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At the RAN1#104-e meeting, the following agreements and working assumptions were made regarding joint channel estimation for PUSCH [1]:
Agreements:
· Following potential use cases are considered for joint channel estimation for PUSCH:
· Use case 1: back-to-back PUSCH transmissions within one slot.
· Use case 2: non-back-to-back PUSCH transmissions within one slot.
· Use case 3: back-to-back PUSCH transmissions across consecutive slots.
· Use case 4: non-back-to-back PUSCH transmissions across consecutive slots.
· Use case 5: PUSCH transmissions across non-consecutive slots.
Note: RAN1 assumes “back-to-back PUSCH transmission” has zero gap in-between adjacent PUSCH transmissions.
Agreements:
· For back-to-back PUSCH transmissions across consecutive slots, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation at least for the following case:
· Over back-to-back PUSCH transmissions (of the same TB) for repetition type A scheduled by dynamic grant or configured grant
· FFS details (including possible other cases)
Agreements:
· For joint channel estimation, define a time domain window is introduced to facilitate further discussion, during which UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements.
· FFS: whether the window should be specified
· FFS: the length of the time domain window is defined by a set of repetitions/slots/symbols
· FFS: single or multiple time domain windows
· FFS: relation with UE capability
· FFS: the time domain window may or may not be configured or specified.
· FFS: whether the term "time domain window" is used in the specification or replaced by other technical terms
· FFS: Whether the window is determined by the power consistency and phase continuity requirements and/or by other factors is to be decided.
Agreements:
· Companies are encouraged to study optimization of DMRS granularity in time domain with joint channel estimation, including:
· Use cases
· Simulations results
· Enhanced schemes, e.g.,
· Different DMRS density for different PUSCH transmissions
· No DMRS for some PUSCH transmissions
· If applicable, impact of dynamic changes, e.g., cancellation of a repetition and companies report the evaluation method.
· Companies are encouraged to study optimization of DMRS location in time domain with joint channel estimation, including:
· Use cases
· Simulations results
· Enhanced schemes, e.g.,
· DMRS equally spaced among PUSCH transmissions
· DMRS located in special slots
· Orphan symbol used for DMRS
· If applicable, impact of dynamic changes, e.g., cancellation of a repetition and companies report the evaluation method.
· Note: the simulation assumptions for DM-RS in TR 38.830 are used as baseline for performance evaluation on optimization of DMRS location/granularity in time domain.
· Take into account impairments such as frequency offset, and report corresponding parametrization together with the results. Further discuss impairment details.

Working assumption:
· For back-to-back PUSCH transmissions across consecutive slots, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation for the following case:
· Over back-to-back PUSCH transmissions for TB processing one TB processed over multiple slots
· It’s subject to UE capability
Agreements:
· For joint channel estimation.
· Take into account the residual frequency error, e.g., +/- 0.1 ppm as upper bound. 
· Companies can report other values and frequency error model.
In the contribution, we discuss joint channel estimation for PUSCH coverage enhancement, with primary focus on potential optimization of DMRS patterns and inter-slot frequency hopping with inter-slot bundling. Our views on TB processing over multi-slot PUSCH and Msg3 PUSCH repetition are presented in our companion contribution [2] and [3], respectively.
Discussion on joint channel estimation for PUSCH
At the RAN1#104e meeting, it was agreed that joint channel estimation can be at least supported for back-to-back PUSCH transmissions for repetition type A. In addition, it was agreed as working assumption that joint channel estimation can be enabled for TBoMS when back to back transmission over consecutive slots is considered [1]. Note that joint channel estimation can help in improving the channel estimation performance, and hence overall link budget of uplink transmission. This is of primary importance as coverage enhancement solutions are mainly targeted for low SNR regime where channel estimation is typically a performance bottleneck.
For joint channel estimation over multiple PUSCH transmissions, UE needs to keep power consistency and phase continuity. For power consistency, UE shall transmit the multiple PUSCHs using same Tx power within a window for joint channel estimation at the receiver. Similarly, for phase continuity, same precoder is needed for multiple PUSCH transmissions in order to enable joint channel estimation. Hence, in our view, same Tx power and precoder are required within a window for joint channel estimation over multiple PUSCHs. 
Proposal 1
· UE needs to keep same Tx power, precoder and frequency resource within a window for joint channel estimation over multiple PUSCHs.
Discussion on potential DMRS enhancement
Discussion on higher DMRS density 
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 between the channel estimation accuracy and coding gain can be achieved for overall link level performance optimization. In Rel-15, flexible DMRS pattern including high DMRS density, e.g., 4 DMRS symbols for PUSCH in a slot 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 1 illustrates link level simulation results for PUSCH with different number of DMRS symbols. In the simulation, it is assumed TBS = 136, 4 PRBs, no CFO 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 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 1. Simulation results for PUSCH with higher DMRS density
Observation 1
· For PUSCH with 8 repetitions and inter-slot frequency hopping, 4 DMRS symbols can achieve better link level performance than 6 DMRS symbols for PUSCH. 
Proposal 2
· Higher DMRS density in time domain is not supported for PUSCH 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, joint channel estimation may need to be implemented in conjunction with DMRS-less scheme to ensure the decoding performance. Figure 2 illustrates an example of PUSCH repetitions with lower DMRS density where 2 DMRS symbols are allocated in even slots while no DMRS symbol is allocated in odd slots. 
[image: ]
[bookmark: _Ref52719626]Figure 2. PUSCH repetitions with lower DMRS density
Figure 3 illustrates link level simulation results for lower DMRS density for PUSCH repetition type A. In the simulation, it was assumed that TBS = 288, 4 PRBs, 4 repetitions and inter-slot frequency hopping with bundling size of 2 slots. Two cases were considered for comparison: 1) 2 DMRS symbols are allocated in each slot; 2) 2 DMRS symbols are allocated in even slots while no DMRS symbol is allocated in odd slots. In addition, joint channel estimation is employed with bundling size of 2 slots. Further, CFO is uniformly distributed within [-0.1, 0.1] ppm of 4GHz carrier frequency, and ML based CFO estimation algorithm is employed at receiver.
From the figure, it can be observed that for PUSCH with 4 repetitions and inter-slot frequency hopping with bundling size of 2 slots, relatively large performance degradation, i.e., ~1.5dB can be observed for lower DMRS density, i.e., when DMRS symbols are not allocated in odd slots compared to the case 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 and frequency offset estimation accuracy, which is critical to determine overall PUSCH decoding performance for low SNR regime. Based on the link level simulation results, in our view, lower DMRS density in time domain is not supported for PUSCH coverage enhancement. 
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[bookmark: _Ref68557134]Figure 3. Simulation results for PUSCH with lower DMRS density
Observation 2
· For PUSCH with 4 repetitions and inter-slot frequency hopping with bundling size of 2 slots, relatively large performance degradation, i.e., ~1.5dB can be observed for lower DMRS density, i.e., when DMRS symbols are not allocated in odd slots compared to the case when DMRS symbols are allocated in every slot.
Proposal 3
· Lower DMRS density in time domain is not supported for PUSCH enhancement. 

