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[bookmark: _Toc415085486][bookmark: _Toc503902285]1	Introduction
In RAN#86, the new SID on NR coverage enhancement was approved [1]. The following can be noted from SID objectives:
· Identify the performance target for coverage enhancement, and study the potential solutions for coverage enhancements for the above scenarios and services
· The target channels include at least PUSCH/PUCCH 
· Study enhanced solutions, e.g., time domain/frequency domain/DM-RS enhancement (including DM-RS-less transmissions)
· Study the additional enhanced solutions for FR2 if any
· Evaluate the performance of the potential solutions based on link level simulation.
Several potential solutions for coverage enhancement had been discussed by email before the SID got approved [2] as well as by contributions submitted to RAN1#101-e. In this context, and as further shown in our companion contributions [3][4], PUSCH can be identified as bottleneck channel for NR. In this contribution, we provide our views on the potential solutions for PUSCH. 
2		Discussion
2.1 MCS selection and PRB allocation
In Releases 15 and 16 specifications, the selection of modulation and coding schemes (MCS) can be performed according to three tables, namely “qam64”, “qam256” and “qam64-LowSE”, as specified in TS 38.214. For simplicity, we will refer to these tables as MCS index tables 1, 2 and 3, respectively. The minimum code rate of both MCS index tables 1 and 2 is 0.0586, whereas MCS index table 3, which was designed for low spectral efficiency and high reliability applications such as ultra-reliable low latency communications (URLLC), introduces six additional MCS indices with lower code rates, with minimum code rate 0.0146. In the context of coverage extension, the lower the code rate, the larger the coverage that can be achieved. Using MCS table 3 enables more options for the selection of a low code rate, especially for scenarios with low(er) throughput requirements. For this reason, MCS table 3 was used in our companion contributions [3][4]. It can be observed that, in some scenarios such as Rural in frequency range 1 (FR1) and Suburban in frequency range 2 (FR2), with the number of physical resource blocks (PRBs) agreed in RAN1#101-e, the MCS indices in MCS index table 3, which have lower coding rate than the lowest MCS index in MCS index table 1, can indeed be used, while meeting the throughput targets. These indices are not available in MCS index tables 1 and 2. 
[bookmark: _Toc47715586]Observation 1. The coverage for data channel can be improved by using qam64-LowSE MCS index table (table 3), which enables lower code rate as compared to its 256QAM and 64QAM counterparts.
[bookmark: _Toc47715598]Proposal 1. The qam64-LowSE MCS index table (table 3) shall be considered for the study of coverage extension in Rel-17.
For a fixed number of PRBs, the lowest possible MCS index (that is the code rate) should be selected as aforementioned. However, the selected MCS index should also guarantee to meet the target throughput, depending on the scenarios. Therefore, instead of fixing the code rate or adapt the MCS w.r.t channel quality only, one should adapt the MCS also to the target throughput. This approach would help achieving better coverage while maintaining the required throughput. 
[bookmark: _Toc47715587]Observation 2. For a fixed number of PRBs, using the lowest possible MCS index, which still guarantees the target throughput, can extend the cell coverage.
Switching the focus to the PRBs allocation for PUSCH, the minimum number of required PRBs for a given target throughput can be determined for each MCS index in the chosen MCS index table. The lower the MCS index, the higher the number of required PRBs. In theory, any pair of PRBs and MCS index in this calculation can guarantee the target throughput. Hence, the natural consequence of PRBs allocation (and UL power allocation policy) would be to select a sufficiently small number of PRBs for resource optimization. However, in the context of coverage extension, it is worth considering that increasing the number of PRBs allocated to PUSCH may yield a non-negligible MPL gain thanks to the lower code rate associated to a lower MCS index associated to the larger number of PRBs. As a result, a trade-off exists between the MPL loss due to the large allocated bandwidth and the MPL gain due to the lower used MCS index. According to the link budget template in R1-2005005, these two factors can be seen as the noise power, which increases proportionally to the allocated bandwidth, and the required SNR for guaranteeing the target BLER, which decreases with the MCS index. 
