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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]. 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 with a note that some solutions for PUSCH may also be considered for PUCCH, if applicable. 

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. In this respect, 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 or Urban in frequency range 1 (FR1), the lowest MCS indices in MC index table 3 can indeed be used, while meeting the throughput targets. These indices are not available in MCS index tables 1 and 2. As an example of this fact, Table 1 shows the MPL for PDSCH in rural TDD scenario with DDDSU frame structure and target throughput of 1Mbps. We observe that, since the target throughput can be met by both MCS0 of Table 1 and Table 3, using Table 3 results in a gain of 4.17 dB and 3 dB in MPL for the NLOS and LOS cases, respectively.
	[bookmark: _Ref40191223]
	NLOS
	LOS

	MCS0 (table 1)
	145.86
	150.37

	MCS0 (table 3)
	150.03
	153.37


Table 1. MPL [dB] comparison for MCS selection using Table 1 vs Table 3 for PDSCH, Rural TDD, NLOS, 100MHz BW, 3 km/h UE speed and 30kHz SCS, both MCSs meet the target throughput of 1Mbps.
[bookmark: _Toc40379011]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: _Toc40378961]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 allocated physical resource blocks (PRBs), the lowest possible MCS index (and so as 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 to achieve better coverage while maintaining the required throughput. 
[bookmark: _Toc40379012]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 MCS index, the higher 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. In IMT-2020 link-budget calculation template, 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. An example of this trade-off is illustrated in Figure 1.

[bookmark: _Ref40261279][bookmark: _Ref40261272]Figure 1. MPL gain [dB] experienced by increasing number of PRBs and reducing MCS (table 3) with target throughput of 1Mbps for Urban FR1 TDD, NLOS, 100MHz BW, 3 km/h UE speed and 30kHz SCS.
Therein, we first selected several pairs of PRB/MCS values which all satisfy the required throughput of 1Mbps for PUSCH in Urban FR1 scenario with DDDSU 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 14PRBs/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) until165 PRBs (MCS2) 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 165 PRBs to 273 PRBs (maximum channel BW). Therefore, the optimal PRB allocation for maximum coverage would be 165 PRBs (around 60% of channel BW) in this case.  It can also be observed that the slope of the curve in Figure 1 is steep from 14 PRBs/MCS14 to 43 PRBs/MCS8, and flatter starting from 55 PRBs/MCS7 to 106 PRBs/MCS4 before it goes steeper again up to 165 PRBs/MCS2. This further highlights 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: _Toc40379013]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: _Toc40378962]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.
· One possible direction is to increase the number of repetitions. In general, a larger number of repetitions is indeed 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 numbers of repetitions in the specification are high enough. For PUSCH repetition types A the maximum number of repetitions is 8, and this number for PUSCH repetition type B can be increased up to 16. From our perspective, 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, would not help to achieve 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 this gap handling 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 for other UEs should also be well-thought-out. This necessary degree of freedom for NB 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 be applied across repetitions in the current specification, and this feature was carefully designed. Therefore, the need to define more RVs is unclear. 
Given all the considerations above, it can be observed that, although no solution should be precluded at this stage, one should prioritize the solutions that can directly improve the link budget, which is the main evaluation metric as described in SID.
[bookmark: _Toc40379014]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: _Toc40378963]Proposal 3. The available features in NR Releases 15 and 16 should be considered when discussing possible solutions for NR coverage enhancement.
[bookmark: _Toc40378964]Proposal 4. Solutions that can directly enhance the link budget should be prioritized for the NR coverage enhancement study.
For instance, and as also discussed in our companion contributions [3][4], using an appropriate frame structure can already help to balance the DL and UL coverage quite significantly. 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 [3][4]. 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.
[bookmark: _Toc40379015]Observation 5. In TDD deployments, the frame structure has a significant impact on the coverage of PUSCH.
[bookmark: _Toc40378965]Proposal 5. In TDD deployments, the considered frame structure should aim at PUSCH coverage maximization while ensuring that DL target throughput is met.
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 to improve PUSCH and PUCCH coverage. However, if on the one hand the benefit of supporting two hops is evident, on the other hand the benefit of an increase of such number is not. The reason is two-fold. Firstly, and more in general, adding more frequency hops could entail a complexity increase at both transmitter and receiver, and thus should evaluated in this sense. Secondly, it has already been shown during Rel-16 specification, in the context of the URLLC SI, that SNR improvements due to a larger number of frequency hops can only be observed for very low BLER values. For simplicity, we report here our evaluation results of [5]. In Figure 1, Mode 1, Mode 2 and Mode 3 stand for intra-slot frequency hopping with 4 hops, 2 hops and without frequency hopping, respectively. Although a performance gain occurs when more frequency hops are considered, the benefit appears only for very low target BLER (e.g., BLER = 10E-4 or 10E-5, depending on the number of PRBs), whereas it is practically negligible for target BLER values of eMBB and VoIP services, i.e., 10E-1 or 10E-2. Therefore, this approach seems particularly suitable for URLLC applications but practically inconsequential for coverage enhancement purposes.
[bookmark: _Toc40379016]Observation 6. The gain achieved by introducing more than 2 hops for PUSCH frequency hopping is practically negligible at the target values BLER = 10E-1 and 10E-2.
[image: ]
[bookmark: _Ref40110624]Figure 2. Performance of different PUSCH modes with varying number of repetitions and frequency hops [5].  
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 3a. The benefit of increasing the granularity in time domain only, i.e., as in Figure 3b, 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 3c, the combination of introducing more frequency hops in frequency domain and finer granularity in time domain makes more sense. However, as aforementioned, introducing more frequency hops provides a limited gain at the target BLER values and therefore would not solve the problem of coverage limitation, which requires a significant performance gain to compensate for the limited link budget in some scenarios. 
[image: ]
[bookmark: _Ref40117032]Figure 3. Intra-slot frequency hopping with finer granularity in time domain.
[bookmark: _Toc40379017]Observation 7. The benefit of having finer granularity in time domain for intra-slot PUSCH frequency hopping is not clear.
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: _Toc40379018]Observation 8. Introducing sub-PRB transmission may be beneficial for coverage, in case of low data rate applications.
2.4 Other possible 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 later 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. Therefore, DMRS enhancement cannot be considered as a generic solution that can be applied for coverage extension of all scenarios. 
[bookmark: _Toc40379019]Observation 9. Cross-slot channel estimation and DMRS-less PUSCH transmission require several constraints to be applicable in practice.
PRACH enhancement: Switching the focus to the initial access procedure, it is worth noting that RACH configurations provide more than sufficient cell radius support for mmW when considering practically achievable cell radii with traditional handsets or even fixed-wireless setups. For instance, format C2 configurations already support ~1.1 km or ~2.3 km propagation distance with 120 kHz and 60 kHz PRACH preamble respectively. However, the same observation may not be true in dedicated fixed-wireless setups. In fact, if the operator deploys a setup where the CPE has a professionally installed directional antenna with guaranteed line-of-sight channel, the PRACH Rel-15 defined configurations can become a bottleneck.
[bookmark: _Toc40379020]Observation 10. For mmW FWA deployments with high-gain directional CPE antenna the Rel-15 PRACH configuration options may become the cell radius bottleneck.
3	Conclusions
[bookmark: _GoBack]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 frame structure has a significant impact on the coverage of PUSCH.

