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[bookmark: _Ref506539118]Introduction
At the RAN1#102-e meeting, the following agreements were made for potential techniques for PUSCH coverage enhancement [1]:
[bookmark: _Hlk48920876]Agreements:
· Capture the following updated structure in TR 38.830.
6.1		PUSCH coverage enhancements	
6.1.1	Time-domain based solutions
6.1.2 	Frequency-domain based solutions
6.1.3	DM-RS enhancements
6.1.4 	Power-domain based solutions
6.1.5 	Spatial-domain based solutions
6.1.6	Others
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.
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

In the contribution, we discuss potential techniques for PUSCH coverage enhancement, with primary focus on time and frequency domain based solutions and DMRS related enhancement. Our view on baseline coverage performance for FR1 and FR2 is described in our companion contributions [2] and [3], respectively. In addition, our views on coverage enhancement for PUCCH and other physical channels are described in our companion contributions [4] and [5], respectively.
Time-domain based solutions for PUSCH coverage enhancement 
Discussion on number of repetitions 
In NR Rel-15, multi-slot based transmission for PUSCH was supported, which can be used to improve the coverage. More specifically, the number of slots for PUSCH repetitions can be 2, 4 or 8. Further, in Rel-16, the number of repetitions can be dynamically indicated in the DCI for scheduling PUSCH. In addition, the maximum number of PUSCH repetitions is increased to 16. 
To further improve the coverage, especially when considering TDD configuration with limited UL slots, one straightforward approach is to increase the number of repetitions for PUSCH. In this regard, as UE only transmits the PUSCH on the UL or flexible slots, the number of actual repetitions can also be increased, which can help in enhancing the PUSCH coverage. Note that exact values for repetition level may depend on performance target for PUSCH coverage enhancement.
Note that analogous to what was defined for PUCCH repetition in TDD system, alternative approach may be considered to allow UE to postpone the PUSCH transmission in TDD system until all the configured or indicated number of repetitions is reached. This option would guarantee the number of actual repetitions for PUSCH transmission, even in case of cancellation due to collision with semi-static configured DL slots or symbols, which can ensure the coverage performance for PUSCH. 
[bookmark: _Hlk52480863]Figure 1 illustrates link level simulation results for PUSCH with different number of repetitions. The simulation assumptions are described in our companion contribution [2]. Further, in the simulations, it is assumed DFT-s-OFDM waveform and intra-slot frequency hopping for PUSCH. In addition, it is assumed TBS = 136, MCS = 0, 2 DMRS symbols are allocated in each slot and moving speed of 3km/h. From the figure, it can be observed that link level performance for PUSCH can be improved by increasing the number of repetitions. More specifically, ~2dB performance gain can be observed when doubling the repetition levels for PUSCH.
[bookmark: _Hlk52481077] [image: ]
[bookmark: _Ref47080094]Figure 1. Simulation results for PUSCH with repetitions
Observation 1
· ~2dB performance gain can be observed when doubling the repetition levels for PUSCH.
Proposal 1
· Maximum number of repetitions can be increased for PUSCH coverage enhancement, especially for TDD configuration with limited UL slots.
· It is desirable to allow UE to postpone PUSCH transmission in TDD system, until all the configured/indicated number of repetitions is reached. 

Discussion on enhancement on PUSCH repetition type B
At the RAN1#102-e meeting, it was agreed to further study enhancement on PUSCH repetition type B in time domain [1]. It was proposed to enable actual PUSCH repetition across slot boundary or consider the length of actual repetition larger than 14 symbols. 
In the former case, segmentation on nominal PUSCH repetition is not needed, which can ensure coding gain for the nominal repetition even if it is across slot boundary. For the latter case, by aggregating UL symbols in special slot and UL slot for an actual PUSCH repetition in TDD configuration, this may be beneficial in improving the PUSCH coverage. For instance, if 2 UL symbols are configured in special slot, UE may combine these 2 symbols and 14 symbols in the next available UL slot for PUSCH repetition.  
However, the above mechanisms for enhancement on PUSCH repetition type B in time domain may need to take into account practical UE implementation on handling the slot boundary issue. Typically, UE needs to apply slot boundary as reference for processing including PUSCH transmission. Hence, in our view, enhancement on PUSCH repetition type B in time domain needs to be carefully studied in WI phase with considerations of impacts on UE implementation.
Proposal 2
· Enhancement on PUSCH repetition type B in time domain needs to be carefully studied in WI phase with considerations of impacts on UE implementation.