[image: ]
[bookmark: _Ref40261279][bookmark: _Ref40261272]Figure 1. Net MCL gain variation [dB] experienced by increasing number of PRBs and reducing MCS (table 3) with target throughput of 1Mbps for Urban 4GHz TDD, NLOS, 100MHz BW, 3 km/h UE speed and 30kHz SCS.
An example of this trade-off is illustrated in Figure 1. Therein, we first selected several pairs of PRB/MCS values which all satisfy the required throughput of 1Mbps for PUSCH in Urban 4GHz scenario with DDDSUDDSUU frame structure. Subsequently, we compute and compare the MPL gain/loss associated to these PRB/MCS pairs as opposed to what is observed for the case 10PRBs/MCS14, which is taken as a reference for this test. It is worth observing that such reference case is the one for which the lowest number PRBs and the highest MCS index associated to modulation order 2 can be chosen. Qualitatively, Figure 1 shows that the MPL variation has a positive trend with an increasing number of PRBs (thus smaller MCS) until 144 PRBs (MCS1) are allocated to the PUSCH. After such value, an MPL gain can still be observed however its magnitude decreases as the number of PRBs increases when moving from 144 PRBs to 273 PRBs (maximum channel BW). Therefore, the optimal PRB allocation for maximum coverage would be 144 PRBs (around 53% of channel BW) in this case.  It can also be observed that the slope of the curve in Figure 1 is steep from 10PRBs/MCS14 to 23PRBs/MCS9, and flatter starting from 30PRBs/MCS8 to 90PRBs/MCS3 before it goes steeper again up to 144PRBs/MCS1. This further shows that more than one reasonable operating points could exist, depending on the objective the network is trying to achieve. In this sense, allocating a too small number of PRBs to PUSCH would be highly sub-optimal from the point of view of the PUSCH coverage. 
[bookmark: _Toc47715588]Observation 3. The coverage of PUSCH can be enhanced by identifying the optimal combination of number of allocated PRBs and MCS index for PUSCH to meet the throughput target.
[bookmark: _Toc47715599]Proposal 2. The maximum coverage of PUSCH shall be evaluated for the combination of number of allocated PRBs and MCS index which yields the largest MPL value.

2.2 Possible enhancements in time domain
A common approach in time domain to reduce the required SNR to meet the target BLER, and thus extending PUSCH coverage, would be to further enhance the PUSCH repetition scheme. Several enhancement directions have been discussed during the email exchange prior to the SID drafting as well as in the contributions submitted to RAN1#101-e:
· One possible direction is to increase the number of repetitions. A larger number of repetitions may indeed be beneficial for the coverage of the considered channel. However, the marginal gain reduces with the number of repetitions, if the latter is large enough. Thus, before considering a new number of repetitions and whether it is beneficial to resort to it, one should firstly consider whether the current configurable number of repetitions in the specification already offers enough configurability and range. For PUSCH repetition type A the maximum number of repetitions is 8. This number can be increased up to 16 for PUSCH repetition type B. The currently supported number of repetitions seems large enough, and large configuration flexibility already exists at the gNB. Furthermore, having a finer granularity, i.e., introducing more numbers between the available ones, may not help achieving a better coverage. 
· Another direction which has been discussed is to further enhance the repetition mechanism to overcome frequent cancellation of the repetitions due to UL/DL collision. This potential direction should be further discussed since this does not seem to be a robust solution to solve the problem. In fact, changing the position of a DL slot to avoid cancellation of a repetition overlapping with it, seems a very dangerous (and constraining) scheduling decision, given that a collision could still happen with another repetition. In this sense, the benefits of this approach are unclear. Additionally, it should be noted that a reduction of the probability of having such collisions could be already achieved by the setting the number of repetitions and periodicity according to the configured frame structure. Finally, we remark that one of the design goals of PUSCH repetition type B was exactly to provide a solution for handling this gap by splitting a nominal repetition into multiple actual repetitions. Therefore, it is quite evident from our perspective that the available solutions and features specified in previous releases should be carefully considered, and their potential thoroughly investigated, when looking for a study direction in this SI.
