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Introduction
[bookmark: _Hlk22834419]The NR coverage enhancement SI was approved in RAN#86 [1]. The agreements for PUSCH coverage enhancement from RAN1#102-e are listed below.

	RAN1#102-e
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


Based on the agreements at RAN1#102-e, this contribution discusses enhancements on PUSCH repetitions, DM-RS enhancements and frequency domain enhancements. 
Enhancements on PUSCH repetitions
In Rel-15/16 NR, the PUSCH repetition type A and B were introduced. PUSCH repetitions type B are suitable for coverage enhancements especially in unpaired spectrum due to the flexibility to use UL symbols in the special (flexible) slot. Rules have been defined for PUSCH repetition type B to derive the actual repetitions from the nominal repetitions, such as dividing the nominal repetition into one or multiple actual repetitions when the nominal repetition would cross the slot boundary, or DL symbols (including SSB, CORESET 0), or blank (invalid) symbols. Also, each actual repetition needs to be rate matched, thereby resulting to a higher code rate. As shown in Figure 1, actual repetitions can have a complex structure and some can also have a relatively large code rate when they are over few symbols. Thus, although a repetition number increases, a loss of coding gain may not be recovered.
Observation 1: Rel-16 PUSCH repetition type B may have loss of coding gain.       
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Figure 1. Illustration of PUSCH repetition type B
As also shown in Figure 1, it would be desirable for a UE to utilize the UL resource in a less fragmented way so that better coding gain could be achieved and the impact of multiple fragmented short repetitions could be minimized. 
More specifically, enhancements to the repetition Type B mechanism would be beneficial. One enhancement is to keep the coding gain as much as possible. For example, when a symbol length of an actual repetition is not long enough (e.g., no larger than a certain number of symbols), a UE can skip the segmentation and keep the nominal repetition as intact as possible. This can result to an actual transmission being across the slot boundary or across unavailable symbols. Using the example in Figure 1, if the symbol length of the actual repetition would be larger than 2, then the actual repetition pattern will become as shown in Figure 2 “proposed situation 1”. Furthermore, the gNB could configure a long duration of PUSCH transmission, i.e., longer than 14 symbols, and then an actual repetition can be over more than 14 symbols. Thus, from a UE perspective, the whole length of the scheduled symbols is for one transmission as shown in Figure 2 “proposed situation 2”.
Proposal 1: Support an actual repetition across the slot boundary or invalid symbols. 
Proposal 2: Support a length of a repetition larger than 14 symbols.
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Figure 2. Illustration of proposed situation for PUSCH repetition type B enhancement.

To enable full scheduling flexibility, the gNB can inform the UE which symbols are downlink, uplink or flexible symbols by sending an SFI. An UL-DL TDD configuration takes into account the average traffic conditions in a network and might not be optimized for traffic conditions over a relatively short time period. A network may avoid configuring several symbols as UL symbols in a TDD configuration considering that DL traffic is usually higher and symbols configured as UL symbols might be unutilized for most of the time. In presence of higher UL traffic, for example when a gNB configures PUSCH transmission with repetitions for coverage enhancement, it would be beneficial to have more UL resources available by dynamically changing the configuration of such resources over a time period. Semi-static flexible symbols can be configured and dynamically indicated as UL via SFI or UL grant.  Once a gNB indicates semi-static flexible symbol(s) to be DL/UL by SFI, dynamic PUSCH/PDSCH scheduling, respectively, needs to avoid such symbols. For example, the gNB cannot schedule Type B PUSCH repetitions across dynamic DL symbol(s) or Type A PUSCH repetitions that overlap with DL symbols in any slot. This may result in PUSCH performance or spectral efficiency degradation since the gNB cannot utilize all UL resources. Therefore, adjusting repetitions of a PUSCH transmission according to SFI can be considered to optimize resource utilization. The use of the SFI is then appropriate to allow a dynamic adaptation of the UL/DL resources in coverage limited scenarios, considering also the reliability of the SFI. As observed from the evaluation for both FR1 [3] and FR2 [4], the UL is the coverage limited link, hence for such operating conditions, a gNB should use the SFI for dynamically configuring resources.

Observation 2: Rel-16 Type A and Type B PUSCH repetition cannot provide flexible utilization of UL symbols which may reduce coverage and resource utilization efficiency.
Proposal 3: A UE considers the slot format indicated by dynamic SFI for adjusting repetitions of a PUSCH transmission to include only UL symbols. 

