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Introduction
In a previous contribution [1], we had identified that bulk of the inner waveforms did not need FDSS, but FDSS was useful to enhance outer waveforms. Consequently, we proposed to organise the enhancement by allocation region and technique used:
· Inner region, no FDSS required (legacy waveform).
· Outer region, FDSS required.
In this contribution we present the proposals made in the contribution referenced above in CR form along with explanations as necessary. 
Discussion
Background
In [1], we laid down the guidelines for what coverage enhancement feature may look like for the Rel-18 coverage enhancement work item.
	Proposal 1: RAN4 to evaluate two types of enhancements for DFT-s-QPSK using transparent techniques:
· Inner region, no FDSS required (legacy waveform).
· Outer region, FDSS required.
Proposal 2: The boost value for the UL coverage enhancement feature relative to the nominal power class level is 1.0 dB.
Proposal 3: RAN4 to determine optimal way to define the subset of the inner region where boost is feasible.
Proposal 4: RAN4 to determine optimal way to define the subset of outer region where 0 dB MPR is feasible, considering FDSS type and narrow allocations.
Proposal 5: RAN4 to not preclude outer region 0 dB MPR waveforms from boosting their power.
Proposal 6: Limit the enhancement for Rel-18 to PC2 and PC3. The ACLR limit for boosted operation is derived by linear interpolation between the UE’s native power class and the next higher power class.
Proposal 7: All duty cycle criteria shall be scaled by the boost value. For example, a boost value of 1 dB would be accompanied by reducing UL duty cycle values by 10 -0.1.
Proposal 8: For boosted operation, MSD values shall not be degraded for this feature.
Proposal 9: The Rel-18 coverage enhancement feature scope is limited to non-NS cases. 
Proposal 10: For completeness, RAN4 to consider including pi/2 BPSK as part of the Rel-18 coverage enhancement. 




We have developed these principles with further consideration towards both implementation and specification in the standard. The development is presented in CR form, in accompanying contributions [2,3]. A special note about prop 6: since the difference between the linearly interpolated ACLR value and the ACLR requirement for the indicated power class is small (0.33 dB for PC3) or non-existent (PC2) for the proposed boost value of 1.0 dB, we have assumed that the ACLR requirement carries over unchanged for boosted operation.
Inner region, no FDSS
In [1] we had identified conservatively that 1 dB boost was feasible for both PC2 as well as PC3, but we also noted that for some inner waveforms, boost potential can be curtailed due to SEM requirements. Figure 2.2-1 captures this impact for PC2. PC3 UEs also suffer this problem but to a lesser degree because of 3 dB lower output power. 
Figure 2.2-1: Inner regions where 1 dB boost cannot be supported


Since the proposed boost value of 1 dB cannot be supported by all inner region waveforms, it is necessary to first carve out the problematic areas (highlighted above) from the eventual region where boosted operation will be defined. Figure 2.2-2 shows the simplest approach which involves creation of a ‘retracted’ version of the legacy inner region, and the retraction is in terms of some RB offset value. This new region is defined as the ‘enhanced inner region’. The retraction method is chosen because the retracted inner region is a shape that is simply defined in waveform space.
Figure 2.2-2: Definition of the enhanced inner region by retracting the legacy inner region.
Waveform space
Inner
Enhanced inner region
‘Retraction’ offset 
L_CRB

L_CRB
RB_start

RB_start

	RB offset to define ‘enhanced inner region’ 

	CBW (MHz)
	PC2 
	PC3 

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

	5
	N/E
	N/E
	0
	0

	10
	1
	N/E
	0
	0

	20
	2
	0
	1
	0

	30
	3
	N/E
	1
	0

	40
	4
	2
	3
	0

	50
	4
	1
	3
	1

	60
	N/E
	4
	N/E
	3

	80
	N/E
	2
	N/E
	2

	100
	N/E
	4
	N/E
	3


The table to the right captures the empirically determined amount of retraction (‘RB offset’) necessary for the enhanced inner region at 3.5 GHz for PC2 and PC3 respectively, relative to the legacy inner region. Other frequency bands are expected to be similar. (N/E = not evaluated).

