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Introduction
In this document we present our views on power-domain enhancements targeted at improving 5G-NR coverage. The R18 WID provides the following guidelines on these enhancements:
	· 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)




Section 2 presents our views on techniques for reducing MPR/PAPR to enable higher power transmissions and Section 3 presents our views on enhancements targeted at realizing higher power transmissions in CA and DC. 
[bookmark: _Ref115269388]Enhancements to reduce MPR/PAPR
From discussions and results presented in Release 17 study on coverage enhancements, it is clear that uplink can be a bottleneck in several deployment scenarios. This is primarily due to the large asymmetry in the transmit power between UE and gNB. This draws attention to techniques that let the UE transmit at a higher power, while being subject to various constraints imposed by RAN4 on waveform synthesis and transmission. These observations motivate us to take a closer look at techniques to unlock additional transmit power at the UE.
Transmit power at the UE is broadly governed by a UE’s power class and the various power reductions that a UE is allowed. The power reduction could be to (a) accommodate waveform types (MPR), (b) meet tight emissions requirements (A-MPR) and (c) for power management (P-MPR). Focusing on MPR, the RAN4 specification provides the following table (for a power class 3 UE) that outlines the set of allowed power backoffs for waveforms depending on the number of allocated RBs and their location in the band, as well as the modulation used.
[bookmark: _Ref40451204]Table 1 MPR Table from 38.101-1
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There are many constraints imposed on a UE transmission, including limits on ACLR, SEM, IBE, EVM, etc. A UE may not always be able to synthesize and transmit a waveform at its maximum power based on its power class while also adhering to all the RAN4 constraints. The values in this table are chosen so that a UE can synthesize the required waveforms without having to violate the various RAN4 restrictions on ACLR, IBE, EVM and SEM.
The maximum allowed power back off values are used by the UE to calculate the lower bound on its  value. In other words, these numbers represent the maximum amount of backoff a UE is allowed, and a real-world UE may or may not use the maximum allowance when setting its transmit power for a transmission, i.e., the UE is not precluded from self-enhancement for waveforms that have non-zero MPR. There is however a limit to the self enhancement possible, which is the same PCMAX_H identified as the upper limit for 0-dB MPR waveforms. 
	Observation 1: MPR values only provide a lower bound on . Not all UEs may make use of the allowed reduction in transmit power. 



For cell-edge UEs, we think DFT-S-OFDM waveforms are most relevant. For DFT-S-OFDM waveforms, when inner RB allocations are used, it is required to transmit the lower order modulations such as pi/2 BPSK and QPSK at full power without any power back off; a back off of up to 1 dB may be applied to outer and edge RB allocations. As one proceeds to higher order modulations, significant power back offs may be applied, with DFT-S-OFDM with 64 QAM being allowed up to 2.5 dB back off. Similarly, for CP-OFDM, power back-off of up to 3 dB may be applied to outer RB allocations with QPSK modulation, with progressively increasing back offs for higher order constellations. Note that DFT-S-OFDM with pi/2 BPSK has two sets of values defined, one for the case where the 0 dB MPR is in reference to 23 dBm and another where the 0 dB MPR is in reference to 26 dBm[footnoteRef:2]. [2:  This change in reference power to 26 dBm is permitted when UE is operating in TDD mode with less than 40% of the slots in a radio frame being used for uplink transmission. This particular amendment is based on the observation that the power class of a UE is defined on the basis of average transmit power and not based on instantaneous power used in a given slot, thus allowing a UE to transmit at a power above the value indicated by its power class. UEs that support this additional 3 dB boost are identified by the powerBoosting-pi2BPSK capability.] 

For R18 coverage enhancements, we think it is useful to focus on waveforms with 0-dB MPR allowance, for e.g., DFT-S-OFDM waveforms with QPSK modulation. Note that for a cell-edge UE, it can be assumed that the network has already exercised all its options to increase transmit power, including scheduling waveforms with no MPR allowance (‘0 MPR waveforms’). An FR1 UE has virtually no room for any further self-enhancement for such waveforms because of proximity between the UE’s actual UL power and the upper limit on transmitted power for the power class itself, PCMAX_H. A meaningful increase in UL coverage is only possible if this impediment to power increase is removed or loosened. 
With the goal of sharpening the focus of this objective to waveforms that are likely to make the biggest impact on coverage, we make the following proposal:
	Proposal 1: For power-domain enhancements targeting MPR/PAPR optimization focus on the following class of waveforms: 
· DFT-S-OFDM
· QPSK modulation
· Inner and outer RB allocations
· Small RB allocations 1-16 RBs



There are two broad classes of waveform enhancements to effect MPR/PAPR reduction: 
a) Transparent waveforms: The gNB does not need exact knowledge what technique the UE uses, and it does not need any special consideration, for example to its scheduler. This class can be developed independently by RAN4. An example of this class of waveforms is DFT-S-OFDM with pi/2 BPSK.   
b) Non-transparent waveforms: This class comprises new waveforms or techniques that need some configuration by the gNB or common understanding between gNB and UE.  Techniques that fall in this class include tone reservation and frequency domain spectral shaping with spectral extension. 
We suggest that while RAN4 can directly start investigating transparent techniques for MPR/PAPR optimization without any input from RAN1, RAN1 can focus its efforts on non-transparent techniques and assessing their potential benefits. Additionally, as stated earlier, it might help to focus on techniques that can let a 0-dB MPR waveform be transmitted at a power exceeding the UE power class. We make the following proposal:
	Proposal 2: Study non-transparent techniques that allow a 0-dB MPR waveform to be transmitted at a transmit power exceeding the maximum power associated with the UE power class.



