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Introduction
In this contribution, we consider potential areas of enhancement to remediate coverage bottlenecks found in [1] and [2]. DL coverage solutions specifically targeting Msg4 PDSCH are discussed, where mechanisms to improve downlink coverage without increasing downlink resource usage or latency are considered. Also discussed are UL coverage solutions targeting Msg3 and A-CSI reporting.
Discussion
Potential areas of enhancement for spectrally efficient downlink coverage 
Based on simulation results in [1] and [2], DL channel coverage is generally better than UL channel, partially because of more transmit antennas and more transmission power of gNB, more accurate channel estimation based on reciprocity and CSI report. 
It was found that downlink channels bearing control information were not coverage bottlenecks, although for the FR2 25 Mbps PDSCH data target may be more limiting than some uplink data. It can be questioned whether 25 Mbps is an appropriate target for 100 MHz bandwidth PDSCH in FR2, and so we may wish to focus on a lower target. While coverage may not be limited for lower data rate PDSCH, it may be inefficient particularly when accurate CSI is not available, requiring large amounts of resource for a relatively small TBS.  Therefore, the efficiency of DL data transmission should also be considered in the context of the coverage study.
Observation:
· Maintaining PDSCH coverage without accurate CSI may require relatively high amounts of downlink resource
Among DL channels, Msg4 contention resolution on PDSCH scheduled by PDCCH is a little problematic. It may happen that after UE sends out Msg3, it can’t successfully decode Msg4. Then before UE sends out HARQ ACK for successful decoding of Msg4 PDSCH, gNB may triggers a Msg4 retransmission. The Msg4 failure is partially because it has much less coverage enhancement features available than PDSCH for UE in RRC_Connected mode. In NR up to Rel-16, Msg4 PDSCH doesn’t support beam management (QCL with the selected SSB beam for random access resource selection) or PDSCH slot aggregation since RRC connection is not established yet, nor does it support TBS scaling which is appliable for Msg2 PDSCH scheduled by RA-RNTI or for paging.
Observation:
· Msg4 PDSCH has worse coverage than other DL PDSCH.
One simple approach to providing coverage is to use a sufficiently low coding rate on the downlink, which increases both the amount of energy delivered to the UE as well as maximizing the coding gain. However, this is a relatively expensive way to achieve downlink coverage.
NR can provide large amounts of array gain via digital or analog beamforming without increasing the amount of downlink resource, and so is a spectrally efficient way to achieve coverage. Array gain brought by proper beamforming leads to higher received signal power and higher SNR at UE, which can improve coverage. NR R15/16 supports CSI reporting after an RRC connection is established, which can be used for beamforming. During the RACH procedure, a Tx and Rx beam pair between UE and network is maintained as the one used for Msg1 transmission and reception. If an early CSI report is available during random access, array gain can improve coverage of downlink channels during random access without the increased overhead needed by low code rate PDSCH transmission.
To achieve the array gain, the network must have sufficient channel state information. If the PDSCH packet size is large enough, there will be adequate time for the UE to signal the CSI to the network, and the initially inefficient transmissions will not overly degrade the net spectral efficiency. If PDSCH packet sizes are smaller, then there may not be enough time to obtain the CSI without excessive latency or RRC signalling overhead. Therefore, an early CSI report especially benefits small PDSCH packets. In this case, beamforming configuration based on early CSI report is effective starting from Msg4 PDSCH till following DL transmission and the UE doesn't need to report CSI or be configured otherwise.
The UE configurations used early in radio link setups will generally need to be quite simple, since RRC signalling will take some time to provide to the UE and the network may have limited knowledge of the UE’s capabilities. Therefore, the use cases envisioned here are for basic CSI reporting, such as CSI-RSRP based on a small number of CSI-RS ports, SS-RSRP and/or SSBRI. Therefore, we expect that early CSI reporting should require minimal calculation effort for the UE.
Observation:
· Early CSI availability can provide downlink coverage for small PDSCH packet sizes before normal CSI is available without excessive latency, RRC signalling overhead or excessive downlink resource.
· Early CSI calculation use cases imply minimal calculation effort for the UE.
Proposal:
· Specify techniques to provide CSI during random access
[bookmark: _Hlk47526962]Coverage enhancement for A-CSI on PUSCH
In NR Rel-16 three types of CSI reporting, periodic CSI reporting (P-CSI), semi-persistent CSI reporting (SP-CSI) and aperiodic CSI reporting (A-CSI), were supported. Among them, P-CSI and SP-CSI can be transmitted on PUCCH. A-CSI and SP-CSI can be transmitted on PUSCH, but CSI on PUSCH cannot be repeated. System level simulations in [1] and [2] show that the CSI on PUSCH is one of the coverage bottlenecks.
Slot aggregation was supported in NR Rel-15, which was renamed as PUSCH repetition Type A when a PUSCH repetition Type B was additionally introduced in NR Rel-16. However, regardless of whether PUSCH repetition Type A or Type B is configured, A-CSI on PUSCH is only transmitted once in the first repetition and not repeated.
In the NR release 15 and 16, it has been discussed in RAN1 on if A-CSI can be repeated if UE is configured with Rel-15/16 PUSCH repetition, which can be a good baseline for R17 study on this A-CSI repetition. But due to limited time at this late stage of maintenance on R15/R16, it has been concluded that A-CSI is not repeated and is multiplexed only in the PUSCH in the first slot if PUSCH slot aggregation is enabled, CSI report triggered by DCI on PUSCH repetition Type B without UL-SCH is carried on the first nominal repetition with the other nominal repetitions discarded, and CSI report triggered by DCI on PUSCH repetition Type B with UL-SCH is carried on the first actual repetition.
	Conclusion:
Conclusion in RAN1#96 with respect to A-CSI multiplexing in PUSCH with slot aggregation is interpreted as the following:
· When PUSCH slot aggregation is enabled, if A-CSI triggered by a DCI that schedules a PUSCH in a slot, the A-CSI is multiplexed only in the PUSCH in the first slot.
· A valid A-CSI is multiplexed only if the CSI computation corresponding timeline is met.
· The CSI computation timeline is referenced to the first slot of the slots with PUSCH repetition.
· No changes to the specifications are needed.

