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Introduction
In a previous contribution [2], we framed the (proposed) requirement based on the proposals made in [1], along with detailed justifications and parameter values. In this contribution we refine the proposals further while incorporating results from further study in FDD bands and measurements. We also adopt agreed parameter (Ppowerboost). 
Discussion
Background
Feasibility studies as well as UE implementation considerations [2,3] helped frame a proposed requirement for the Rel-18 coverage enhancement requirement [5]. Our previous studies [2] were carried out with a C-band PA characterized at 3.5 GHz. Since the mechanisms supporting the enhancement are dependent only on the relative values in the MPR table and general PA compression characteristics, it suggested the enhancement would be frequency band agnostic. Feasibility studies were therefore extended to include an FDD PA (~ 700 MHz), 
To determine how much margin is warranted on top of simulation predictions, some lab measurements were performed on a C-band PA and compared to simulation values for the same.
Due diligence for enhancement based on the legacy waveform 
Simulation results with more PA models
In [2] we proposed constructing a parametrized ‘enhanced inner region’ that was retracted from the legacy inner region by some RB offset, such that all waveforms inside this enhanced inner region could support power boosting of 1 dB without needing a relaxation to the EVM equalizer spectrum flatness requirement. See figure 2.2.1-1.Figure 2.2.1-1: Definition of the enhanced inner region by retracting the legacy inner region.
Waveform space
Legacy Inner
Enhanced inner region
L_CRB
RB_start

RB_start
Region of legacy inner where 1 dB power boost beyond nominal power class level cannot be supported 
‘Retraction’ RB offset  = P1


	RB offset ‘P1’ [2] to define ‘enhanced inner region’ 

	CBW (MHz)
	PC2 TDD (FDD) (TDD2)
	PC3 TDD (FDD) (TDD2)

	
	15k SCS
	30k SCS
	15k SCS
	30k SCS

	5
	N/E
	N/E
	0
	0

	10
	1(1)
	N/E
	0(1)
	0

	20
	2(3)
	0
	1(2)
	0

	30
	3(5)
	N/E
	1(2)
	0

	40
	4(7)
	2(3)
	3(4)
	0 (1)

	50
	4(9)
	1(3)
	3(4)
	1(1)

	60
	N/E
	4(4)
	N/E
	3(2)

	80
	N/E
	2(3)
	N/E
	2(2)

	100
	N/E
	4(4)
	N/E
	3(2)


The value of the parameter ‘P1’ for a 3.5 GHz (‘TDD’ PA) was tabulated in [2] and reproduced here (right). In this contribution, for completeness, projections for the following variants are added (N/E = not evaluated):
1. an FDD PA (at 700 MHz), in red font. 
2. a second TDD PA at 3.5 GHz in green font.

The 700 MHz FDD PA consideration suggests that P1 as  previously proposed was not sufficiently inclusive, if atypically wide FDD PC2 channels are also considered. We note here that the risk to the UE is of the order of 0.x dB rather than something graver. The new studies also confirm that PA characteristics have some bearing on how much RB offset is necessary, so a more conservative expression of P1 may be required compared to [2]. 

Observation 1: The value of RB offset parameter P1 has dependence on PA characteristics, even after the RAN4 power normalization. The values are similar across PC2 and PC3.
Lab measurement results
For further understanding of the mechanism and how it impacts ability to enhance UL power with the legacy DFT-s-QPSK (no FDSS) waveform, we compared simulated power boost projections with lab measurement data. We focused on select critical regions in a 100 MHz channel and used one of the PC2 PAs studied above (TDD2). Figure 2.2.2-1 shows the regions identified for this effort.
Regions of focus for lab measurement 
Figure 2.2.2-1: Regions identified for comparison of simulation and lab measurement

	Wfm #
	RB Allocation
	First failing parameter 
	Power boost (dB)
(Lab bench, not capped to 1dB)
	Power boost (dB) (from raw sim, not capped to 1dB)
	Over estimation by sim (dB)