With these goals in mind, we discuss tone reservation for DFT-S-OFDM waveform and frequency-domain spectrum shaping for DFT-S-OFDM in the next sub-sections.
Tone Reservation
Reducing the PAPR (Peak to Average Power Ratio) of the waveform is a common method for achieving higher transmission powers leading to lower MPRs. The input back-off required for meeting the RAN4 restrictions is generally smaller for the reduced-PAPR waveform. This translates to a higher transmission power as well as higher PA efficiency. 
As shown in the figure below, classical clip-and-filter techniques take the ideal baseband waveform as input and gently modify the waveform so that it is better suited as input to the PA. 
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Figure 1 Keys steps in waveform generation and transmission
The classical techniques are transparent in nature, and they tend to take advantage of the relaxed EVM requirements for lower modulation order waveforms to reduce a waveform’s PAPR and other characteristics such as ACLR, IBE and SEM. One common issue with these approaches is that is rather difficult to control the amount of clipping noise that gets generated as part of this process.
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Figure 2 Clipping noise generated by classical clip and filter approaches
As an alternative to classical clip & filter techniques, it is desirable to have better control over the clipping or shaping noise and redirect it to a certain designated portion of the band. This motivates us to consider schemes such as tone reservation. Among the many well-known PAPR reduction techniques, “tone reservation” stands out due to its simplicity and efficient usage of the available resources. This technique dedicates a subset of available sub-carriers to absorb the clipping or shaping noise generated when reducing the PAPR of the waveform. These subcarriers are referred to as Peak Reduction Tones (PRTs). To preserve the EVM, there is no overlap between the PRTs and the subcarriers used for transmitting the data.
The principle of tone reservation aims to use the PRTs to construct a compensating waveform, which when added to the raw waveform results in a lower-PAPR waveform. This compensating waveform is constructed by identifying peaks to cancel in the original waveform. The compensating waveform only uses the PRTs and thus leaves the data tones unaltered. Several efficient algorithms exist for this purpose. For example, one well known algorithm is by J. Tellado [4] that iteratively cancels the peaks in the original waveform.
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Figure 3 Peak cancelling waveform constructed using reserved tones. An all-ones kernel is used to generate the waveform.
There are many options for the location of PRTs in reference to the data tones as illustrated in Figure 4. In-band tone reservation refers to a scenario where tones within the allocated band are reserved for waveform shaping. This is well suited for CP-OFDM waveforms. This concept can be extended to reserving tones even outside the allocated bandwidth, with tones being potentially shared across all UEs. Such a framework is called universal tone reservation. Finally, for single carrier waveforms such as DFT-S-OFDM, tones may be reserved immediately adjacent to the RBs allocated to a UE. This is called sideband tone reservation is a good fit for the current context.  In the rest of the discussion, we focus on sideband tone reservation since in-band tone reservation interferes with the single-carrier nature of DFT-S-OFDM waveforms.
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[bookmark: _Ref115257712][bookmark: _Ref115257701]Figure 4 Different modes of tone reservation

	Observation 2: In-band tone reservation is not compatible with single-carrier waveforms such as DFT-S-OFDM.



Sideband tone reservation is illustrated in Figure 5, where two UEs are allocated dedicated data tones for their uplink transmission and in addition have some tones on either side of their allocation reserved as PRTs. Note that when using algorithms such as those in [4], the power expended by a UE within the PRTs is quite negligible in comparison to the overall transmit power. 
[image: ]
[bookmark: _Ref53743864]Figure 5 Sideband tone reservation with tones shared between two Ues

On the receiver side, the gNB can discard the PRTs and process only the data tones allocated to a UE to recover the uplink payload. Thus, this approach to increasing uplink transmit power has very minimal impact on gNB receiver design.
	Observation 3: With sideband tone reservation, gNB does not have to change its receiver design.



To illustrate the effectiveness of these principles, we consider a UE that is allocated 8 RBs for PUSCH transmission. In addition to these 8 RBs, the UE is also provided with 1 RB of PRTs on either side of its allocation, as shown in the figure below. Thus, the UE is in all allocated a total of 10 RBs out of which 8 are used as data tones, and 2 RBs used for waveform shaping. 
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[bookmark: _Ref53743877][bookmark: _Ref53743818]Figure 6 Tone reservation with 20% Sideband PRTs
Focusing on such an allocation we consider a DFT-S-OFDM with QPSK modulation and highlight the significant improvements in PAPR and Raw Cubic Metric (RCM) improvements due to tone reservation in Figure 7. The left and right figures respectively represent the CCDF of PAPR and RCM. The PAPR improvements are as large as 3.3 dB at 10-6 CCDF level and 2.2 dB at 10-4. The RCM improvements are 1.2 dB and 1.0 dB at 10-3 and 10-2 CCDF levels respectively. The Power Spectral Density (PSD) of the PRTs is 15 dB lower than the PSD of the data tones. Therefore, the observed PAPR and RCM gains come at a negligible price in terms of energy and complexity.


[bookmark: _Ref115259737]Figure 7 CCDF of PAPR and RCM of the DFT-s-OFDM QPSK waveform before and after PAPR reduction

It is however important to note that PAPR improvements do not directly translate to transmit power gains. The waveforms may be further modified using transparent techniques and the output power at the PA is then set such that the RAN4 constraints on EVM, ACLR, SEM, and IBE are satisfied. At times, if very tight limits on emissions are imposed, PAPR improvements may not result in any increase in transmit power.
	Observation 4: PAPR improvements do not directly translate to transmit power gains. Actual transmit power is determined by power backoff at the PA. Power backoff at PA is determined by the limit up to which RAN4 constraints on EVM, ACLR, SEM, and IBE are all satisfied.



