget template
· Antenna gain component 4 is included in the link budget template where the gain of antenna gains 3 and 4 are expressed by antenna element gain + 10log10(M/N)- 2
where M, N, and k are the number of antenna elements, number of TxRUs, and number of RF chains respectively. 
For the simulation assumptions usedfor the 2.6 GHz scenario, antenna gain component 2 is 10log10(N/k)‑1 = 10log10(64/4)- 1= 12-1. 
For PDCCH USS, the value of 1 was set to 0 as the UE feedback for PDSCH can also be used for PDCCH, in other words the transmitter antenna gain was set to 12 dB. For PDCCH CSS channel, it is assumed that the loss due to having the channel being broadcast and having wider beamforming is on the order of 2 dB (Transmitter antenna gain (dB) at antenna gain component 2). Broadcast channels may still achieve relatively good beamforming with narrow beams. For example, for a given sector, 8 beams may cover the sector for an antenna array with 64 TxRUs. At any UE location, one of the beams is optimal (in terms of providing the best beamforming gain). For a 120-degree sector, 8 beams may be used where a beam has approximately a beamwidth of 15 degrees.  To achieve these beams, network may use a beam widening technique to widen analog beams. For FR1, the network may use digital beamforming to create the beams. As an example, the worst-case loss to having the user at location L1 as shown in Figure 1 is a loss of 1.6 ~ 2 dB. A similar assumption was made for PDSCH Msg4 and Msg2 that is a 2 dB loss with respect to the maximum possible gain.
[image: ]
Figure 1: 120 degree sector covered by narrow beams where a UE is assumed to be located at L1

Link Budget Results
The SNRs required for BLER 10% for PDSCH data, PDSCH Msg2 and Msg4 are summarized in Table 3 and Table 4 for reference and RedCap UEs, respectively. The MCL/MPL/MIL values are also presented.

[bookmark: _Ref53384043][bookmark: _Ref53639164]Table 3: SNR in dB required for BLER 10% for PDSCH Reference UE, corresponding MCL, MIL, MPL
	Channel
	SNR in dB
	MCL, dB
	MPL, dB
	MIL, dB

	PDSCH data
	-5.5
	155.5
	133.5
	164.2

	PDSCH Msg4
	-6.4
	154.4
	132.4
	163.1

	PDSCH Msg2
	-6
	154
	132
	162.7



[bookmark: _Ref53384054][bookmark: _Ref53639171]Table 4: SNR in dB required for BLER 10% for PDSCH RedCap UE and corresponding MCL, MIL, MPL
	Channel
	SNR in dB
	MCL, dB
	MPL, dB
	MIL, dB

	PDSCH data Rx1
	-1.5
	151.5
	126.5
	157.2

	PDSCH Msg4 Rx1
	-1.1
	149.1
	124.1
	154.8

	PDSCH Msg2 Rx1
	-0.5
	148.5
	123.5
	154.2

	PDSCH data Rx2
	-3.5
	153.5
	128.5
	159.2

	PDSCH Msg4 Rx2
	-4.3
	152.3
	127.3
	158.0

	PDSCH Msg2 Rx2
	-3.5
	151.5
	126.54
	157.2



PUSCH 
Simulation Assumption
For PUSCH link level simulations, the assumptions are summarized in Table 5 where the MCS is from Table 6.1.4.1-1.

[bookmark: _Ref53385041][bookmark: _Ref53639283]Table 5: PUSCH assumptions
	Assumptions
	Value

	RB PUSCH data
RB PUSCH Msg3
	30
3

	OFDM symbols
	14

	TBS PUSCH Msg3
TBS PUSCH data
	56 bits
504 bits

	MCS 
	Rate R x 1024=128/q
QPSK
q=2



Link Budget Results
The SNR required for BLER 10% for PUSCH for the reference UE is presented in Table 6. The red highlighting identifies the bottleneck (BN) channel for the FR1 Urban 2.6 GHz case. Results for the RedCap UE are in Table 7.