	1
	20RB7
	SEM
	-0.2
	-0.1
	0.1

	2
	20RB9
	SEM
	0.2
	0.3
	0.1

	3
	20RB11
	SEM
	0.4
	0.6
	0.2

	4
	20RB13
	SEM
	0.9
	1.2
	0.3

	5
	20RB15
	SEM
	1.4
	1.5
	0.1

	6
	20RB17
	SEM
	1.6
	1.7
	0.1

	7
	40RB17
	SEM
	0.4
	0.6
	0.2

	8
	40RB19
	SEM
	0.6
	0.8
	0.2

	9
	40RB21
	SEM
	0.7
	0.9
	0.2

	10
	40RB23
	SEM
	0.9
	1.1
	0.2

	11
	40RB25
	SEM
	1.0
	1.2
	0.2

	12
	40RB27
	SEM
	1.1
	1.3
	0.2

	13
	40RB29
	SEM
	1.4
	1.6
	0.2

	14
	40RB31
	SEM
	1.5
	1.7
	0.2



As a summary, the comparison shows strong agreement between measured data and projected performance from simulation. The table shows a systematic error in the range of 0.1 to 0.3 dB. The systematic nature of the error points to a calibration type error but more importantly, implies that the simulation accurately predicts the trend of increasing UL power as distance of RB allocation from the inner/outer boundary increases.
Observation 2: For PC2, simulation data for boosted performance is well aligned with lab observations. 
Refinement direction for RBoffset parameter ‘P1’ 
[image: A graph with red and green lines

Description automatically generated]The simulations with multiple PA models suggest that the previously proposed P1 = min (6, ceil (2+NRB/40)) may end up being a barrier to entry for UEs, and this would result in reduced network benefit. It would be beneficial to accommodate more implementations by revising the RBoffset parameter to P1 = min(12, ceil (2+NRB/25)). This revised formulation is shown in the revised proposal to the right.

Proposal 1: The enhanced inner region that can support 1 dB boost without FDSS is defined as the legacy inner region that is retracted by the parameter ‘P1’: 
RBStart,Low,enhInner  ≤  RBStart,enh  ≤  RBStart,High,enhInner, 
where:
RBStart,Low,enhInner = max(1, floor(LCRB/2)) + P1 
RBStart,High,enhInner = NRB – RBStart,Low,enhInner – LCRB
P1 can tentatively be taken as min(12, ceil (2+NRB/25)), this value can be finalized after considerations in the next section.
PC2 boost challenge with legacy DFT-s-QPSK 
Our analysis and measurements both have indicated that from an emission and transmit signal quality perspective, the same types of mechanisms and limitations apply to both PC2 and PC3, and that 1 dB boost is achievable for PC2. PC2 does have more stringent implementation challenges pertaining to Tx chain gain and power handling, so defining it as an optional capability by itself should help UEs pick and choose their conditions to support boost. If, however boost value proves to be a barrier for UEs to support the enhancement feature for PC2, it may be beneficial in the larger picture to institute non-zero MPR for boosting with legacy DFT-s-QPSK. This scheme would encourage more UEs to support, and at the same time would not preclude a UE from doing better.
Proposal 2: To lower the barrier for PC2 UEs to support PC2 boost, non-zero MPR (for example: 0.5 dB) can be instituted for the enhanced inner region that supports boost without FDSS.
This proposal is captured in the companion dCR [4]. An alternative would be to allow FDSS in the enhanced inner region in place of MPR, but that is a more inefficient solution because it requires higher boosting for same net benefit.
Due diligence for enhancement based on ‘mild’ FDSS 
In [1] we had identified that net link gains were possible when mild FDSS profiles are employed to enhance the available UL power from the UE. Moreover, with FDSS, the ‘problem region’ where SEM exposure throttles boost at the edges of the legacy inner region is resolved. The geometric characteristics of the FDSS enhancement region where the max. power expectation is at least equal to the  legacy MPR0 power level is similar to that of the legacy inner region. These aspects are shown in figure 2.3-1
Figure 2.3-1: Impact of  mild FDSS on ability to support UL power enhancement.