To illustrate these aspects, we present the following example (Table 2) to highlight the procedure involved in determining transmit power levels. These numbers are for illustrative purposes only. Determining actual transmit power levels needs a more nuanced analysis with realistic PA models and RAN4 is likely to have the right expertise to conduct such an analysis.
In such an analysis, for a given target PAPR, waveforms are generated using tone reservation or other means, and then tested against the various RAN4 constraints. The target PAPR plays a significant role in determining a waveform’s characteristics on EVM, ACLR, SEM and IBE. The goal then is to find the lowest PAPR at which these constraints are satisfied. This is then translated to a certain output power backoff at the PA and this eventually determines the transmit power associated with this RAN4 compliant waveform. As an example of how PAPR, and RAN4 constraints eventually translate to transmit power gains, we focus on ACLR and EVM compliance of the DFT-S-OFDM waveform generated for the setting in Figure 6 and present a preliminary analysis in Table 2. As shown in the table below, 

[bookmark: _Ref115270089][bookmark: _Ref115270080]Table 2 Illustration of how transmit power gain projections are made
	DFT-s-OFDM, QPSK, 8 RBs 
	No PRTs
	2 additional RBs for PRTs

	PAPR that meets ACLR
	4-4.5 dB
	3.5-4 dB

	PAPR that meets EVM
	2.5-3 dB
	2.0-2.5 dB

	PAPR that meets both
	4-4.5 dB
	3.5-4 dB

	Energy used towards PRTs
	--
	0.1 dB

	Potential tx power gain compared to baseline
	--
	0.5-1.0 dB



With the potential PAPR reduction and the potential gains in transmit power in mind, we make the following proposal:
	Proposal 3: Study sideband tone reservation as a non-transparent waveform shaping technique to transmit DFT-S-OFM waveforms at a higher transmit power. 
· Sideband tone reservation is given in units of RBs



On a final note, it is important to assess the impact of such schemes on the net coverage gains and identifying the right baselines plays a key role in such an exercise. Note that in the above example, we used a total of 10 RBs to transmit a TB size corresponding to 8 RBs. Rather than use these RBs to shape the waveform and reduce PAPR, the reserved tones could have been used for data transmission and reduced the coding rate, i.e., for the same TB size, a lower MCS could have been chosen as shown in Figure 8. It is expected that for the same payload size, the SNR required will be lower when all the RBs are used for data transmission. Thus, there exists a trade-off between transmit power gains using the reserved tones and lower operating SNR due to lower coding rate; the net-benefit of tone reservation is then the difference between these two metrics.
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[bookmark: _Ref115266867]Figure 8 Baselines for assessing gains from tone reservation
	Proposal 4: For evaluating the benefits of tone reservation, use legacy R17 PUSCH waveforms as a baseline, with the excess bandwidth included in the total allocated bandwidth.


FDSS with bandwidth expansion for DFT-S-OFDM
Unlike how tone reservation uses excess bandwidth, an alternate approach is to treat the excess bandwidth as part of total allocated bandwidth and use it towards pulse shaping for DFT-S-OFDM. This is also termed frequency domain spectral shaping. The core ideas draw upon classical approaches to single-carrier transmissions with root raise cosine pulses with a roll-off factor less than 1. 
This is a two-step process, as outlined in Figure 9. Assuming an M-point DFT is used to generate the DFT-S-OFDM waveform, the first step takes the output of the -point DFT and cyclically extends it to  additional tones. In the second step, this cyclically extended output is then multiplied with frequency-domain coefficients corresponding to a pulse shaping filter. The output of this operation is then mapped to M+K contiguous tones.
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[bookmark: _Ref115426583][bookmark: _Ref115426348]Figure 9 FDSS with bandwidth expansion
The intuition behind this process is as follows. The PAPR characteristic of a waveform is generally determined by the number of time-domain pulses (shifted in time) contribute towards every time sample of the waveform. When a large number of pulses contribute towards one time sample (as in the case of CP-OFDM), PAPR tends to degrade. DFT-S-OFDM addresses this by switching to sinc pulses. There is however room to improve since sinc pulses do not decay fast. One option is to simply switch to narrower sinc pulses by expanding the bandwidth used (i.e., a sinc pulse corresponding to 10 RBs is narrower (main lobe) in time domain than a sinc pulse occupying 8 RBs in frequency domain. One can go a step further by using well-designed pulse shapes and introducing frequency-domain spectrum shaping. As an example, Figure 10 compares a sinc pulse with a Hamming pulse. Notice how sidelobes are significantly suppressed for a Hamming pulse.
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[bookmark: _Ref115428238]Figure 10 Sinc vs Hamming pulse of same bandwidth. Notice how Hamming pulses having significantly suppressed sidelobes.

Next, we look at the potential PAPR gains by using the above approach. We first look at the impact of bandwidth expansion on PAPR. We consider a 10 RB allocation with QPSK modulation and DFT-S-OFDM waveform and vary the excess bandwidth used.  As see in the figure, it is noted that PAPR does not improve significantly. 
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Figure 11 PAPR of DFT-S-OFDM with bandwidth expansion and without FDSS.
Observation 5: Bandwidth expansion without FDSS does not lead to significant PAPR improvement.

When FDSS is introduced along with bandwidth expansion, we notice that PAPR improves significantly. This is illustrated in Figure 12.
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[bookmark: _Ref115429474]Figure 12 PAPR of DFT-S-OFDM with bandwidth expansion and FDSS.

