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1	Introduction
[bookmark: _Hlk40359768]In this paper, we continue our evaluations in [6] and [7] of coverage evaluations for a set of channels in different scenarios with frequencies in Frequency Range 1 (FR1). The set is selected to include channels used for the initial access procedure as well as when sending data and considers both uplink as well as downlink and allows to identify potential bottlenecks in terms of channels that significantly limit overall coverage. Additional results in this paper include the performance of Msg4 and the performance of PUSCH with fixed MCS and HARQ. We also add methodologies for MPL (maximum propagation loss) calculation including how to determine propagation margins and macro diversity gains. Lastly, a spreadsheet including results with the agreed link budget template is provided as an attachment.
The scenarios studied in prior contributions are included here. For low band, represented by a carrier frequency of 700MHz, the studied scenarios are Low Mobility Large Cell (LMLC), Extreme Rural, and Rural Macro (with and inter-site distance of 7km to stress coverage). A deployment with conventional sector antennas is used. For mid-band, represented by a carrier frequency of 4GHz, the studied scenarios are Urban Macro and Rural Macro. In both cases the ISD is extended to stress coverage and identify bottlenecks. A system deployment with an Advanced Antenna System (AAS) and user specific beamforming is used.
As discussed in [1] the evaluations involve link simulations to determine the link quality signal-to-noise and interference ratio (SINR) that is required to reach acceptable error rates, and system level simulations that determine coverage, or probability of reaching, those SINRs. Link level assumptions and results are presented in Section 2, and system level models are presented in Section 3. Section 4 provides the link budget tables and describes the methodologies used.
[bookmark: _Ref178064866]2	Link level assumptions for FR1
For FR1, deployments using subcarrier spacings 15kHz and 30kHz, FDD and TDD, as well with and without advanced antenna system are foreseen. Even though it is possible to come up with very many different permutations, the two different baseline cases considered for FR1 with carrier frequencies selected based on [2] are outlined in Table 1.

	Carrier frequency
	700MHz
	4GHz

	Duplex
	FDD
	TDD
3DL:1UL,

	Bandwidth
	2x10MHz (52PRBs)
	1x100MHz (273PRBs)

	Subcarrier spacing
	15kHz
	30kHz

	gNb antenna config
	2T2R
	32T32R
Single panel with 8x8 dual polarized element pairs, and element separations (dH, dV) = (0.5, 0.8)λ. Panel is partitioned into 8x2 dual polarized subarrays, each with 4x1 element pairs connected to a pair of TRXs, one for each polarization. 
(8x8x2x2x8)

	UE antenna config
	1T2R
	1T4R
Single panel with 1x2 dual polarized element pairs separated 0.5λ
*Above is Ericsson parameters submitted to 37.910

	Waveform
	DL: OFDM, UL: DFT-S-OFDM


[bookmark: _Ref40366805]Table 1 Carrier configurations for FR1
As proposed in [1], the antenna capabilities are modeled partly on link level and partly on system level. Transmit and receive diversity as well as spatial multiplexing operate on fast fading time scale, and it appears natural to model them on link level. To strike a balance between complexity and accuracy while still allowing to account for up to two-layer spatial multiplexing as well as first order benefits of transmit diversity with dual polarized arrays, two transmit antennas is proposed to be used for the downlink whereas a single transmit antenna is consider for the uplink. On the receiver side, two or four antennas should be considered depending on the band as well as link direction in order to capture receiver diversity benefits. In Table 2, the basic parameters related to the link level channel modelling are summarized. In some cases, additional settings are used as indicated.

	Carrier frequency
	700MHz
	4GHz

	gNB antenna configurations
	2T2R
	2T4R

	UE antenna configuration
	1T2R
	1T4R

	Channel model
	TDL-C, medium correlation 

	RMS delay spread
	30, 300 ns

	Terminal speed
	3, 120 km/h


[bookmark: _Ref40366788]Table 2 Baseline channel models for link level simulations

2.1	FDD 700MHz
As mentioned in the introduction above, in order to find the bottlenecks signaling both during initial access as well as uplink and downlink transmission in connected mode will be considered. Not all signals and channels will be explicitly included. For example, system information as well as paging are not explicitly included. They use the PDCCH and PDSCH and are therefore implicitly included. Furthermore, in addition to the commonly assumed error rate of 1%, an error rate of 10% is also considered, meaning that for a UE in poor coverage, an increase in for example access time or latency could be acceptable.  Selection of these error rates can have a strong impact on both the absolute and relative coverage of channels; further consideration of this can be found in [8].
[bookmark: _Hlk40365953]In Table 8 and Table 10 in Appendix B, the set of channels as well as assumptions and initial link level results are given.
2.2	4GHz TDD
For the second carrier configuration the same signals and channels as for the first carrier configuration is considered. Stand-alone operation is considered both for the 700MHz FDD carrier as well as for the 4GHz TDD carrier. This means that payloads for the initial access messages are similar. However, since the subcarrier spacing is different, so is that the slot length and for this reason a different PRACH configuration is needed. Even though the bandwidth is different CORESET with duration two symbols is used, but this assumption is not expected to be critical. Additional, since more antennas are considered, the CSI feedback payloads are also slightly different. 
In Table 9 and Table 11 in Appendix B, the set of channels as well as assumptions and initial link level results are given.
[bookmark: _Hlk35883266]3. System-level models and results 
This chapter first presents system-level models and assumptions for low-band and mid-band, and then coverage results for different scenarios.
[bookmark: _Hlk31805797]3.1	Models and assumptions
In Table 3 assumptions for desired and interfering signals for 700MHz are presented. In this case all channels are transmitted and received at the base station using regular sector beams. It is further assumed that SSB transmission is concurrent between cells, so that an SSB transmission is interfered with another SSB transmission, and that the interferer activity is 100%. For other downlink channels it is assumed that they are interfered by PDSCH with 50% activity. For the uplink it is assumed that PRACH and PUSCH are interfered by PUSCH with an activity of 50%, and that PUCCH is interfered by PUCCH. For the uplink channels power control with full pathloss compensation (alpha = 1) is used with SNR targets (P0 – noise per RB) according to Table 3. The noise figures are 5dB in uplink and 7dB downlink.  
[bookmark: _Ref32483770]Table 3. Desired and interfering signal assumptions for 700MHz.
	Channel
	Desired signal beam
	Interfering signal 
	Interferer activity
	Power control SNR target (P0)

	SSB
	sector
	SSB
	1.0
	

	Msg2 Pdcch
	sector
	PDSCH
	0.5
	

	Msg2 Pdsch
	sector
	PDSCH
	0.5
	

	Msg4 Pdsch
	sector
	PDSCH
	0.5
	

	PDCCH
	Sector
	PDSCH
	0.5
	

	PDSCH data
	sector
	PDSCH
	0.5
	

	Msg 1 PRACH
	sector
	PUSCH
	0.5
	0dB (P0=-116)

	PUCCH
	sector
	PUCCH
	0.5
	3dB (P0=-113)

	Msg3 PUSCH
	sector
	PUSCH
	0.5
	10dB (P0=-106)

	CSI PUSCH
	sector
	PUSCH
	0.5
	10dB (P0=-106)

	PUSCH Data
	sector
	PUSCH
	0.5
	10dB (P0=-106)