The mathematical description of this enhanced inner region is achieved by introducing the necessary RB offset as a ‘region modification parameter’ (P1) in the qualifying condition for a legacy inner RB allocation, as shown below [2,3]:

RBStart,Low + P1  ≤  RBStart  ≤  RBStart,High - P1   

The self-evident technique to enable boost in the enhanced inner region, but not in the rest of the inner region is to define a ∆Ppowerclass of -1 dB for just the enhanced inner region. This type of construct allows retention of the legacy MPR table. Just as a note, there are other gating conditions also (modulation type, duty cycle, etc, see section 2.5 for treatment). 
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Description automatically generated]An interesting finding from the table of required RB offset (for region retraction) is that the difference between PC2 and PC3 are not huge in context of margins that are necessary to add before standardization. By ignoring the power class-sensitive variation, the offset value seems to scale loosely with NRB. The RB offset values are plotted by NRB in figure 2.2-3 to the right, along with a reasonable upper bound (blue):

Upper bound (raw) = (2+NRB/40) or 6 whichever is smaller

Since the unit of the upper bound should be ‘RB’ it is discretized (green):

Disc. Upper bound = min (6, ceil (2+NRB/40))

This (discretized) upper bound is a safe RB offset value such that when the legacy inner region is retracted by this value, all waveforms inside it can support 1 dB boost. This upper bound can therefore serve as P1 [2,3]. i.e.:

P1 = min (6, ceil (2+NRB/40))




Observation 1: The boost enhancement for inner waveforms can be defined by defining a new region that is retracted from the legacy inner region (‘enhanced inner region’) by some RB offset where the UE can simultaneously support 0 MPR and ∆Ppowerclass of -1 dB. RB_start

RB_start
L_CRB
Inner
Enhanced inner region (brown):
∆Ppowerclass = -1
MPR = 0 (legacy MPR)

Legacy inner region outside enhanced inner region (brown) region (blue):
∆Ppowerclass = 0
MPR = 0 (legacy inner)

Figure 2.2-4: Inner-only enhancement, no FDSS


Observation 2: The set of inner waveforms that do not belong the enhanced inner region retain legacy UL power requirements.



Outer region, ‘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 regions  associated with different UL power level expectations (for example, boosted operation or operation with  legacy MPR0 power level) are similar. 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.
Boundary of legacy MPR0-capable waveforms

Boundary of legacy MPR0-capable waveforms
Boundary of boost-worthy set of waveforms
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Boundary of MPR0 capable waveforms expands outward with stronger filtering.
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Boundary of enhanced inner waveforms (section 2.2)


Progressively stronger FDSS profiles continue to help the UL power level at the UE but erode net link gain, so it is necessary to limit how much filtering is applied. Our work in [1] suggested that a mild trRRC filter with coefficients [0.5 0.4]  are a practical upper limit to realize net gain.

Observation 4 [1]: FDSS + DFT-s-QPSK yield meaningful link-level gains only for mild filter profiles (< 5 dB droop) due to erosion of link benefit with strong FDSS profiles.
To define this enhancement therefore, two aspects need to be defined in the standard:
1. A limit on how much filtering can be employed in the UE
2. A simple way to define the enhancement region

The first aspect represents the challenge of restricting PSD variation across the allocation to about 5 dB. This allowance is centred on the allocation rather than fixed to the channel, so it must be modelled on the EVM equalizer flatness requirement for pi/2 BPSK. The standard already allows about 4 dB PSD variation in the EVM equalizer flatness requirement for waveforms away from the band edges. One way to set a requirement is to allow up to 10 dB (4+ 5 + 1 dB margin) across an allocation that is far enough away from the channel edges. Unfortunately, at the band edges a worst-case addition of the legacy flatness allowance and the PSD variation from the desired FDSS create a nonsensically loose requirement.

Observation 3: It is difficult to reconcile legacy band edge flatness relaxation with the need to realize meaningful link gain with FDSS (i.e. restriction to mild filtering).

Observation 4: The FDSS based enhancement can be defined if it is restricted to RB allocations that are at least 5 MHz away from the band edge, where the tighter EVM equalizer flatness requirement applies.