Observation 6. The gain achieved by introducing more than 2 hops for PUSCH frequency hopping is practically negligible at the target values BLER = 10E-1 and 10E-2.

Observation 7. The benefit of having finer granularity in time domain for intra-slot PUSCH frequency hopping is not clear.

Observation 8. Introducing sub-PRB transmission may be beneficial for coverage, in case of low data rate applications.

Observation 9. Cross-slot channel estimation and DMRS-less PUSCH transmission require several constraints to be applicable in practice.

Observation 10. For mmW FWA deployments with high-gain directional CPE antenna the Rel-15 PRACH configuration options may become the cell radius bottleneck.

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.

Proposal 5. In TDD deployments, the considered frame structure should aim at PUSCH coverage maximization while ensuring that DL target throughput is met.

4. References
[1] [bookmark: _Ref37075974]RP-193240, New SID on NR coverage enhancement, China Telecom.
[2] [bookmark: _Ref40135700]RP-192562, Summary of Phase 2 email discussion on NR coverage enhancement, China Telecom.
[3] [bookmark: _Ref40135723][bookmark: _Ref40135725]R1-2004178, Baseline coverage evaluation of UL and DL channels – FR1, Nokia/NSB.
[4] R1-2004179, Baseline coverage evaluation of UL and DL channels – FR2, Nokia/NSB.
[5] [bookmark: _Ref40135889]R1-1901915, On PUSCH enhancements for NR URLLC, Nokia/NSB.

14	16	19	22	27	33	43	55	69	83	106	129	165	206	273	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	0	0.70000000000000007	1.2	1.5	1.9	2.0999999999999992	2.4000000000000004	2.4000000000000004	2.5999999999999996	2.8	3.1000000000000014	3.5999999999999996	4	3.8000000000000007	3.3000000000000007	PRBs/MCS (table 3)


Gain in MPL



image1.png
BLER

Performance of different PUSCH Modes (for cross-slot boundary operation)

10° T T T
< == —ar o
¥ = 3PRB, Mode 2
SR, Mo 3
b, o
2 Zabre. vow 2
ik rldegionss
e, et
ey g v
pribgiods
102§
5
.
\
\
\
\
w0k
Loy
Loy
1B
Ly
R
"
104
Mo
o
LY
L
‘.‘ \
LN
0%





image2.png
a)

b)

I DMRS

I Data