Agreements:
For CSI report(s) triggered by DCI on PUSCH repetition Type B without UL-SCH, 
· CSI report(s) is carried on the first nominal repetition.
· For A-CSI and the first PUSCH carrying SP-CSI after activation, the first nominal repetition is expected to be the same as the first actual repetition.
· For PUSCH carrying SP-CSI other than the first one after activation,
· If the first nominal repetition is not the same as the first actual repetition, the first nominal repetition is not transmitted; 
· Otherwise, whether/how the first nominal repetition is dropped follows Rel-15 behavior for PUSCH repetition Type A with SP-CSI multiplexing.
· All the other nominal repetitions are discarded, and these repetitions are not considered (i.e., treated as non-existing) when determining UCI multiplexing on PUSCH. 

Agreements:
For CSI report(s) triggered by DCI on PUSCH repetition Type B with UL-SCH, CSI report(s) is transmitted on the first actual repetition.



Observation:
· CSI on PUSCH is one of the coverage bottlenecks and its coverage needs to be enhanced.
· A-CSI repetition on PUSCH has already been studied in NR release 15 and release 16 and can be a good baseline for its study in R17.
PUSCH repetition has been an important technique on improving PUSCH coverage and support of CSI repetition on PUSCH can also bring significant gain as indicated from the link level simulation results illustrated in Figure 1 , where around 4dB gain can be seen in link level with up to 8 repetitions of CSI (6+5 bits) on PUSCH at 4GHz. The setup of the link level simulation is provided in table 1 in Appendix 1. The maximum isotropic loss results are also provided in Figure 2, from system level simulation with the same methodology used in [1], similar gain can be seen.
Observation:
· Around 4 dB gain can be achieved with up to 8 repetitions of CSI (6+5 bits) on PUSCH for mid-band.
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[bookmark: _Ref32832971]Figure 1. LLS results with CSI repetition on PUSCH.
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[bookmark: _Ref47724197]Figure 2. MIL results with UCI repetition (blue) compared to without repetition (red) on PUSCH and PUCCH, with target SNR@10% error rate.
Based on discussions and observations above, we have following proposal considering both two PUSCH repetition types can be used as basis for further study of CSI repetition.
Proposal:
· Support CSI repetition on PUSCH with repetition Type A or Type B.
A-CSI on PUCCH
In NR Rel-15, A-CSI can only be transmitted on PUSCH, system level simulation results provided in [1] show that the estimated maximum isotropic loss of CSI on PUSCH is around 3.5dB less than CSI on PUCCH without repetition, becoming one of the most limiting channels for cell coverage. However, the CSI coverage bottleneck can be resolved by the support of A-CSI on PUCCH.
Observation:
· The estimated maximum isotropic loss of CSI on PUSCH is worse than CSI on PUCCH, becoming one of the most limiting factors for cell coverage.

