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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 and RAN1#102-e. In this context, and as further shown in our companion contributions [3][4], PUSCH can be identified as bottleneck channel for NR. In RAN1#102-e, the following structure had been agreed to be captured in the technical report of Rel-17 coverage enhancement study item (TR 38.830), for the PUSCH coverage enhancements section:
“Agreements:
· Capture the following updated structure in TR 38.830.
6.1	PUSCH coverage enhancements	
6.1.1	Time-domain based solutions
6.1.2 	Frequency-domain based solutions
6.1.3	DM-RS enhancements
6.1.4 	Power-domain based solutions
6.1.5 	Spatial-domain based solutions
6.1.6	Others”
In this contribution, we provide our views on the potential solutions for PUSCH. In Section 2.1, we show that coverage of PUSCH can be straightforwardly improved by allocating appropriate PRBs and MCS. From Section 2.2 to Section 2.6, we discuss the solutions for time-domain, frequency-domain, DM-RS, and power-domain, respectively, following the above structure agreed in RAN1#102-e. The observations and proposals in this contribution are summarized in Section 3.
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: _Toc53788210]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: _Toc53788232]Proposal 1. In the TR of Rel-17 NR coverage enhancement SI, the following observation should be captured: The coverage for data channel can be improved by using qam64-LowSE MCS index table (table 3), which yields more MCS indices with lower code rate as compared to its 256QAM and 64QAM counterparts, especially in scenarios with low(er) throughput requirements.
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: _Toc53788211]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 R1-2007480, 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. 
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[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: _Toc53788212]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: _Toc53788233]Proposal 2. In the TR of Rel-17 NR coverage enhancement SI, the following observation should be captured: 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.

2.2 Possible enhancements in time domain
In RAN1#102-e, the following had been agreed:
“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”.
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. From the agreement in RAN1#102-e above, at least two aspects of PUSCH repetition types A and B had been considered as high priority for the study of PUSCH coverage enhancement. Several other solutions in time domain have also been proposed and will be discussed in this section.
· Increase the number of repetitions for PUSCH repetition type A. 
A larger number of repetitions may indeed be beneficial for the coverage of the considered channel. However, the marginal gain decreases 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. From the baseline evaluation for FDD deployments in our companion contribution [3], even though PUSCH could be considered as among the bottleneck channels for UL, the coverage of PUSCH in FDD still satisfies the potential coverage requirement in terms of ISD. 

[bookmark: _Toc53788213]Observation 4. The maximum number of repetitions for PUSCH repetition type A in release 15 is sufficient for FDD deployment.

Another direction which has been discussed is to further enhance the PUSCH repetition type A mechanism to overcome frequent cancellation of the repetitions due to UL/DL collision. First, it should be noted that a reduction of the probability of having such collisions could already be achieved by setting the number of repetitions and periodicity according to the configured frame structure. Secondly, 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. In addition, the similar configuration as repetition type A can be achieved by repetition type B. In other words, one can already have repetition with non-consecutive slots on the basis of available slots in TDD for type A by simply using type B with the same configuration. Therefore, it is quite evident from our perspective that the available solutions and features specified in previous releases should be carefully considered.

[bookmark: _Toc53788214]Observation 5. The PUSCH repetition type B can be used to cope with the cancellation due to DL/UL collision in TDD deployment. Therefore, the consideration of counting repetition numbers based on non-consecutive slots for PUSCH repetition type A may not be needed.
[bookmark: _Toc53788234][bookmark: _Hlk46611127]Proposal 3. The available features in NR Releases 15 and 16 should be considered when discussing work items for NR coverage enhancement.
· Enhancement on PUSCH repetition type B
As mentioned in the agreement, this solution aims at allowing actual repetition to be transmitted across the slot boundary including the case that the actual repetition length is more than 14 symbols. From our perspective, this solution belongs to the same category/direction as the “TB processing with a single TB sized for multiple slots and transmitted on multiple slots” solution, which is discussed later. On the other hand, it is worth mentioning again that the PUSCH repetition type B was designed with the main goal of achieving low latency (i.e. repetition in mini-slots) with different data rate target than coverage enhancement. Therefore, further optimization for coverage enhancement based on this framework does not seem a technically justified course of action.