The second aspect is defining the geometry of the enhancement region which can support at least MPR0 UL transmission. This region is loosely marked out by the blue triangular region in figure 2.3-1. Since this region includes both inner and outer waveforms, this region is a more general ‘enhanced power’ region without an ‘inner’ or ‘outer’ qualification. This triangular ‘enhanced power’ region can be mathematically described as a variation of the legacy inner region by defining a single region modification parameter ‘P2’ as shown below.

An enhanced power allocation is one that satisfies the following condition [2,3]:
RBStart,Low,enh  ≤  RBStart,enh  ≤  RBStart,High,enh, where:
 RBStart,Low,enh = max(1, P2*floor(LCRB/2)) and RBStart,High,enh = NRB – RBStart,Low,enh – LCRB
Our studies suggest that both PC2 and PC3 have a similar slope for the edge of the enhancement region identified with a slope parameter in the figure. For the mild FDSS described previously (‘mild’ to ensure net benefit), this slope is ~ 4.0. This value, with a little margin, can be implemented as 3.0 by setting P2 = 2/3 [2,3].Figure 2.3-2: Geometry of enhancement area if FDSS is enabled

Figure 2.3-2: Geometry of enhancement area if FDSS is enabled
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As is evident from figure 2.3-1, the FDSS-dependent enhanced power region is bounded by the blue triangle on the outside and the black dotted triangle on the inside. This region includes some legacy inner waveforms as well as some legacy outer waveforms. The region inside the black triangle is excluded from this set because those waveforms do not need FDSS.
First consider waveforms that are both, in the FDSS-dependent enhanced region and also fall in the legacy outer region. In the boost distribution figure in figures 2.3-1, this area is bounded by the blue triangle on the outside and the green triangle (legacy inner region) on the inside. The figure shows a boost potential that varies between 0.3 and 1.0 dB. The UL power level expectation can therefore conservatively be set to the legacy MPR0 power level.
Next, consider waveforms  that are both, in the FDSS enhancement region and also fall in the legacy inner region (but not in the ‘enhanced inner’ where no FDSS is necessary).  In the same figure referenced above, this region is bounded by the green triangle on the outside and the black dotted triangle on the inside. Recall that in [1], the boost level was capped conservatively at 1.0 dB considering UE implementation complexities, The UL power level expectation in this region is conservatively the same as the expectation of enhanced inner waveforms, i.e. boosted by 1 dB.
With the sub-regions and their power expectations identified, it is possible to specify the FDSS based enhancement on top of the inner region boost enhancement. The general technique is to enable boost (i.e define a ∆Ppowerclass of -1 dB) in the larger ‘enhanced power’ region and ensure sufficient MPR exists for cases where boosting is not feasible. The combined inner + outer enhancement is captured graphically in figure 2.3-3. Figure 2.3-3: Inner + outer enhancement regions

Figure 2.3-3: Inner + outer enhancement regions
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Inner region (shown for reference)
Enhanced outer region, 
Needs FDSS 
MPR = 1 dB (legacy outer)
∆Ppowerclass = -1 dB
Power target = legacy MPR0

Enhanced outer region, 
Needs FDSS to transmit at legacy MPR0 level
MPR = 1 dB (legacy outer)
∆Ppowerclass = -1



Inner region outside enhanced-power region
Needs  FDSS 
MPR = 0 dB (legacy inner)
∆Ppowerclass = -1 dB
Power target = legacy MPR0 + 1 dB

Inner region outside enhanced-inner 
Boosted, needs FDSS 
MPR = 0 dB (legacy inner)
∆Ppowerclass = -1
Enhanced inner region 
No FDSS
MPR = 0 dB (legacy inner)
∆Ppowerclass = -1
Power target = legacy MPR0 + 1 dB

Enhanced inner region Boosted (see section 2.2) 
No FDSS
MPR = 0 dB (legacy inner)
∆Ppowerclass = -1
Un-enhanced outer region, 
MPR = 1 dB
∆Ppowerclass = 0 dB


The key observations are that if the region where ∆Ppowerclass of -1 dB can be defined only to the enhancement region, legacy MPRs can be retained. Furthermore, while outer waveforms in the enhanced power region are expected to transmit at legacy MPR0 power level, they are not precluded from boosting. A side condition to note is that FDSS needs to be enabled only for those waveforms that lie, inside the enhanced power region but outside the enhanced inner region [2,3].