Figure 2.3-1: Impact of  mild FDSS on ability to support UL power enhancement.
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The geometry of the FDSS enhancement region as sketched is one that satisfies the following condition [2]:
RBStart,Low,enh  ≤  RBStart,enh  ≤  RBStart,High,enh 
where:
RBStart,Low,enh = max(1, P2*floor(LCRB/2))
RBStart,High,enh = NRB – RBStart,Low,enh – LCRB
In [2] we suggested that the slope of the edge shown in the triangle is ~ 3.0, so P2 = 2/3 for the TDD PA we studied. An independent study [3] concluded this value is closer to 7 (P2 = 2/7). This discrepancy therefore warrants closer study. Figure 2.3-2 highlights the problem with choosing the slope for the mild FDSS enhancement in relation to a power expectation of MPR0.Slope = 7
Slope = 4
Slope = 3
Figure 2.3-2: Choice of slope parameter for mild FDSS.
 
Figure 2.3-1: Impact of  mild FDSS on ability to support UL power enhancement.
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As evident from figure 2.3-2, a slope of 7 as proposed in [3] appears to be an appropriate choice for wider allocations, because the triangle area formed by this slope seems to contain waveforms that can at least support MPR0. On closer observation however, some narrow allocations inside the triangle formed by assuming slope = 7 cannot support MPR0 power level (red highlighted area). On the other hand, the choice of slope = 3 seems safe but it leaves a lot of unrealized enhancement potential. Neither method is optimal. 
A hybrid method that builds on the advantages of both approaches, i.e. one that safeguards implementation margins while maximizing network benefit, would be beneficial. 
One useful observation is that when the slope is relatively high, for example 7 versus 4, the ‘pinch point’ (red triangle in figure 2.3-3, where waveforms cannot support even MPR0 power level) happens for relatively narrow RB, and therefore close to the channel edges. This implies that setting a restriction on how close an allocation can be to the channel edge would be an efficient way to reduce exposure to SEM. This value can also be chosen to equal P1, see Annex 2 for further justification. It can be implemented as another constraint for RBstart, i.e.:Slope = 7
Slope = 4
Slope = 3
Figure 2.3-3: Hybrid method to define enhancement region for mild FDSS 
 
Figure 2.3-1: Impact of  mild FDSS on ability to support UL power enhancement.
Minimum RBstart = P1

RBStart,Low,enh = max(1, P1, P2*floor(LCRB/2)) 
This method is graphically described in figure 2.3-3. 

The sub-regions as defined in this contribution are captured graphically in figure 2.3-4, along with their power expectations. 			
Figure 2.3-4: Inner + outer enhancement regions

Figure 2.3-3: Inner + outer enhancement regions
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Note that the UL power enhancement as proposed is limited to the FDSS enhancement area (which contains the inner enhancement area). One of the disadvantages of specifying the FDSS enhancement region based on a conservative PA and limiting the enhancement to this region is that it would preclude other UEs with better performing PAs from doing better. To avoid this problem the FDSS enhancement region is better framed as a minimum region where the UE must demonstrate improved UL power. This arrangement is consistent with the philosophy behind MPR, which is a max. backoff that is available to all UEs, but at the same time more capable UEs are not precluded from using less backoff.
Observation 3: For maximizing network benefit, the enhancement area should be framed as a minimum area where the UE must demonstrate the enhancement.
Further observation on the parameter definitions reveals that increasing P1 reduces the inner enhancement area and increasing P2 reduces the FDSS enhancement area: 
Observation 4: If parameters P1 and P2 are each specified as a range, their maximum values set a minimum enhancement area.
To specify the enhancement consistent with the MPR philosophy, a UE would be allowed to support the enhancement  with smaller P1 and P2 than those associated with the minimum enhancement area. For P2, a similar consideration is required as for P1, i.e. evaluation over a conservative PA model. In Annex2, we have included the boosting potential with mild FDSS for the most conservative PA model we have studied, i.e., the FDD PC2 (700 MHz) one referenced in the section 2.1. This PA model yields a lower slope parameter of slightly less than 5. This value can be conservatively chosen as 4.5, which yields a P2 parameter value of 2/4.5, or 4/9. This reasoning can be summarized as:
Proposal 3: The minimum region that can support UL enhancement when the UE selectively uses FDSS is derived from the enhanced inner region as:
RBStart,Low,enh = max(1, P1, P2*floor(LCRB/2))
RBStart,High,enh = NRB – RBStart,Low,enh – LCRB
Where:
P1 <= min(12, ceil (2+NRB/25))
P2 <= [4/9]
To enable FDSS based enhancement or not
The minimum number of waveforms that benefit from the proposed enhancements is shown graphically below in figure 2.4-1. All possible waveforms are considered in the tally below, although it is not clear that the enhancement is useful for wider allocations.
Figure 2.4-1 Enhancement footprint 