Discussion on TB spanning multiple slots
At the RAN1#102-e meeting, it was agreed to further study TB processing at least over multi-slot PUSCH [1]. One proposed solution is to consider a TB with TBS determined for multiple slots and transmitted over multiple slots. Compared to single slot transmission, additional link budget gain can be achieved by accumulating the energy over time for PUSCH. For this scheme, it is expected that specification change is needed on the determination of TBS for the TB spanning multiple slots. 
Figure 2 illustrates link level simulation results for PUSCH with TB spanning multiple slots. In the simulations, it was assumed TBS of 288 bits, moving speed of 3km/h and no intra-slot frequency hopping. For single slot transmission, 4 PRBs and 14 symbols with 2 DMRS symbols were used. Further, for a TB spanning multiple slots, 4 slots were used with 1 PRB in each slot, which results in same coding rate as single slot transmission with 4 PRBs. 
From the figure, it can be observed that these two schemes deliver similar link level simulation performance. However, given that only 1 PRB is occupied for TB spanning 4 slots, ~6dB performance gain can be achieved in term of link budget. Hence, in our view, a TB with TBS determined for multiple slots and transmitted over multiple slots can be considered for PUSCH coverage enhancement. 
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[bookmark: _Ref53653069]Figure 2. Simulation results for PUSCH with TB spanning multiple slots

Observation 2
· Compared to single slot transmission with same code rate, TB spanning multiple slots can deliver similar link level performance.
· For TB spanning 4 slots with 1 PRB in each slot, ~6dB performance gain can be achieved in term of link budget over single slot transmission with 4 PRBs.
Proposal 3
· A TB with TBS determined for multiple slots and transmitted over multiple slots can be considered for PUSCH coverage enhancement.

Frequency-domain based solutions for PUSCH coverage enhancement 
Discussion on enhancement on inter-slot frequency hopping and cross-slot channel estimation
For coverage limited scenario, channel estimation is typically a bottleneck in terms of link level performance. This may motivate the implementation of cross-slot channel estimation at the receiver to improve the channel estimation performance. To facilitate the cross-slot channel estimation, frequency resource for uplink transmission during the repetitions may remain the same for certain number of slots in order to allow inter-slot interpolation for channel estimation improvement. 
Figure 3 illustrates one example of enhanced inter-slot frequency hopping pattern for coverage enhancement. In the example, PUSCH transmission occupies the same frequency resource for two slots before it switches to other frequency resources. 
[image: ]
[bookmark: _Ref39613054]Figure 3. Enhanced inter-slot frequency hopping pattern for coverage enhancement
Figure 4 illustrates link level simulation results for PUSCH with different frequency hopping (FH) patterns, with and without cross-slot channel estimation algorithm. In the simulations, it is assumed TBS = 136, MCS = 0 and 2 DMRS symbols are allocated in each slot. Further, 8 repetitions are used for PUSCH transmission with 1) intra-slot FH, 2) inter-slot FH and 3) enhanced inter-slot FH pattern with same frequency resource in 4 consecutive slots. 
Further, cross-slot channel estimation is employed with a fixed window size of 4 slots, where the estimated channels on the DMRS symbols from the fixed window are all computed and then jointly interpolated with a 2D-MMSE filter to obtain the channel estimates of the data REs in the window.
From the figure, it can be observed that 
· For Rel-15 inter-slot frequency hopping pattern, cross-slot channel estimation can provide ~2dB performance gain compared to the case without cross-slot channel estimation.
· When employing cross-slot channel estimation, Rel-15 intra-slot and inter-slot frequency hopping patterns have similar performance.
· When employing cross-slot channel estimation, ~1.0dB performance gain can be achieved by enhanced inter-slot frequency hopping pattern, compared to Rel-15 intra-slot and inter-slot frequency hopping pattern.  
· Compared to Rel-15 inter-slot frequency hopping without cross-slot channel estimation, substantial performance gain, i.e., ~3dB can be achieved by enhanced inter-slot frequency hopping with cross-slot channel estimation. 
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[bookmark: _Ref47530522]Figure 4. Simulation results for PUSCH with and without cross slot channel estimation for various frequency hopping patterns
Observation 3
· For Rel-15 inter-slot frequency hopping pattern, cross-slot channel estimation can provide ~2dB performance gain compared to the case without cross-slot channel estimation.
· When employing cross-slot channel estimation, Rel-15 intra-slot and inter-slot frequency hopping patterns have similar performance.
· When employing cross-slot channel estimation, ~1.0dB performance gain can be achieved by enhanced inter-slot frequency hopping pattern, compared to Rel-15 intra-slot and inter-slot frequency hopping pattern.  
· Compared to Rel-15 inter-slot frequency hopping without cross-slot channel estimation, substantial performance gain, i.e., ~3dB can be achieved by enhanced inter-slot frequency hopping with cross-slot channel estimation. 
Proposal 4
· Inter-slot frequency hopping with inter-slot bundling is supported in conjunction with cross-slot channel estimation for PUSCH coverage enhancement.