As noted in the section on tone reservation, PAPR is just one component of a waveform that determines the transmit power. We will once again have to carefully analyze how these PAPR gains translate to transmit power gains. 
Based on these observations, we make the following proposal:
	Proposal 5: Study FDSS with bandwidth expansion as a non-transparent waveform shaping technique to transmit DFT-S-OFM waveforms at a higher transmit power. 
· Excess bandwidth is given in units of RBs
· DMRS and data symbols undergo spectrum shaping 



Link-level performance and gNB receiver design
One crucial aspect that differentiates FDSS with bandwidth expansion from tone reservation is the overall impact on link-level performance and potential need to enhance the gNB receiver to cope with FDSS.
Two aspects warrant further investigation. The first is on how much energy a UE uses in transmitting the signal contained in the excess bandwidth and second, how a gNB receives processes the excess bandwidth. A simple gNB receiver may discard the excess bandwidth and exclusively focus on the allocated bandwidth. Such a receiver may stay ignorant to FDSS at the UE. Although such a design is simple and appealing, it comes at the expense of link-level performance since the power expended by a UE in the excess bandwidth is not used optimally by the gNB. 
A common understanding on gNB receiver design will help direct link-level evaluations to understand the impact of FDSS and bandwidth expansion.
	Proposal 6: For FDSS with bandwidth expansion, link-level performance evaluations are required to assess the overall coverage gains. In particular, evaluate the impact of (a) the amount power spent in the excess bandwidth region and (b) gNB receiver handling of the excess bandwidth when receiving the PUSCH transmission for further processing.



Further for any FDSS scheme with bandwidth expansion, it is unlikely that the gNB will have complete knowledge of the exact pulse shaping filter used by the UE. The UE may be given the freedom to design its own filters subject to certain boundary conditions. This then adds another layer of investigation on link-level performance.
	Proposal 7: For FDSS with bandwidth expansion, evaluate the impact of gNB not knowing the pulse shaping filter used by the UE (but aware of bandwidth expansion).



[bookmark: _Hlk23927392]Enhancements to Realize High Power Transmission in CA and DC

Introduction
A commercial 5G-NR UE typically supports communications in several RF bands and is capable of being used globally across any 5G-NR network. The actual bands or band combinations of operation are determined by the spectrum holdings of an operator. A UE’s ability to support multiple bands presents a great opportunity to improve uplink coverage by efficiently using this ability to schedule uplink transmissions across different bands. 
Typically, a UE uses a dedicated set of power amplifiers to support transmission in a band. The maximum power a UE can transmit in a band is governed by its power class. When operating across more than one band, although the UE can theoretically deliver maximum power across each of the bands in a band combination, the maximum total power a UE can deliver is governed by the power class associated with that band combination. 
For example, a UE may declare itself as a PC3 (maximum output power of 23 dBm) UE in band X and band Y, and as a PC3 UE for the band combination X & Y. The PC3 declaration in band combination X & Y is driven less so by UE capability and more because the RAN4 specification only allows certain power classes for a particular band combination. This unnecessarily limits such a UE from transmitting at the combined maximum power for that band combination. 
Recent changes in RAN4 have tried to address this issue. In the R17 WI on increasing UE power high limit for CA/DC, for band combinations where one band supports up to PC3 power class and another band supports up to PC2 power class, the total power associated with the band combination is assumed to be the sum of the individual power classes [5][6]. A new capability signalling is introduced per band combination is signal support for this relaxation. Under certain regulatory environments, there may be a limit on total output power. For such scenarios,  needs to be configured such that the total power limit is imposed. A similar relaxation for other power class pairings across bands is likely to be discussed.
Commercial cellular network deployments have not seen UL-CA being deployed widely and this could be attributed to the sum-power constraint that is imposed across band combinations. When this constraint is in place, the network is less incentivized to enable simultaneous transmissions across multiple bands in uplink. Anytime simultaneous transmissions are required, power sharing across bands kicks in, and primary uplink band can see a drop in uplink transmit power. The relaxation in the RAN4’s R17 WI aims to precisely address this situation. 
In the R18 WID on coverage enhancements, we would like to further facilitate smoother UL-CA operation. It is worth considering the various aspects a gNB needs to take into account to enable UL-CA across different bands. For example, how a gNB selects the band combination to configure for UL-CA or even when to switch a user from a single carrier configuration to UL-CA warrant further investigation. Further, to make UL-CA more effective, the focus should not be limited to increasing uplink transmit power. A more nuanced approach to multi-carrier scheduling also becomes critical in determining how a gNB services a UE’s uplink traffic by adaptive load sharing across multiple carriers. 
Going further, a critical component for enabling simultaneous transmissions across multiple bands is a good understanding of the regulatory constraints that the UE is required to conform to when engaging in uplink transmissions. Regulatory constraints on total RF exposure experienced by a user require a UE to determine safe transmit power levels for each band of operation. When a UE is close to exceeding the allowed RF exposure levels, the UE recomputes the maximum allowed transmit power for each of the bands in use and uplink transmissions may see a change in transmit power (Alternately, a UE may have a fixed limit on its transmit power so that it never exceeds the RF exposure limits.). Since these operations are transparent to the gNB, this can then impact gNB’s perception on the link quality, influence link adaptation, and subsequently cause uplink throughput to fluctuate.  A better understanding of these constraints and its impact on UE behaviour can help gNBs adopt more nuanced scheduling decisions. 
Depending on the band combinations (FR1+FR1, FR1+FR2), two types of RF exposure limits can come into play. The first set uses a metric called specific absorption rate (SAR) and is applied to sub-6GHz bands and the second metric is called power density (PD) and is applied to mmW bands. Both these metrics take a time-averaged approach to limiting RF exposure, i.e., RF exposure as measured using these metrics and averaged over a certain time window must stay below a certain specified threshold. In other words, the regulations govern averaged RF exposure and not instantaneous RF exposure (there may be some exceptions to this in specific regions).  The time-averaged nature of these constraints is a rather important aspect when enabling high-power transmissions at the UE. It suggests that while it may not be possible UE may not be able to transmit at full power at all times across all bands, the UE is capable of delivering higher total transmit power is short bursts of time. 
The goal in R18 coverage enhancements is to place scenarios with increased uplink transmit power in CA/DC scenarios on a more solid footing by providing additional signalling support to better facilitate a common understanding between UE and gNB regarding UE behaviour that arises from complying with regulatory constraints. In particular we propose to introduce energy headroom reporting to aid simultaneous high-power transmissions across multiple bands. 
Note that some of these enhancements are not limited to CA/DC operation in uplink and are in general useful for any high-power UE where RF exposure limits may come into play due to simultaneous transmissions across different technologies (Wi-Fi, Bluetooth, etc).
The broad objectives to focus on for this sub-agenda is summarized in the following proposal:
	Proposal 8: To facilitate higher power transmission in CA and DC scenarios, introduce signalling mechanisms between UE and gNB focused on 
a) increasing awareness of power or energy budget available at the UE for each carrier/band, 
b) aiding the selection of the best band combination for UL CA, and
c) aiding scheduling policy when UE is configured with multiple bands in UL CA, for e.g., selecting preferred carrier for servicing uplink, or adaptive load sharing across carriers.