[bookmark: _Toc53788235]Proposal 4. The enhancement on PUSCH repetition type B, e.g. actual repetition across the slot boundary, or the length of actual repetition larger than 14 symbols, is in the same category and should be discussed together with TB processing over multiple slots for PUSCH. The PUSCH coverage enhancement based on PUSCH repetition type B framework should be avoided.

· TB processing at least over multi-slot PUSCH
In one example/possible direction, this solution considers a single TB that is sized for a single slot and transmitted in parts over multiple slots. The idea is to exploit the time domain resource by splitting a large TBS that allows to meet the target throughput (assuming PUSCH repetition) into smaller TBSs and transmit on the corresponding consecutive slots (without repetition). With smaller TBSs, coding gain can be achieved by using smaller MCS. 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.

In another example/possible direction, this solution considers a single TB that is sized for multiple slots and transmitted over multiple slots, in conjunction with repetition. 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. On the other hand, and similar to the above single TB sized for single slot solution, 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: _Toc53788215]Observation 6. There is a tradeoff between the time domain diversity gain from PUSCH repetition and the low coding rate gain brought by the potential TB processing over multiple slots. The applicability of this solution in TDD deployment is limited.

The following table captures our evaluation results for TB processing over multiple slots enhancement for PUSCH:

 
	Frequency Range
	Performance gain (eMBB)
	Key Assumptions

	FR1
	1 dB
	Rural 700MHz, FDD, 15kHz SCS, 2 DMRS symbols per slot, UE speed: 3km/h; Target throughput: 100kbps
Baseline scheme: 4 PRBs, TBS = 432 bits, MCS11 (table 3), 4 repetitions (type A).
Enhanced scheme: 4 PRBs, TBS = 432 bits, MCS5 (table 3), transmitted over time resource of 4 slots, no repetition.




· Other enhancements in time-domain
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. 
[bookmark: _Toc53788216]Observation 7. 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.
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: _Toc53788217]Observation 8. 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.
2.3 Possible enhancements in frequency domain
In RAN1#102-e, the following had been agreed:
“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.]”.
Stemming from the principle of increasing the number of repetitions, as for the case of time domain enhancements, proposals considering an enhanced frequency hopping framework are also among the most promising approaches for reducing the required SINR to observe the target BLER (and therefore extending coverage), thanks to frequency diversity. These frequency-domain enhancements will be discussed in this section.
· Inter-slot frequency hopping
From the above agreement in RAN1#102-e, increasing the number of frequency offsets and increasing the number of frequency hops have been independently listed as two possible main enhancements for inter-slot frequency hopping. From our perspective, there is an interplay between the two solutions. Indeed, if more frequency hops are introduced, then more frequency offsets are needed. In contrast, the functionality of introducing more frequency offsets without introducing more frequency hops is unclear and the benefit is questionable. Another aspect that one should consider when defining the maximum number of frequency hops is the complexity at both transmitter and receiver. In this regard, introducing too many frequency hops may result in a cumbersome trade-off between arguable coverage and sure complexity increase.

On the other hand, inter-slot frequency hopping with inter-slot bundling to enable cross-slot channel estimation was also mentioned as an independent solution. From our perspective, this solution can be enabled even without increasing the number of frequency hops, if the cross-slot channel estimation shows benefit. Therefore, whether this solution should be supported or not depending on the outcome of cross-slot channel estimation solution.

[bookmark: _Toc53788218]Observation 9. Inter-slot frequency hopping with inter-slot bundling to enable cross-slot channel estimation can be further considered following the outcome of the discussion on cross-slot channel estimation solution. 


