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[bookmark: _Ref521334010]Introduction
In RAN#86, a new Rel-17 SI on NR coverage enhancement was approved [1]. In RAN1#102-e, the following agreements on PUSCH coverage enhancement were reached [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.
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.


It is companies’ consensus that the potential WI of coverage enhancement should be well defined with a tight scope, which has also been emphasized in RAN#89e [3]. In this contribution, we share our views on the potential PUSCH coverage enhancement techniques. Simulation results of FR1 and FR2 can be found in our companion papers [4][5], respectively.
Discussion
Generally, coverage of PUSCH can be enhanced from time domain, frequency domain, power domain and spatial domain, and channel estimation related method like DMRS enhancement.
Time domain based enhancement
· Increasing the repetition number for PUSCH repetition type A
Increasing the repetition number is effective in coverage enhancement. However, such time-domain enhancement is at the cost of lower user perception throughput (UPT) and larger delay. It is more suitable to be applied in delay-tolerant services, e.g. instant message. As a result, large repetition number (up to 2048) has been adopted and specified in LTE-MTC and NB-IoT.
Currently, NR supports PUSCH repetition type A with maximum repetition number up to 16. Larger aggregation factors can be considered to extend the PUSCH coverage, for both TDD and FDD. However, the detailed factor should be determined based on the coverage compensation target. For example, a set of aggregation factors {24, 32, 64} can be considered if ~5 dB enhancement (compared to the already supported 16 repetitions) is targeted. Overdesigning and huge number of repetitions will deteriorate the system spectrum efficiency, which should be avoided.
· PUSCH repetition with non-consecutive slots/on the basis of available slots for TDD
In this case, only the valid slots/symbols will be counted as the repetition pieces. In other words, when an UL repetition encounters a slot/symbol that is invalid for UL transmission, e.g. DL symbols and the SSB symbols, it will be postponed rather than being dropped. This method can increase the actual repetition number. Note that similar mechanism has been adopted by LTE-MTC. For LTE-MTC, valid BL/CE subframes are defined and informed, and a BL/CE UE can only transmit/receive in valid BL/CE subframes. When encountering a subframe that is invalid for BL/CE UE, the transmission/reception will be postponed to the next available valid BL/CE subframe. Such mechanism is attractive since it requires marginal specification change, but has been proved as an effective method. 
Therefore, we think time domain based enhancement with more repetitions should be supported. 
Proposal 1: Increasing the repetition number is supported, including:
· Increasing the repetition number;
· Supporting non-consecutive slots repetition on the basis of available slot/symbols.
· TB processing over multiple slots
Different methods are included by multiple slots TB processing. However, the first thing should be considered is its advantage compared to the simple but efficient method: time domain repetition. By applying multiple slots TB processing, potential gain may be achieved due to saving the CRC of different repetition and achieving a suitable low channel coding rate. However, it should be justified whether such gain is worth to specify complicated mechanisms that enabling the new TB processing behavior, for example, new time domain resource allocation (TDRA) method with L>14, or new repetition pattern.  
Furthermore, TB processing over multiple slots may be jointly considered with sub-PRB resource allocation. In NB-IoT, a resource unit (RU) is defined as a basic scheduling time-frequency resource, which may include a few subcarriers in frequency domain, but multiple subframes in time domain. Such design avoids over-much segmentation of a TB with enjoying the power boosting gain brought by sub-PRB transmission. 
Observation 1: The benefit of TB processing over multiple slots needs more justification.
Frequency domain based enhancement
· Increasing the frequency hopping number and hopping offset candidates
By increasing the frequency hopping number and hopping offset candidates, frequency domain diversity gain can be further obtained. However, the detailed number should be carefully designed. In LTE-MTC, SIB1-BR is transmitted with pre-defined frequency hopping pattern, which depends on the system bandwidth. The hopping number m increases along with the larger system bandwidth, but stops and remains at m=4 when the channel bandwidth is larger than 10MHz. This is due to the fact that the frequency diversity gain is not infinite and may have already been well exploited by a certain number of frequency domain positions. 
In NR, both the UE and gNB bandwidth are larger than that of LTE. Also, the wireless channel conditions are different due to different carrier frequency. The suitable number of frequency hopping and the number of hopping offset candidates should be firstly determined, which may be dependent with BWP bandwidth. Then, it should be further studied how to flexibly indicate the hopping.