As captured below, it was discussed in R15 RAN1#90b how to trigger A-CSI on PUCCH, but in RAN1#91 it was agreed that A-CSI on short PUCCH was not supported in Rel-15 due to lack of consensus.
	Agreement:
For A-CSI on short PUCCH with single CSI report, downselect from the following:
Alt 1:
The CSI report is triggered with CSI request field in DL-related DCI
· UE-specific or UE-group-specific DCI is to be discussed in control channel session
PUCCH resource indicator field in DL-related DCI indicates the PUCCH resource for the triggered CSI report from a set of higher-layer configured PUCCH resources
Alt 2:
Use UE-specific UL-related DCI, CSI request field triggers a CSI report. It is indicated in the CSI Report Setting if PUCCH or PUSCH is used
Alt 3:	
Use UE-specific UL-related DCI, indication on if PUCCH or PUSCH is used is determined by bit in DCI
Agreements (email):
· For triggering A-CSI on short PUCCH, the scheme(s) are to be decided by control channel and/or scheduling/HARQ session(s) in RAN1#91. 
· Choose at least one from Alt1, Alt2, and Alt3
· In choosing the scheme(s), consider CA (multi-cell) operation as well as transmission of HARQ-ACK and A-CSI in separate TDMed short PUCCH allocations and in a same short PUCCH allocation



In our view, the aforementioned alternatives can be used as the basis for further study on signaling support of A-CSI on PUCCH. 
Furthermore, as discussed in [4], slot-based PUCCH repetition has been supported in NR Rel-15 and P/SP-CSI can be repeated in each PUCCH repetition and up to 5dB gain (@10% target BLER) can be achieved with up to 8 repetitions. Support of A-CSI repetition on PUCCH can have A-CSI performance on par with P/SP-CSI.
PUCCH repetition is also being discussed in NR Rel-17 WI of Enhanced Industrial Internet of Things (IoT) and URLLC. In RAN1#102e meeting, as shown below, some CSI enhancement schemes have been agreed for further study. But the design purpose of CSI enhancement in R17 URLLC WI is to reduce CSI report’s latency and improve its accuracy, rather than to improve its coverage. The coverage enhancement of A-CSI by transmitting it on PUCCH and even with repetition is out of scope of R17 URLLC WI but can be considered in R17 coverage enhancement SI.
Regarding the handling of overlapped objectives from multiple topics, it was summarized in [5] in RAN#89-e meeting, and the conclusion is:
· Handling of overlapped objectives involving Rel-17 feMIMO, Rel-17 IIoT/URLLC and Rel-17 Coverage Enhancements is to be discussed in RAN#90-e.
· Note: discussion in RAN1#103-e for each of the above items is based on the respective WID or SID. In particular, PUCCH aspects under feMIMO should focus on multi-TRP only.

According to above, we have following proposal.
Proposal:
· Continue investigation and evaluation of A-CSI on PUCCH in coverage enhancement topic.
· Discuss in RAN#90-e to decide where specification of A-CSI on PUCCH will be, e.g. Rel-17 feMIMO or Rel-17 IIoT/URLLC.

Msg3 coverage enhancement
In RAN1 #102-e meeting, we have following agreement to study possible enhancements for Msg3.
Agreements:
· Study Msg3 PUSCH enhancement in NR coverage enhancement SI
· Study at least Msg3 PUSCH repetition
· FFS the aspects to be enhanced, e.g., signaling indication, repetition pattern, interplay between Msg1 and Msg3, DM-RS enhancements related to repetition etc.
· FFS multiple-antenna techniques.