Discussion on number of frequency hops
In Rel-15, when inter-slot frequency hopping is enabled, UE transmits the PUSCH on one frequency resource in one slot and switches to another frequency resource in the next available slot. When relatively large number of repetitions, e.g., 8 or 16, is applied for PUSCH transmission, number of frequency hops may be increased from 2 to 4, which can further improve the performance by exploiting the benefit of frequency diversity. However, the gain from increase of the number of hops depends on the channel frequency diversity and may be limited with the number of antenna chains.  
Figure 5 illustrates link level simulation results for PUSCH when 2 and 4 frequency hops are employed. In the simulation, it is assumed TBS = 136, MCS = 0, 2 and 4 Rx antennas, and 2 DMRS symbols are allocated in each slot. From the figure, it can be observed that when 2 Rx antennas are used, ~1.5dB performance gain can be achieved for 4 frequency hops compared to 2 frequency hops. However, when 4 Rx antennas are used, ~0.3dB performance gain can be achieved for 4 frequency hops compared to 2 frequency hops. 
Hence, it is evident that when relatively large number of receive chains is used for PUSCH reception, increasing the number of frequency hops may not improve the decoding performance substantially. This is primarily due to the diminishing return as 2 frequency hops and 4 Rx antennas can already achieve diversity order of 8. In our view, increasing the number of frequency hops from 2 to 4 for inter-slot frequency hopping may not be supported for NR coverage enhancement WI, when considering practical gNB receiver architecture.
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[bookmark: _Ref47517974]Figure 5. Simulation results for PUSCH with different number of hops
Observation 4
· When 2 Rx antennas are used, ~1.5dB performance gain can be achieved for 4 frequency hops compared to 2 frequency hops. 
· When 4 Rx antennas are used, ~0.3dB performance gain can be achieved for 4 frequency hops compared to 2 frequency hops. 
Proposal 5
· [bookmark: _Hlk47088732]Increasing the number of frequency hops from 2 to 4 for inter-slot frequency hopping may not be supported for NR coverage enhancement WI, when considering practical gNB receiver architecture. 