Table 4 presents the same information for 4GHz. In this case an AAS with 8x8 dual polarized element pairs portioned into an 8x2 array of 4x1 subarrays, denoted (8x8x2x2x8). The SSB is swept in four different horizontal directions, and the best direction (strongest received signal) is used for the coverage calculations. It is further assumed that the PRACH is received using the same beam, and also that the following PUCCH and PUSCH transmission for message 2 use this beam. The following transmissions are assumed to use Maximum Ratio Transmission (MRT) for downlink and Maximum Ratio Combination (MRC) for uplink. The interfering channels, interferer activity and power control targets are the same as for 700MHz.  
[bookmark: _Ref32826128]Table 4. Desired and interfering signal assumptions for 4GHz.
	Channel
	Desired signal beam
	Interfering signal 
	Interferer activity
	Power control SNR target 

	SSB
	GoB over four horiz directions
	SSB
	1.0
	

	Msg2 Pdcch
	GoB over four horiz directions
	PDSCH
	0.5
	

	Msg2 Pdsch
	GoB over four horiz directions
	PDSCH
	0.5
	

	Msg4 Pdsch
	GoB over four horiz directions
	PDSCH
	0.5
	

	PDCCH
	MRT
	PDSCH
	0.5
	

	PDSCH data
	MRT
	PDSCH
	0.5
	

	Msg 1 PRACH
	GoB over four horiz directions
	PUSCH
	0.5
	3dB

	PUCCH
	MRC
	PUCCH
	0.5
	3dB

	Msg3 PUSCH
	MRC
	PUSCH
	0.5
	10dB

	CSI PUSCH
	MRC
	PUSCH
	0.5
	10dB

	PUSCH Data
	MRC
	PUSCH
	0.5
	10dB



Some additional parameters for 700MHz and 4GHz are presented in Table 5.
[bookmark: _Ref40386910]Table 5. Additional parameters for 700MHz and 4GHz.
	Parameter
	700MHz
	4GHz 

	Duplex and bandwidth
	FDD 2x10MHz
	TDD 100MHz, 3:1 (DDSU)

	BS antenna
	Sector antenna (8x1x2), 17dBi gain, scenario specific tilt 
	AAS (8x8x2x2x8), 26dBi gain, scenario specific tilt