· Enhancements on frequency hopping for PUSCH repetition type B
Similar to the discussion above regarding the necessity of enhancement for PUSCH repetition type B in time domain, we also do not see that specific enhancement for PUSCH repetition type B is necessary in frequency domain. However, any generic enhancements in frequency domain can be further considered to be applied for PUSCH repetition type B.

[bookmark: _Toc53788219]Observation 10. Specific enhancement for PUSCH repetition type B in frequency domain is not needed. However, generic enhancements agreed in frequency domain, if any, can be considered for PUSCH repetition type B.

· Other enhancements in frequency domain
As it can be observed from our companion contributions [3][4], intra-slot frequency hopping can certainly help improving PUSCH coverage. One concern from introducing the intra-slot frequency hopping with more frequency hops is the DMRS overhead increase, which in turn reduces the resource for data, as more DMRS symbol(s) is/are needed for channel estimation. As joint channel estimation or DMRS sharing among multiple PUSCH transmissions have been discussed and proved advantageous, this technique can be applied to reduce the DMRS overhead in case more frequency offsets and hops are introduced for intra-slot frequency hopping. As illustrated in Figure 2, in case intra-slot frequency hopping with 3 hops and channel information sharing is applied, only one extra DMRS symbol is needed at the initial slot of the repetition, whereas the remaining slots can use only 2 DMRS symbols.

[image: ]
[bookmark: _Ref53757431]Figure 2. Intra-slot frequency hopping with 3 hops and DMRS sharing.

[bookmark: _Toc46611051][bookmark: _Toc53788220]Observation 11. Intra-slot frequency hopping can help to improve PUSCH coverage. DMRS overhead can be reduced thanks to cross-slot joint channel estimation/channel information sharing.

Switching the focus to the possible enhancements for VoIP service, it can be firstly noted that VoIP service does seem to be an evident coverage bottleneck as evaluated in our companion contributions, unless very stringent MCL requirements are considered [3][4]. For low data rate applications such as VoIP, 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: _Toc53788221]Observation 12. Introducing sub-PRB transmission may be beneficial for coverage, in case of low data rate applications.
2.4 Possible DMRS enhancements
In RAN1#102-e, the following had been agreed:
“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”.
From the above agreement, cross-slot channel estimation is prioritized to be studied for DMRS enhancement. Although cross-slot channel estimation may introduce performance gain, the main drawback of this solution is that it can only be considered if the necessary phase continuity across slots for performing a meaningful joint channel estimation is ensured. In practice, this technique could be beneficial under certain constraints, e.g., consecutive transmissions should experience the same physical channel properties, devices should move at low speed, precoder should not change between slots 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. Furthermore, it should be noted that both Rel-15 and Rel-16 UE can change precoder from slot to slot, e.g., precoder cycling between slots. Averaging/Extrapolating/Processing jointly DM-RS of different, even if consecutive slots, may prove very hard and possibly not so useful if this happens. Therefore, DMRS enhancement should not be considered as a generic solution that can be applied for coverage extension of all scenarios. 

[bookmark: _Toc53788222]Observation 13. Cross-slot channel estimation and DMRS-less PUSCH transmission require several constraints to be applicable in practice.

The following table captures our evaluation results for cross-slot channel estimation enhancement for PUSCH:

 
	Frequency Range
	Performance gain (eMBB)
	Key Assumptions

	FR1
	0.4 dB
	Urban 4GHz NLOS, 2DMRS symbols per slot, UE speed: 3km/h
Baseline scheme: no cross-slot channel estimation.
Enhanced scheme: cross-slot channel estimation with 2-slot bundling.



