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Introduction
This contribution relates to a new work item agreed in RAN#94-e, namely “Further NR coverage enhancements” (the WI was revised in RAN#96 [1]). In this paper we consider power domain enhancements and the following objectives captured in the WID: 
 
· Study and if necessary specify following power domain enhancements
· Enhancements to realize increasing UE power high limit for CA and DC based on Rel-17 RAN4 work on "Increasing UE power high limit for CA and DC", in compliance with relevant regulations (RAN4, RAN1)
· Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)
 
We discuss the scope of power domain enhancements focusing on potential RAN1 specification impacts. Companion RAN4 papers include discussion of the scope of the work [2] and actual solutions with initial performance results [3]. Our assumption is that performance evaluation is carried out (primarily) in RAN4.
[bookmark: _Hlk510705081]
CA/DC objective
Rel-17 included Work Item on increasing UE power high limit for CA and DC [4], [5]. The WI introduced a new maximum output power (MOP) capability HigherPowerLimitCADC in particular for a UE supporting PC3 (23dBm) in one band (TDD or FDD) and PC2 (26dBm) in another band (TDD). With the new MOP capability the UE can use the full power from both PAs corresponding to maximum composite power of 27.8 dBm while Rel-16 UE would be limited to PC2 (26dBm) in CA or DC configuration. Hence, the new capability (per band combination) allows UE to transmit maximum power in both carriers, i.e., 27.8dBm altogether.  
In inter-band CA, UE sets its total configured maximum output power PCMAX between the lower and upper bounds given by 
PCMAX_L = MIN {10log10∑ MIN [ pEMAX,c/ (DtC,c),  pPowerClass.c/(MAX(mprc·∆mprc, a-mprc)·DtC,c ·DtIB,c·DtRxSRS,c) , pPowerClass,c/pmprc], PEMAX,CA, PPowerClass,CA-ΔPPowerClass, CA}
and 
	PCMAX_H = MIN{10 log10 ∑ pEMAX,c , PEMAX,CA, PPowerClass,CA-ΔPPowerClass, CA}
respectively. When UE indicates HigherPowerLimitCADC capability for CA configuration (and ΔPPowerClass = 0), PPowerClass,CA  is replaced with 10 log10 ∑ pPowerClass,c. that is, with sum of cell specific power classes, for both the higher and lower limit of the total configured maximum power. During the work item, it was determined that there is no need to change Rel-17 specifications related to MSD, MPR, A-MPR, and SAR due to the increasing maximum composite power. The HigherPowerLimitCADC capability is limited to PC2 + PC3 power configurations. 
Maximum uplink duty cycle is a closely related feature. In the existing specification, UE can indicate capability maxUplinkDutyCycle-interBandCA-PC2, which basically indicates the maximum average percentage of symbols during a certain evaluation period that can be scheduled for uplink transmissions to ensure SAR requirements while using a power class larger than the default UE power class for the band. 
Based on the maximum uplink duty cycle, it is possible to operate using a specific power class as long as the percentage of UL symbols does not exceed maxUplinkDutyCycle-interBandCA-PC2. So if for example a UE is configured with 26 dBm (PC2) on one band and maxUplinkDutyCycle_PC2_FR1=50%, UE can operate using PC2 if the percentage of uplink symbols does not exceed 50% of the evaluation period. If the duty cycle is exceeded, UE returns to the default power class of 23 dBm (PC3). 
With inter-band CA and maxUplinkDutyCycle-interBandCA-PC2, the average percentage of uplink symbols is defined as ( DutyNR, x /maxDutyNR,x + DutyNR, y /maxDutyNR,y, ) / 2 where DutyNR, x /maxDutyNR,x and DutyNR, y /maxDutyNR,y are ratios of the actual percentage of uplink symbols transmitted against the UE capability maxUplinkDutyCycle-PC2-FR1 value for the NR band x and NR band y, respectively. In the absence of maxUplinkDutyCycle-PC2-FR1, 50% max duty cycle is used for PC2, while for the PC3, 100% max duty cycle is used. 
Power management maximum power reduction (P-MPR) is another mechanism that is used to meet the SAR requirements. With P-MPR, UE can reduce configured maximum output power to fulfil e.g. the electromagnetic energy absorption requirements also in the case of simultaneous transmissions on different RATs or when proximity detection is used.
With the Rel-17 enhancements for increasing UE power high limit for CA and DC in place, it is worth studying whether gNB and UE can utilize the UE’s higher total maximum output power efficiently based on current RAN1 specifications. One possible aspect to consider is whether gNB has sufficiently accurate power headroom information available or could that be improved further e.g. with early information of any coming changes on the UE’s configured maximum output power on which UE has information easily available. For example, in some cases UE may need to be scheduled so frequently that the average percentage of UL symbols exceeds the duty cycle limit, causing UE to fall back to the default PC. Change on the power class impacts the way UE selects the configured maximum output power for each serving cell, and the impact may be different from a simple difference between the power classes. Reasonable ways to provide such additional information to gNB as well as expected benefits from providing such information could be studied.
Another aspect that could be studied is whether the UL symbols benefiting from higher total maximum output power could be used more efficiently. For example, there are some procedure-specific messages that can cause bottlenecks, such as random access procedure message 1 and 3 as well as SIP invite signalling in Voice over NR. It may be worth studying if symbols with higher total maximum output power could be arranged for such messages causing coverage bottlenecks, without causing changes to the duty cycle mechanism specified in RAN4. Higher transmit power could come in the form of a power boost w.r.t. default power class limit, e.g., 23 dBm for PC3.
In any case, careful studies are needed to see if the expected benefits justify for the specification and implementation changes. 
Observation 1: RAN1 mechanisms enabling efficient use of the increased total configured maximum output power for CA and DC can be studied.

