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Introduction
The agreements that were made in RAN1#102e relating to PUSCH coverage enhancement techniques are listed in Appendix A.
The document provides our views on potential coverage enhancement techniques that are relevant to PUSCH, covering the following general areas:
· Time domain-based solutions
· DM-RS enhancements
· Frequency domain-based solutions
· Power domain-based solutions
Time domain-based coverage enhancements 
[bookmark: _Hlk47386123]RAN1#102e identified that the performance and specification impacts of time-domain based solutions for PUSCH coverage enhancement should be studied. These coverage enhancement techniques include increasing the number of repetitions for PUSCH repetition type A and B and processing transport blocks over more than one slot.
NR supports configured grant PUSCH, CG-PUSCH, in order to efficiently support periodic and low latency uplink data. In Rel-16 NR-U, configured grant UCI, CG-UCI, is introduced in order to allow the UE to use a flexible transmission occasion within a configured grant period. The CG-UCI consists of the following information related to the PUSCH transmission: redundancy version, HARQ process number, new data indicator. The CG-UCI also indicates COT sharing information. Since the CG-UCI indicates the {RV,HPN,NDI} of the associated PUSCH, the gNB needs to reliably decode the CG-UCI in order to decode the PUSCH that it is associated with. If the CG-UCI can be reliably decoded within a single slot, the gNB can begin to decode the associated PUSCH, since the gNB knows the {RV,HPN,NDI} associated with the PUSCH. However, when coverage enhancement is applied, soft combining of the CG-UCI may be required to get the desired decoding reliability. Combining the CG-UCI across PUSCH repetitions can lead to processing delay with associated PUSCH buffering impacts and delay in PUSCH decoding, as shown in Figure 1. 

[image: ]
[bookmark: _Ref53731648]Figure 1 – CG-UCI soft combining leads to increased CG-PUSCH buffering and increased CG-PUSCH decoding delay
Pairwise transmission of repeated CG-UCI and PUSCH redundancy versions, as shown in Figure 2, allows CG-UCI to be combined earlier at the gNB, thus reducing the PUSCH buffering requirements and reducing the delay in PUSCH decoding (the PUSCH could start to be decoded in the second slot shown in Figure 2, compared to the fifth slot shown in Figure 1).
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[bookmark: _Ref53731835]Figure 2 – Pairwise repetition of CG-UCI and CG-PUSCH

Proposal 1: Coverage enhancement supports the coverage enhancement of CG-UCI and CG-PUSCH.
Observation 1: Pairwise repetition of CG-UCI and CG-PUSCH reduces PUSCH buffering and allows for earlier PUSCH decoding.
Proposal 2: CG-UCI and CG-PUSCH are repeated in pairwise fashion.


DM-RS enhancements 
In RAN1#102e, it was observed that both cross-slot channel estimation and using different DM-RS densities can improve PUSCH coverage.
Cross-slot channel estimation was shown to improve the performance of PUSCH in eMTC and the same conclusions should apply to NR coverage enhancement. To allow cross-slot channel estimation, the UE needs to maintain phase continuity and beam direction between the time-domain resources (e.g. slots) in which PUSCH is transmitted. Maintaining the same DM-RS sequence between slots may allow for an easier implementation when performing cross-slot channel estimation.
Adjusting the density of DM-RS can also help to improve PUSCH coverage. A lower DM-RS density allows more of the resource elements to carry data-bearing symbols and more of the transmit power to be allocated for PUSCH transmissions, improving the coding rate of the channel. On the other hand, a higher DM-RS density allows for improved channel estimation. The optimum DM-RS density, balancing the above conflicting needs, can be channel dependent. For example, radio channels with larger coherence bandwidths display less variability in the frequency domain than those with smaller coherence bandwidths and, consequently, may be sampled more sparsely for a desired channel estimation accuracy,. A similar reason can be applied to the time domain. Hence, it is desirable that the DM-RS density can be changed by adaptive configuration. If the DM-RS density can be dynamically changed in both time and frequency domains, the throughput of the PUSCH can be optimized both with respect to time and frequency selective channel conditions.

Observation 2: If the DM-RS density can be dynamically changed in both time and frequency domains, the throughput of the PUSCH can be optimized both with respect to time and frequency selective channel conditions.
Proposal 3: Adaptive configuration of DM-RS to improve PUSCH coverage should be studied.