When the gNB configures the UE to transmit an actual number of repetitions to be only in the number of slots configured to the UE for the PUSCH transmission, a UE may or may not transmit all PUSCH symbols for the indicated number of repetitions for Type B PUSCH repetition with dynamic scheduling and for both Type A and Type B PUSCH repetition with configured grant. Dropping the transmission of repetitions has the advantage of no additional latency or additional resources, however the PUSCH coverage can be affected, especially for configured grant. Considering that the number of repetitions is chosen in order to have a certain coverage, if not all repetitions are transmitted, coverage can be impacted. Postponing the transmission of repetitions has the advantage that PUSCH is received with the required reliability because all repetitions are transmitted, however latency will increase and more resources are required. For Type A PUSCH repetition, dropping or postpone can be considered per slot. However, for Type B PUSCH repetition, postponing according to adjustment of symbol directions based on dynamic SFI may result in different understanding on segmentation between gNB can UE. There are advantages and disadvantages with both dropping and postponing repetitions, hence it is beneficial to allow either dropping or postponing repetitions in order to adapt the PUSCH transmission depending on the required performance and scenarios. 

Observation 3: Dropping the transmission of repetitions has negative impact on PUSCH, especially for configured grant. There are trade-offs with both dropping and postponing cancelled repetitions and it is beneficial to enable a gNB to configure either dropping or postponing repetitions to a UE.
Proposal 4: For Type A PUSCH repetition, support postponing/dropping cancelled repetitions for a PUSCH transmission.

For the introduction of enhancements to PUSCH repetitions, a larger value of the length of a PUSCH transmission needs to be introduced. A description needs to be added to the existent text on PUSCH Type-B repetitions. 
No impact on specifications for the use of SFI. 
The RAN2 impact to enable a gNB to configure whether the UE transmits repetitions over a certain number of slots or uses a number of slots to transmit all indicated repetitions is minimal. In RAN1 specifications, it needs to be added a description. 
DM-RS enhancements for PUSCH
Cross-slot channel estimation 
LTE-eMTC supports Time Domain Reference Signal (TDRS) bundling, namely cross-subframe channel estimation, to enhance the channel estimation performance for PUSCH repetitions. Channel estimation with TDRS bundling is performed across consecutive slots. The repetition for coverage enhancement can provide the linear RX energy gain in case of good estimates of the channel. However, the combining performance with PUSCH repetitions depends on the channel estimation performance especially at low SNRs since the channel estimates are severely degraded. Therefore, it is crucial to employ techniques that improve the channel estimation performance in case of PUSCH repetitions for coverage enhancement. Using time domain RS bundling was found to be a very effective method to improve channel estimation and thus coverage. 
The following link-level simulations have been performed for voice service at 4 GHz carrier frequency. The simulation assumptions are as in [3]. We focus on the comparison between the channel estimation with and without cross-slot channel estimation. We consider PUSCH repetition type B with 5 repetitions. Figure 4 shows that cross-slot channel estimation has about 1.2/0.8 dB gain at 0.02 residual target BLER for 2 DMRS per slot and 1 DMRS per slot, respectively.
Proposal 5: Support enhancements on cross-slot channel estimation. 
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Figure 3. PUSCH repetition with and without cross-slot channel estimation

It is required to preserve phase continuity over multiple slots for cross-slot channel estimation. Correspondingly, RAN4 performance requirements would be needed. UL power control and precoding aspect may need to take into account the cross-slot channel estimation functionality. On the other hand, gNB can manage cross-slot channel estimation by appropriate scheduling decision. In this regard, RAN1 spec impact would be marginal. 
Frequency domain enhancements
Frequency hopping with cross-slot channel estimation
In frequency domain, one of the key techniques for coverage enhancement is the frequency hopping providing the frequency diversity, where the UL transmission changes the resource in frequency domain according to a certain hopping pattern. In case of scheduling the limited frequency resource to increase the power per RE due to coverage limitation, frequency hopping can provide significant frequency diversity. However, in NR Rel-16, it is difficult to combine frequency hopping and cross-slot channel estimation due to the restriction of the frequency hopping when cross-slot channel estimation is applied. As in LTE eMTC, both frequency diversity and channel estimation gain can be obtained if the frequency hopping allows cross-slot channel estimation. Hence, it is desirable to enable frequency hopping with cross-slot channel estimation. 
Figure 4 shows PUSCH BLER performance when both frequency hopping and cross-slot channel estimation are enabled with respect to the reference cases (frequency hopping only, no frequency hopping and no cross-slot channel estimation). In the evaluation, voice service at 4 GHz carrier frequency with 50 ms latency requirement and PUSCH repetition type B are assumed. As shown in Figure 4, the performance gain of frequency hopping and cross-slot channel estimation over no frequency hopping and no cross-slot channel estimation is about 2.5/2 dB at 0.02 residual target BLER for 2 DMRS per slot and 1 DMRS per slot, respectively. 