Discussion on new DMRS locations
At the RAN1#104e meeting, it was agreed to further study the optimization of DMRS location in time domain with joint channel estimation, which includes DMRS equally spaced among PUSCH transmissions, DMRS located in special slots or orphan symbol used for DMRS [1]. In this section, we present simulation results for equally spaced DMRS pattern for PUSCH repetition and additional DMRS symbol located in the special slots. 
Figure 4 illustrates an example of additional DMRS located in the special slot. In the figure, for TDD system, additional DMRS symbols may be inserted in the uplink symbols of special slots before the actual transmission of PUSCH, which can help in improving the channel and frequency offset estimation, and overall decoding performance for PUSCH repetition. 
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[bookmark: _Ref68587429]Figure 4. Additional DMRS located in the special slot
Figure 5 illustrates link level simulation results by using an additional DMRS symbol in the special slot. In the simulation, it was assumed that TBS = 288, 4 PRBs, 4 repetitions, 2 DMRS symbols in each UL slot and inter-slot frequency hopping with bundling size of 2 slots. In addition, joint channel estimation is employed with bundling size of 2 slots and the DMRS symbol in special slot. Further, CFO is uniformly distributed within [-0.1, 0.1] ppm of 4GHz carrier frequency, and ML based CFO estimation algorithm is employed at receiver.
From the figure, it can be observed that for PUSCH with 4 repetitions and joint channel estimation with bundling size of 2 slots, ~0.1dB performance gain can be achieved when an additional DMRS symbol is inserted in the special slot for PUSCH repetition. This is expected as this extra DMRS symbol can be utilized together with other DMRS symbols for improvement of channel and frequency offset estimation accuracy. However, given the limited performance gain and relatively large specification impact, in our view, additional DMRS symbol located in the special slot may not be supported for PUSCH enhancement. 
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[bookmark: _Ref68587837]Figure 5. Simulation results for additional DMRS symbol in the special slot
Observation 3
· For PUSCH with 4 repetitions and joint channel estimation with bundling size of 2 slots, ~0.1dB performance gain can be achieved when an additional DMRS symbol is inserted in the special slot for PUSCH repetition.
Proposal 4
· Additional DMRS symbols located in the special slot may not be supported for PUSCH enhancement. 