[bookmark: _Ref53385054][bookmark: _Ref53639467]Table 6: SNR required for BLER 10% for PUSCH, corresponding MCL, MIL, MPL for Reference UE
	Channel
	SNR in dB
	MCL, dB
	MPL, dB
	MIL, dB

	PUSCH data
	-11.2
	142.8
	120.9
	151.6

	PUSCH Msg3
	-5.3
	144.7
	122.7
	153.5



[bookmark: _Ref53385639][bookmark: _Ref53639485]Table 7: SNR required for BLER 10% for PUSCH, corresponding MCL, MIL, MPL for RedCap UE
	Channel
	SNR in dB
	MCL
	MPL
	MIL

	PUSCH data
	-11.2
	142.8
	117.9
	148.6

	PUSCH Msg3
	-5.3
	144.7
	119.7
	150.5



PDCCH
Simulation Assumption
For PDCCH USS link level simulation assumptions are summarized in Table 8. 

[bookmark: _Ref53385794][bookmark: _Ref53639572]Table 8: Simulation assumptions for PDCCH
	Assumptions
	Value

	CORESET size
	2 OFDM symbols, 48 RBs

	DCI size
	40 bits

	AL
	16



USS Link Budget Results
The SNR required for BLER 1% for PDCCH are presented in Table 9 and Table 10.
[bookmark: _Ref53385861][bookmark: _Ref53639599]Table 9: SNR required for BLER 1% for PDCCH Reference UE
	Channel
	SNR in dB
	MCL
	MPL
	MIL

	PDCCH USS
	-8
	158
	132.9
	166.7



[bookmark: _Ref53639608][bookmark: _Ref53385851]Table 10: SNR required for BLER 1% for PDCCH RedCap UE
	Channel
	SNR in dB
	MCL
	MPL
	MIL

	PDCCH USS 1 Rx
	-2.6
	152.6
	124.5
	158.3

	PDCCH USS 2 Rx 
	-5.2
	155.2
	127.1
	160.9


CSS Link Budget Results
It is worth noting that the PDCCH CSS and USS channel differ by the assumption on the beamforming channel gain. More specifically it is assumed that for PDCCH USS the gain is 12 dB, while for CSS it is 10 dB. MCL/MIL/MPL results are presented in Table 11 and Table 12.
[bookmark: _Ref53639634]Table 11: SNR required for BLER 1% for PDCCH Reference UE
	Channel
	MCL, dB
	MPL, dB
	MIL, dB

	PDCCH CSS
	156
	130.9
	164.7



[bookmark: _Ref53639644][bookmark: _Ref53638966]Table 12: SNR required for BLER 1% for PDCCH RedCap UE
	Channel
	MCL, dB
	MPL, dB
	MIL, dB

	PDCCH 1 Rx
	150.6
	122.5
	156.3

	PDCCH 2 Rx 
	153.2
	125.1
	158.9



Compensation for Options 1 and Option 3
In this section the amount of recovery needed for the two different options is computed.
Using option 3, the target performance for a channel is identified by the link budget of the bottleneck channel for the reference UE within the same deployment. In other words, the amount of recovery needed is based on target performance of the bottleneck channel. That is, PUSCH had an MCL of 142.8 dB in Table 6.
As an example, the amount of degradation for the RedCap PDSCH with 1 Rx has a degradation of 4 dB (column 4 from Table 14) from the reference PDSCH, where the reference PDSCH MCL was 155.5 dB while the RedCap with 1 Rx had an MCL of 151.5 (therefore a degradation of 4 dB). Therefore, for option 3, the amount of compensation needed is 0 dB since a large margin already exists from the bottleneck channel. Note that the 3dB form factor is included in the link budget analysis. The analysis has been made for 1 Rx channels and are included in Table 13. Table 14 and Table 15 include a similar analysis with MIL and MPL respectively.