Other solutions in the agreements are also prioritized with lower priority compared to cross-slot channel estimation. 
· DMRS sharing among multiple PUSCH transmissions: DMRS sharing 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. Although the advantage of DMRS sharing solution should be further studied when it is considered independently (offering more resource for data with the expense of channel estimation quality), this solution could be beneficial when  it is used together with other solutions, e.g. with intra-slot frequency hopping as illustrated above.
· DMRS balancing among frequency hops: As agreed in RAN1#102-e, PUSCH repetition and frequency hopping enhancement 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. This aspect should be considered when discussing DMRS enhancement solutions.
[bookmark: _Toc53788236]Proposal 5. DMRS balancing should be considered for the design of new DMRS enhancement solutions.
2.5 Possible enhancements in power domain
In RAN1#102-e, the following had been agreed for power-domain enhancements:
“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”
This section focuses on the waveform design solution to optimize MPR. The key motivation is to extend the spectral shaping framework defined in Rel-15 (for pi/2 BPSK) for QPSK scenario. This could potentially reduce the MPR and improve UL PUSCH coverage accordingly. It is also beneficial for higher UL data rates applications and/or when operating with a higher spectral efficiency. The spectral shaping improves power amplifier efficiency because the lowered PAR (Peak-to-Average Ratio) enables operating closer to the amplifier’s saturation point. The shaped spectrum reduces also the emissions.  
[bookmark: _Hlk53063199]The spectral shaping can be applied with or without spectral extension. Rel-15 NR supports FDSS (Frequency Domain Spectral Shaping) without spectrum extension for pi/2 BPSK. The block diagram of DFT-S-OFDM transmitter with FDSS, both without and with spectrum extension, is illustrated in Figure 3. In both cases the transition band bins are weighted by the FDSS function before mapping to the IFFT input.

           [image: ][image: ]
[bookmark: _Ref53054297][bookmark: _Ref53662710]Figure 3. NR UL (DFT-S-OFDM) transmitter with FDSS without (left figure) and with spectrum extension (right figure).
The FDSS with spectrum extension has the additional symmetric extension block, which results in introduction of excess bands [7]. Figure 4 shows the principle of extension block.  
[image: ]
[bookmark: _Ref53054322][bookmark: _Ref53662729]           Figure 4 Symmetrical Extension block after DFT. Ntx is DFT size and α is the extension factor.
The exact FDSS function does not need to be defined or specified, but the performance requirements need to be specified in order to define the boundary conditions to the implementation. Examples of FDSS functions are illustrated in Figure 5.  These FDSS functions are based on truncated RRC (Root Raised Cosine) filter.  
[image: ] [image: ]
[bookmark: _Ref53125793]Figure 5 Examples of FDSS functions for 8 and 256 PRB’s allocations with 25% spectrum extension.
Figure 6 shows the PAR for pi/2 BPSK and QPSK modulations with and without FDSS and spectrum extension.  The same FDSS function illustrated in Figure 5 is applied for both pi/2 BPSK and QPSK. It can be observed that FDSS without spectral extension provides significant PAR reduction (2 dB@1% CCDF) for pi/2 BPSK but only moderate PAR reduction (1 dB@1% CCDF) for QPSK. Based on the previous studies, it’s known that cubic metric (CM) is often a more illustrative metric for the transmit power reduction of a typical power amplifier at the mobile handset compared to PAR.  Table 1 shows that QPSK FDSS with spectrum extension reduces CM efficiently while FDSS without spectrum extension have almost no impact for CM.  Hence spectral shaping with spectrum extension is a good candidate method to reduce MPR and to improve UL PUSCH coverage.
[image: ]
[bookmark: _Ref53054375]Figure 6. PAR for pi/2  BPSK and QPSK modulations with and without FDSS and spectrum extension.