The link level and system level simulation results provided in [1] and [2] show Msg3 is one of the coverage bottlenecks, and some possible techniques are discussed in the following chapters.
1) Repetition
Retransmission can be used to provide coverage for Msg3 in Rel-15. However, it is somewhat cumbersome to do so. In order to retransmit Msg3, the UE must successfully receive both Msg2 for the initial grant as well as the PDCCH addressed to TC-RNTI for the retransmission. This may mean the network has to transmit both a Msg2 and a UL grant for TC-RNTI, which is wastes PDCCH overhead. Retransmission will also increase latency, from e.g. transmission and decoding times. Mechanisms such as Msg3 repetition can be relatively simple ways to improve Msg3 coverage, and so should be considered.
With the simulation assumptions provided in table 1 in appendix 1, 8 repetitions or no repletion of Msg3 are simulated and the result is provided in Figure 3, where we can see a gain of around 5.8dB can be achieved.
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[bookmark: _Ref53699791]Figure 3. MIL results with UCI repetition (blue) compared to without repetition (red) on PUSCH and PUCCH, with target SNR@10% error rate.
2) Multiple antenna techniques
In NR up to Rel-16, Msg3 PUSCH transmission, which is scheduled by DCI format 0_0, is based on a single antenna port. The constraint of single antenna port Msg 3 transmission is mainly because Msg3 is part of the initial access procedure, when gNB has limited knowledge of UL channel and is incapable of multi-antenna configuration before RRC connection is established. However, as UEs with multiple Tx antennas are becoming more common, multiple-antenna techniques, especially Tx Diversity, can be considered to improve Msg3 reliability and coverage. 
Usually a UE that has N Tx antennas can transmit on multiple Tx chains simultaneously without increasing the peak to average power ratio of the signal and while delivering more power because the power from the Tx chains combines. UEs can virtualize multiple Tx chains (that is, transmit the same information on multiple antennas such that it is indistinguishable by a receiver from single antenna transmission) to deliver more power, but virtualization is more difficult for PUSCHs occupying a few PRBs, such as Msg3.  
Open-loop Tx Diversity for Msg3 can be combined with Msg3 repetition, for example, precoder or beam cycling, or antenna hopping between Msg3 repetitions. Closed-loop Tx Diversity for Msg 3 is also possible if gNB has accurate channel state information. Closed-loop TxD with one layer can provide on the order of 3 or 6 dB for UE with 2 or 4 antenna ports due to the increased transmission power from multiple Tx chains without using more uplink resources.
3.) Cross-slot channel estimation when repetition is enabled
Similar to what we discussed on the enhancement of normal PUSCH in [3], joint channel estimation across slots with a number of msg3 PUSCH repetitions will help to improve the channel estimation accuracy especially for the case that the SNR for each msg3 repetition is low. Besides, when frequency hopping is enabled, the frequency hopping pattern may affect the coherent transmission of consecution PUSCH repetitions, which should be studied further.
4.) Interplay between Msg1 and Msg3
Based on our understanding, multiple PRACH transmission proposed by companies in RAN1 #102-e meeting is only to allow UE to attempt random access with double resources at the same time or different time, but whether the 1st attempt and 2nd attempt may take the best SSB or better SSB beam is still random.
Multiple PRACH attempts with power ramping are already supported especially for UEs in poor coverage, where UEs can randomly select the SSB beam for PRACH resource selection in each attempt. Note that there’s no requirement in spec. that Msg3 will use the UL beam corresponding SSB beam determined for PRACH resource selection, it’s up to UE to select the UL beam and smart UEs can actually select the best SSB beam already.
Multiple PRACH transmission introduces more collisions among UEs since multiple PRACH occasions are used for each attempt that may make the performance of PRACH worse especially in case with high load. Multiple PRACH transmission may trigger more spec. changes as we need to think whether gNB should know which preambles are from one single UE or it should be transparent to gNB while UE will prepare a single Msg3 after receiving multiple RARs, or gNB should prepare to receive multiple Msg3 PUSCH transmissions from single UE. The RA procedure changes will trigger discussions in both RAN1 and RAN2 which is not pursued in this study item. And this multiple PRACH transmission may also extend RA latency compared to simply relying on Msg3 repetition, cross-slot channel estimation, retransmission and frequency hopping for the Msg3 enhancement itself. 
The benefit of PRACH enhancement for the enhancement of msg3 is not technically clear.

