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Introduction
In this contribution, we consider potential enhancement of PUSCH, since it has been observed as the bottleneck channel in the simulation results provided in [1] and [2]. Possible coverage enhancement solutions are discussed in following aspects:
· UL-SCH on PUSCH
· CSI on PUSCH
· Voice over NR.
Discussion
Coverage enhancement for UL-SCH on PUSCH
The following general uplink coverage enhancement techniques may be considered for UL-SCH on PUSCH. 
· Improvements to low PAPR transmission
High power efficiency waveforms were a key part of LTE where DFT-S-OFDM was used exclusively for the uplink, and this has evolved further in NR, where CP-OFDM, DFT-S-OFDM, and Pi/2 BPSK transmission is supported. Enhancements to waveforms that further optimize the power efficiency of UL transmissions should be studied. However, such studies should be careful to determine the net achievable improvements in PA backoff and to avoid simplistic characterizations such as those that only use PAPR.
· [bookmark: _Hlk47531210]Multi-antenna techniques
NR is at the stage now where UEs that have multiple transmit antennas are becoming more common. Therefore, there is increasing commercial potential for improved coverage from multi-antenna transmission in UEs.
Full power for UL MIMO transmission has been specified in Rel-16 and provides substantially better coverage (up to 3 or 6 dB) for non-coherent UEs that are of current commercial interest. Further enhancements allowing better performance for additional PA architectures of commercial interest can be considered.
An open loop transmit diversity scheme has also been listed as a candidate enhancement during the development of the coverage enhancements study item description. There is ongoing work in RAN4 on specifying transparent transmit diversity as well. In either of these cases, the power of Tx chains can combine to improve coverage, and there may also be some diversity gain, depending on the amount of diversity available from other sources.
Regardless of the multi-antenna scheme used to improve coverage, it is essential to focus on realistic scenarios that provide coverage gain at the system level. ‘Corner case’ evaluations of e.g. high code rates but that also assume poor CSI should be avoided, sources of diversity available from receive antennas, frequency hopping should be used, and benefits of HARQ should be taken into account.
Proposal:
· Consider at least the following areas for UL coverage enhancement:
· Improvements to low PAPR transmission 
· Multi-antenna techniques 
· Msg3 coverage enhancement

In particular, multiple-layer PUSCH transmission with DFT-S-OFDM waveform, Msg3 PUSCH repetition, and multi-antenna techniques on Msg3 PUSCH are discussed in more detail in the following 2 subclauses.
Multi-layer PUSCH transmission with DFT-S-OFDM waveform
NR supports both CP-OFDM and DFT-S-OFDM waveforms in uplink. CP-OFDM waveform can be used for both single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to single-stream transmission as agreed in RAN1#86bis meeting.  One argument against multiple-layer PUSCH transmission with DFT-S-OFDM was that multiple-layer PUSCH transmission increases PAPR/CM. Other possible arguments include low SNR and small chance of Rank 2+ PUSCH at cell edge, as DFT-S-OFDM is more favourable than CP-OFDM at cell edge due to its lower PAPR/CM. In the following, we will discuss these concerns.
For the PAPR/CM issue, we consider multiple layer transmission with 2 or 4 antenna ports in UEs with non-coherent and partially coherent UL MIMO transmission capabilities. When more than one layer is transmitted, fully coherent precoders map one layer to multiple antenna ports and cause higher peak to average power ratio (PAPR) and/or higher cubic metric (CM) in multiple layer transmission than in single layer transmission, which undermines the advantages of DFT-S-OFDM. This can be observed by comparing the example precoders for full, partial, and non-coherent 4 port rank two transmission below.
	
TPMI14 (fully coherent): 
	
TPMI6 (partially coherent): 
	
TPMI0 (non-coherent): 