If the enhancement is limited to using only the legacy waveform with no FDSS i.e. boost only, the blue curve shows that between 30 and 40% of the waveforms can be enhanced. If FDSS is enabled, the additional number of waveforms enhanced for each channel BW is increased approximately 33% over the boost-only estimate.  The additional enhancement is difficult to ignore, and FDSS is identified as a target technique for the enhancement; it therefore follows that both enhancements should be defined for Rel-18 in RAN4

Proposal 4: Define as a package, an enhancement based on the legacy waveform as well as a complementary enhancement based on use of FDSS 
DFT-s-BPSK
DFT-s-BPSK is only enabled for very low MCS, and in a coverage enhancement feature, it would be incomplete to not consider DFT-s-BPSK alongside DFT-s-QPSK. This allows continuity in feature support at low MCS which ultimately would help the scheduler. 
The key therefore is to investigate if BPSK support is automatically implied by support for DFT-s-QPSK. As shown before [1], significant UL Tx power enhancements can be realized for FDSS+DFT-s-BPSK, like for DFT-s-QPSK. Figure 2.6-1 shows the enhancement possibilities in more detail. (Ignore the missing data in the upper right figure)
Figure 2.6-1: Relative performance of DFT-s-pi2BPSK(right) and DFT-s-QPSK (left), with (bottom) and without mild FDSS(top)
Mild FDSS
No FDSS
DFT-s-QPSK
DFT-s-BPSK

The main observation is that DFT-s-BPSK has higher boost potential even with the legacy waveform, and furthermore, lends itself even more readily to FDSS. It is therefore a low-risk proposition for a UE to also support the enhancement for DFT-s-pi/2 BPSK if it already supports the enhancement for DFT-s-QPSK. A quick way to see this is to look at the relative area of bright yellow.
Observation 5: If a UE can support DFT-s-QPSK enhancement with FDSS, it can typically meet the same requirements with DFT-s-BPSK with additional margin.
Proposal 5: For completeness, RAN4 includes pi/2 BPSK as part of the Rel-18 coverage enhancement. 

Conclusions
See draft CR [4] listed in the references where the observations and proposals are captured as a feature proposal.
Observation 1: The value of RB offset parameter P1 has dependence on PA characteristics, even after the RAN4 power normalization. The values are similar across PC2 and PC3.

Observation 2: For PC2, simulation data for boosted performance is well aligned with lab observations. 

Proposal 1: The enhanced inner region that can support 1 dB boost without FDSS is defined as the legacy inner region that is retracted by the parameter ‘P1’: 
RBStart,Low,enhInner  ≤  RBStart,enh  ≤  RBStart,High,enhInner, 
where:
RBStart,Low,enhInner = max(1, floor(LCRB/2)) + P1
RBStart,High,enhInner = NRB – RBStart,Low,enhInner – LCRB
Proposal 2: To lower the barrier for PC2 UEs to support PC2 boost, non-zero MPR (for example: 0.5 dB) can be instituted for the enhanced inner region that is reserved for boost without FDSS.
Observation 3: For maximizing network benefit, the enhancement area should be framed as a minimum area where the UE must demonstrate the enhancement.
Observation 4: If parameters P1 and P2 are each specified as a range, their maximum values set a minimum enhancement area.
Proposal 3: The minimum region that can support UL enhancement when the UE selectively uses FDSS is derived from the enhanced inner region as:
RBStart,Low,enh = max(1, P1, P2*floor(LCRB/2))
RBStart,High,enh = NRB – RBStart,Low,enh – LCRB
Where:
P1 <= min(12, ceil (2+NRB/25))
P2 <= [4/9]