Observation 5: The FDSS based enhancement can be added to complement the boosting enhancement defined for legacy waveforms inside the inner region while retaining legacy MPRs.

For UL limited scenarios, the target use-case of the coverage enhancement WI, only narrow RB allocations are foreseen. Very generously, the limit for narrow allocations can be taken as 64 RBs for 30 kHz SCS (TDD) and 16 RBs for 15 kHz SCS (FDD). The fraction of RB allocations relative to these limits that benefit from these schemes are plotted  graphically below in figure 2.3-4, based on the proposed expression for value of parameter ‘P1’:

Figure 2.3-4: Fraction of narrow DFT-s allocations that benefit from enhancement


If the technique is extended to wider waveforms also to determine benefit for opportunistic use outside what can strictly be considered coverage enhancement, the fraction of RB allocations that benefit from these schemes degrades slightly, but the technique remains attractive, as shown graphically below in figure 2.3-5.

Figure 2.3-5 Fraction of all possible DFT-s allocations that benefit from enhancement 


On criteria for new regions
[image: A yellow and black text

Description automatically generated]The new regions proposed for this feature are variants of the legacy inner region. The legacy definition of the inner region includes this condition:

The yellow highlighted condition can however be derived from the first inequality, specifically by setting RBStart,Low  =  RBStart,High

Since the highlighted condition is not an independent requirement, it is dropped from definition of other regions like ‘enhanced power region’ and enhanced inner region’ [2,3].

Other supporting changes – the Tx configured power requirement
Using the rel15 pi/2 boosting as a precedent for signaling, it is evident that the UE needs a capability, and the network needs an IE to enable this operation in the field for a capable UE. Another aspect for resolution is how the existing IE powerBoostPi2BPSK and the new IE [powerBoostRel18] interact. The legacy IE is referenced in the MPR table, and if that has to be retained unchanged, the IE and the associated ∆Ppowerclass modification to -3 should also be retained unchanged (i.e. no new conditions). Consequently, the new feature is enabled only when the legacy IE is set to 0.
These are captured below as conditions for the enhancement [2,3]:
· UE indicates support for UE capability [powerBoostingRel18] in the UL band , the IE [powerBoostRel18] is set to 1 and the IE powerBoostPi2BPSK is set to 0
The next aspect is to determine the conditions under which the UE adopts ∆Ppowerclass of -1 dB. The legacy configured power requirement allows for ∆Ppowerclass modification to 3 dB when certain conditions are met:
Condition A
Condition B
Condition C
Condition D

This arrangement can be summarized as ‘if A or B or C or D is true, then ∆Ppowerclass is +3 dB’. Note that condition B pertains to power class 1.5, and so, not relevant for this discussion. To define a different ∆Ppowerclass to enable boosted operation, the associated condition must first satisfy ‘notA and notC and notD’ [2,3]. Note also that notA is not sufficient to ensure thermal load capability for front end components. So ‘notA’ must be developed further to accommodate prop [7] from [1].
	All duty cycle criteria shall be scaled by the boost value. For example, a boost value of 1 dB would be accompanied by reducing UL duty cycle values by 10 -0.1.


 
The notA condition developed for boosted operation is below [2,3], noting that is 10 -0.1 is ~0.8:
	· If UE indicates power class 3, the percentage of uplink symbols transmitted in a certain evaluation period is less than 80% 
· If UE indicates power class 2, when the field of UE capability maxUplinkDutyCycle-PC2-FR1 is absent and the field of UE capability maxUplinkDutyCycle-PC1dot5-MPE-FR1 is absent and the percentage of uplink symbols transmitted in a certain evaluation period is less than 0.8*50%; or when the field of UE capability maxUplinkDutyCycle-PC2-FR1 is not absent and the percentage of uplink symbols transmitted in a certain evaluation period is less than 0.8*maxUplinkDutyCycle-PC2-FR1 as defined in TS 38.306 (The exact evaluation period is no less than one radio frame); or when the field of UE capability maxUplinkDutyCycle-PC1dot5-MPE-FR1 is not absent and half the percentage of uplink symbols transmitted in a certain evaluation period is less than 0.8*maxUplinkDutyCycle-PC1dot5-MPE-FR1 as defined in TS 38.306 (The exact evaluation period is no less than one radio frame)