	UE antenna
	Isotropic, 0dBi
	Isotropic, 0dBi

	BS power
	43dBm
	53dBm

	UE power
	23dBm
	23dBm

	BS noise figure
	5dB
	5dB

	UE noise figure
	7dB
	7dB


 
Lastly, results in this section for PDSCH carrying user data are with 100ns TDL-A rather than 300ns TDL-C.  The PDSCH link simulations use link and rank adaption based on CSI feedback and HARQ with up to three retransmissions, which is expected to provide a more accurate reflection of the coverage NR can achieve.  Further details on these simulation assumptions are available in [6]. The PUSCH simulations use a fixed MCS and HARQ, in accordance with the setups agreed for the coverage enhancement study.  
Msg4 is simulated with HARQ, and results are reported for the coverage when 4 retransmissions are used where 1% residual BLER is achieved after the 4 transmissions. Transmission with 10% initial BLER are also reported for reference in order to gauge the impact of restricting to a single transmission.
3.2	Rural Macro, ISD 7km, 700MHz, 2x10MHz FDD
This modified version of the Rural Macro scenario, with the ISD adjusted to 7km, is selected a create a challenging scenario from a coverage perspective, and stress potential bottlenecks. 
Figure 1 shows SINR distributions and coverage for different channels. It is seen that the SINR differs between channels because of the differences in transmit power, antenna gains, and interference. For each channel the SINR requirement (for two levels of quality requirements, 10% and 1% error) is marked with a star in the SINR distribution, and the relative coverage (or outage) can be read at the corresponding value on the vertical axis. Note that the legend only lists results for 10% BLER for control information (with the exception of Msg4, which is 1% rBLER) and the lower data rate for PDSCH and PUSCH.  PUSCH in this scenario has a data rate of 100 kbps at an initial BLER of 10%, and a lower data rate when the residual BLER is relaxed to 1% (resulting in a higher initial BLER).  The SINR requirements and outage levels for the lower of the quality requirements are also included in the figure legend. Figure 2 shows the same information as a bar graph with the coverage per channel for both low and high quality requirements. With the exception of Msg4, red bars represent 1% error rates and blue bars 10% error rates for control. For Msg4, the red bars represent 10% iBLER (which results in less coverage for Msg4 from fewer retransmissions), while the blue bars are for 1% rBLER (with 4 retransmissions). The red and blue bars respectively correspond to higher or lower data rates for PDSCH and PUSCH.
Looking at the coverage for the different channels it is seen that PUSCH data has the worst coverage. This is followed by the uplink control channels, which are relatively well-balanced, but where CSI on PUCCH is slightly worse than the others. Downlink control channels and data are more robust. 
As discussed in [1], due to varying interference, there is no strict relationship between the control channel quality and isotropic loss or coupling loss. As described in Chapter 4, through estimates of antenna gains, interference margins etc., it is however possible to estimate a maximum isotropic loss for each channel. 
Figure 3 shows the isotropic loss corresponding to the coverage for each of the channels. The order of the channels in terms of performance is the same as in Figure 2. When comparing Msg4, recall that it is at 1% rBLER in the ‘less difficult’ blue bars and uses 4 retransmissions, while the ‘more difficult’ red bars are reflective of performance without retransmission. Figure 4 shows similar results in terms of coupling gain. Here an unloaded network is studied in order to match the setting for the 3GPP target in 38.913 [5] with zero interference margin. 
In summary, we make the following observations.
Observations for low-band:
· Uplink data with 100 kbps or more has the worst coverage
· Generally followed by CSI on PUSCH or PUCCH, then Msg3 or HARQ-ACK, and lastly PRACH
· Uplink control channels are fairly well balanced for the relaxed error targets
· CSI on PUSCH is a somewhat worse than other UL control, while others are similar
· When error targets are tightened PRACH and CSI degrade more than HARQ-ACK and Msg3
· However, the need for 1% error rates for PRACH and CSI in coverage scenarios is unclear.
· Downlink control channels and data are well balanced and have better coverage than uplink channels.
· Msg4 with 4 retransmissions at 1% rBLER has the best overall coverage.
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[bookmark: _Ref32832971]Figure 1. SINR distributions and coverage for different channels for Rural Macro with 7km ISD at 700MHz.
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[bookmark: _Ref40185651]Figure 2. Coverage in terms of fraction of users with acceptable quality for Rural Macro with 7km ISD at 700MHz 
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[bookmark: _Ref40186369]Figure 3. Estimated maximum isotropic loss for different channels for Rural Macro with 7km ISD at 700MHz. 
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[bookmark: _Ref40186389]Figure 4. Estimated maximum coupling loss for different channels for Rural Macro with 7km ISD at 700MHz. 
3.3	Urban Macro, ISD 700m, 4GHz, 100MHz TDD
This modified version of the Urban Macro scenario, with the ISD adjusted to 700m, is selected a create a challenging scenario from a coverage perspective at 4GHz, and stress potential bottlenecks. 
Figure 5 shows SINR distributions and coverage for different channels. The relative coverage per channel is also summarized in Figure 6, and an assessment of the maximum isotropic loss per channel is presented in Figure 7. As in the figures above, red bars represent 1% error rates and blue bars 10% error rates for control channels, and higher or lower data rates for PDSCH and PUSCH. PUSCH in this scenario has a data rate of 1 Mbps at an initial BLER of 10%, and a lower data rate when the residual BLER is relaxed to 1% (resulting in a higher initial BLER).
It is seen that 1Mbps PUSCH data has the worst coverage. This is followed by the uplink control channels, which are relatively well-balanced, but where CSI on PUCCH or PUSCH is slightly worse than the others. Downlink control channels and data are more robust. Message 2, for which limited CSI is assumed to be available for beamforming, is worse than the others, but better than uplink control, in particular at the 1% initial BLER target.  
Observations for mid-band:
· 1 Mbps uplink data has the worst coverage. 
· Generally followed by CSI on PUSCH or PUCCH, then Msg3 or HARQ-ACK, and lastly PRACH
· Uplink control channels are fairly well balanced for the relaxed error targets
· CSI on PUSCH is a somewhat worse than other UL control, while others are similar
· When error targets are tightened, CSI degrades more than HARQ-ACK, Msg3, and PRACH
· However, the need for 1% error rates for PRACH and CSI in coverage scenarios is unclear
· Downlink control channels and data (PDSCH 10Mbps) are quite well balanced and have better coverage than uplink channels. 
· Message 2, for which limited CSI is assumed to be available for beamforming, is worse than the others, but better than uplink control. 
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[bookmark: _Ref40200185]Figure 5. SINR distributions and coverage for different channels for Urban Macro with 700m ISD at 4GHz.
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[bookmark: _Ref40200190]Figure 6. Coverage in terms of fraction of users with acceptable quality for Urban Macro with 700m ISD at 4GHz.  
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[bookmark: _Ref40200195]Figure 7. Estimated maximum isotropic loss for different channels for Urban Macro with 700m ISD at 4GHz.  
3.4	Rural Macro, ISD 3km, 4GHz, 100MHz TDD
Like the Urban Macro scenario with 700m ISD, this modified version of the Rural Macro scenario, with the ISD adjusted to 3km, is selected a create a challenging scenario from a coverage perspective at 4GHz, and stress potential bottlenecks. One intention with studying both these scenarios is to see if the bottlenecks are the same across the scenarios.
Figure 8 shows SINR distributions and coverage for different channels. Figure 9 summarizes the relative coverage per channel and Figure 10 shows an assessment of isotropic loss.  The red and blue color coding is the same as in the figures above. It is seen that 1Mbps PUSCH data has the worst coverage. This is followed by uplink control channels. Downlink control and data are more robust.
Observation:
· The bottlenecks in the rural macro scenario are the same as in the urban macro scenario. This points to that the bottlenecks could be consistent across scenarios.
  [image: ]
[bookmark: _Ref40474875]Figure 8. SINR distributions and coverage for different channels for Rural Macro with 3km ISD at 4GHz.
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[bookmark: _Ref40479967]Figure 9. Coverage in terms of fraction of users with acceptable quality for Rural Macro with 3km ISD at 4GHz. 
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[bookmark: _Ref40479977]Figure 10. Estimated maximum isotropic loss for different channels for Rural Macro with 3km ISD at 4GHz. 
3.5	Urban Macro, ISD 900m, 2.6GHz, 100MHz TDD
This modified version of the Urban Macro scenario, with the ISD adjusted to 900m, is selected a create a challenging scenario from a coverage perspective at 2.6GHz, and stress potential bottlenecks. 
The results in Figure 11, Figure 12, and Figure 13 show are similar to ones for 4GHz. As might be expected, the use of a lower frequency leads to the same relative coverage at a larger ISD. The robustness order of the channels is not affected. 
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[bookmark: _Ref47653416]Figure 11. SINR distributions and coverage for different channels for Urban Macro with 900m ISD at 2.6GHz.
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[bookmark: _Ref47653421]Figure 12. Coverage in terms of fraction of users with acceptable quality for Urban Macro with 700m ISD at 2.6GHz.  
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[bookmark: _Ref47653425]Figure 13. Estimated maximum isotropic loss for different channels for Urban Macro with 700m ISD at 2.6GHz. 
3.9	Summary and discussion
Altogether, the above evaluations can be summarized as:
Observations:
· Across scenarios, uplink data is typically limiting, followed by uplink control. Downlink control and data are more robust. There is no obvious bottleneck among the control channels. 
Based on this it is proposed to focus coverage enhancements efforts where most needed:
Proposals:
· Focus coverage enhancements efforts on uplink data and uplink control. 
It should be noted that in this study the focus has been on coverage, and for most channels the configuration providing the best coverage has been selected. For example, aggregation level 16 is used for PDCCH. Some of these configurations are resource consuming and could form capacity bottlenecks. For capacity reasons it could be motivated to study efficiency enhancements of channels forming such bottlenecks.  
Observation:
· Maintaining downlink coverage may require relatively high amounts of resource, and so techniques achieving downlink coverage that maintain spectral efficiency may be of interest.
4. Link Budget Tables based on Simulated Antenna Gains and Interference Margins
Link budgets are often presented in table format. While the simplicity of this format is attractive, the problem becomes how to set the values of components in a reasonable way. If we focus on identifying channels that form bottlenecks, isotropic loss (or coupling loss plus antenna gain) is a suitable metric, for which we need estimates of interference margins and antenna gains. Isotropic gain can be further translated into cell range using suitable assumptions of fade margins, outdoor-to-indoor losses etc., and so is sufficient at least purely for the purpose of link budget calculation.
To estimate the interference margins and antenna gains from system level simulation, we identify a subset of users with SINRs corresponding to the requirement of the channel. Here we define antenna gain as the sum of the transmit and receive antenna gains for a given UE drop. Interference margin is defined as (I+N)/N, also called ‘rise over thermal’ or ‘IoT’, where I and N are the average interference and noise power for a given UE drop. For this subset we average the antenna gain and interference margins. See example for CSI on PUSCH in Figure 14 and message 2 in Figure 15.
As observed in [1], it is seen that for a given SINR, there is a variation in isotropic loss, antenna gain, and interference margin. The variation in isotropic loss is however smaller for the subset of users with SINR near the requirement. This indicates that isotropic loss can be a reasonable metric. The yellow and red markers indicate estimations of antenna gain and interference margins based on averages over the selected subset (+/-2 dB of the required SINR). The blue marker indicates the isotropic loss resulting from using these estimates to estimate the isotropic loss in link budget tables (like those presented in Table 6 and Table 7, further discussed below). We see that the estimation falls within the range of observed isotropic loss values. This is a good sign. To more accurately judge the ability to point out the right bottlenecks, in Figure 16 we plot the estimated isotropic loss as a function of the actual simulated outage. We see that for the most parts, a higher outage corresponds to a lower estimated supported isotropic loss. There is one exception, but the channels with the worst coverage are consistent in order. This indicates that the methodology can indeed identify the right bottlenecks (at least in the conditions simulated).
Using this methodology it is possible to create simple link budget tables like those in Table 6 and Table 7 (in an attachment, there are also tables with antenna gains divided into different components, in the format agreed for the NR coverage enhancement study). Note that these also contain the maximum coupling loss, which is informative for channels with the same antenna gain. Examining Table 6 for the 7km rural scenario at 700 MHz, we can see that the gNB antenna gain is around 13 dBi, which is 4 dB less than the maximum antenna gain of 17 dBi. The antenna gain does not vary between the physical channels, since adaptive beamforming is not used for these simulations. Note that the gain is not identical for all channels; different channels have different coverage and so UEs at the edge of coverage can be at somewhat different parts of the cell according to the channel, and therefore be affected differently by the antenna pattern.  This reduced antenna gain illustrates that effects such as element antenna patterns and tilt make it important to use a realistic value of antenna gain in link budgets. Looking at the interference margin (‘IoT’) row, we see that the interference numbers vary significantly according to the physical channel: from 0.8 dB for PRACH to 2.6 dB for PUSCH. The downlink channels have even higher interference levels in this setup, varying from 2.3 to 5.6 dB for PDCCH and SSB, respectively. This is despite the large cell spacing of 7 km, and illustrates that interference should not be neglected even in ‘coverage’ scenarios.
Examining results for the 700m urban scenario at 4 GHz in Table 7 where adaptive beamforming is used, the antenna gain has different behavior than for the rural scenario. Here, the gNB antenna gain is split into two components for the subarray gain (the element gain + gain from virtualization) and the adaptive array gain as well as being reported as a total antenna gain value. The total antenna gain goes from a low of 14.7 dB for e.g. Msg2 PDCCH to 19.1 dB for PDSCH, which is due to the different beamforming supported by the different channels. Even though the full array is used for beamforming of PDSCH, its antenna gain is around 7 dB less than the maximum of roughly 26 dBi (actually 25.3 with the virtualization used). This is again due to effects like tilt and non-ideal beamforming or array reception. Considering the element gain for e.g. PDSCH, we see that it is 9.5 dBi, which is 3.8 dB less than the maximum value of 13.3 dBi for the virtualization used.  Therefore, effects from the UE being off the boresight for the fixed antenna component (including due to tilt and fractional coverage of a sector) account for about 3.8 dB in this case. Comparing the ideal array gain component for PDSCH of about 12 dB (with 32 gNB TXRUs used and 2 Tx chains simulated on the link level) to the observed value of 9.6 at the array gain component, it can be seen that there is loss of about 2.4 dB from non-ideal beamforming. For PUSCH, the observed subarray gain of 9.4 dBi is 3.9 dB worse than the ideal 13.3 dBi. The value of 5.9 dB for array gain is 3.1 dB worse than the ideal 9 dB (with 32 gNB TXRUs used and 4 Rx chains simulated). Finally, it can be seen that the interference statistics vary less than in the 700 MHz case: from 0.1 to 1.6 dB, but are still significant, especially for UL channels.