Proposal 4: Define as a package, an enhancement based on the legacy waveform as well as a complementary enhancement based on use of FDSS 

Observation 5: If a UE can support DFT-s-QPSK enhancement with FDSS, it can typically meet the same requirements with DFT-s-BPSK with additional margin.
[bookmark: _Hlk148776719]Proposal 5: For completeness, RAN4 includes pi/2 BPSK as part of the Rel-18 coverage enhancement. 
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Annex 1, detail on how RB offset is derived
The enhanced inner region is the subset of inner region where boost is feasible without requiring a relaxation to the EVM equalizer spectrum flatness requirement. Figure 2.2.1-1 shows how the enhanced inner region is derived from the legacy region by retracting it by some RB offset. The RB offset from the inner/outer boundary is derived in turn from simulation of each channel BW and SCS combination. Figure 5.1 shows an example for 700 MHz PA calibrated for PC2 operation with 15 kHz SCS in a 50 MHz channel (not typical, but not explicitly precluded in the standard). The figure focuses on the legacy inner region where SEM limits boost, so detail is easily seen.
RB offset (‘P1’) for each CBW/SCS is the minimum amount over all LCRB that the legacy inner region must be retracted, so 1 dB boost is feasible in the subset ‘enhanced inner region’
Figure 5.1: Method to determine RB offset value (parameter ‘P1’ in this contribution) 
Max. spec. compliant power
Boundary of the enhanced inner region is offset by ‘P1’ from boundary between legacy inner and legacy outer (stair stepped blue)



Annex 2, boost capability with mild FDSS and FDD PC2
In this study, the FDD PC2 PA (most conservative of the ones studies in this contribution) was used to estimate enhancement regions for mild FDSS + DFT-s-QPSK. The region that can support at least the nominal MPR0 power level is shown in figures below. Note that 1 dB boost is possible in a smaller region (typically the legacy inner region). Note also that shape of the enhancement is not strictly triangular, as evidenced by the non-linear edge for low RBstart and low LCRB (see highlight below).
Slope
Figure 6.1: Max. spec. compliant output power from FDD PC2 PA with mild FDSS + DFT-s-QPSK
Min. RBstart
Deviation  of enhancement area from a strict triangular shape

The table below explicitly captures the slope parameter of the enhancement area when using mild FDSS on DFT-s-QPSK. Also included is the minimum RBstart parameter, which is a restriction on how close an allocation can be to the channel edge (section 2.3) so all waveforms that are far enough from the channel edge and fall inside the enhancement region can support the FDSS based enhancement. Note that the restriction only applies when the slope is ‘high’, where high is defined as when the triangle starts to include waveforms that cannot support MPR0.



	CBW (MHz)
	10
	20
	30
	40
	50
	Summary

	NRB, 15k
	52
	106
	160
	216
	270
	

	Slope parameter for MPR0 capable area
	4.5
	4.7
	4.5
	4.9
	4.5
	OK to use 4.5

	Minimum RBstart
	1
	5
	7
	11
	11
	Ok to use ‘P1’ parameter instead

	P1, for reference
	5
	7
	9
	11
	12
	



From the table, it is evident that the minimum RBstart parameter is smaller than the parameter P1 as proposed, so P1 can be adopted as additional margin for the UE, and a new parameter need not be defined. Note also that the UE retains a further mitigation avenue which is to locally increase the amount of filtering to overcome ‘pinch points’ like the one that motivated the keep out in the first place.
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