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Introduction
The RAN plenary guidance from RAN#100 (RP-231498) is for RAN4 to focus on transparent techniques for specifying coverage enhancement, with no impact to RAN1 specifications. In this contribution we identify the possible enhancements with these simplified boundary conditions.
Discussion
Observations on legacy DFT-s-QPSK
A fundamental starting point is the state of the legacy DFT-s-QPSK waveform in relation to the RAN4 MPR framework. Today there is only 1 dB of MPR for a maximal allocation, which is well understood to be ACLR limited. This condition is the rate determining factor and is used as a calibration point for the simulation-domain model for the Tx chain. For a Tx chain so calibrated for PC2 (MPR0 = 26 dBm), figure 2.1-1 shows the simulated margins to specification limits for DFT-s-QPSK at MPR0. In this condition, the UE enjoys considerable margins to the EVM and IBE requirements. Furthermore, SEM and ACLR margins are also considerable, but only in the ‘inner’ regions.
Figure 2.1-1: dBc margins to spec. limit at MPR0 power level

Observation 1: Legacy inner DFT-s-QPSK waveforms enjoy considerable margin to spec. limits even at MPR0 power level.
For eligible inner waveforms, it is possible to trade some of those large margins in exchange for an output power level that exceeds the MPR0 level for that UE. Not all UEs may be ready to make this trade, so ability to transmit at a power level higher than MPR0 would naturally be a UE capability, and consistent with an optional feature. This capability is referred to as boost for the remainder of this contribution.
Observation 2: Boost beyond MPR0 power level is feasible for legacy inner DFT-s-QPSK waveforms in exchange for lower margins to spec. limits compared to the legacy case, as a UE capability.
Figure 2.1-2 shows the feasible boost potential of PC2 and PC3 UEs using this technique of trading some of their margins for higher UL power for the legacy DFT-s-QPSK waveform. The 0 dB level in the figures represents the nominal power level for a given power class.
Figure 2.1-2: Feasible boost  (dB) for  PC3 (20M, left) and PC2 (100M, right)

The preceding observations identify clear-cut enhancements that can apply to legacy inner waveforms. They also highlight that it is not as easy to extract boost compliant power in the outer regions, mainly due to SEM and ACLR considerations. The figures above show that majority of the outer waveforms need some back off at the PA (grey regions at higher LCRB). Outer waveforms are therefore a good candidate for PAPR reduction schemes. One of those schemes is FDSS, itself explicitly referenced in the WID. FDSS entails using an allocation-specific filter profile in the frequency domain prior to the final conversion to the time domain . Some general observations of using various FDSS profiles on DFT-s-QPSK are captured in figure 2.1-3.
Figure 2.1-3: Impact of  FDSS on ability to support UL power enhancement.
Boundary of MPR0-worthy waveforms is larger than the boost-worthy set, example shown uses mild FDSS
Boundary of boost-worthy set of waveforms
Boundary of enhanced power waveforms expands outward with stronger filtering.
Waveform space
Inner

When the FDSS profile is chosen carefully, PAPR can be reduced which in turn manifests as higher spec.-compliant output powers. The subset of waveforms that can be transmitted at 0 dB MPR increases as PAPR is reduced by filtering. The area of boost-capable waveforms also increases relative to no-FDSS DFT-s-QPSK, but this area is relatively smaller. Separately, we have previously reported [1] on receiver impairment due to FDSS. Any FDSS-based solution must therefore balance UE side Tx power benefit against any gNB side desensitization. This additional constraint therefore differentiates the boost-based enhancement in the inner regions (no receiver desensitization) and those that do require FDSS. To summarize:
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.
We look at each of the above enhancement types in detail below.
Enhancement using the legacy waveform
It is evident from figure 2.1-2 that inner waveforms are a good candidate for boosting, without the need to resort to techniques like FDSS that extract a tax at the receiver end of the link. The set of inner waveforms is therefore a convenient candidate to define the applicability of the legacy waveform based (non-FDSS) enhancement. 
The first aspect to consider is the boost value – the preceding projections have been capped to 1.0 dB of boost. This value is arbitrarily chosen as a good balance between making a meaningful improvement over existing waveforms and implementation feasibility in the present to near-future timeframe. UE implementation constraints include considerations like excess gain in the lineup, SOA of the PA, thermal capacity of front-end componentry and bias power availability. 
Proposal 2: The boost value for the UL coverage enhancement feature relative to the nominal power class level is 1.0 dB.
Unfortunately for some inner waveforms, boost potential can be curtailed for higher power UEs due to SEM requirements. SEM is not a problem for legacy inner DFT-s-QPSK waveforms, because the latter are not expected to transmit at higher than the MPR0 power level. Figure 2.2-1 captures this impact for PC2. PC3 UEs suffer this problem to a lesser degree because of relatively lower output power. The size of the impacted regions unfortunately will also depend on PA characteristics and is likely to vary slightly across implementations.
Figure 2.2-1: PC2 inner regions where boost must be throttled.