In these matrices, the rows correspond to antenna ports, while the columns correspond to layers. The fully coherent precoding matrix has two non-zero magnitude values in both columns, which means that two layers combine together on the antenna ports, potentially doubling the PAPR and CM. On the other hand, there is at most one non-zero magnitude values per row for both of the partially and non-coherent precoding matrices, which means that transmitting with these matrices will not increase PUSCH PAPR or CM. Moreover, by limiting to precoders used for non-coherent and partially coherent UE, UE’s PAPR or cubic metric (CM) of multiple layer PUSCH transmission is no higher than 1-layer PUSCH transmission.
Regarding the concern of small chance of multiple layer PUSCH transmission at cell edge, while it is intuitive that rank 1 transmission is normally selected for low SINR conditions, in practice it turns out that rank 2 or higher transmission can be quite common in a cell, and that multilayer transmission can be a mechanism to deliver higher power especially for non-coherent UL MIMO UEs. 
Figure 1 below shows a histogram of the UL MIMO rank in a cell when the gNB has 4 or 32 Rx antennas.  Rel-15 non-coherent UL MIMO transmission is used, and an FTP model 1 traffic is used. Resource utilization is roughly 40%. The detail setup of this simulation is provided in table 2 in Appendix 1. It can be seen that very few UEs transmit only rank 1. In the 4 Rx case, less than 1% of the UEs transmit rank 1, while for 32 gNB Rx antennas, rank 2 is always used.  One major reason for the use of high rank is that non-coherent UEs gain 3 dB more power by transmitting two layers.
[image: ]
[bookmark: _Ref47688724][bookmark: _Ref47609359]Figure 1. UL MIMO rank histograms for 4 and 32 Rx gNB
Observation:
· Non-coherent and partially coherent UE’s PAPR or cubic metric (CM) of multiple layer PUSCH transmission is not higher than 1-layer PUSCH transmission by coherent UE.
· Multiple layer PUSCH transmission with DFT-S-OFDM can improve PUSCH cell coverage.
· Multiple layer transmission is especially beneficial in the non-coherent UEs that are those most used in real deployment, since multi-layer transmission provides more power in these UEs.
· Pure rank 1 transmission tends to be infrequent even for UEs in the poorest channel conditions when few gNB antennas are used.
· When massive MIMO gNBs are used, rank 1 is almost never selected.
Proposal:
· Study multiple layer PUSCH transmission with DFT-S-OFDM
Msg3 coverage enhancement
[bookmark: _Hlk47539659]The link level and system level simulation in [1] and [2] shows Msg3 is one of the coverage bottlenecks. Msg3 repetition and multiple antenna techniques for Msg3 are discussed here.
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.
Observation:
· Msg3 repetition can improve Msg3 coverage, reduce latency, and be a simpler mechanism to implement compared to Msg3 retransmission.
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.
Observation:
· 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 .
Proposal:
· Study Msg3 coverage enhancement schemes, for example, repetition and multiple-antenna techniques.
[bookmark: _Hlk47526962]Coverage enhancement for CSI on PUSCH
In NR Rel-15 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, A-CSI and SP-CSI can be transmitted on PUSCH. System level simulations in [1] and [2] show that the CSI on PUSCH is one of the coverage bottlenecks.
Observation:
· CSI on PUSCH is one of the coverage bottlenecks and its coverage needs to be enhanced.
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.
It has been discussed in the previous two RAN1 meetings on if A-CSI can be repeated if UE is configured with Rel-15/16 PUSCH repetition and companies showed diverse views. Due to limited time at this late stage of maintenance on R15/R16, it has been concluded in [3] 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 RAN1 #101-e:
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 RAN1 #101-e:
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 RAN1 #101-e:
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.