Observations:
· Antenna gain observed at the limit of coverage may be substantially less than the maximum antenna gain.
· For example, in the case of 4 GHz 700m urban scenario for PDSCH, being off boresight of the fixed antenna component of the array lost about 4 dB, and imperfect beamforming lost about another 2.4 dB from the ideal values. PUSCH also loses about 4 dB from being off boresight, and about 3 dB from non-ideal reception.
· Antenna gains observed at the limit of coverage vary substantially between different channels.
· Interference margin varies significantly even in coverage limited scenarios.
· System level and link budget based methodologies tend to converge toward the same coverage bottlenecks if the methodologies incorporate suitable values of antenna gain and interference margin.

Proposal:
· Use antenna gain and interference margin values derived from system simulations in link budget analyses.
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[bookmark: _Ref41917272]Figure 14. Estimated antenna gain and interference margin (IoT) for CSI on PUSCH for Urban Macro, 700m ISD, 4GHz.
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[bookmark: _Ref41917276]Figure 15. Estimated antenna gain and interference margin (IoT) for message 2 for Urban Macro, 700m ISD, 4GHz.
[bookmark: _Ref41917325]Table 6. Link budget table for Rural Macro, 7km ISD, 700MHz.
	
	SSB
	Msg2 PDCCH
	Msg2 PDSCH
	Msg4 PDSCH
	PDCCH
	PDSCH Data
	Msg1 PRACH
	A/N PUCCH
	CSI on PUCCH
	Msg3
PUSCH
	CSI on PUSCH
	PUSCH Data

	Ptx [dBm]
	38.9
	45.7
	36.6
	42.1
	45.7
	43.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	Gant [dBi]
	12.7
	12.5
	12.6
	12.9
	12.5
	12.6
	13.2
	13.2
	13.1
	13.3
	13.2
	13.2

	Pnoise [dBm]
	-101.4
	-94.6
	-103.6
	-98.2
	-94.6
	-97.3
	-108.6
	-116.4
	-116.4
	-113.4
	-116.4
	-110.4

	IoT[dB]
	5.6
	2.3
	2.8
	3.3
	2.3
	2.7
	0.8
	1.9
	1.9
	2.6
	2.6
	2.6

	SNRreq[dB]
	-6.7
	-6.1
	-5.5
	-4.8
	-6.1
	-5.6
	-8.2
	-3.8
	-1.8
	-6.7
	1.3
	-4.5

	Max iso loss [dB]
	154.0
	156.6
	155.6
	154.7
	156.6
	155.8
	152.2
	154.5
	152.4
	153.9
	148.8
	148.6

	Max coupling loss [dB]
	141.4
	144.1
	143.0
	141.8
	144.1
	143.2
	139.0
	141.3
	139.3
	140.6
	135.6
	135.3



[bookmark: _Ref41917328]Table 7. Link budget table for Urban Macro, 700m ISD, 4GHz.
	
	SSB
	Msg2 PDCCH
	Msg2 PDSCH
	Msg 4 PDSCH
	PDCCH
	PDSCH Data
	Msg1 PRACH
	A/N PUCCH
	CSI on PUCCH
	Msg3
PUSCH
	CSI on PUSCH
	PUSCH Data

	Ptx [dBm]
	41.7
	48.5
	39.4
	44.9
	48.5
	53.0
	23.0
	23.0
	23.0
	23.0
	23.0
	23.0

	Gsub BS [dBi]
	8.9
	8.6
	9.7
	8.6
	8.1
	9.5
	8.5
	9.0
	10.4
	10.2
	10.1
	9.4

	Garray BS [dB]
	6.4
	6.1
	6.6
	6.1
	9.6
	9.6
	5.8
	4.7
	6.1
	4.5
	6.6
	5.9

	Gue [dBi]
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Gant tot [dBi]
	15.3
	14.7
	16.4
	14.7
	17.7
	19.1
	14.3
	13.7
	16.6
	14.7
	16.7
	15.3

	W [MHz]
	7.2
	34.6
	4.3
	15.1
	34.6
	98.3
	2.2
	0.4
	0.4
	0.7
	0.4
	10.8

	Pnoise [dBm]
	-98.4
	-91.6
	-100.6
	-95.2
	-91.6
	-87.1
	-105.6
	-113.4
	-113.4
	-110.4
	-113.4
	-98.6

	IoT[dB]
	0.2
	0.2
	0.1
	0.2
	0.1
	0.1
	0.6
	0.8
	0.8
	1.6
	1.6
	1.6

	SNRreq[dB]
	-12.3
	-11.4
	-12.2
	-11.5
	-11.4
	-9.9
	-19.6
	-13.1
	-8.7
	-13.6
	-6.9
	-9.7

	Max iso loss [dB]
	167.4
	166.0
	168.6
	166.1
	169.1
	169.0
	161.9
	162.4
	160.9
	160.1
	158.4
	145.0

	Max coupling loss [dB]
	152.1
	151.3
	152.2
	151.4
	151.4
	149.9
	147.6
	148.7
	144.3
	145.4
	141.7
	129.7
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[bookmark: _Ref41922584]Figure 16. Estimated isotropic loss as a function of actual outage.