Proposal 6: Support enhancements on frequency hopping with cross-slot channel estimation. 

Cross-slot channel estimation gain would be obtained in case when the channel variation across slot is marginal. Therefore, for frequency hopping with cross-slot channel estimation, resource mapping or hopping pattern should ensure that the PUSCH repetitions for cross-slot channel estimation is located in the same frequency hop.
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Figure 4. PUSCH repetition with and without frequency hopping and cross-slot channel estimation

Sub-PRB transmission
In coverage limited case, usually the UE would be configured with low MCS (i.e., low coding rate, high coding gain) and maximum power transmission. In addition to increasing the repetition number, the UE could seek the power gain (or PSD boosting gain) to achieve a decent coverage. 
As well studied in NB-IoT/eMTC system, PSD boosting to a smaller BW can increase SINR at receiver side. The channel estimation performance is improved at high SINR and a better BLER performance can be expected. As illustrated example in following figure, if two UEs are configured 2 PRBs for transmission. Eventually, the resource in time domain can extend to 2 slots instead of one slot by allocating half of the subcarriers to each UE. Note that the subcarriers for each UE in one PRB could be localized or distributed. By doing so, the power on each RE could be double compared to previous case.

[image: ]
Figure 5. Illustration of sub-PRB transmission

Proposal 7: Support sub-PRB transmission for coverage enhancement.

In order to support sub-PRB transmission, the necessary spec change is frequency domain resource allocation, the scheduling granularity now could down to sub-PRB level. In order to exploit the power gain, the impact to power control aspect may need some consideration as well. Generally, some necessary signalling will be needed.
Other aspects like DMRS, may or may not be needed. For example, if the supported sub-PRB transmission pattern could be align with the IFDMA-based DMRS pattern in current NR. As for the TBS determination, if from sub-PRB point of view, the impact to the TBS determination is still from the F-domain resource determination instead of changing the actual TBS determination procedure. It still first determines the configured RE number, while just the calculation of RE number now could use actual subcarrier number rather than always applying 12 subcarrier multiplying the PRB number. But this is not the impact to TBS determination.
Observation 4: The necessary spec impact for sub-PRB transmission is frequency domain resource allocation as well as some consideration in power control.  
Conclusion
This contribution discusses the potential solutions and techniques for PUSCH coverage enhancement. The proposals and observations made in this contribution are summarized as below:
Enhancements on PUSCH repetitions
Observation 1: Rel-16 PUSCH repetition type B may have loss of coding gain.       
Proposal 1: Support an actual repetition across the slot boundary or invalid symbols. 
Proposal 2: Support a length of a repetition larger than 14 symbols.

Observation 2: Rel-16 Type A and Type B PUSCH repetition cannot provide flexible utilization of UL symbols which may reduce coverage and resource utilization efficiency.
Proposal 3: A UE considers the slot format indicated by dynamic SFI for adjusting repetitions of a PUSCH transmission to include only UL symbols. 

Observation 3: Dropping the transmission of repetitions has negative impact on PUSCH, especially for configured grant. There are trade-offs with both dropping and postponing cancelled repetitions and it is beneficial to enable a gNB to configure either dropping or postponing repetitions to a UE.
Proposal 4: For Type A PUSCH repetition, support postponing/dropping cancelled repetitions for a PUSCH transmission.

Frequency hopping with cross-slot channel estimation
Proposal 5: Support enhancements on cross-slot channel estimation. 
Proposal 6: Support enhancements on frequency hopping with cross-slot channel estimation. 

Sub-PRB transmission
Proposal 7: Support sub-PRB transmission for coverage enhancement.
Observation 4: The necessary spec impact for sub-PRB transmission is frequency domain resource allocation as well as some consideration in power control.  
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