Figure 6 illustrates link level simulation results for equally spaced DMRS pattern. In the simulation, it was assumed that TBS = 136, 4 PRBs, 4 repetitions, 2 DMRS symbols in each slot and inter-slot frequency hopping with bundling size of 2 slots. For equally spaced DMRS pattern, it is assumed 1st and 7th symbols are located for DMRS symbols in each slot. In addition, joint channel estimation is employed with bundling size of 2 slots. Further, CFO is uniformly distributed within [-0.1, 0.1] ppm of 700MHz carrier frequency, and ML based CFO estimation algorithm is employed at receiver.
From the figure, it can be observed that for PUSCH with 4 repetitions and joint channel estimation with bundling size of 2 slots, performance difference is negligible between existing DMRS pattern as defined in Rel-15 and equally spaced DMRS pattern. Hence, in our view, equally spaced DMRS pattern is not supported for PUSCH enhancement. 
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[bookmark: _Ref68589368]Figure 6. Simulation results for equally spaced DMRS pattern
Observation 4
· For PUSCH with 4 repetitions and joint channel estimation with bundling size of 2 slots, performance difference is negligible between existing DMRS pattern as defined in Rel-15 and equally spaced DMRS pattern.
Proposal 5
· Equally spaced DMRS pattern may not be supported for PUSCH enhancement. 

Enhancement on inter-slot frequency hopping
To facilitate the joint 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 7 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. In this case, the bundle size for inter-slot frequency hopping is 2 slots. 
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[bookmark: _Ref39613054]Figure 7. Inter-slot frequency hopping with inter-slot bundling for PUSCH
Figure 8 illustrates link level simulation results for PUSCH with enhanced frequency hopping (FH) patterns. In the simulations, it is assumed TBS = 136, 4 PRBs, 4 repetitions and 2 DMRS symbols are allocated in each slot. For enhanced frequency hopping pattern, inter-slot frequency hopping with bundling size of 2 slots is assumed. In addition, joint channel estimation with bundling size of 2 slots is employed in the simulations. Further, CFO is uniformly distributed within [-0.1, 0.1] ppm of 700MHz carrier frequency, and ML based CFO estimation algorithm is employed at receiver. From the figure, it can be observed that when employing joint channel estimation, ~1.0dB performance gain can be achieved by inter-slot frequency hopping with inter-slot bundling, compared to the case without frequency hopping.  
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[bookmark: _Ref60378416]Figure 8. Simulation results for inter-slot frequency hopping with inter-slot bundling
Observation 5
· For PUSCH with 4 repetitions, when employing joint channel estimation with bundling size of 2 slots, ~1.0dB performance gain can be achieved by inter-slot frequency hopping with inter-slot bundling of 4 slots, compared to the case without frequency hopping.  

For inter-slot frequency hopping with inter-slot bundling, the bundle size may be configured by higher layers, or implicitly determined based on the number of repetitions for PUSCH. Within the bundled slots, UE shall transmit the PUSCH in the same frequency resource. As mentioned above, in order to enable joint channel estimation, UE needs to maintain same Tx power, precoder and frequency resource within the bundled slots. 
Proposal 6
· For inter-slot frequency hopping with inter-slot bundling, the bundle size may be configured by higher layers, or implicitly determined based on the number of repetitions for PUSCH.

[bookmark: _Ref52481833]Conclusions
In this contribution, we discussed joint channel estimation for PUSCH coverage enhancement, with primary focus on potential optimization of DMRS patterns and inter-slot frequency hopping with inter-slot bundling. Further, we summarize the observations and proposals as follows:
Observation 1
· For PUSCH with 8 repetitions and inter-slot frequency hopping, 4 DMRS symbols can achieve better link level performance than 6 DMRS symbols for PUSCH. 
Observation 2
· For PUSCH with 4 repetitions and inter-slot frequency hopping with bundling size of 2 slots, relatively large performance degradation, i.e., ~1.5dB can be observed for lower DMRS density, i.e., when DMRS symbols are not allocated in odd slots compared to the case when DMRS symbols are allocated in every slot.
Observation 3
· For PUSCH with 4 repetitions and joint channel estimation with bundling size of 2 slots, ~0.1dB performance gain can be achieved when an additional DMRS symbol is inserted in the special slot for PUSCH repetition.
Observation 4
· For PUSCH with 4 repetitions and joint channel estimation with bundling size of 2 slots, performance difference is negligible between existing DMRS pattern as defined in Rel-15 and equally spaced DMRS pattern.
Observation 5
· For PUSCH with 4 repetitions, when employing joint channel estimation with bundling size of 2 slots, ~1.0dB performance gain can be achieved by inter-slot frequency hopping with inter-slot bundling of 4 slots, compared to the case without frequency hopping.  
Proposal 1
· UE needs to keep same Tx power, precoder and frequency resource within a window for joint channel estimation over multiple PUSCHs.
Proposal 2
· Higher DMRS density in time domain is not supported for PUSCH enhancement. 
Proposal 3
· Lower DMRS density in time domain is not supported for PUSCH enhancement. 
Proposal 4
· Additional DMRS symbols located in the special slot may not be supported for PUSCH enhancement. 
Proposal 5
· Equally spaced DMRS pattern may not be supported for PUSCH enhancement. 
Proposal 6
· For inter-slot frequency hopping with inter-slot bundling, the bundle size may be configured by higher layers, or implicitly determined based on the number of repetitions for PUSCH.
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