Observation 6: The configured power requirement can be modified to enable boosting as well as FDSS based UL power enhancement without precluding boosted operation.
Draft CRs
The observations above are used to construct 2 draft CRs [2,3]:
· a simpler one that only enables power boosting for inner regions and requires unmodified (legacy) waveforms
· a second more comprehensive one that also adds outer waveforms to the enhancement, provided mild FDSS is used. 
These options have been provided to allow RAN4 to choose how this enhancement will be specified:
	
	Inner Only enhancement
	Inner + outer enhancement

	Waveforms
	Legacy DFT-s-BPSK,
Legacy DFT-s-QPSK
	FDSS + DFT-s-BPSK, 
FDSS + DFT-s-QPSK

	Fraction of narrow RB allocations available for enhancement
	[image: ][image: ]

	Uncertainty of link benefit
	None
	Significant uncertainty for the additional 10% outer because they rely on FDSS, and the EVM spectrum flatness does not restrict FDSS precisely enough.





Conclusions
See draft CRs [2,3] listed in the references where the observations are captured in the feature proposal.
Observation 1: The boost enhancement for inner waveforms can be defined by defining a new region that is retracted from the legacy inner region (‘enhanced power inner region’) where the UE can simultaneously support 0 MPR and ∆Ppowerclass of -1 dB. 

Observation 2: The set of inner waveforms that do not belong the enhanced power inner region can retain legacy UL power requirements by supporting  ∆Ppowerclass of -1 dB with an MPR of 1 dB, so they can optionally support power boost.

Observation 3: It is difficult to reconcile legacy band edge flatness relaxation with the need to realize meaningful link gain with FDSS (i.e. restriction to mild filtering).

Observation 4: The FDSS based enhancement can be defined if it is restricted to RB allocations that are at least 5 MHz away from the band edge, where the tighter EVM equalizer flatness requirement applies.

Observation 5: The FDSS based enhancement can be added to complement the boosting enhancement defined for legacy waveforms inside the inner region.

Observation 6: The configured power requirement can be modified to enable boosting as well as FDSS based UL power enhancement without precluding boosted operation.
Reference
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field of UE capability maxUplinkDutyCycle-PC2-FRI is absent and the field of UE capability
maxUplinkDutyCycle-PCldot5-MPE-FRI is absent and the percentage of uplink symbols transmitted in a
certain evaluation period is between 25% and 50%; or when the field of UE capability maxUplinkDutyCycle-
PC2-FRI is not absent and the percentage of uplink symbols transmitted in a certain evaluation period is
between maxUplinkDutyCycle-PC2-FRI and maxUplinkDutyCycle-PC2-FR1/2 as defined in TS 38.306 (The
exact evaluation period is no less than one radio frame); or when the field of UE capability
maxUplinkDutyCycle-PCldot5-MPE-FRI is not absent and the percentage of uplink symbols transmitted in a
certain evaluation period is larger than maxUplinkDutyCycle-PCldot5-MPE-FRI as defined in TS 38.306
(The exact evaluation period is no less than one radio frame).

- 3dB when the UE is configured with SUL configurations and the requirements of default power class are
applied as specified in sub-clause 6.2C.1 on the band where UE indicates power class 2;

- 3dB is applied during SRS transmission occasions with usage in SRS-ResourceSet set as ‘antennaSwitching’
with configured SRS resources in cach SRS resource set(s) consisting of one SRS port when PC2 capable UE

with txDiversity-r16 capability or PC1.5 capable UE further indicates SRS-TxSwitch capability ‘t1r2" or
‘tlrd” or ‘tlrl-t1r2” or ‘tlrl-tlr2-tlr4’;

- 0dB otherwise:
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