[bookmark: _Ref53639740]Table 13: MCL Compensation for RedCap using option 3 for the case of 1 Rx antenna
	Channel
	Reference UE MCL
	RedCap UE MCL
	Degradation, dB
	Reference BN Channel MCL: PUSCH
	Compensation: Degradation- (reference MCL-Reference BN Channel), dB

	PDSCH
	155.5
	151.5
	4
	142.8
	0

	PDSCH Msg4
	154.4
	149.1
	5.3
	142.8
	0

	PDCCH CSS
	156
	150.6
	5.4
	142.8
	0

	PDCCH USS
	158
	152.6
	5.4
	142.8
	0

	PDSCH Msg2
	154
	148.5
	6
	142.8
	0

	PUSCH
	142.8
	142.8
	0
	142.8
	0

	PUSCH Msg3
	144.7
	144.73
	0
	142.8
	0



[bookmark: _Ref53639705]Table 14: MIL Compensation for RedCap using option 3 for the case of 1 Rx antenna
	Channel
	Reference MIL UE
	RedCap MIL UE
	Degradation, dB
	Reference BN Channel : PUSCH
	Compensation: Degradation- (reference MIL-Reference BN Channel), dB

	PDSCH 
	164.2
	157.2
	7
	151.6
	0

	PDSCH Msg 4 
	163.1
	154.8
	8.3
	151.6
	0

	PDCCH USS
	166.7
	158.3
	8.7
	151.6
	0

	PDCCH CSS
	164.7
	156.3
	8.3
	151.6
	0

	PDSCH Msg 2
	162.7
	154.2
	8.5
	151.6
	0

	PUSCH 
	151.6
	148.6
	3
	151.6
	3

	PUSCH Msg3
	153.5
	150.5
	3
	151.6
	1



[bookmark: _Ref53639757]
Table 15: MPL Compensation for RedCap using option 3 for the case of 1 Rx antenna
	Channel
	Reference MPL UE
	RedCap MPL UE
	Degradation, dB
	Reference BN Channel : PUSCH
	Compensation: Degradation- (reference MPL-Reference BN Channel), dB

	PDSCH 
	133.5
	126.5
	7
	120.9
	0

	PDSCH Msg 4 
	132.4
	124.1
	8.3
	120.9
	0

	PDCCH USS 
	132.9
	124.5
	8.3
	120.9
	0

	PDCCH CSS
	130.9
	122.5
	8.3
	120.9
	0

	PDSCH Msg2
	132.0
	123.5
	8.5
	120.9
	0

	PUSCH 
	120.9
	117.9
	3
	120.9
	3

	PUSCH Msg3
	122.7
	119.7
	3
	120.9
	1.2



For all cases, it is viewed that not all channels may be compensated but rather only we should look at bottleneck channels, as compensating for every degradation goes beyond the RedCap SI. In other words, compensation of the coverage loss in each channel of the RedCap UE caused by UE complexity capability reduction should be avoided. 
Moreover, a target performance should be defined for Option 1 for compensation analysis. Therefore, results for Option 1 have not been presented yet.
It is also clear that existing coverage enhancements techniques are sufficient in recovering the loss from complexity reduction techniques for most channels. The analysis for repetition and lower MCS was presented in [4] where it is shown that the amount of gain from such techniques is sufficient compared to the amount of compensation presented here. 
The channels that most probably would require enhancement are initial access channels since the amount of degradation they present is somewhat close to the margin from the reference bottleneck channel. As such, a compensation may be considered for PDSCH Msg4.
In case MIL and MPL are used for calculation of compensation amount, then PUSCH Msg3 may require some compensation.  A mild compensation may be handled with lower MCS and/or repetition. As such, for use cases where the form factor is included, a RedCap UE may use the lower MCS table and/or repetition for PUSCH Msg3. In this case, identification may be needed before transmission of Msg3. 

Observation 1: For Option 3, existing coverage enhancement techniques such as repetition and lower MCS table are sufficient in recovering loss from complexity reduction techniques for most channels for the 2.6 GHz channel having the PUSCH as the bottleneck reference channel
Observation 2: Most channels require no compensation for Option 3 for FR1 Urban 2.6 GHz
Observation 3: A small amount of compensation may be needed for PUSCH Msg3 if MIL and MPL are used for calculation of coverage compensation amount. In this case, a RedCap UE may use the lower MCS table and/or repetition for transmission of PUSCH Msg3.
Observation 4: PDSCH Msg4 exhibits a degradation close to the margin calculation from the bottleneck channel and therefore may be considered as channel that may require some compensation 

Proposal 1: The use of existing coverage enhancement techniques are sufficient in compensating for the coverage loss from complexity reduction techniques.
Proposal 2: An MCL value has to be agreed for target performance to calculate the compensation for RedCap for Option 1.