Frequency-domain based enhancements 
In RAN1#102e, it was observed that both cross-slot channel estimation and using different DM-RS densities can improve PUSCH coverage.
In Release-16, NR already supports intra and inter-slot frequency hopping schemes with two hops. It is beneficial for the frequency selective channel with flattish fading across the transmission bandwidth, where the scheduler does not know the channel conditions (if the scheduler knew the channel conditions, it could apply frequency selective scheduling instead). Frequency hopping is also beneficial for interference averaging. The scheduler may not have good knowledge of UL channel conditions at the edge of coverage since measurements on SRS are likely to be less accurate at lower SRS-SNR. 
Various enhancements to frequency hopping can be considered, including (1) supporting at least four hops in order to harvest further gains by taking advantage of existing Rel-16 features such as multiple configured grants for enhancing coverage and reliability, as shown on Figure 3 below; and (2) supporting dynamic adaptation of the frequency hopping pattern, based on which hops are more effective (there is no point having the UE transmit on a frequency hop that is faded).
[image: ]Figure 3. PUSCH with 8 repetitions hopping between 2 CGs with Inter-slot FH scheme.

Proposal 4: For PUSCH, frequency hopping with at least four hops is supported through multiple configured grants. 

Proposal 5: For PUSCH frequency hopping, the gNB can dynamically adapt the frequency hopping pattern, based on which hops are more effective. 

Power-domain based enhancements 
In RAN1#102e, it was identified that power domain techniques could be used to improve PUSCH coverage.
Higher FDD UE transmit power can directly improve the link budget. Higher transmit power is already possible in TDD, where the UE is able to transmit at a higher power per slot since it does not transmit in all slots, thus ensuring that the average transmit power is below SAR restrictions. A similar technique can be applied for FDD, with a restriction that the FDD UE cannot transmit in every slot. Some types of UE (such as vehicular UEs) could transmit more power than other UEs (as is the case in LTE), subject to SAR regulations and higher UE transmit power should also be considered for such UE types.
A higher FDD UE transmit power is particularly applicable to half-duplex FDD UEs, as studied in the Redcap study item. The half-duplex FDD UE is not able to transmit in all slots, since it needs to listen to some DL slots, e.g. to receive DL grants and to maintain synchronization. Furthermore, compared to a full duplex FDD device, an HD-FDD device can transmit with a higher efficiency, since the insertion loss of the switch in the HD-FDD front-end is less than the insertion loss in an FD-FDD duplexer. Hence an HD-FDD UE can transmit with a higher radiated power than an FD-FDD UE with the same PA. 
Observation 3: A higher transmit power UE can improve PUSCH coverage.
Observation 4: An HD-FDD UE can transmit a higher power than an FD-FDD UE while using the same PA.
Proposal 6: Coverage enhancement supports half-duplex FDD UEs.
A waveform with a lower PAPR / CM allows for a lower MPR. This would give a UE less leeway in terms of reducing its maximum transmit power in order to maintain linearity. This could improve coverage when the maximum MPR is applied. 
Instead of lowering MPR, a lower PAPR waveform can be used to allow for power boosting (effectively negative MPR). In Rel-15, the use of negative MPR was proposed in eMTC, where it was observed that RAN4 MPR allowances were based on a 12-subcarrier PUSCH transmission and that the adjacent channel leakage from a 2-subcarrier PUSCH transmission would be lower than for a 12-subcarrier transmission. It was concluded that the PA could transmit at a higher power, while still meeting ACLR requirements, if a negative MPR, or alternatively power boosting, were applied. We think that the same principles can be applied to NR. A significant drawback of re-designing the waveform to optimize MPR / A-MPR is the specification work that would be required. The specification work can be minimized if the waveform optimization is confined to reducing the number of subcarriers in a transmission, i.e. supporting sub-PRB transmissions. Sub-PRB transmissions have already been identified in RAN1#102e as being applicable to coverage enhancement of VoIP, where sub-PRB transmissions were considered to be a frequency-domain technique. We also consider that sub-PRB transmissions are a power-domain based enhancement.

Proposal 7: Coverage enhancement supports sub-PRB PUSCH transmission.
Proposal 8: Send an LS to RAN4 recommending that RAN4 study higher transmit power FDD UEs and negative MPR / power boosting.