· Inter-slot frequency hopping with inter-slot bundling hopping
Inter-slot bundling has been applied in LTE-MTC, especially for the CE mode B BL/CE UE. Compared to current frequency hopping, the gain mainly comes from potentially enabling cross-slot channel estimation. It is not a problem for LTE, since most the PUSCH are transmitted continuously in symbol level. In NR, due to the non-continuous phases between non-continuous repetitions caused by symbol level TDRA, it is possible that the cross-slot channel estimation cannot be applied, even if the inter-slot bundling is adopted. Thus, cross-slot channel estimation should be well studied before supporting this mechanism.
· Repetition type B enhancement
For PUSCH repetition type B, both inter-repetition hopping and inter-slot hopping are supported. But for the case wherein K=1 and the nominal repetition does not cross slot boundary, neither inter-slot frequency hopping nor inter-repetition frequency hopping is available even though the nominal repetition length is relatively long  and frequency hopping can bring considerable performance gain. For the case wherein K=1 and the nominal repetition crosses slot boundary, only inter-slot hopping can be applied. The benefit obtained from frequency hopping will be decreased if the duration of the two hops are largely different, e.g. 2 symbols and 12 symbols, as shown in Figure 1. Therefore, intra-repetition hopping can be considered for PUSCH repetition type B in order to improve the coverage.




[bookmark: _Ref53251744]Figure 1 More balanced hopping for repetition type B.
In addition, both inter-repetition hopping and inter-slot are currently configured via RRC and cannot be dynamically switched. More flexible method can be considered to exploit the hopping gain between these two hopping patterns.
Proposal 2: Repetition type B enhancement should be studied for PUSCH.
· Sub-PRB resource allocation
Sub-PRB resource allocation is a classic method of NB-IoT, which was specified in early Rel-13. And later in Rel-15, it was also introduced into LTE-MTC. Sub-PRB resource allocation is effective in UL coverage enhancement due to higher power density. Other benefit may include higher UL capacity with allowing more connections. The shortage, however, is the low data rate, which limits its use case. Hence the typical use case is the VoIP. But with time domain repetitions/aggregation, coverage of VoIP seems not the bottleneck. 
It can be foreseen that specifying Sub-PRB resource allocation requires heavy standard work, including sub-PRB pattern definition, FDRA/TDRA indication, hopping pattern within/between the PRBs, DMRS design, coexistence with legacy UEs, etc. Sub-PRB resource allocation may be supported, but the motivation needs more justification.
Observation 2: The motivation of introducing sub-PRB resource allocation needs more justification.
Power domain based enhancement
· Waveform design to optimize MPR/A-MPR
In RAN4, MPR/A-MPR is defined to put a requirement on range of UE power reduction. It only restricts the maximum reduced power, but the actual power reduction is up to UE implementation. The benefit for new waveform is not so clear, since the gain for optimizing power reduction is unclear and hard to be quantified. Anyway, RAN1 should firstly ask RAN4 the feasibility and availability, if it is indeed interesting and attractive.
· FDD high power UE. 
The highest transmission power of a UE is jointly determined by UE implementation limit and the regulatory restrictions from regulators like Federal Communications Commission (FCC). A well-known example is 23dBm of Power Class 3 UE. According to the RAN4 specification [6], the UE transmission power is measured by averaging the transmitted energy over at least one subframe (1ms), which is standard-compliant. This means that in a worst case, only 1 out of 2 consecutive UL slots can be power boosted for the 30 kHz SCS, and no power boosting is allowed for 15 kHz SCS. Otherwise, the definition of transmission power measurement in RAN4 specification will have to be changed. This makes it hard to bring high power UE into practice. Also, power concentration may put more stringent requirement on UE RF components, like wider linear interval PA. The UE will have to implement more expensive RF components to meet the new requirement.
In our view, RAN1 should try to find a common method to benefit both TDD and FDD, rather than a method that benefits FDD only. Furthermore, It is also confusing whether a new power class is to be introduced (for FDD) or not. Meanwhile, the benefit of high power UE is not so obvious, compared to the issues it may lead to. 
In summary, the feasibility and benefit of power domain based enhancement should be carefully studied by RAN4 firstly. It should be avoided to start the related specification work without the RAN4’s guidance.