· Several other directions for the enhancement of PUSCH repetition such as early termination of PUSCH repetitions or introduction of more redundancy versions (RVs) have been discussed. The main argument to introduce early termination of PUSCH repetitions is to allocate resources for other UEs. In this context, a repetition could be released when at least one PUSCH is successfully decoded. This seems to be a good approach in theory. However, it is arguably a system-level enhancement approach, which does not directly impact the channel coverage in terms of link-budget. Furthermore, it should be noted that even the system-level benefit would be unclear. In fact, when allocating resources for one UE with PUSCH repetition, the gNB should consider the worst case such that all repetitions are needed by the UE, whilst resources allocation for other UEs should also be well-designed. This necessary degree of freedom for gNB does not seem to be compatible with the early termination approach. Switching the focus on the idea of introducing finer retransmissions and more RVs, we note that RV cycling can already be applied across repetitions in the current specification, and this feature was carefully designed. Therefore, the need to define more RVs is unclear. 
Given the considerations above, it can be observed that, although no solution should be precluded at this stage, one should prioritize:
· A careful analysis of the existing features, assessing their benefits in terms of coverage and limitations, if any;
· The solutions that can directly improve the link budget, which is the main evaluation metric as described in SID.
[bookmark: _Toc47715589]Observation 4. The potential advantage of introducing early termination of PUSCH repetition and/or more RVs is unclear and, if any at system-level, likely absent at link-level.
[bookmark: _Toc47715600][bookmark: _Hlk46611127]Proposal 3. The available features in NR Releases 15 and 16 should be considered when discussing possible solutions for NR coverage enhancement.
[bookmark: _Toc47715601]Proposal 4. Solutions that can directly enhance the link budget should be prioritized for the NR coverage enhancement study.
Although the study of “UL-heavy” frame structure was not agreed in RAN1#101-e as baseline for this SI, we would like to stress that using an appropriate frame structure can already help balancing DL and UL coverage quite significantly, as also discussed in our contributions submitted to RAN1#101-e [5][6]. For scenarios that require low(er) throughput for DL, e.g., Rural, allocating more UL slots in a frame could be a very simple way of guaranteeing to meet the DL throughput targets while increasing the UL coverage non-negligibly. For other scenarios, PUSCH coverage is also enhanced as shown in [5][6]. The key enabler of this effect is the use of small MCS indices which, at least for MCS index table 3 in TS38.214, can yield a code rate as low as 0.0146. Thanks to this simple approach, PUSCH coverage could be sufficiently increased for this channel not to be a bottleneck anymore in several cases. This is clearly a degree of freedom which exists for the gNB scheduler which, albeit not inherent to any channel in particular, cannot be neglected when discussing coverage limitations which may occur in practical deployments.
[bookmark: _Toc47715590]Observation 5. In TDD deployments, the coverage of PUSCH can be significantly enhanced by simply considering the frame structure that maximizes PUSCH coverage while ensuring that DL target throughput is met.
Contiguous transmission was also mentioned as one possible direction for PUSCH coverage. For a given number of allocated PRBs and a TBS that satisfies target throughput (assuming PUSCH repetition), instead of repeating the PUSCH over consecutive slots which may require high MCS index due to a restricted number of OFDM symbols per slot, the contiguous PUSCH transmission technique requires lower MCS index by scheduling PUSCH using the resource elements from consecutive slots. Indeed, a tradeoff may exist between the time domain diversity gain from PUSCH repetition and the low coding rate gain from the contiguous PUSCH transmission (also due to the increased error correction capability of LDPC as TBS increases). This tradeoff should be evaluated to show the benefit of introducing contiguous PUSCH transmission compared to PUSCH repetition in Rel-16. Additionally, contiguous PUSCH transmission would rely on cross-slot allocation, which should be carefully studied in implementation perspective. It may also be worth mentioning that consecutive UL slots are rarely available in TDD deployment, unless “UL-heavy” frame structure is considered. An interplay exists between the practical feasibility of this approach and the practical relevance of UL-heavy frame structures. 