The IMT-2020 link budgets contain a path loss estimate, which in turn can be used together with a pathloss vs distance relationship to assess a coverage range. To calculate the pathloss from the isotropic loss, estimates of a shadow fade margin, a handover gain, and indoor loss are used. These estimates can be derived from system level simulations as described below. The scenario used for illustration here is RMa 700MHz. The principle is the same for other scenarios and frequencies.
The effects of shadowing and macro diversity are illustrated in Figure 17. The path gain without shadow fading follows a slope given by the pathloss formula (only non-los shown in the figure). The shadow fading causes a variation around the slope, and down faded users can be quite a bit below the average. This effect is what should be captured by the shadow fading margin. With handovers, or macro diversity, users can connect to another base station than the nearest, if that more remote base station is better. The effect of this is seen in that down faded users, especially near the cell-edge, often select another base station and as a result get a better gain. This effect is what should be captured by the handover gain. Assuming that high degrees of coverage are targeted, the shadow fading margins and handover gains are estimated as the differences in a low percentile (the 5th) of the distributions of gain to the nearest base station with and without shadow fading, and gain to the serving base station and gain to the nearest base station. 
Figure 18 shows examples of such distributions. 
The indoor loss is estimated in a similar way. Figure 19 shows examples of distributions of pathgain and pathgain – indoor loss. The indoor loss value for the link budget is estimated as the difference in the 5th percentile of the distributions.
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[bookmark: _Ref53747710]Figure 17. Gain as a function of distance to the nearest base station.
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[bookmark: _Ref53747716]Figure 18. Distributions of gain with and without shadow fading, and with and without macro diversity / handover gain.
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[bookmark: _Ref53747719]Figure 19. Distributions of gain with and without indoor loss.
Conclusion
Related to system-level evaluations and identification of bottlenecks, we then make the following Observations:

For low band:
· Uplink data with 100 kbps or more has the worst coverage
· Generally followed by CSI on PUSCH or PUCCH, then Msg3 or HARQ-ACK, and lastly PRACH
· Uplink control channels are fairly well balanced for the relaxed error targets
· CSI on PUSCH is a somewhat worse than other UL control, while others are similar
· When error targets are tightened PRACH and CSI degrade more than HARQ-ACK and Msg3
· However, the need for 1% error rates for PRACH and CSI in coverage scenarios is unclear.
· Downlink control channels and data are well balanced and have better coverage than uplink channels.
· Msg4 with 4 retransmissions at 1% rBLER has the best overall coverage.
· Very good coverage is achieved in the LMLC scenario. Uplink data is limiting for data rates exceeding 30kbps. Other potential bottlenecks are not so evident in this scenario.  
· Good coverage can be achieved in the Extreme Long Range scenario. 

For mid-band
· 1 Mbps uplink data has the worst coverage. 
· Generally followed by CSI on PUSCH or PUCCH, then Msg3 or HARQ-ACK, and lastly PRACH
· Uplink control channels are fairly well balanced for the relaxed error targets
· CSI on PUSCH is a somewhat worse than other UL control, while others are similar
· When error targets are tightened, CSI degrades more than HARQ-ACK, Msg3, and PRACH
· However, the need for 1% error rates for PRACH and CSI in coverage scenarios is unclear
· Downlink control channels and data (PDSCH 10Mbps) are quite well balanced and have better coverage than uplink channels. 
· Message 2, for which limited CSI is assumed to be available for beamforming, is worse than the others, but better than uplink control. 
· The bottlenecks in the rural macro scenario are the same as in the urban macro scenario. This points to that the bottlenecks could be consistent across scenarios.
· For mid-band, the Urban Macro scenario with 500m ISD has quite good coverage. Uplink data is limiting followed by uplink control. Bottlenecks are not as evident as in more challenging scenarios.  

Regarding antenna gains and interference margins needed for link budget analyses, we made the following observations and proposal.
Observations:
· Antenna gain observed at the limit of coverage may be substantially less than the maximum antenna gain.
· For example, in the case of 4 GHz 700m urban scenario for PDSCH, being off boresight of the fixed antenna component of the array lost about 4 dB, and imperfect beamforming lost about another 2.4 dB from the ideal values. PUSCH also loses about 4 dB from being off boresight, and about 3 dB from non-ideal reception.
· Antenna gains observed at the limit of coverage vary substantially between different channels.
· Interference margin varies significantly even in coverage limited scenarios.

Proposal:
· Use antenna gain and interference margin values derived from system simulations in link budget analyses.

Altogether, we make the following observations and proposal:
Observation:
· Across scenarios, uplink data is typically limiting, followed by uplink control. Downlink control and data are more robust. There is no obvious bottleneck among the control channels. 
· Maintaining downlink coverage may require relatively high amounts of resource, and so techniques achieving downlink coverage that maintain spectral efficiency may be of interest.

Proposal:
· Focus coverage enhancements efforts on uplink data and uplink control.
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Appendix A – Results for additions scenarios
In this appendix results for a set of additional scenarios are included. Note that these results are based on the models and assumptions of [6], including link level results for TDL-A.
A1	LMLC, ISD 6km, 700MHz, 2x10MHz FDD
Figure 20 shows SINR distributions and coverage for different channels for the LMLC scenario. It is seen that the SINR differs between channels because of the differences in transmit power, antenna gains, and interference. For each channel the SINR requirement is marked with a star in the SINR distribution, and the relative coverage (or outage) can be read at the corresponding value on the vertical axis. The SINR requirements and outage levels for the lower quality requirements are also included in the figure legend. The same information is also presented in Figure 21 as bars indicating the relative coverage per channel for the different quality requirements. Red bars in the figures represent 1% error rates and blue bars 10% error rates for control channels, and higher or lower data rates for PDSCH and PUSCH.
It is seen that very good coverage is achieved. The channel with the worst coverage is again PUSCH data. This is followed by uplink control.  
Figure 22 shows the isotropic loss corresponding to the coverage for each of the channels. 
Observation:
· Very good coverage is achieved in the LMLC scenario. Uplink data is limiting for data rates exceeding 30kbps. Other potential bottlenecks are not so evident in this scenario.

[image: ]
[bookmark: _Ref40187344]Figure 20. SINR distributions and coverage for different channels for LMLC at 700MHz.
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[bookmark: _Ref40187350]Figure 21. Coverage in terms of fraction of users with acceptable quality for LMLC at 700MHz.  
[image: ] 
[bookmark: _Ref40187354]Figure 22. Estimated maximum isotropic loss for different channels for LMLC at 700MHz. Note that this is partly limited by the scenario studied, with quite good coverage. 
A2	Extreme Long Range, ISD 173km, 700MHz, 2x10MHz FDD
Figure 23 shows SINR distributions and coverage for the different channels in the extreme long range scenario. Relative coverage is also summarized in Figure 24. As in the figures above, red bars represent 1% error rates and blue bars 10% error rates for control channels, and higher or lower data rates for PDSCH and PUSCH.
It is seen that good coverage is achieved for the low quality requirements. For the high quality requirements worse coverage is observed for some of the channel. The reason for this is the poor cell-isolation, which in turn is a result of the propagation model used for this scenario (free-space plus a constant excess loss).
Observation:
· Good coverage can be achieved in the Extreme Long Range scenario. 
 [image: ]
[bookmark: _Ref32834400]Figure 23. SINR distributions and coverage for different channels for Extreme Long Range at 700MHz.
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[bookmark: _Ref40193714]Figure 24. Coverage in terms of fraction of users with acceptable quality for Extreme Long Range at 700MHz.  
 [image: ]
Figure 25. Estimated maximum isotropic loss for different channels for Extreme Long Range at 700MHz.   Note that this is partly limited by the scenario studied, with quite good coverage.

A3	Urban Macro, ISD 500m, 4GHz, 100MHz TDD
For completeness, also an Urban Macro scenario with the default ISD of 500m is studied. Figure 26 shows SINR distributions and coverage for different channels. Figure 27 summarized the relative coverage per channel and Figure 28 shows an assessment of isotropic loss.  As above, red bars represent 1% error rates and blue bars 10% error rates for control channels, and higher or lower data rates for PDSCH and PUSCH.
As expected, it is seen that coverage is better than in the case with 700m ISD.  
It is seen that 1Mbps PUSCH data has the worst coverage. This is followed by uplink control channels. Downlink control and data are more robust.
Observation:
· For mid-band, the Urban Macro scenario with 500m ISD has quite good coverage. Uplink data is limiting followed by uplink control. Bottlenecks are not as evident as in more challenging scenarios.  
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[bookmark: _Ref32835209]Figure 26. SINR distributions and coverage for different channels for Urban Macro at4GHz.
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[bookmark: _Ref40201696]Figure 27. Coverage in terms of fraction of users with acceptable quality for Urban Macro at 4GHz. 
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[bookmark: _Ref40201700]Figure 28. Estimated maximum isotropic loss for different channels for Urban Macro at 4GHz. 