Discussion on sub-PRB based transmission
At the RAN1#102-e meeting, it was agreed to further study sub-PRB based transmission for VoIP service. For sub-PRB based transmission, resource allocation in frequency for PUSCH transmission is less than 1 PRB. Typically, it can be employed in conjunction with mechanism of one TB spanning multiple slots and PSD boosting so as to improve the PUSCH coverage. For sub-PRB based transmission, similar design principle as PUCCH format 4, i.e., block-wised spreading with 2 or 4 orthogonal spreading sequences prior to DFT precoding can be considered when DFT-s-OFDM waveform is applied for PUSCH transmission. 
Typically, sub-PRB based transmission is mainly targeted for small data payload transmission. For instance, when assuming 6 REs in frequency and 12 symbols in time for data transmission, the number of encoded bits can be 144 bits with QPSK modulation. With reasonable code rate of ~1/3 to ensure good coverage, this indicates that data payload of ~50 bits can be transmitted in one slot. However, for VoIP with TBS of 320 bits, ~7 slots are needed for sub-PRB based PUSCH transmission together with multiple-slot aggregation. This implies that sub-PRB based transmission may not be suitable for VoIP service. 
Note that while this option can help in improving the PUSCH link budget with mechanism of one TB spanning multiple slots and PSD boosting, specification impact on the current uplink scheduling may be non-trivial. Specifically, either additional bit fields for subcarrier-based resource allocation or block-wised sequence index may need to be added or specified in the DCI format for UL grant. Moreover, modifications to PUSCH DM-RS may also be needed for accurate channel estimation for demodulation of UL transmissions spanning less than 1 PRB bandwidth. In our view, depending on coverage enhancement target for VoIP under various deployment scenarios in FR1 and FR2, further study is needed to conclude whether sub-PRB based resource allocation can be considered for PUSCH coverage enhancement. 
Proposal 6
· Depending on coverage enhancement target for VoIP, sub-PRB based resource allocation may not be considered for PUSCH coverage enhancement.

DMRS enhancements for PUSCH coverage enhancement 
Discussion on higher DMRS density
As mentioned above, for coverage limited scenario, channel estimation is typically a bottleneck in terms of link level performance. When increasing the reference signal density, channel estimation accuracy can be improved substantially at the cost of higher coding rate. This implies that an appropriate tradeoff can be achieved between the channel estimation gain and coding loss. 
In Rel-15, flexible DMRS pattern including high DMRS density, e.g., 4 DMRS symbols for PUSCH was defined. For instance, when dmrs-AdditionalPosition is pos3, and PUSCH transmission duration is 14 symbols, 4 DMRS symbols can be configured for PUSCH transmission. 
Figure 6 illustrates link level simulation results for PUSCH with different number of DMRS symbols. In the simulation, it is assumed TBS = 136, MCS = 0 and inter-slot frequency hopping. From the figure, it can be observed that for 8 repetitions, 4 DMRS symbols can achieve better link level performance than 5 and 6 DMRS symbols. This indicates that higher DMRS density in time domain may not be needed for PUSCH coverage enhancement. 
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[bookmark: _Ref47519627]Figure 6. Simulation results for PUSCH with higher DMRS density
Observation 5
· For 8 repetitions with inter-slot frequency hopping, 4 DMRS symbols can achieve better link level performance than 5 and 6 DMRS symbols for PUSCH. 
Proposal 7
· Higher DMRS density in time domain is not supported for PUSCH coverage enhancement. 
Discussion on lower DMRS density
When operating at relatively high SNR regime, it may be possible to consider DMRS-less operation in certain slots during PUSCH repetition. In this case, unused DMRS symbols can be allocated for data transmission, which can help reduce code rate and bring coding gain for PUSCH link budget. Further, cross-slot channel estimation may need to be implemented in conjunction with DMRS-less scheme to ensure the decoding performance. Figure 7 illustrates one example of PUSCH repetitions with lower DMRS density. 
[image: ]
[bookmark: _Ref52719626]Figure 7. PUSCH repetitions with lower DMRS density