TBS segmentation was also mentioned as one possible direction to consider. The idea has some commonalities with contiguous PUSCH transmission in the sense that it also exploits the time domain resource for PUSCH repetition. Different from contiguous PUSCH transmission, TBS segmentation allows to split a large TBS that allows to meet the target throughput (assuming PUSCH repetition) into smaller TBSs and transmit on the corresponding consecutive slots. With smaller TBSs, coding gain can be achieved by using smaller MCS. On the other hand, and similar to contiguous PUSCH transmission, herein a tradeoff also exists between repetition and coding gain for TBS segmentation as well as the limitation of this technique in TDD deployment.
[bookmark: _Toc46611049][bookmark: _Toc47715591]Observation 6. There is a tradeoff between the time domain diversity gain from PUSCH repetition and the low coding rate gain brought by the contiguous PUSCH transmission/TBS segmentation. The applicability of contiguous PUSCH transmission/TBS segmentation in TDD deployment is unclear.
MSG3 transmission can be considered as one special instance of PUSCH transmission, which plays an important role in random access procedure. Coverage enhancement techniques for MSG3 on PUSCH such as MSG3 repetition can be studied in this SI, if necessary. In this regard, it is also worth mentioning that MSG3 may not be the only message whose coverage can strongly impact UL coverage in general. Indeed, MSG1 transmission may also impact it. Hence, if RACH coverage enhancement approaches will be studied, it shall be done while considering all the different UL messages, i.e., MSG1 and MSG3, sent by UE during this procedure.
[bookmark: _Toc46611050][bookmark: _Toc47715592]Observation 7. Coverages of MSG1 and MSG3 are equally important in random access procedure. Hence, if coverage enhancement for MSG3 is studied, coverage enhancement for MSG1 must be studied as well.
2.3 Possible enhancements in frequency domain
Stemming from a similar principle to increasing the number of repetitions in time domain, proposals considering an enhanced frequency hopping framework, e.g., inter/intra-slot hopping with more frequency positions, are also among the first approaches that are expected to provide low required SNR for achieving the target BLER (and therefore extending coverage) thanks to frequency diversity. Indeed, and as it can be observed from our companion contributions [3][4], intra-slot frequency hopping can certainly help improving PUSCH coverage. However, such results do not provide any evidence that the current supported number of hops is insufficient and that a coverage benefit would be brought by an increase of such number. Moreover, adding more frequency hops could entail a complexity increase at both transmitter and receiver, and thus should be evaluated in this sense.
[bookmark: _Toc46611051][bookmark: _Toc47715593]Observation 8. Intra-slot frequency hopping can help to improve PUSCH coverage. However, the benefit of increasing number of frequency hops as well as the implementation complexity should be evaluated. 
Intra-slot PUSCH hopping with a finer granularity in time domain was also discussed prior to the SID drafting. The current maximum number of segments in time domain for PUSCH intra-slot FH is 2 as shown in Figure 2a. The benefit of increasing the granularity in time domain only, i.e., as in Figure 2b, is unclear and should be further discussed and evaluated, especially in FR2, where the slot duration is short and the benefit of introducing finer granularity could be limited. In addition, this solution requires more DMRS symbols for channel estimation. In fact, even if the estimated channel could be re-used by the second half of the slot, the benefit here is not evident. In Figure 2c, the combination of introducing more frequency hops in frequency domain and finer granularity in time domain makes more sense. However, as aforementioned, this scenario should be carefully evaluated. 
[image: ]
[bookmark: _Ref40117032]Figure 2. Intra-slot frequency hopping with finer granularity in time domain.
[bookmark: _Toc47715594]Observation 9. The benefit of having finer granularity in time domain for intra-slot PUSCH frequency hopping is unclear.
For low data rate applications, the introducing sub-PRB transmission, e.g., half PRB, could be helpful. However, as pointed out earlier there is a trade-off between Tx power per subcarrier vs SNR gain, which should be carefully considered. 
[bookmark: _Toc47715595]Observation 10. Introducing sub-PRB transmission may be beneficial for coverage, in case of low data rate applications.