In the following sections, we present results to show that high power transmissions in CA/DC are particularly beneficial to a cell-edge UE. This is followed by a discussion on regulatory aspects of SAR/MPE compliance and aspects related to energy headroom reporting. We then present results to show how such signalling could be beneficial. 

System-level Simulations Illustrating the Benefits of High-Power UL-CA Without Sum-Power Constraint
To assess the benefit of allowing a higher transmit power in UL-CA, we present system-level simulations to quantify the amount of gains that can be realized, and the type of UEs that are likely to benefit the most. We consider UL-CA across a TDD and a FDD carrier, with the TDD carrier limited to 26 dBm (PC2) of transmit power and the FDD carrier limited to 23 dBm of transmit power. The combined power limit is set to either 26 dBm or to 27.8 (~ 28 dBm) dBm to understand the impact of relaxing the sum-power constraint applied to this band combination. The TDD carrier is assumed to be centered at 3.5 GHz with a total of 100 MHz, while the FDD carrier is centered at 2 GHz with a total of 20 MHz. An Urban Macro layout is assumed with an ISD of 500m. Additional simulation parameters are listed in the table below.

	Parameters
	Values for FDD carrier
	Values for TDD carrier

	Carrier frequency
	2GHz
	3.5GHz

	Bandwidth
	20MHz
	100MHz

	Subcarrier spacing
	15KHz
	30KHz

	Deployment
	Urban macro co-located with ISD = 500m (2 Tier, 19 gNBs, with total of 57 sectors)

	BS transmit power
	46dBm for 10MHz

	BS ant height
	25m

	BS noise figure
	5dB

	BS ant element gain
	8dBi

	BS ant config
	(M,N,P,Mg,Ng;Mp,Np)= (2,8,2,1,1;1,1)
	(M,N,P,Mg,Ng;Mp,Np)= (8,4,2,1,1;1,1)

	Downtilt
	102 deg

	UE ant height
	1.5m

	UE noise figure
	9dB

	UE ant element gain
	0dBi

	UE ant config
	(M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;1,1)
	(M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1)

	Thermal noise
	-174dBm/Hz

	Min BS-UE distance
	35m

	UE distribution
	Uniform distribution with Outdoor (20%) and indoor (80%) (10 UEs per sector, total 570 UEs)

	UE transmit power
(Option 1)

	Up to 23dBm
	Up to 26dBm

	
	Total transmit power across two carriers is up to 26dBm


	UE transmit power (Option 2)

	Up to 23dBm
	Up to 26dBm

	
	Total transmit power across two carriers is NOT limited (i.e., up to 28dBm)


	Fractional TPC
	alpha = 0.8
	alpha = 0.8

	UL-MIMO

	1L
	1L or 2L

	
	Totally up to 3 layers

	TDD config

	
	DDDSUDDSUU with S={10:2:2}


	Traffic model

	· Full-buffer (10 UEs/sector)


	UL scheduler

	· PF across UEs

	
	
	


Figure 13 List of parameters used in system-level simulations to illustrate benefit of high power transmissions in uplink CA
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Figure 14 Impact of increase uplink transmit power on cell-edge throughput

The CDF of uplink mean throughput in plotted in Fig. X for two scenarios: one where the sum power is limited to 26 dBm and the other where the sum-power can go up to 28 dBm. It can be seen that when sum-power limit is increased, the throughput of cell-edge UEs increases. In particular, for 5th percentile UEs, the total uplink throughput increases by a factor of 3. As expected, cell-center UEs do not benefit much from the increase in total transmit power. 
A UE supports multiple bands. There are multiple PAs available to a UE. Some are MIMO bands, and others are non-MIMO bands. UE  power class determined transmit power limit per band. There is also a limit per band combination.
	Observation 6: Higher-power limit for inter-band UL-CA benefits the cell-edge UEs by reducing the impact of power sharing across simultaneous transmissions over multiple carriers and enhances the UE throughput.