MPR/PAR objective
Work split between RAN1 and RAN4
According to the WID, enhancements to reduce MPR/PAR cover both RAN WG4 and RAN WG1. Our assumption is that performance evaluation related to MPR/PAR objective needs to be carried out (at least primarily) in RAN4. RAN4 has the necessary expertise (and tradition) to evaluate the UE transmitter performance. This would also be aligned with the WID where RAN4 is the leading WG for the MPR/PAR objective. It’s well known that spectrum shaping/extension of the transmitted signal has a (slightly) negative impact to the receiver performance, while the coverage gain should be coming from increased Tx power. The latter is expected to compensate the reduced receiver performance and provide additional overall net gain [3]. Based on that, it makes sense to evaluate different schemes based on the net gain, taking into account both transmitter and receiver performance. 

Proposal 1:  RAN WG4  should be the (key) responsible WG for the performance evaluations related to MPR/PAR objective 

Proposal 2:  Actual conclusion of the MPR/PAR reduction methods should be based on net coverage gain results combining transmitter and receiver performance. 

Priority scenarios

Spectrum shaping can be applied with or without spectrum extension. Rel-15 NR supports FDSS (Frequency Domain Spectrum Shaping) without spectrum extension for pi/2 BPSK. The FDSS work has continued in Rel-16 with low-PAPR DMRS, and in Rel-17 study with further optimization of pi/2 BPSK scenario.  

From our perspective, the key motivation behind Rel-18 power domain enhancements is to extend the spectral shaping framework defined in previous releases (for pi/2 BPSK) for QPSK scenario. Remarkably, this would not come at the cost of a throughput reduction, thanks to the beneficial effects of the use of QPSK over pi/2 BPSK in terms of data rate (thanks to the higher spectral efficiency of QPSK).  Overall it is an effective way of increasing the cell size without sacrificing the throughput.

Based on the results shown in [2], it can be noted that FDSS without spectrum extension provides significant PAR reduction (2 dB@1% CCDF) for pi/2 BPSK but only moderate PAR reduction (1 dB@1% CCDF) for QPSK. Furthermore, as shown in [2], QPSK FDSS with spectrum extension reduces Cubic Metric (CM) efficiently while FDSS without spectrum extension have almost no impact for CM.  Hence shaping with spectrum extension is a good candidate method to reduce MPR and to improve UL PUSCH coverage. This is aligned with our net gain results shown in [3]: 
· FDSS w/ spectrum extension provides considerable coverage gain for QPSK 
· FDSS w/o spectrum extension has only limited gain potential for QPSK. 
Finally, we note that at least tone reservation, which is another candidate scheme to reduce MPR/PAR in Rel-18, also utilizes spectrum extension (a.k.a. reserved tones).  
 
Proposal 3:  Prioritize scenarios involving spectrum extension (and deprioritize scenarios without spectrum extension).  