2.4 Possible DMRS enhancements
DMRS enhancements were also mentioned in the RAN email discussion as one possible direction for coverage extension. Cross-slot channel estimation and DMRS-less PUSCH transmission are two main candidates in this direction. The former allows joint channel estimation across slots, while the latter relies on the estimated channel from the preceding slot to transmit PUSCH without DMRS and hence having more resource for data in the current slot. The drawback of both solutions is that they can only be considered for consecutive slots, in order to ensure the necessary phase continuity across slots for performing a meaningful joint channel estimation and minimize the inherent channel aging of all DMRS-less transmissions. In practice, these two techniques could be beneficial under certain constraints, e.g., consecutive transmissions should experience the same physical channel properties or devices should move at low speed etc. In TDD deployment, it is hard to tackle the drawback since the number of contiguous UL slots per frame is rather small or even unavailable. Therefore, DMRS enhancement cannot be considered as a generic solution that can be applied for coverage extension of all scenarios. 
[bookmark: _Toc47715596]Observation 11. Cross-slot channel estimation and DMRS-less PUSCH transmission require several constraints to be applicable in practice.
As identified so far by majority, PUSCH repetition and intra-slot frequency hopping are two among the most promising candidate techniques to enhance the PUSCH coverage. For PUSCH repetition type A, the DMRS positions are the same for all repeated slots. When PUSCH repetition type A and intra-slot frequency hopping are both applied, if an odd number of DMRS per slots is configured then the actual number of DMRS symbols per hop is not the same. This may lead to deterministic channel estimation accuracy differences across hops. 
[bookmark: _Toc46611052][bookmark: _Toc47715597]Observation 12. Repeating exactly the same DMRS symbol positions for every slot in PUSCH repetition type A could be sub-optimal in the context of intra-slot frequency hopping.
3	Conclusions
In this contribution, we discussed the potential directions for the study of coverage extension in Rel-17. The following observations have been made:
Observation 1. The coverage for data channel can be improved by using qam64-LowSE MCS index table (table 3), which enables lower code rate as compared to its 256QAM and 64QAM counterparts.
Observation 2. For a fixed number of PRBs, using the lowest possible MCS index, which still guarantees the target throughput, can extend the cell coverage.
Observation 3. The coverage of PUSCH can be enhanced by identifying the optimal combination of number of allocated PRBs and MCS index for PUSCH to meet the throughput target.
Observation 4. The potential advantage of introducing early termination of PUSCH repetition and/or more RVs is unclear and, if any at system-level, likely absent at link-level.
Observation 5. In TDD deployments, the coverage of PUSCH can be significantly enhanced by simply considering the frame structure that maximizes PUSCH coverage while ensuring that DL target throughput is met.
Observation 6. There is a tradeoff between the time domain diversity gain from PUSCH repetition and the low coding rate gain brought by the contiguous PUSCH transmission/TBS segmentation. The applicability of contiguous PUSCH transmission/TBS segmentation in TDD deployment is unclear.
Observation 7. Coverages of MSG1 and MSG3 are equally important in random access procedure. Hence, if coverage enhancement for MSG3 is studied, coverage enhancement for MSG1 must be studied as well.
Observation 8. Intra-slot frequency hopping can help to improve PUSCH coverage. However, the benefit of increasing number of frequency hops as well as the implementation complexity should be evaluated.
Observation 9. The benefit of having finer granularity in time domain for intra-slot PUSCH frequency hopping is unclear.
Observation 10. Introducing sub-PRB transmission may be beneficial for coverage, in case of low data rate applications.
Observation 11. Cross-slot channel estimation and DMRS-less PUSCH transmission require several constraints to be applicable in practice.
Observation 12. Repeating exactly the same DMRS symbol positions for every slot in PUSCH repetition type A could be sub-optimal in the context of intra-slot frequency hopping.

[bookmark: _GoBack]In addition, the following proposals have been made:
Proposal 1. The qam64-LowSE MCS index table (table 3) shall be considered for the study of coverage extension in Rel-17.
Proposal 2. The maximum coverage of PUSCH shall be evaluated for the combination of number of allocated PRBs and MCS index which yields the largest MPL value.
Proposal 3. The available features in NR Releases 15 and 16 should be considered when discussing possible solutions for NR coverage enhancement.
Proposal 4. Solutions that can directly enhance the link budget should be prioritized for the NR coverage enhancement study.
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