A4	Rural Macro, ISD 1.7km, 4GHz, 100MHz TDD
For completeness, also a Rural Macro scenario with the default ISD of 1732m is studied.
Figure 29 shows SINR distributions and coverage for different channels. Figure 30 summarizes the relative coverage per channel and Figure 31 shows an assessment of isotropic loss. As in the figures above, red bars represent 1% error rates and blue bars 10% error rates for control channels, and higher or lower data rates for PDSCH and PUSCH.
As expected, it is seen that coverage is better than in the case with 3km ISD. It is further seen that 1Mbps PUSCH data has the worst coverage. This is followed by uplink control channels. Downlink control and data are more robust.

[image: ]
[bookmark: _Ref40475007]Figure 29. SINR distributions and coverage for different channels for Rural Macro at 4GHz.
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[bookmark: _Ref40479826]Figure 30. Coverage in terms of fraction of users with acceptable quality for Rural Macro at 4GHz.

[image: ]
[bookmark: _Ref40479838]Figure 31. Estimated maximum isotropic loss for different channels for Rural Macro at 4GHz. Note that this is partly limited by the scenario studied, with quite good coverage.
Appendix B – Link-level results
In this appendix, the raw link-level results are presented, see Table 8 and Table 10 for 700 MHz simulation assumption and results, Table 9 and Table 11 for 4 GHz simulation assumptions and results.
Note that the error rates refer to residual BLER after re-transmissions (rBLER), except for DL data (PDSCH) and UL data (PUSCH) where the 10% numbers refer to intial BLER (iBLER).
[bookmark: _Ref47787713]Table 8 Link level assumptions for 700 MHz 
	Channel/Signal
	Assumptions

	SSB
(P/S-SS and PBCH)
	SSB transmitted with 20ms periodicity
10% and 1% residual BLER after 4 retransmissions within MIB TTI of 80ms, UE is not assumed to know the SS/PBCH block index, wideband precoder, cycled for different transmissions  

	MSG1 PRACH
	10% and 1% missed detection at 0.1% false alarm probability, with maximum timing estimation error 50% of the normal CP length and 64 preambles per cell
Initial timing offset uniformly distributed in [0, 23 µs] for 6 km inter-site distance (ISD) and [0, 666 µs] for 173 km ISD. 
PRACH format 0 for 6 km inter-site distance, and format 1 for 173 km inter-site distance.

	MSG2 RAR
(PDCCH+PDSCH)
	PDSCH with 8 bytes payload, 
MCS 0 with transport block scale factor 0.25, 12 PRBs, 
3 DMRS symbol, 9 symbols with PDSCH 
(and 2 symbols reserved for PDCCH)
precoder cycling

	MSG3 RRC request
(PDCCH+PUSCH)
	PUSCH with 7 bytes payload,
MCS 0, 2 PRBs, 3 DMRS symbols 11 symbols with PUSCH, 
With 7 re-transmissions (8 attempts), using different frequency for different attempts. No PDCCH errors.

	MSG4 contention resolution
(PDSCH)
	3 retransmissions, PDSCH with 130 bytes payload,
MCS 0, 42 PRBs,
3 DMRS, 9 symbols with PDSCH
(and 2 symbols reserved for PDCCH)
Precoder cycling

	DL assignment or
UL Grant
(PDCCH)
	PDCCH using aggregation level 16 and DCI format 0_0 or 1_0 with payload of 39bits+24bits CRC
CORESET 48 PRBs, 2 symbols, non-interleaved mapping,
precoder cycling

	DL data
(PDSCH)
	HARQ with up to three retransmissions. 106 PRBs, 2 (3km/h) or 3 (120km/h) symbols with DMRS, PDSCH and DMRS mapped to 12 symbols (2 symbols reserved for PDCCH), fix MCS 0
overhead due to CSI-RS and TRS with 20ms period 
1/5/36PRB for 1Mbps data rate at 3km/h, 1/5/40PRB for 1Mbps data rate at 120km/h
10% for iBLER, 1% for rBLER after retransmission 
Link and rank adaption based on 20 slot wideband CSI feedback periodicity and HARQ with up to three retransmissions. 52 PRBs, 2 symbols with DMRS, PDSCH and DMRS mapped to 12 symbols (2 symbols reserved for PDCCH), 
overhead due to CSI-RS and TRS with 20ms period 


	ACK/NACK 
(PUCCH)
	Format 1 with 2bits, 14 symbols long with 7 DMRS, and frequency hopping with no or 8 repetitions
Pr(DTX to ACK)  <=1%, Pr(NACK to ACK) <=0.1%, 
Pr(ACK error) <=10% or 1%

Format 3 with 4bit (3 A/N+ 1Sr), 14 symbols long with 4 DMRS and frequency hopping with no or 8 repetitions, BLER<=10% or1%



	CSI feedback
(PUSCH or PUCCH)
	11 (6 part_1 5+ 5 part_2) or 22 (12 part_1 + 10 part_2)2 bits for wideband CSI feedback for 2RTx
10%, 1% BLER
1 PRB, 1 or 8 repetitions, no HARQ ACK/NACKs
PUCCH format 3 with 4 DMRS and frequency hopping 
PUSCH with 4 DMRS without multiplexing with data on PUSCH and no frequency hopping

	UL data
(PUSCH)
	MCS 0, fixed 4 PRBs, HARQ with up to four retransmissions (i.e. up to 5 transmission attempts in total), 2 symbols with DMRS, no frequency hopping, PUSCH and DMRS mapped to 14 symbols and no UCI overhead included 

10% initial BLER (iBLER), 1% residual BLER after retransmissions (rBLER)



[bookmark: _Ref47787757]Table 9 Link level assumptions for 4GHz 
	Channel/Signal
	Assumptions

	SSB
(P/S-SS and PBCH)
	SSB transmitted with 20ms periodicity
residual BLER after 4 retransmissions within MIB TTI of 80ms, UE is not assumed to know the SS/PBCH block index 

	MSG1 PRACH
	Format B4 (12 symbols)
10% and 1% missed detection at 0.1% false alarm probability, with maximum timing estimation error 50% of the normal CP length and 64 preambles per cell
Initial timing offset uniformly distributed in [0, 2.7 µs] for 700 m ISD and [0, 11.5 µs] for 3000 m ISD

	MSG2 RAR
(PDCCH+PDSCH)
	4Rx
PDSCH with 8 bytes payload, 
MCS 0 with transport block scale factor 0.25, 12 PRBs, 
3 DMRS symbol, 9 symbols with PDSCH 
(and 2 symbols reserved for PDCCH)
precoder cycling 

	MSG3 RRC request
(PDCCH+PUSCH)
	PUSCH with 7 bytes payload,
MCS 0, 2 PRBs, 3 DMRS symbols 11 symbols with PUSCH, 
With 7 re-transmissions (8 attempts), using different frequency for different attempts. No PDCCH errors.