Based on the discussions above, we have following observations for Msg3:
Observation:
· Msg3 repetition can improve Msg3 coverage, reduce latency, and be a simpler mechanism to implement compared to Msg3 retransmission.
· Open-loop Tx Diversity together with Msg3 repetition can improve Msg3 coverage through diversity gain and Tx chain power combining.
· Closed-loop Tx Diversity for Msg3 can benefit from coherent combining or antenna selection as well as Tx chain power combining.
· Cross-slot channel estimation among a set of msg3 repetitions can improve the accuracy of the estimated channel, and frequency hopping patterns may affect the cross-slot channel estimation ability.
· The benefit of PRACH enhancement to the enhancement of Msg3 is not clear.

We have following proposal according to the observations:
Proposal:
· Msg3 coverage enhancement schemes could be repetition, cross-slot channel estimation and multiple-antenna techniques.
Summary
In this contribution, we consider potential classes of coverage enhancement techniques for channels other than normal PUSCH and normal PUCCH. We have following observations based on the discussions.
Observations:
· Maintaining PDSCH coverage without accurate CSI may require relatively high amounts of downlink resource
· Msg4 PDSCH has worse coverage than other DL PDSCH.
· Early CSI availability can provide downlink coverage for small PDSCH packet sizes before normal CSI is available without excessive latency, RRC signalling overhead or excessive downlink resource.
· Early CSI calculation use cases imply minimal calculation effort for the UE.
· CSI on PUSCH is one of the coverage bottlenecks and its coverage needs to be enhanced.
· A-CSI repetition on PUSCH has already been studied in NR release 15 and release 16 and can be a good baseline for its study in R17.
· Around 4 dB gain can be achieved with up to 8 repetitions of CSI (6+5 bits) on PUSCH for mid-band.
· The estimated maximum isotropic loss of CSI on PUSCH is worse than CSI on PUCCH, becoming one of the most limiting factors for cell coverage.
· Msg3 repetition can improve Msg3 coverage, reduce latency, and be a simpler mechanism to implement compared to Msg3 retransmission.
· Open-loop Tx Diversity together with Msg3 repetition can improve Msg3 coverage through diversity gain and Tx chain power combining.
· Closed-loop Tx Diversity for Msg3 can benefit from coherent combining or antenna selection as well as Tx chain power combining.
· Cross-slot channel estimation among a set of msg3 repetitions can improve the accuracy of the estimated channel, and frequency hopping patterns may affect the cross-slot channel estimation ability.
· The benefit of PRACH enhancement to the enhancement of Msg3 is not clear.

Based on the observations and discussions, we have following proposals.
Proposals:
· Specify techniques to provide CSI during random access
· Support CSI repetition on PUSCH with repetition Type A or Type B.
· Continue investigation and evaluation of A-CSI on PUCCH in coverage enhancement topic.
· Discuss in RAN#90-e to decide where specification of A-CSI on PUCCH will be, e.g. Rel-17 feMIMO or Rel-17 IIoT/URLLC.
· Msg3 coverage enhancement schemes could be repetition, cross-slot channel estimation and multiple-antenna techniques.
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Table 1: Basic setup of LLS for CSI repetition on PUCCH
	System
	· Carrier frequency 4 GHz
· 30 kHz SCS
· TDD
· 100 MHz BWP (273 PRBs)

	Channel
	· TDL-C (NLoS), 

	Antennas
	· 1T4R

	Receiver
	· Practical channel estimation
· Channel analyzer method: PDP based
· Doppler estimator type: Ideal

	Frequency hopping
	· Enabled



Table 2: Basic setup of LLS for CSI repetition on Msg3 PUSCH
	System
	· Carrier frequency 700 MHz
· 15 kHz SCS
· TDD
· 100 MHz BWP (273 PRBs)

	Channel
	· TDL-A, Delay spread 100ns, 3km/h, medium correlation

	Antennas
	· 1T2R or 1T4R

	Receiver
	· Practical/idea channel estimation

	Payload
	· 7 bytes, 2 PRBs (MCS0), DFT-spread OFDM, no (intra-slot) FH
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