[bookmark: _Ref53059055]Table 1 CM for QPSK with and without FDSS and spectrum extension
	Waveform
	CM [dB]

	QPSK No FDSS
	1.0

	QPSK FDSS without extensiom
	0.9

	QPSK FDSS with 25% extension
	0.1




[bookmark: _Toc53788223]Observation 14. Extending the spectral shaping for QPSK is a potential solution to reduce MPR and to improve UL PUSCH coverage.
[bookmark: _Toc53788224]Observation 15. FDSS without spectrum extension (defined for pi/2 BPSK in Rel-15) is not beneficial for QPSK due to the lack of significant gain in terms of CM and PAR.
[bookmark: _Toc53788225]Observation 16. FDSS with spectrum extension is a potential candidate for shaping with QPSK because it can reduce both CM and PAR efficiently. 
Figure 7 shows the simulated OBO (Output Back-Off) of PA (Power Amplifier) as function of PRB allocation for both FR1 and FR2 by considering UE RF requirements (IBE, OBW, EVM, ACLR). The OBO is defined as the saturated output power compared to mean output power. Results show that 25% spectrum extension with FDSS applied for QPSK enables operating 1-1.7 dB closer to the amplifier’s saturation point compared to the original QPSK waveform. The pi/2 BPSK FDSS can still operate 0-1.0 dB lower OBO.  However, in the PRB allocations of interest for coverage, the OBO difference between pi/2 BPSK FDSS and QPSK FDSS with spectral extension is less than 0.3 dB.
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[bookmark: _Ref53067489]Figure 7 Power Amplifier Output Back-Off as function of PRB allocation size

[bookmark: _Toc53788226]Observation 17. The Output Back-Off at PA of the original QPSK waveform is reduced by 1.0-1.7 dB by applying FDSS with spectral extension. 
[bookmark: _Toc53788227]Observation 18. At the PRB allocations of interest for coverage, the OBO difference between pi/2 BPSK FDSS and QPSK FDSS with spectral extension is 0-0.3 dB.
Figure 8 shows required SNR for 10% BLER as function of spectral efficiency.  For the same spectral efficiency, the original QPSK waveform without FDSS have 25% higher coding rate compared to the QPSK FDSS with spectral extension, and 100% higher coding rate compared to the pi/2 BPSK FDSS. Receiver has no knowledge of the FDSS filter following joint equalization of the channel response and FDSS. The excess band is utilized in receiver site by summing channel corrected excess bands subcarriers to the respective in-band subcarriers before MMSE FDE. This operation reduces noise enhancement of the MMSE/FDE due to FDSS attenuation in the allocation edges.
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[bookmark: _Ref53129484]Figure 8 Required SNR for 10% BLER as function of spectral efficiency 

The link performance can be summarized as follows:
· At low PRBs allocation, the link performance of the QPSK with extend FDSS is close to the original QPSK waveform without FDSS (+/- 0.2 dB). 
· [bookmark: _Hlk53133463]At higher PRBs allocation, with the highest spectral efficiency, the QPSK with extended FDSS is up to 0.5 dB worse than the original QPSK waveform due to lower coding rate. In contrast, with the lowest spectral efficiency, the QPSK with extended FDSS is up to 0.3 dB better than original QPSK waveform due to smaller noise enhancement of MMSE FDE.
· Extended FDSS with QPSK is always 0.4-2.0 dB better than pi/2 BPSK with FDSS due to higher coding gain.

[bookmark: _Toc53788228]Observation 19. Link performance of QPSK with extend FDSS is comparable to the original QPSK waveform without FDSS.
[bookmark: _Toc53788229]Observation 20. Link performance of QPSK with extend FDSS is always better compared to the pi/2 BPSK with FDSS.
By taking into account both available transmission power and receiver performance, the FDSS with spectral extension can improve coverage compared to original QPSK waveform by 1-2 dB depending on the PRB allocation and spectral efficiency. Compared to pi/2 BPSK FDSS at low PRB allocations relevant for coverage, the QPSK FDSS with spectral extension provides 0-2 dB better coverage depending on the spectral efficiency.
[bookmark: _Toc53788230]Observation 21. Coverage of the original QPSK waveform can be improved up to 2 dB by applying FDSS with spectral extension. 
[bookmark: _Toc53788231]Observation 22. At the PRB allocations of interest for coverage, the QPSK FDSS with spectral extension provides in most cases better, and the rest of the cases at least comparable coverage compared to pi/2 BPSK FDSS. 
Based on the results and discussion, we make the following proposal:
[bookmark: _Toc53788237]Proposal 6. The FDSS with spectral extension for QPSK is considered as potential solution to reduce MPR and to improve UL PUSCH coverage.