	MSG4 contention resolution
(PDSCH)
	3 retransmissions, PDSCH with 130 bytes payload,
MCS 0, 42 PRBs,
3 DMRS, 9 symbols with PDSCH
(and 2 symbols reserved for PDCCH)
Precoder cycling

	DL assignment or
UL Grant
(PDCCH)
	PDCCH using aggregation level 16 and DCI format 0_0 or 1_0 with payload of 44bits+24bits CRC
CORESET 273 PRBs, 2 symbols, non-interleaved mapping,
precoder cycling

	DL data (PDSCH)
	4Rx, HARQ with up to three retransmissions. 273 PRBs, 2 (3km/h) or 3 (120km/h) symbols with DMRS, PDSCH and DMRS mapped to 12 symbols (2 symbols reserved for PDCCH), fix MCS 0
overhead due to CSI-RS and TRS with 20ms period 
1/5/36PRB for 1Mbps data rate at 3km/h, 1/5/40PRB for 1Mbps data rate at 120km/h
10% for iBLER, 1% for rBLER after retransmission 
Link and rank adaption based on 20 slot wideband CSI feedback periodicity and HARQ with up to three retransmissions. 273 PRBs, 2 symbols with DMRS, PDSCH and DMRS mapped to 12 symbols (2 symbols reserved for PDCCH), 
overhead due to CSI-RS and TRS with 20ms period 


	ACK/NACK
(PUCCH)
	Format 1 with 2bit, 14 symbols long with 7 DMRS, frequency hopping with no or 8 repetitions
Pr(DTX to ACK)  <=1%, Pr(NACK to ACK) <=0.1%, 
Pr(ACK error) <=10% or 1%  

Format 3 with 4bit (3 A/N+ 1Sr), 14 symbols long with 4 DMRS and frequency hopping with no or 8 repetitions, BLER<10% or 1%PUCCH Format 3 using 14 symbols, 1 PRB, 4 DMRS and frequency hopping 
4 bits payload for ACK/NACKS (three bits for 3DL:1UL TDD asymmetry and another bit for scheduling request)
Pr(DTX to ACK)  <=1%, Pr(NACK to ACK) <=0.1%, 
Pr(ACK error) <=10% or 1%

	CSI feedback
PUCCH or PUSCH
	11 (6 part_1 + 5 part_2) or 22 (12 part_1 + 10 part_2) bits for wideband CSI feedback for 4Rx
10% or 1% BLER
1 PRB, No or 8 repetitions
PUCCH format 3 with 4 DMRS and frequency hopping 
PUSCH without multiplexing with data on PUSCH and no frequency hopping6 bits CSI part 1 (RI+CQI), 10 bits CSI part 2 (PMI1+PMI2) wideband reporting for type I feedback for an 8x2 port layout and up to rank four 
1 PRB, no HARQ ACK/NACKs
PUCCH format 3 with 4 DMRS, with frequency hopping
PUSCH with 4 DMRS without multiplexing with data on PUSCH and no frequency hopping

	UL data (PUSCH)
	MCS 4, fixed 30 PRBs, HARQ with up to four retransmissions (i.e. up to 5 transmission attempts in total), 2 symbols with DMRS, no frequency hopping, PUSCH and DMRS mapped to 14 symbols and no UCI overhead included 

10% initial BLER (iBLER), 1% residual BLER after retransmissions (rBLER)




[bookmark: _Ref47778228]Table 10 Link level SNR requirements for 700 MHz 
	Channel/Signal
	Case (if applicable)
	Number of Rx antennas
	Speed [km/h]
	SNR [dB] for 
10% , 1% error rate 1)

	
	
	
	
	DS 30 ns
	DS 300 ns

	Initial Access

	SSB 
(P/S-SS and PBCH)
	
	2
	3
	-9.77, -6.73
	-9.6, -7.16

	
	
	2
	120
	-11.04, -8.76
	-10.52, -8.63

	MSG1 PRACH
	ISD 6 km
	2
	3
	-13.9, -8.2
	-13.9, -9.2

	
	ISD 6 km
	2
	120
	-13.8, -8.1
	-13.8, -9.0

	
	ISD 173 km
	2
	3
	-15.9, -10.2
	

	
	ISD 173 km
	2
	120
	-15.8, -10.2
	

	
	ISD 6 km
	4
	3
	-18.1, -14.6
	-17.8, -14.5

	
	ISD 6 km
	4
	120
	-18.1, -14.6
	-17.8, -14.5

	
	ISD 173 km
	4
	3
	-20.2, -16.7
	

	
	ISD 173 km
	4
	120
	-20.1, -16.6
	

	MSG2 RAR
(PDCCH+PDSCH)
	
	2
	3
	-8.9, -5.5
	-9.6, -6.8

	
	
	2
	120
	-8.8, -5.5
	-9.4, -6.8

	MSG3 RRC request
(PDCCH+PUSCH)
	
	2
	3
	-9.7,-6.7
	-11.0, -8.7

	
	
	2
	120
	-11.8,-10.1
	-11.8,-10.2

	
	
	4
	3
	-12.8,-10.5
	-13.7,-11.9

	
	
	4
	120
	-14.2,-12.9
	-14.2,-12.9

	MSG4 contention resolution (PDSCH)
	
	2
	3
	-4.8, -10.5
	-6, -11.5

	
	
	2
	120
	-4.8, -10.5
	-6, -11.5

	Uplink and Downlink Data Transmission

	DL assignment or
UL Grant (PDCCH)
	
	2
	3
	-8.9,-6.1
	-9.6,-7.7

	
	
	2
	120
	-8.9,-6.0
	-9.6,-7.6

	DL data (PDSCH)
	1 PRB
	2
	3
	-0.5, -5.1
	-0.5, -5.2

	
	5 PRBs
	2
	3
	-2, -8
	-2.6, -8.2

	
	36 PRBs
	2
	3
	-3, -8.8
	-5, -10.4

	
	1 PRB
	2
	120
	-0.5, -5.7
	-0.3, -5.8

	
	5 PRBs
	2
	120
	-2.5, -8.6
	-3, -8.9

	
	40 PRBs
	2
	120
	-3.1, -9.5
	-5.3, -11

	ACK/NACK (PUCCH)
	Format 1
	No repetitions
	2
	3
	-6.6, -3.8
	-6.6, -4.6

	
	Format 1
	No repetitions
	2
	120
	-6.6, -4.3
	-6.7, -4.7

	
	Format 1
	8 repetitions
	2
	3
	-13.5, -10.5
	-14.0, -11.2

	
	Format 1
	8 repetitions
	2
	120
	-13.7, -10.6
	-13.7, -11.1

	
	Format 3
	No repetitions
	2
	3
	-11.2, -7.0
	-11.4, -7.2

	
	Format 3
	No repetitions
	2
	120
	-11.3, -7.0
	-11.3, -7.2

	
	Format 3
	8 repetitions
	2
	3
	-16.7, -12.7
	-16.8, -12.7

	
	Format 3
	8 repetitions
	2
	120
	-16.7, -12.7
	-16.8, -12.8

	CSI feedback (PUCCH/PUSCH)
	PUCCH
	11 bits
	No rep.
	2
	3
	-6.1, -1.8
	-6.3, -2.0