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 2 , 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 3, from system level simulation with the same methodology used in [1], where the gains are slightly lower (2.5dB) than those seen in link level simulation due to the reduction in antenna gain for the lower SINR operating points.
Observation:
· Around 4 dB gain can be achieved with up to 8 repetitions of CSI (6+5 bits) on PUSCH for mid-band.
[image: ]
[bookmark: _Ref32832971]Figure 2. LLS results with CSI repetition on PUSCH.
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[bookmark: _Ref47724197]Figure 3. 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.
Coverage Enhancements for Voice
Voice (VoNR) is one of the important services that operators provide to users in the NR RAT. It is essential that VoNR coverage is on par with other RATs such as UTRAN/EUTRAN which have been traditionally providing voice services. VoNR allows a UE to use voice service in NR network which has been primarily designed for data services. The UE can simultaneously use both the services (voice and data) without having to change its access network; for example, without the need of CS fallback. The IP Multimedia SubSystem (IMS) Network facilitates VoIP services in cellular network, and so can be considered as a master controller.
IMS network using the Session Initiation Protocol (SIP) enables a UE to establish call connections. The SIP signaling component requires its own bearer (with an associated unique IP address) as the IMS network is separate from the LTE/NR network and comes with its own APN. The bearer has its own QCI. 
[bookmark: _Hlk40269903]Before a VoNR session starts, SIP signalling needs to be exchanged between UE and IMS Network. The size of the SIP message, such as the INVITE message is about 2KB. Since the normal transport block size for VoNR is roughly an order of magnitude smaller (on the order of a few hundred bits), SIP messages can require better radio conditions or more uplink resource than the voice packets. If radio conditions are sufficiently poor, such as at the edge of coverage in the 7km RMa scenario of [1], the SIP message can limit coverage or may lead to substantial call setup latency. For example, if at most a 30 kbps data rate is available to a cell edge UE, a 2KB packet would take roughly 0.5 seconds to transmit (neglecting higher layer overhead). Therefore, a coverage extension mechanism may be needed to improve call setup latency at the cell edge in arduous coverage scenarios.
It is also beneficial to identify that a UE is going to initiate a SIP/VoIP service and that the optimization is needed for the UE, i.e. the UE is in poor coverage. For idle mode, UE may use mo-Voice in RRCSetupRequest to notify that an SIP message may be sent, however if the UE is in good coverage the UL data rate may not be problem. However, at cell edge it may be challenging, thus some coarse indication of early CSI saying UE is in poor coverage could be used for the gNB to identify if any specific action is required for coverage extension (repetitions, robust MCS, compression etc). Further, in connected mode, a UE without a valid timing advance that would not be able to be configured with CSI reporting could notify the indication of poor coverage and some means by which gNB can understand UE wants to send large data; for example by checking logical channel group or buffer status report etc.
SigComp is a solution for compressing messages generated by application protocols with a primary driver to compress SIP messages. There is the possibility to use also RAN PDCP Uplink Data Compression (UDC) to compress the SIP packets. However, if the SIP packets are encrypted or IPSecurity Tunnel (IPSec) has been used then it is not possible to compress at PDCP level. Hence, it is beneficial to compress before encryption and that is only possible at the application layer.
Observation:
· SigComp can compress SIP packets at application layer before encryption is used. This feature should be considered for Voice coverage enhancement. It has better potential i.e. suitable for all scenarios regardless of whether packets are encrypted or unencrypted. 
· Early CSI may also benefit the Voice Service. Having accurate CSI for a UE in poor coverage that wants to send a large UL SIP packet such as INVITE can allow the network to apply schemes such as beamforming, frequency selective scheduling, robust modulation and coding schemes, etc.
It will further benefit if CT1/SA4 suggest to RAN groups what SIP message packet sizes can expected, and at what rate they will arrive in order to successfully transmit the SIP messages that occurs during a call. Knowing the packet size and arrival rate will be helpful particularly for the voice call set up, but also other messages in voice call. This would help to cross-verify the data rate vs coverage requirements and further determine what steps (enhancements), if any, are necessary to fulfil the requirements.
Proposal:
· Indicate to CT1 and SA4 that 2KB SIP message sizes may impact VoNR coverage or setup latency in arduous coverage scenarios and ask if SigComP functionality can be supported to reduce SIP message overhead.
· Ask CT1/SA4 what SIP message packet sizes and arrival rates can be expected.
Summary
In this contribution, we considered potential classes of coverage enhancement techniques for PUSCH transmissions in following aspects:
· UL-SCH on PUSCH
· CSI on PUSCH
· Voice over NR.
We have following observations based on the discussions.
Observations:
· Non-coherent and partially coherent UE’s PAPR or cubic metric (CM) of multiple layer PUSCH transmission is not higher than 1-layer PUSCH transmission by coherent UE.
· Multiple layer PUSCH transmission with DFT-S-OFDM can improve PUSCH cell coverage.
· Multiple layer transmission is especially beneficial in the non-coherent UEs that are those most used in real deployment, since multi-layer transmission provides more power in these UEs.
· Pure rank 1 transmission tends to be infrequent even for UEs in the poorest channel conditions when few gNB antennas are used.
· When massive MIMO gNBs are used, rank 1 is almost never selected.
· 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.
· CSI on PUSCH is one of the coverage bottlenecks and its coverage needs to be enhanced.
· Around 4 dB gain can be achieved with up to 8 repetitions of CSI (6+5 bits) on PUSCH for mid-band.
· SigComp can compress SIP packets at application layer before encryption is used. This feature should be considered for Voice coverage enhancement. It has better potential i.e. suitable for all scenarios regardless of whether packets are encrypted or unencrypted. 
· Early CSI may also benefit the Voice Service. Having accurate CSI for a UE in poor coverage that wants to send a large UL SIP packet such as INVITE can allow the network to apply schemes such as beamforming, frequency selective scheduling, robust modulation and coding schemes, etc.
Based on the observations and discussions, we have following proposals.
Proposals:
· Consider at least the following areas for UL coverage enhancement:
· Improvements to low PAPR transmission 
· Multi-antenna techniques 
· Msg3 coverage enhancement
· Study multiple layer PUSCH transmission with DFT-S-OFDM
· Study Msg3 coverage enhancement schemes, for example, repetition and multiple-antenna techniques.
· Support CSI repetition on PUSCH with repetition Type A or Type B.
· Indicate to CT1 and SA4 that 2KB SIP message sizes may impact VoNR coverage or setup latency in arduous coverage scenarios and ask if SigComP functionality can be supported to reduce SIP message overhead.
· Ask CT1/SA4 what SIP message packet sizes and arrival rates can be expected.
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Table 1: Basic setup of LLS for CSI repetition on PUSCH
	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
	· Disabled



Table 2: UL MIMO simulation parameters 
	Frequency carrier
	2 GHz

	Bandwidth
	10 MHz 

	Sub-carrier spacing
	15 kHz

	Traffic model
	Non-full buffer FTP traffic model 1

	BS receiver
	MMSE-IRC

	BS antenna
	2x1, 4x4 dual polarized antennas

	UE antennas
	Dual polarized omni 

	Channel estimation
	Ideal

	Link adaptation
	Non-ideal

	Scheduler
	SU-MIMO

	Precoding
	Non-coherent codebook-based, Wideband

	UE coherence
	Non-coherent UEs

	HARQ
	Incremental redundancy, max 5 retransmissions

	UL power control
	 = 7 dB,  = 0.8,  = 23 dBm, no bandwidth adaptation
No closed loop power control
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