Concerning other prioritizations which would be in order in our view, we observe the following:
· DFT-s-OFDM is the most suitable waveform for coverage limited scenarios. It provides significant opportunities for identifying solutions able to yield smaller MPR/PAR [3]. Furthermore, it allows considerably smaller UE complexity for implementing such solutions, as compared to CP-OFDM. 
· Power domain enhancements, and especially “Enhancements to reduce MPR/PAR …”, should aim at coverage improvements in most typical scenarios, such as UE Power Class 3. Additionally, more advanced applications such as SU-MIMO or carrier aggregation should not be considered as the target of the enhancements in Rel-18.
· Power domain enhancements are equally relevant for both FR1 and FR2. Hence, both frequency ranges should be considered when discussing possible power domain enhancements. 
· In principle, any UL channels and signals could benefit from power domain enhancements. In other words, it could be applied not only for PUSCH but also for PRACH, PUCCH and SRS. On the other hand, a clear UL coverage bottleneck exists in NR deployment, i.e., PUSCH. We propose to focus the power domain enhancements work in Rel-18 on PUSCH (and the associated DMRS). 
· FDSS without spectrum extension has been extensively studied for pi/2 BPSK scenario already. Additionally, based on our results, FDSS w/ spectrum extension does not improve the pi/2 BPSK performance (as compared to the case without spectrum extension). Conversely, FDSS with spectrum extension provides considerable coverage gain for QPSK. From this reason we propose to de-prioritize pi/2 BPSK and prioritize QPSK. Higher order modulations do not seem suitable for coverage limited scenarios and should thus be excluded from the study, for the sake of an efficient use of the allocated time for this WI. 

For these reasons we make the following proposals.
 
Proposal 4:  Prioritize DFT-s-OFDM for power domain enhancements in Rel-18 (& deprioritize CP-OFDM) 
Proposal 5:  Prioritize PUSCH and the associated DMRS for power domain enhancements in Rel-18(& deprioritize other channels and signals) 
Proposal 6:  Prioritize QPSK modulation for power domain enhancements in Rel-18(& deprioritize other modulation schemes) 

Enhancements to reduce PAR/MPR
The WID mentions two methods for power domain enhancements, namely frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation. 
Tone reservation is a very well known method, whose realization depends on the realization of the signal over which is applied. It can be applied both w/ and w/o spectrum extensions, and its performance is better in case of presence of spectrum extension. Its flexibility and performance largely depend on the complexity of the algorithms used to calculate the reserved tones and on the amount of added reserved tones (which has an impact on the available power per “useful” RE as well).
Frequency domain spectrum shaping (FDSS) w/o spectrum shaping is also a very well known method, which can be applied irrespective of the realization of the signal over which it is applied. Its flexibility and performance potential in the context of the power domain enhancements may be limited by the absence of degrees of freedom in the frequency domain.
FDSS w/ spectrum extensions (FDSS-SE) builds on the FDSS w/o spectrum extension framework and provide a certain number of degrees of freedom in the frequency domain which can reduce PAR/MPR, while also improving the net gain observed over the UL. The block diagram of DFT-S-OFDM transmitter with FDSS and spectrum extension is illustrated in Figure 1. The delta compared to legacy DFT-s-OFDM is highlighted with gray. It covers 
· Symmetric extension block, which results in introduction of an excess bands equal to Q-M (e.g., REs), where Q is the total amount of allocated resources for the FDSS-SE. 
· FDSS block in which band bins are weighted by the FDSS function before mapping to the IFFT input. This is conceptually similar to the FDSS operation used in Rel-15 pi/2 BPSK.
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[bookmark: _Ref112222271]Figure 1. Block-diagram of DFT-s-OFDM transmitter with FDSS and spectral extension.

Results in [3] provide interesting indications on the performance of the schemes described in this section:
· FDSS-SE can provide up-to 2 dB improvement for uplink coverage with QPSK modulation. 
· Tone reservation for DFT-s-OFDM provides positive and measurable net gains, however much smaller than what is observed for FDSS with spectrum extension. 
· FDSS w/o spectrum extensions provides positive gains, slightly higher than TR, but clearly lower than FDSS-SE. 

For these reasons we make the following proposal.
Proposal 7: Support at least FDSS with spectrum extension in Rel-18.
· FFS: whether and how other solutions are supported.

RAN1 support for spectrum extension
The adoption of spectrum extensions in Rel-18 seems a sensible way forward, given the above explanations and obtained net gain results. Relevant RAN1 aspects which may be impacted by the adoption of spectrum extension are FDRA and DMRS. In the following we discuss these aspects in more details. 

Extension size:

To facilitate RAN1 discussions, the first step to take is the definition of the notation to be used for modeling the spectrum extension. We propose the following definitions:
· Inband size: Occupied REs after DFT-block, M in Figure 1. 
· Total allocation size (Inband size + Excess band size): Occupied REs after “Symmetric extension block”, Q in Figure 1.
· Excess band size: The amount of spectrum extension, (Q-M) in Figure 1.