	
	PUCCH
	11 bits
	No rep.
	2
	120
	-6.2, -1.8
	-6.4, -2.4

	
	PUCCH
	11 bits
	8 reps.
	2
	3
	-12.2, -8.1
	-12.3, -8.4

	
	PUCCH
	11 bits
	8 reps.
	2
	120
	-12.2, -8.2
	-12.5, -8.6

	
	PUCCH
	22 bits
	No rep.
	2
	3
	-3.9, 0.0
	-4.1, -0.3

	
	PUCCH
	22 bits
	No rep.
	2
	120
	-4.0, -0.1
	-4.2, -0.4

	
	PUCCH
	22 bits
	8 reps.
	2
	3
	-10.4, -6.5
	-10.5, -6.8

	
	PUCCH
	22 bits
	8 reps.
	2
	120
	-10.4, -6.5
	-10.7, -7.0

	
	PUSCH
	11 bits
	No rep.
	2
	3
	-4.8, 1.3
	-5.3, 0.2

	
	PUSCH
	11 bits
	No rep.
	2
	120
	-5.3, 0.8
	-5.2, 0.7

	
	PUSCH
	11 bits
	8 reps.
	2
	3
	-9.2, -2.9
	-9.7, -4.2

	
	PUSCH
	11 bits
	8 reps.
	2
	120
	-9.8, -3.9
	-9.7, -4.2

	
	PUSCH
	22 bits
	No rep.
	2
	3
	-2.6, 3.5
	-2.9, 2.5

	
	PUSCH
	22 bits
	No rep.
	2
	120
	-2.9, 2.9
	-2.7, 3.0

	
	PUSCH
	22 bits
	8 reps.
	2
	3
	-7.5, -1.3
	-8.0, -2.6

	
	PUSCH
	22 bits
	8 reps.
	2
	120
	-8.0, -2.2
	-7.9, -2.3

	UL data (PUSCH)
	
	2
	3
	-4.5, -5.4
	-4.2, -5.4

	
	
	2
	120
	-2.6, -9.0
	-2.5, -8.8


1) Error rate is residual BLER after re-transmissions (rBLER), except for DL data (PDSCH) and UL data (PUSCH) where the 10% numbers refer to intial BLER (iBLER) of 10%.
[bookmark: _Ref47778239]Table 11 Link level SNR requirements for 4 GHz 
	Channel/Signal
	Case (if applicable)
	Number of Rx antennas
	Speed [km/h]
	SNR [dB] for 
10% , 1% error rate 1)

	
	
	
	
	DS 30 ns
	DS 300 ns

	Initial Access

	SSB 
(P/S-SS and PBCH)
	
	4
	3
	-13.26, -11.47
	-12.28, -11.02

	
	
	4
	120
	-13.25, -11.45
	-12.28, -11.03

	MSG1 PRACH
	ISD 700 m
	2
	3
	
	-16.2, -12.7

	
	ISD 3 km
	2
	3
	-15.8, -10.6
	

	
	ISD 3 km
	2
	120
	-15.6, -10.5
	

	
	ISD 700 m
	4
	3
	
	-19.6, -16.9

	
	ISD 3 km
	4
	3
	-20.0, -16.6
	

	
	ISD 3 km
	4
	120
	-19.8, -16.4
	

	MSG2 RAR
(PDCCH+PDSCH)
	
	4
	3
	-11.8, -9
	-12.2, -9.8

	
	
	4
	120
	-11.4, -9
	-11.5, -9.7

	MSG3 RRC request
(PDCCH+PUSCH)
	
	2
	3
	-11.2 ,-8.9
	-11.0, -8.9

	
	
	2
	120
	-11.8, -10.2
	-11.4, -9.9

	
	
	4
	3
	-13.8, -12.1
	-13.6, -12.1

	
	
	4
	120
	-14.1, -13.0
	-13.8, -12.6

	MSG4 contention resolution (PDSCH)
	
	4
	3
	-4.9, -10.6
	-6.1, -11.5

	
	
	4
	120
	-4.8, -9.8
	-5.9, -10.8

	Uplink and Downlink Data Transmission

	DL assignment or
UL Grant (PDCCH)
	
	4
	3
	-11.8, -9.8
	-11.4, -9.8

	
	
	4
	120
	-11.8, -9.8
	-11.4, -9.7

	DL data (PDSCH)
	1 PRB
	4
	3
	-4.2, -7.8
	-4, -8

	
	5 PRBs
	4
	3
	-6.4, -11.2
	-6.5, -11.3

	
	36 PRBs
	4
	3
	-7, -12.3
	-8.4, -13.4

	
	1 PRB
	4
	120
	-3.7, -7.9
	-3.7, -8

	
	5 PRBs
	4
	120
	-6.5, -11.3
	-6.6, -11.4

	
	40 PRBs
	4
	120
	-7.6, -12.3
	-8.7, -13.2

	ACK/NACK (PUCCH)
	Format 1
	No repetitions
	4
	3
	-9.1, -7.1
	-9.5, -7.4

	
	Format 1
	No repetitions
	4
	120
	-9.2, -7.1
	-9.1, -7.0

	
	Format 1
	8 repetitions
	4
	3
	-15.9, -12.8
	-15.8, -13.1

	
	Format 1
	8 repetitions
	4
	120
	-15.7, -12.8
	-15.8, -12.9

	
	Format 3
	No repetitions
	4
	3
	-13.0, -8.9
	-13.1, -9.1

	
	Format 3
	No repetitions
	4
	120
	-12.9, -8.8
	-12.9, -8.9

	
	Format 3
	8 repetitions
	4
	3
	-18.3, -14.3
	-18.4, -14.7

	
	Format 3
	8 repetitions
	4
	120
	-18.2, -14.4
	-18.2, -14.4

	CSI feedback (PUCCH/PUSCH)
	PUCCH
	11 bits
	No rep.
	4
	3
	-8.6, -4.7
	-8.7, -4.9

	
	PUCCH
	11 bits
	No rep.
	4
	120
	-8.5, -4.6
	-8.5, -4.5

	
	PUCCH
	11 bits
	8 reps.
	4
	3
	-14.4, -10.7.5
	-14.5, -10.9

	
	PUCCH
	11 bits
	8 reps.
	4
	120
	-14.3, -10.6.8
	-14.3, -10.6

	
	PUCCH
	22 bits
	No rep.
	4
	3
	-6.6, -3.0
	-6.7, -3.1

	
	PUCCH
	22 bits
	No rep.
	4
	120
	-6.5, -3.0
	-6.5, -2.9

	
	PUCCH
	22 bits
	8 reps.
	4
	3
	-12.6, -9.1
	-12.8, -9.3

	
	PUCCH
	22 bits
	8 reps.
	4
	120
	-12.6, -9.1
	-12.5, -9.1

	
	PUSCH
	11 bits
	No rep.
	4
	3
	-6.9, -1.7
	-6.9, -1.9

	
	PUSCH
	11 bits
	No rep.
	4
	120
	-6.4, -1.1
	-6.4, -1.1

	
	PUSCH
	11 bits
	8 reps.
	4
	3
	-11.0, -6.0
	-11.1, -6.7

	
	PUSCH
	11 bits
	8 reps.
	4
	120
	-10.9, -6.0
	-10.9, -6.0

	
	PUSCH
	22 bits
	No rep.
	4
	3
	-4.9, 0.2
	-4.7, 0.1

	
	PUSCH
	22 bits
	No rep.
	4
	120
	-4.5, 0.2
	-4.4, 0.2

	
	PUSCH
	22 bits
	8 reps.
	4
	3
	-9.5, -4.4
	-9.4, -4.9

	
	PUSCH
	22 bits
	8 reps.
	4
	120
	-9.1, -4.6
	-9.2, -4.8

	UL data (PUSCH)
	
	4
	3
	-4.8 / -9.0
	-5.1 / -9.7

	
	
	4
	120
	-3.9 / -11.0
	-4.4 / -10.9


1) Error rate is residual BLER after re-transmissions (rBLER), except for DL data (PDSCH) and UL data (PUSCH) where the 10% numbers refer to intial BLER (iBLER) of 10%.
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