Note that PUSCH coverage enhancement is mainly targeted for cell edge UEs, which are typically in low SNR regimes. In this case, the gain from DMRS-less scheme, where DMRS symbols are not allocated for PUSCH transmission in some slots may not be promising. 
Figure 8 illustrates link level simulation results for lower DMRS density. In the simulation, it was assumed that TBS = 136, MCS = 0, and 8 repetitions with intra-slot frequency hopping. Further, two cases were considered for comparison: 1) 2 DMRS symbols are allocated in each slot, 2) 2 DMRS symbols are allocated in even slot while DMRS symbols are not allocated in odd slots. In addition, cross-slot channel estimation is employed with a fixed window size of 4 slots. 
From the figure, it can be observed that for 8 repetitions with intra-slot frequency hopping, performance difference is small for the cases when DMRS symbols are not allocated in odd slots and when DMRS symbols are allocated in every slot. This is primarily due to the fact that lower DMRS density may not help ensure decent channel estimation performance, which is critical to determine overall PUSCH decoding performance for low SNR regime. This indicates that lower DMRS density may not be considered for PUSCH coverage enhancement. 
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[bookmark: _Ref52884028]Figure 8. Simulation results for PUSCH with lower DMRS density
Observation 6
· For 8 repetitions with intra-slot frequency hopping, performance difference is small for the cases when DMRS symbols are not allocated in odd slots and when DMRS symbols are allocated in each slot.
Proposal 8
· Lower DMRS density in time domain is not supported for PUSCH coverage enhancement. 

Conclusions
In this contribution, we discussed potential techniques for PUSCH coverage enhancement, with primary focus on time and frequency domain based solutions and DMRS related enhancement. Further, we summarize the observations and proposals as follows:
Observation 1
· ~2dB performance gain can be observed when doubling the repetition levels for PUSCH.
Observation 2
· Compared to single slot transmission with same code rate, TB spanning multiple slots can deliver similar link level performance.
· For TB spanning 4 slots with 1 PRB in each slot, ~6dB performance gain can be achieved in term of link budget over single slot transmission with 4 PRBs.
Observation 3
· For Rel-15 inter-slot frequency hopping pattern, cross-slot channel estimation can provide ~2dB performance gain compared to the case without cross-slot channel estimation.
· When employing cross-slot channel estimation, Rel-15 intra-slot and inter-slot frequency hopping patterns have similar performance.
· When employing cross-slot channel estimation, ~1.0dB performance gain can be achieved by enhanced inter-slot frequency hopping pattern, compared to Rel-15 intra-slot and inter-slot frequency hopping pattern.  
· Compared to Rel-15 inter-slot frequency hopping without cross-slot channel estimation, substantial performance gain, i.e., ~3dB can be achieved by enhanced inter-slot frequency hopping with cross-slot channel estimation. 
Observation 4
· When 2 Rx antennas are used, ~1.5dB performance gain can be achieved for 4 frequency hops compared to 2 frequency hops. 
· When 4 Rx antennas are used, ~0.3dB performance gain can be achieved for 4 frequency hops compared to 2 frequency hops. 
Observation 5
· For 8 repetitions with inter-slot frequency hopping, 4 DMRS symbols can achieve better link level performance than 5 and 6 DMRS symbols for PUSCH. 
Observation 6
· For 8 repetitions with intra-slot frequency hopping, performance difference is small for the cases when DMRS symbols are not allocated in odd slots and when DMRS symbols are allocated in each slot.
Proposal 1
· Maximum number of repetitions can be increased for PUSCH coverage enhancement, especially for TDD configuration with limited UL slots.
· It is desirable to allow UE to postpone PUSCH transmission in TDD system, until all the configured/indicated number of repetitions is reached. 
Proposal 2
· Enhancement on PUSCH repetition type B in time domain needs to be carefully studied in WI phase with considerations of impacts on UE implementation.
Proposal 3
· A TB with TBS determined for multiple slots and transmitted over multiple slots can be considered for PUSCH coverage enhancement.
Proposal 4
· Inter-slot frequency hopping with inter-slot bundling is supported in conjunction with cross-slot channel estimation for PUSCH coverage enhancement.
Proposal 5
· Increasing the number of frequency hops from 2 to 4 for inter-slot frequency hopping may not be supported for NR coverage enhancement WI, when considering practical gNB receiver architecture. 
Proposal 6
· Depending on coverage enhancement target for VoIP, sub-PRB based resource allocation may not be considered for PUSCH coverage enhancement.
Proposal 7
· Higher DMRS density in time domain is not supported for PUSCH coverage enhancement. 
Proposal 8
· Lower DMRS density in time domain is not supported for PUSCH coverage enhancement. 
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