We propose to define the amount of extension by means of Extension factor (a):
 (a) = Excess band size / Total allocation size

Proposal 8: Define Extension factor (a) as Excess band size / Total allocation size   

With respect to inband size, we observe that its size would coincide with DFT size for the TB. In this context, it is reasonable to enforce that current DFT size limitations defined for DFT-s-OFDM already for LTE and NR Rel-15 should be respected also for FDSS-SE. Based on that, DFT size should be expressed as multiple of , where [a, b, c] are integers ≥ 0. This would mean that any inband size in FDSS-SE should correspond to a valid DFT size as per existing values, and FDSS-SE does not require the introduction of new DFT sizes as compared to legacy. Any other considered power domain enhancement based on spectrum extension should also abide to this principle. 

Observation 2: Power domain enhancement does not require definition of additional DFT size options 

To assess the performance of FDSS-SE, according to the descriptions above, several studies for different parameter configurations, among which the extension factor, have been carried out in [3], and corresponding results have been discussed. For the sake of clarity, it may be worth reporting a couple of such results in this document, obtained for two total allocation sizes, i.e., 32 and 64 PRBs, and for different shaping filters and extension factors (i.e., [0.125 0.25 0.375]). Table 1 illustrates the corresponding inband and excess band sizes for the simulated cases with 32 RBs.

Table 1. Inband and Excess band sizes used in simulations, total allocation size = 32 RBs.
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A fundamental assumption in all our studies is that the same spectrum is allocated to all possible studied variants, and the same TBS is enforced. The rationale is to compare different configurations while keeping spectrum efficiency and throughput identical. From our perspective this is the most fair way of assessing whether a solution can bring an actual benefit or not. Keeping both spectral efficiency and throughput identical implies that different configurations are characterized by a different coding rate (CR), given that the same TBS is transmitted using a different number of inband resources (as per definition above). More precisely, the two simulated CRs are according to the values illustrated in Table 2.
[bookmark: _Ref115276230]Table 2. Coding rates used in simulations
	Name
	Extension factor

	 
	0
	0.125
	0.25
	0.375

	
	Coding rate

	CR1
	1/8
	1/7
	1/6
	1/5

	CR2
	1/6
	4/21
	2/9
	4/15




Figure 2 and Figure 3 show net gain results for the two considered cases. Additional results are shown and discussed in [3]. 

[image: ]

Figure 2. Exemplary net gain results for the case with 32 RBs and CR2.



[image: ]
[bookmark: _Ref115276592][bookmark: _Ref115276585]Figure 3. Exemplary net gain results for the case with 64 RBs and CR1.

It is rather evident that FDSS with spectrum extension provides considerable net gain for a wide range of RB allocation sizes. Another observation from [3] (and also from Figures 2 and 3) is that at least a = 0.25 is a good choice for the extension factor. 

Proposal 9: Support FDSS w/ spectrum extension without limitations to supported PRB allocations   
Proposal 10: Support a = 0.25. 


Fractional RB:

Table 3 shows the total allocation size (RBs) for certain values of extension factor. It can be noted that depending on the inband size and extension factor (a), the total allocation size may or may not be multiple of 12 REs. Example:
· a =0.25
· Inband size: 60 REs (5RBs)
· Excess band size: 20 REs (1.67 RBs)
· Total allocation: 6.67 RBs

As the total allocation size should be an integer number of PRBs, a rounding issue may then occur for some configurations. Several approaches could be considered to tackle this issue:

· Consider orphan REs as guard band (unused band)
· Consider inband sizes resulting in fractional PRB as invalid allocations.
· Ceiling/flooring towards the next full RB (this may not be a preferred solution since it would complicate the FDSS filter design, since it would be equivalent to introducing a new Extension factor).
· Others.

[bookmark: _Hlk115277380]RAN1 should study pros and cons of the possible solutions to find the best approach to solve the rounding issue to yield only integer numbers of PRB allocations for the excess band, i.e., spectrum extension.

Proposal 11: Study solutions to yield only integer numbers of PRB allocations for the excess band, i.e., spectrum extension.


DCI design:

In terms of signaling, it is important to minimize the specification effort while preserving legacy operations as much as possible. For what concerns the FDRA indicator, two options seem possible:
· The indicator provides the start/end RBs for inband signal (which would be identical to legacy)
· The indicator provides the start/end RBs for the total allocation
Both options can preserve a certain number of aspects of legacy operations, and require a minimum number of modifications. Other options should not be precluded, provided that the rationale of preserving legacy operations as much as possible is preserved.

Proposal 12: RAN1 should study how to use the existing FDRA indicator in the context of FDSS-SE.