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 maximum number of repetitions for PUSCH repetition type A in release 15 is sufficient for FDD deployment.
Observation 5. The PUSCH repetition type B can be used to cope with the cancellation due to DL/UL collision in TDD deployment. Therefore, the consideration of counting repetition numbers based on non-consecutive slots for PUSCH repetition type A may not be needed.
Observation 6. There is a tradeoff between the time domain diversity gain from PUSCH repetition and the low coding rate gain brought by the potential TB processing over multiple slots. The applicability of this solution in TDD deployment is limited.
Observation 7. 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 8. 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 9. Inter-slot frequency hopping with inter-slot bundling to enable cross-slot channel estimation can be further considered following the outcome of the discussion on cross-slot channel estimation solution.
Observation 10. Specific enhancement for PUSCH repetition type B in frequency domain is not needed. However, generic enhancements agreed in frequency domain, if any, can be considered for PUSCH repetition type B.
Observation 11. Intra-slot frequency hopping can help to improve PUSCH coverage. DMRS overhead can be reduced thanks to cross-slot joint channel estimation/channel information sharing.
Observation 12. Introducing sub-PRB transmission may be beneficial for coverage, in case of low data rate applications.
Observation 13. Cross-slot channel estimation and DMRS-less PUSCH transmission require several constraints to be applicable in practice.
Observation 14. Extending the spectral shaping for QPSK is a potential solution to reduce MPR and to improve UL PUSCH coverage.
Observation 15. FDSS without spectrum extension (defined for pi/2 BPSK in Rel-15) is not beneficial for QPSK due to the lack of significant gain in terms of CM and PAR.
Observation 16. FDSS with spectrum extension is a potential candidate for shaping with QPSK because it can reduce both CM and PAR efficiently.
Observation 17. The Output Back-Off at PA of the original QPSK waveform is reduced by 1.0-1.7 dB by applying FDSS with spectral extension.
Observation 18. At the PRB allocations of interest for coverage, the OBO difference between pi/2 BPSK FDSS and QPSK FDSS with spectral extension is 0-0.3 dB.
Observation 19. Link performance of QPSK with extend FDSS is comparable to the original QPSK waveform without FDSS.
Observation 20. Link performance of QPSK with extend FDSS is always better compared to the pi/2 BPSK with FDSS.
Observation 21. Coverage of the original QPSK waveform can be improved up to 2 dB by applying FDSS with spectral extension.
Observation 22. At the PRB allocations of interest for coverage, the QPSK FDSS with spectral extension provides in most cases better, and the rest of the cases at least comparable coverage compared to pi/2 BPSK FDSS.
 
In addition, the following proposals have been made:
Proposal 1. In the TR of Rel-17 NR coverage enhancement SI, the following observation should be captured: The coverage for data channel can be improved by using qam64-LowSE MCS index table (table 3), which yields more MCS indices with lower code rate as compared to its 256QAM and 64QAM counterparts, especially in scenarios with low(er) throughput requirements.
Proposal 2. In the TR of Rel-17 NR coverage enhancement SI, the following observation should be captured: 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.
Proposal 3. The available features in NR Releases 15 and 16 should be considered when discussing work items for NR coverage enhancement.
Proposal 4. The enhancement on PUSCH repetition type B, e.g. actual repetition across the slot boundary, or the length of actual repetition larger than 14 symbols, is in the same category and should be discussed together with TB processing over multiple slots for PUSCH. The PUSCH coverage enhancement based on PUSCH repetition type B framework should be avoided.
Proposal 5. DMRS balancing should be considered for the design of new DMRS enhancement solutions.
Proposal 6. The FDSS with spectral extension for QPSK is considered as potential solution to reduce MPR and to improve UL PUSCH coverage.
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