Compensation Techniques
In our previous contribution [4], two compensation techniques were investigated. It was shown that repetition as well as using lower MCS values provided gains. We investigate the gains for the PDSCH channel using MCS QPSK and code rate 99/1024 of Table 5.1.3.1-3 [3] for RedCap UE with 1 and 2 Rx antennas. With this code rate, the TBS is 1192 bits and this achieves the downlink target rate of TBS/TTI(1‑0.1) = 1192/0.005(1‑0.1) = 2.1 Mbps (compared to the use of MCS 0 of Table 5.1.3.1-1, the target data rate may be estimated to 2.7 Mbps) for the FR1 Urban 2.6 GHz. 
In summary the following assumptions in Table 16 were made for link level simulations

[bookmark: _Ref53639936][bookmark: _Ref53386924]Table 16: RedCap UE PDSCH data assumptions with low MCS Table 5.1.3.1-3
	Assumptions
	Value

	Bandwidth
	20MHz (51 RBs)

	Number of receive antennas
	1 or 2

	TBS data
	1192 bits

	OFDM symbols
	12

	MCS
	99/1024
(5th entry from Table 5.1.3.1-3) 



[bookmark: _Ref129681832]A 1.5 dB gain relative to the results in Table 4 was achieved with the use of the lower MCS. In other words, the MCL is 149.5 dB with the use of lower MCS. It is noted that the full benefits of using lower MCS can be further achieved for different traffic models. It is also possible to use the coverage enhancement techniques (repetition and/or lower MCS) for different channels including the initial access channels such as Msg4. For such the enhancement must be enabled before RRC configurations. 

Observation 5: The use of lower MCS better achieves the target data rates for DL 2 Mbps Table 5.1.3.1-3
Observation 6: Full benefits of using lower MCS Mbps Table 5.1.3.1-3 may be achieved for different traffic models.

Proposal 3: Repetition and lower MCS as those defined in Table 5.1.3.1-3 may be used for coverage enhancement of channels including those of initial access such as PDSCH Msg4.
Proposal 4: Enable the use of repetition and lower MCS table before the RRC configuration for coverage enhancement of channels such as Msg4.

Conclusions 
Complexity reduction techniques for RedCap were discussed. We drew the following observations:
We investigate the amount of compensation needed for coverage recovery resulting from complexity reduction techniques. Both Options are evaluated were the preference is to focus on the bottleneck channel of RedCap UEs. Further gains from existing NR coverage recover techniques for FR1 Urban 2.6 GHz scenario. It is recommended to exploit existing techniques for mitigating performance loss if any. 

Observation 1:For Option 3, existing coverage enhancement techniques such as repetition and lower MCS table are sufficient in recovering loss from complexity reduction techniques for most channels for the 2.6 GHz channel having the PUSCH as the bottleneck reference channel 
Observation 2: Most channels require no compensation for Option 3 for Urban 2.6 GHz channel
Observation 3: A small amount of compensation may be needed for PUSCH Msg3 if MIL and MPL are used for calculation of coverage compensation amount. In this case, a RedCap UE may use the lower MCS table and/or repetition for transmission of PUSCH Msg3.
Observation 4: PDSCH Msg4 exhibits a degradation close to the margin calculation from the bottleneck channel and therefore may be considered as channel that may require some compensation 
Observation 5: The use of lower MCS better achieves the target data rates for DL 2 Mbps Table 5.1.3.1-3
Observation 6: Full benefits of using lower MCS Mbps Table 5.1.3.1-3 may be achieved for different traffic models.

Proposal 1: The use of existing coverage enhancement techniques are sufficient in compensating for the coverage loss from complexity reduction techniques.
Proposal 2: An MCL value has to be agreed for target performance to calculate the compensation for RedCap for Option 1.
Proposal 3: Repetition and lower MCS as those defined in Table 5.1.3.1-3 may be used for coverage enhancement of channels including those of initial access such as PDSCH Msg4.
Proposal 4: Enable the use of repetition and lower MCS table before the RRC configuration for coverage enhancement of channels such as Msg4.
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