DMRS:

Similarly to previous studies and specification of FDSS in RAN1, i.e., the case with pi/2 BPSK in Rel-15/16, the FDSS filter used by UE should be left as an implementation detail which RAN1 does not specifan y. This would preserve the possibility for the UE of choosing the most suitable filter according to the UE architecture, operations, performance requirements and regulations. 

One consequence of this approach is that the DMRSs transmitted by the UE need to be shaped with the same filter as that used for PUSCH, while covering the whole allocation (i.e., also the extension band) such that the receiver can utilize also the excess band signal for reception. However, if DMRS generation for PUSCH is carried out as for data (i.e. symmetric extension according to Figure 1) a considerable increase of PAPR and CM occurs. The reason behind such CM increase is that the current Rel-15 DMRS sequences involve cyclic extension already when the used Zadoff-Chu sequence is shorter than the number of allocated REs (hence, symmetric extension creates an additional extension on top, which has negative impact to PAPR/CM).

[bookmark: _Ref115276947][bookmark: _Ref115276934]Table 3. Total allocation size (RBs) for possible values for extension factor (a)
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Several approaches could be used to solve this problem. For instance, one possibility could be to reuse for the spectrum extension the same logic as used for extending the Zadoff-Chu sequences cyclically within the allocated spectrum in Rel-15/16. In other words, the DMRS samples used in the spectrum extension would not be obtained by copying the content of some inband PRB(s), but rather by using the cyclic extension defined in Rel-15/16 on both sides of the sequence, i.e., the symmetric extension would be at RE level and not at PRB level in this case. Table 4 shows three examples of DMRS sample-to-RE mapping:
a) No spectrum extensions
b) Symmetric extension of DMRS samples (per-PRB logic)
c) Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic). 


Table 4. Different DMRS options
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a) No spectrum extensions
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b) Symmetric extension of DMRS samples (per-PRB logic)
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c) Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic)



The performance of the three approaches is illustrated in Figure 4, where a substantially lower PAPR and CM after the frequency domain filtering is displayed by the Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic). This is expected since the Rel-15/16 logic does not depend on spectrum allocation size of filtering but rather on the properties of the DMRS sequence itself, which are fully respected by approach c).

Observation 3: For DMRS, symmetric extension using a per-PRB logic results in considerable increase of PAPR and CM. 

While this result is undoubtedly solid and based on the compliance with legacy approach, we think that RAN1 should not preclude the study of any other approach at this early stage of the study.  

Proposal 13: Study solutions for FDSS-SE to guarantee low CM of DMRS. 

  [image: ]
[bookmark: _Ref115281374]Figure 4. CM distribution of Low-PAPR sequence type 1sequences with and without FDSS and symmetric extension with per-PRB and with Rel-15 per-RE logic. Inband size = 6 RB, a=0.33.


4. 	Conclusion
In this paper we have discussed the scope of power domain enhancements focusing on potential RAN1 specification impacts. Based on the discussion and results, we make the following observations and proposals:
Observation 1: RAN1 mechanisms enabling efficient use of the increased total configured maximum output power for CA and DC can be studied.
Observation 2: Power domain enhancement does not require definition of additional DFT size options 
Observation 3: For DMRS, symmetric extension using a per-PRB logic results in considerable increase of PAPR and CM. 

Proposal 1:  RAN WG4 should be the (key) responsible WG for the performance evaluations related to MPR/PAR objective 

Proposal 2:  Actual conclusion of the MPR/PAR reduction methods should be based on net coverage gain results combining transmitter and receiver performance. 

Proposal 3:  Prioritize scenarios involving spectrum extension (and deprioritize scenarios without spectrum extension).  

 
Proposal 4:  Prioritize DFT-s-OFDM for power domain enhancements in Rel-18 (& deprioritize CP-OFDM) 

Proposal 5:  Prioritize PUSCH and the associated DMRS for power domain enhancements in Rel-18(& deprioritize other channels and signals) 

Proposal 6:  Prioritize QPSK modulation for power domain enhancements in Rel-18(& deprioritize other modulation schemes). 


Proposal 7: Support FDSS with spectrum extension in Rel-18
· FFS: whether and how other solutions are supported.

Proposal 8: Define Extension factor (a) as Excess band size / Total allocation size.   
Proposal 9: Support FDSS w/ spectrum extension without limitations to supported PRB allocations.   
Proposal 10: Support a = 0.25. 
Proposal 11: Study solutions to yield only integer numbers of PRB allocations for the excess band, i.e., spectrum extension.
Proposal 12: RAN1 should study how to use the existing FDRA indicator in the context of FDSS-SE.

Proposal 13: Study solutions for FDSS-SE to guarantee low CM of DMRS. 
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