RF Exposure Basics: SAR and PD
A UE has to conform to certain regulatory requirements that govern the total RF exposure experienced by a user. RF exposure is categorized into two main categories. The first is called specific absorption rate (SAR) that applies to all RF exposure that occurs below 6 GHz and the other is called power density (PD) that applies to all RF exposure that occurs above 6 GHz. SAR is measured in units of Watts/kg and is intended to monitor the amount of power absorbed by a certain volume of tissue. PD is measured in  and is intended to monitor the amount of power incident on the surface of the tissue. 
SAR is used as the metric for the RF exposure when considering sub-6 GHz bands, while power density is used as a metric to address exposure from mmW bands. International Commission on Non-Ionizing Radiation Protection (ICNIRP) and FCC place restrictions on the maximum permissible exposure (MPE) on human body. However, the limit on SAR and PD cannot be counted separately. The individual SAR and PD values are normalized by the respectively regulatory limits and this normalized sum is required to be less than 1 as seen in the equation below: 

In the above equation,  refers to the time-averaged SAR in an RF band  and is given by 

where  is the instantaneous SAR in band . Similarly,  refers to the time-averaged PD in band  and is given by


where  is the instantaneous PD in band  Note that  and  are the respective time windows for averaging.  is the total regulatory limit for SAR, and  is the total regulatory limit for PD. SAR and PD calculations should include transmission across all frequencies and technologies (Wi-Fi, Bluetooth, etc). PD is typically measured over a  area and is limited to  over a time averaging window of 4 seconds (this is applicable to frequencies between 24 GHz to 42 GHz). SAR is typically limited to 1.6 W/kg measured over 1g of tissue and is averaged over a window of 360 seconds. Some of the above measurement criteria may differ from one region to another and the numbers indicated above are meant to be representative.
Time averaging is a rather important aspect of complying with RF exposure limits where past RF exposure usage determines the available RF exposure budget for a set of upcoming slots. This is illustrated in the figure below.
	Observation 7: Regulatory constraints on RF exposure are determined by time-averaged RF exposure and not by instantaneous RF exposure.






[image: ]
Figure 15 Time-averaged RF exposure
Once the UE determines the available RF exposure for a certain period of time, the UE can then use this exposure limit in a flexible manner while adhering to the power control settings, i.e., the UE can choose to allow a uniform amount of exposure spread out over the entire period of time or allow increased exposure in the initial portion, followed by a decreased amount of exposure in the remaining portion. These choices then determine the amount of transmit power available to transmit uplink data/control.
The following figures illustrates how a UE can translate the available RF exposure to instantaneous transmit power levels. As can be seen, the UE may be able to boost its power to a high-power level for a fraction of time located anywhere within the period of interest.

[image: ]
Figure 16 Forecasting energy availability and its impact on instantaneous power
	Observation 8: A UE can determine the allowed RF exposure for a short duration of time in the future. The UE then translates this allowed RF exposure to instantaneous transmit power based on the transmission requirements in uplink. 



A UE’s ability to temporarily boost its transmit power varies over time and depends on the set of active transmission bands. To enable concurrent transmissions across different bands in CA, its beneficial for the gNB to better understand a UE’s ability to transmit at high power across different bands at different points in time. In this context, it is pertinent to look at the existing mechanisms in the 5G NR specification that convey information on uplink transmit power to the gNB. 
Focusing on power headroom reporting, a UE can report the instantaneous transmit power used to transmit a PUSCH transmission. The report consists of power headroom (6 bits),  (6 bits), and P-MPR (2 bits). Power headroom reflects the amount of additional transmit power a UE can deliver in reference to the current PUSCH power level, while   reflects the maximum power a UE can deliver at that instance. P-MPR reporting is only enabled for FR2 bands. As it can be seen, this report only provides an instantaneous snapshot of the set of parameters that governed a particular PUSCH transmission. It carries no information on a UE’s ability to support future uplink transmission at this or higher power level. As a consequence, if a UE reports a low power headroom or low , gNB often doesn’t know if this likely to change soon or if its going to be persistent and warrant gNB to change its scheduling strategies to accommodate this. 
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Figure 17 Single Cell PHR MAC CE with the following fields: 6 bit PH field, 6 bit 

	Observation 9: Existing PHR mechanism only carries information on instantaneous power levels used by a UE.



	Observation 10: For FR1 carriers, existing PHR mechanism does not allow a UE to report the applied power backoff due to RF exposure requirements.



In addition to this, as part of UE capability reporting, a UE is allowed to report maximum UL duty cycle a UE can support, i.e., maximum average percentage of symbols during a certain evaluation period that can be scheduled for uplink transmission. For non-CA operation, this reporting is per band and applicable to all power classes in FR2 and PC1.5 power class in FR1. For inter-band CA operation with PC2 power class, this reporting is per band.  This reporting is however static in nature and cannot be revised by a UE after initial call setup procedure is completed. 
The above observations highlight the lack of existing mechanisms for a UE to report time varying transmit power availability to the gNB. The key goal of this discussion is to motivate the need for such signaling so that the gNB can adopt more nuanced scheduling decisions that factor in energy/power availability at the UE. These aspects become even more important for realizing high power transmission in CA/DC.
	Observation 11: Time-averaged RF exposure constraints play an important role in realizing the objectives of the Release 17 RAN4 work on “Increasing UE power high limit for CA and DC”. 




Proposed Enhancements
As stated earlier, our overall goal for UE and gNB to have a better understanding of power/energy availability at the UE to facilitate more efficient UL CA operation. Towards this we think considering techniques or signalling mechanisms that provide a more nuanced view of RF exposure and allied aspects to the gNB are useful to consider.
	Proposal 9: Introduce signaling to allow UE to report aspects related to power management and RF exposure. 