Proposal 3: Power domain based enhancement should be carefully studied by RAN4 before starting any specification work in RAN1.
Spatial domain based enhancement
Generally, for UL transmission, the spatial domain gain is not easy to achieve due to limited Tx antenna number. In FR1, a typical NR UE may be implemented with 2 or 4 Rx antennas, but is still assumed to be equipped with 1 Tx antenna. Some reception beam optimization methods or signal combination methods may be applied by gNB. But they are all up to gNB implementation without specification impact.
· Multi-layer DFT-s-OFDM
For multi-layer DFT-s-OFDM, the motivation is not so clear, since higher ranks are usually chosen only when the channel quality is good enough. In this case, the UL coverage is not the bottleneck, and the UE transmission power is not necessary to be high. Then, PAPR does not cause serious issue even if CP-OFDM waveform is applied, which is mandatorily supported by all NR UEs. In this case, CP-OFDM can be applied for multi-layer PUSCH transmission.
Observation 3: The motivation of introducing multi-layer DFT-s-OFDM is not clear.
DMRS based enhancement
· Cross-slot channel estimation. 
For uplink transmission, cross-slot channel estimation is up to gNB implementation in principle. The important premises include: (1) The power is consistent across the slots, and (2) The phase is continuous between the slots.
For the power consistency, it is unclear whether the transmit power of a UE is allowed to be changed among repetitions. It need to be further studied whether UE power un-consistency exists due to potential reasons like the updated pathloss measurement or modulation-order-dependent power reduction. For phase continuity, it can be easy to guarantee if the UL transmission is continuous. However, if any gap appears between different slots, e.g. due to symbol level TDRA, it is hard for a UE to keep the phase continuity. This is even harder or almost impossible for TDD, if there are DL symbols/slots between UL repetitions, since the PA of UE Tx chain is likely to be shutdown, making the initial phase of the next UL repetition unpredictable. 
It can be seen that the premises of cross-slot channel estimation are mainly controlled by the gNB, i.e. TDRA and power control of UL transmission. To say the least, if it is inappropriate to conduct cross-slot channel estimation in some cases, the gNB can always fallback to slot-specific channel estimation.
Observation 4: Cross-slot channel estimation is up to gNB implementation.
· DMRS density adjustment
In RAN1#102e, both lower DMRS density and higher DMRS density are proposed, aiming at a same goal of coverage enhancement. In fact, no matter lower or higher DMRS density, the trade-off between channel estimation accuracy and channel coding rate will always be brought out. It is natural that in some specific scenarios, lower DMRS density in time domain is more appropriate, e.g. the UE is static. On the contrary, higher DMRS density is more suitable for the case when channel estimation performance becomes the bottleneck. It is unlikely to easily conclude which one out-performs the other one.
Currently, NR has already supported many kinds of DMRS in PUSCH, including type A and type B regarding to the first symbol location, type 1 and type 2 regarding to the frequency domain pattern, etc. The number of additional DMRS symbol within a slot ranges from 0 to 3, which provides high flexibility on DMRS density. Therefore, it is not clear whether DMRS density-specific enhancement can achieve obvious coverage gain, compared to all the possible DMRS configurations. 
On the other hand, DMRS enhancement is more related to MIMO enhancement, which may lead to heavy cross-topic specification work. It is suggested to justify the benefit of the DMRS density enhancement firstly.
Observation 5: The benefit of DMRS density enhancement needs further justification.
Conclusion
In this contribution, we share our views on the potential techniques on PUSCH coverage enhancement. The observations and proposals are summarized as follows:
Observation 1: The benefit of TB processing over multiple slots needs more justification.
Observation 2: The motivation of introducing sub-PRB resource allocation needs more justification.
Observation 3: The motivation of introducing multi-layer DFT-s-OFDM is not clear.
Observation 4: Cross-slot channel estimation is up to gNB implementation.
Observation 5: The benefit of DMRS density enhancement needs further justification.
Proposal 1: Increasing the repetition number is supported, including:
· Increasing the repetition number;
· Supporting non-consecutive slots repetition on the basis of available slot/symbols.
Proposal 2: Repetition type B enhancement should be studied for PUSCH.
Proposal 3: Power domain based enhancement should be carefully studied by RAN4 before starting any specification work in RAN1.
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