[bookmark: _Hlk47387515]Conclusions
This document has considered potential PUSCH coverage enhancement techniques for NR. The following proposals are made:
Proposal 1: Coverage enhancement supports the coverage enhancement of CG-UCI and CG-PUSCH.
Observation 1: Pairwise repetition of CG-UCI and CG-PUSCH reduces PUSCH buffering and allows for earlier PUSCH decoding.
Proposal 2: CG-UCI and CG-PUSCH are repeated in pairwise fashion.
Observation 2: If the DM-RS density can be dynamically changed in both time and frequency domains, the throughput of the PUSCH can be optimized both with respect to time and frequency selective channel conditions.
Proposal 3: Adaptive configuration of DM-RS to improve PUSCH coverage should be studied.
Proposal 4: For PUSCH, frequency hopping with at least four hops is supported through multiple configured grants. 
Proposal 5: For PUSCH frequency hopping, the gNB can dynamically adapt the frequency hopping pattern, based on which hops are more effective. 
Observation 3: A higher transmit power UE can improve PUSCH coverage.
Observation 4: An HD-FDD UE can transmit a higher power than an FD-FDD UE while using the same PA.
Proposal 6: Coverage enhancement supports half-duplex FDD UEs.
Proposal 7: Coverage enhancement supports sub-PRB PUSCH transmission.
Proposal 8: Send an LS to RAN4 recommending that RAN4 study higher transmit power FDD UEs and negative MPR / power boosting.

[bookmark: _GoBack]References
[1] [bookmark: _Ref40204599]RP-193240. “New SID on NR coverage enhancement”. RAN plenary # 86. Sitges, Spain. December 2019.
[2] [bookmark: _Ref53687232]Chairman’s notes for RAN1#102e.



Annex A: Agreements from RAN1#102e
The following agreements were made at RAN1#102e [2].

Agreements:
· Prioritize the study on the performance and specification impacts on time domain based solutions for PUSCH enhancements, including
· Increase the number of repetitions for PUSCH repetition  type A 
· PUSCH repetition with non-consecutive slots/on the basis of available slots for TDD
· Note: whether increasing the number of PUSCH repetition for FDD depends on the outcome of AI 8.8.1.1.
· Enhancement on PUSCH repetition Type B
· E.g., actual repetition across the slot boundary, or the length of actual repetition larger than 14 symbols, etc.
· TB processing at least over multi-slot PUSCH
· e.g., single TB, sized for a single slot, but transmitted in parts over multiple slots; or single TB, sized for multiple slots, transmitted over multiple slots, and in conjunction with repetition, etc.
· FFS
· OCC spreading based repetition
· Symbol-level repetition
· TB interleaving
· RV repetition
· Early termination of PUSCH repetitions

Agreements:
· Following solutions are not considered for PUSCH enhancements in this study item in RAN1:
· Enhancements to improve spherical coverage / beam correspondence
· Reflective arrays
· Polarization aspects of the UL and/or DL reference signals



Agreements:
· Prioritize the study on the performance and specification impacts on DM-RS enhancements for PUSCH, including 
· Cross-slot channel estimation
· With a lower priority compared with cross-slot channel estimation (i.e., companies are encouraged to study it)
· Lower density
· E.g., DM-RS sharing among multiple PUSCH transmissions or lower DMRS density in the frequency domain.
· Higher density 
· E.g., in time or frequency domain, e.g., 1-comb pattern
· Adaptive configuration
· DM-RS balancing among frequency hops

Agreements:
· Multiple layer PUSCH transmission with DFT-S-OFDM for PUSCH enhancements can be studied with low priority.
· Study open-loop/closed loop Tx diversity for PUSCH enhancements with low priority.

Update from 8/28 GTW
Agreements:
· Study the performance and specification impacts on frequency domain based solutions for PUSCH, including
· Inter-slot frequency hopping 
· with more frequency offsets
· with more frequency hopping positions.
· Inter-slot frequency hopping with inter-slot bundling to enable cross-slot channel estimation
· Enhancements on frequency hopping for PUSCH repetition type B
· Note that the above inter-slot frequency hopping enhancement can apply for PUSCH repetition type B
· [Sub-PRB transmission for VoIP]
· FFS: details, e.g., number of tones, multi-slot aggregation
· FFS
· Intra-slot frequency hopping 
· with more frequency offsets
· with more frequency hopping positions.
[Note: Appropriate simulation assumptions are expected.]

Agreements:
· Study following power domain based solution for PUSCH enhancements
· Waveform design to optimize MPR/A-MPR
· [FDD high power UE]
· Power boosting for pi/2 BPSK 
Note: if a LS to RAN4 (for the last two bullets) is deemed necessary, target sending the LS in the 1st week of RAN1#103-e
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