We elaborate further in the next few sections.
Enhancements to Power Headroom Reporting
To address some of the drawbacks highlighted in the earlier section, we propose some changes to power headroom reporting that can facilitate smoother, more efficient UL-CA.
First we propose that P-MPR be reported for FR1 carriers as well. This offers the gNB some indication of the transmit power constraints currently in play at the UE. While it doesn’t quite indicate how this may change in the future, its nevertheless a useful piece of information for the gNB to factor into its overall scheduling framework.
	Proposal 10: Enhance the current power headroom reporting framework to allow a user to also report P-MPR (via MPE field) for FR1 carriers.



Second, it is noticed that in 5G NR deployments, it is common for a UE to be configured with DL-CA across carriers in different bands, but for uplink, the UE is typically configured just a smaller subset of carriers. This puts the UE in a situation where the UE is monitoring and making measurements across different carriers to ensure downlink reception stays robust, but these measurements are not put to any good use for uplink in these carriers. 
[image: ]
Figure 18 UE configured with multiple carriers in downlink and a single carrier in uplink.

At times it may happen that the UE may be in a unique position to determine that scheduling uplink transmissions in a carrier that is different from the carrier configured for uplink might actually be better for the network. This could be due to UE’s knowledge of regulatory constraints on RF exposure in each carrier and its ability to deliver a certain  amount of power on a particular carrier There is however no existing mechanism for a UE to convey this information back to the gNB. Rather than have a gNB determine the carrier for uplink purely using DL measurements (e.g., RSRP, RSRQ, SINR, etc), it might make sense for a UE to also report the amount of power available in each carrier so that the gNB can then put both these inputs together to determine the better carrier to use in uplink. This then motivates the need to introduce additional signaling that lets gNB be aware of power available in an unconfigured uplink carrier through power headroom reporting. We make the following proposal: 
	Proposal 11: Enhance the current power headroom reporting framework to allow a user to report power headroom for a carrier that is configured for downlink but not for uplink (i.e., no active uplink BWP).



Energy Headroom Reporting
As highlighted in the previous sections, the time varying nature of RF exposure motivates introducing a new mechanism for a UE to report time varying transmit power availability to the gNB. To accomplish this, we propose that a UE report the amount of energy available periodically back to the gNB. This can be realized via energy headroom report or energy availability report (EAR/EHR) that accompanies a PHR or is independently transmitted back to the gNB. 
	Proposal 12: Introduce MAC-CE signalling to allow UE to report energy headroom for each of the bands in a CA/DC configuration given to the UE. 
· FFS: signalling details, including, periodicity, reporting triggers, relation to PHR, how to handle multiple bands, reference power, etc.	
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Figure 19 Energy headroom reporting per carrier

To illustrate the benefits of such signaling, we present simulation results to show that uplink data transfers can be optimized if gNB is aware of energy availability at the UE. Towards this, Figure 20 is intended to show that scheduling policies dictated by uplink duty cycle can have a large impact on rate of data transfer when a UE has a limited energy budget. This figure considers a single carrier link between a UE and a gNB and illustrates the impact of uplink scheduling policies on the total amount of data transferred over a window of 500 ms. In particular, the UE is assumed to have a fixed amount of energy available within each window and we focus on average data transferred in each window as the amount available energy varies at the UE. The figure shows how the choice of duty cycle can play a role in determining the number of uplink grants required to transfer a certain amount of payload. For lower duty cycles, UE can put more power towards each grant, thus boosting spectral efficiency and decreasing the number of grants it takes to transfer a certain amount of data. If uplink capacity maximizing is the only criterion, then water filling solution dictates that the gNB uses 100% duty cycle and UE uniformly distributes its energy across the slots. However, when the required data rates are well below capacity, there is room to optimize scheduling strategy to cut down on the number of grants, thereby reducing overhead and latency. Since uplink traffic is usually bursty in nature, we think these observations provide valuable insight for real-world deployments.
	Observation 12: Lower duty cycles allow power boosting for uplink transmissions under a fixed energy budget at the UE. This results in faster data transfers using fewer grants.
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[bookmark: _Ref115365069][bookmark: _Ref115365066]Figure 20 Rate of data transfer as a function of uplink duty cycle for a energy limited UE.

With this as a motivating example, we now consider a 2-carrier UL-CA scenario and illustrate the value of a gNB being aware of energy availability at the UE. In  we illustrate how a gNB that is aware of energy availability at a UE can tailor its scheduling policy to dynamically select the rate at which a UE is scheduled within a certain time frame. The scenario assumes 2 CCs with different pathloss values and varying amounts of energy availability in each carrier. The energy availability in each carrier is assumed to be reported by the UE once every 500 ms. The gNB then tailors its scheduling policy based on (a) reported EHR, (b) pathloss, and (c) a desired average SNR threshold. Under this framework, if a UE reports a large EHR, gNB is more inclined to send more grants to this UE during this time period, while a small EHR triggers fewer grants, with the overall goal of ensuring the average SNR experienced per grant stays above a certain threshold. Aggressive SNR targets result in lower duty cycles, while relaxed SNR targets make sense for capacity maximization and result in higher duty cycles. 
It can be seen from Figure 21 that such a framework allows a gNB to fine tune its scheduling policy based on EHR input from the UE. This results in the gNB being able to sustain a certain user perceived throughput with fewer grants than would be necessary otherwise. 
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[bookmark: _Ref115437410]Figure 21 Static scheduling vs. dynamic scheduling that uses energy availability at the UE to adapt uplink duty cycle. Duty cycle can be chosen based on low/medium/high SNR targets. High targets are well suited for quick transfer of small payloads.


Conclusion 
This contribution discusses some potential techniques for enhancing coverage in both FR1 and FR2. In particular, the following observations and proposals have been made:
On enhancements to reduce MPR/PAPR
Observation 1: MPR values only provide a lower bound on . Not all UEs may make use of the allowed reduction in transmit power.
Proposal 1: For power-domain enhancements targeting MPR/PAPR optimization focus on the following class of waveforms: 
· DFT-S-OFDM
· QPSK modulation
· Inner and outer RB allocations
· Small RB allocation (1-16 RBs)
Proposal 2: Study non-transparent techniques that allow a 0-dB MPR waveform to be transmitted at a transmit power exceeding the maximum power associated with the UE power class.
Observation 2: In-band tone reservation is not compatible with single-carrier waveforms such as DFT-S-OFDM.
Observation 3: With sideband tone reservation, gNB does not have to change its receiver design.
Observation 4: PAPR improvements do not directly translate to transmit power gains. Actual transmit power is determined by power backoff at the PA. Power backoff at PA is determined by the limit up to which RAN4 constraints on EVM, ACLR, SEM, and IBE are all satisfied.
Proposal 3: Study sideband tone reservation as a non-transparent waveform shaping technique to transmit DFT-S-OFM waveforms at a higher transmit power. 
· Sideband tone reservation is given in units of RBs

Proposal 4: For evaluating the benefits of tone reservation, use legacy R17 PUSCH waveforms as a baseline, with the excess bandwidth included in the total allocated bandwidth.
Observation 5: Bandwidth expansion without FDSS does not lead to significant PAPR improvement.
Proposal 5: Study FDSS with bandwidth expansion as a non-transparent waveform shaping technique to transmit DFT-S-OFM waveforms at a higher transmit power. 
· Excess bandwidth is given in units of RBs
· DMRS and data symbols undergo spectrum shaping 

Proposal 6: For FDSS with bandwidth expansion, link-level performance evaluations are required to assess the overall coverage gains. In particular, evaluate the impact of (a) the amount power spent in the excess bandwidth region and (b) gNB receiver handling of the excess bandwidth when receiving the PUSCH transmission for further processing.
Proposal 7: For FDSS with bandwidth expansion, evaluate the impact of gNB not knowing the pulse shaping filter used by the UE (but aware of bandwidth expansion).
On enhancements to realize high power uplink transmissions in CA and DC

Proposal 8: To facilitate higher power transmission in CA and DC scenarios, introduce signalling mechanisms between UE and gNB focused on 
a) increasing awareness of power or energy budget available at the UE for each carrier/band, 
b) aiding the selection of the best band combination for UL CA, and
c) aiding scheduling policy when UE is configured with multiple bands in UL CA, for e.g., selecting preferred carrier for servicing uplink, or adaptive load sharing across carriers.
Observation 6: Higher-power limit for inter-band UL-CA benefits the cell-edge UEs by reducing the impact of power sharing across simultaneous transmissions over multiple carriers and enhances the UE throughput.
Observation 7: Regulatory constraints on RF exposure are determined by time-averaged RF exposure and not by instantaneous RF exposure.
Observation 8: A UE can determine the allowed RF exposure for a short duration of time in the future. The UE then translates this allowed RF exposure to instantaneous transmit power based on the transmission requirements in uplink.
Observation 9: Existing PHR mechanism only carries information on instantaneous power levels used by a UE.
Observation 10: For FR1 carriers, existing PHR mechanism does not allow a UE to report the applied power backoff due to RF exposure requirements.
Observation 11: Time-averaged RF exposure constraints play an important role in realizing the objectives of the Release 17 RAN4 work on “Increasing UE power high limit for CA and DC”.
Proposal 9: Introduce signaling to allow UE to report aspects related to power management and RF exposure.
Proposal 10: Enhance the current power headroom reporting framework to allow a user to also report P-MPR (via MPE field) for FR1 carriers.
Proposal 11: Enhance the current power headroom reporting framework to allow a user to report power headroom for a carrier that is configured for downlink but not for uplink (i.e., no active uplink BWP).
Observation 12: Lower duty cycles allow power boosting for uplink transmissions under a fixed energy budget at the UE. This results in faster data transfers using fewer grants.
Proposal 12: Introduce MAC-CE signaling to allow UE to report energy headroom for each of the bands in a CA/DC configuration given to the UE. 
· FFS: signaling details, including, periodicity, reporting triggers, relation to PHR, how to handle multiple bands, reference power, etc.	
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Table 6.2.2-1 Maximum power reduction (MPR) for power class 3

] MPR (dB)
Modulation Edge RB allocations Outer RB allocations Inner RB allocations
. <3.5! <1.2! <0.2!
Pi/2 BPSK <052 <0.52 02
QPSK <1 0
DFT-s-OFDM 16 QAM <2 <1
64 QAM <25
256 QAM <45
QPSK <3 <15
16 QAM <3 <2
CP-OFDM 64 QAM <35
256 QAM <6.5
NOTE 1: Applicable for UE operating in TDD mode with Pi/2 BPSK modulation and UE indicates support for UE capability
powerBoosting-pi2BPSK and if the |E powerBoostPi2BPSK is set to 1 and 40 % or less slots in radio frame are used for
UL transmission for bands n40, n41, n77, n78 and n79. The reference power of 0 dB MPR is 26 dBm.
NOTE 2: Applicable for UE operating in FDD mode, or in TDD mode in bands other than n40, n41, n77, n78 and n79 with Pi/2
BPSK modulation and if the |E powerBoostPi2BPSK is set to 0 and if more than 40 % of slots in radio frame are used
for UL transmission for bands n40, n41, n77, n78 and n79.
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