The figures above show that in the impacted regions, even an enhanced UE may only be able to support 0.5 or less dB of boost. Since the proposed boost value cannot be supported by all inner region waveforms, it is necessary to first carve out the problematic areas (highlighted above) from the inner region to determine the subset of inner waveforms that can support boost. 
Observation 3: UEs can support boost over some subset of the inner region that excludes some of the waveforms that lie at the boundary of inner and outer.
Proposal 3: RAN4 to determine optimal way to define the subset of the inner region where boost is feasible.

A closer look at FDSS-dependent enhancement
gNB receiver impact from FDSS
The FDSS-dependent enhancement requires special treatment because of receiver impact, and an enhancement design needs to balance Tx and Rx side benefits. Figure 2.1-3 shows that outer waveforms need reducing MPR with progressively stronger FDSS. Unfortunately, there can be significant receiver degradation which can be difficult to overcome by the enhancement on the Tx side. The receiver assumptions in the study included:
· legacy gNB receiver (no presumption of UE Tx filter shape).
· TDL-C channel, 300 ns delay spread, 11 Hz doppler.
· 4 RB bundling for low SNR channel estimation. 
· Typical MCS range for DFT-s-QPSK.
· The following filter types as established in R4-2303562 were studied:
	
	Mild
	Strong

	3 tap equivalent
	[0.15 1.00 0.15]
	[0.30 1.00 0.30]

	Truncated RRC
	[0.5 0.4]
	[0.5 1/6]


Figure 2.3.1-1: FDSS profiles in study, shown for 100 RB example.

The first layer of discrimination based on results separates ‘mild’ from ‘strong’ filtering, with strong filtering bringing unacceptable link losses, see figure 2.3.1-2. Receiver desensitization is quantified as SNR degradation for 10% BLER.
Figure 2.3.1-2: gNB desens due to FDSS profiles in study. ‘Strong’ FDSS brings unacceptable losses.

Further analysis of mild variants showed that truncated RRC filters are generally better suited for DFT-s-QPSK and transparent reception. Note however the sensitivity to narrow allocations unique to truncated RRC profiles.
Figure 2.3.1-2: truncated RRC vs 3 tap filters


At a high level, the study suggests that desensitization difference in filter families remains minor provided the filter profile itself is ‘mild enough’. Our studies suggest that a 5 dB droop due to FDSS is mild enough, and > 10 dB droop is too strong.
Moreover, it appears that narrow allocations might prefer 3-tap profiles, but wider allocations may prefer the tr-RRC shape. More concerningly, for narrow allocations even a mild tr-RRC filter can have negligible link level gain despite significant Tx power increase, due to the identified receiver sensitivity. This detail must be resolved prior to specification of this enhancement because many coverage-limited waveforms tend to be narrow.  These aspects can be captured by judicious relaxation of the EVM equalizer flatness requirement for this feature. 
UE transmitter impact from FDSS
The impact of FDSS on PAPR of the UL waveform is well studied. The reduced PAPR from FDSS indeed manifests as progressively smaller subsets of the outer region that need MPR. MPRs appear as grey regions in the profile for boost with DFT-s-QPSK. Also evident is that the regions that can support 0MPR (colored regions in the triangular waveform space) increases with filter strength, see figure 2.3.2-1:
Figure 2.3.2-1: Impact of progressively stronger FDSS profiles on boost/MPR.
Mild filter
Strong filter


Summary for FDSS-dependent enhancement 
The receiver constraint places a practical upper limit on how much FDSS is practical for the system for transparent reception of DFT-s-QPSK. Either of the ‘mild’ filters in this study are a practical upper limit, and any relaxation to EVM equalizer spectrum flatness would have to incorporate this aspect. The legacy flatness requirement for pi/2 BPSK and accompanying 3-tap profile is not appropriate for DFT-s-QPSK.
Observation 4: 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.
Mild filter profiles can make a significant subset of outer DFT-s-QPSK waveforms available for transmission without back off from MPR0 level. These waveforms nominally have 1 dB MPR, so the enhancement would represent a 1 dB Tx side benefit. A 1 dB MPR reduction is a minimum entry point because of dependence of FDSS which erodes 0.3 to 0.5 dB of the gains.
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.
To maximize the network benefit, outer waveforms should not be precluded from boosting their power as an implementation choice for the UE alongside inner waveforms. 
Proposal 5: RAN4 to not preclude outer region 0 dB MPR waveforms from boosting their power.
UE power classes for enhancement
The main power classes to consider for the enhancement are PC2 and PC3. PC1.5 and PC5 shared spectrum access devices were not studied and can be evaluated in a follow-up work item in a future release. For boost enabled operation, the ACLR limit can be linearly interpolated to the next higher power class. It is evident that for small boost values, like 1 dB, there would be negligible increase in the ACLR requirement. 
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.
Other supporting changes
Duty cycle criteria
To open the enhancement to existing designs, it helps to minimize additional burden on front-end components. One avenue to achieve this is by inversely scaling all duty-cycle related side conditions by the linear boost value. For example, a boost value of 1 dB would be accompanied by reducing any UL duty cycle values by 10 -0.1, i.e duty cycle X scales to 0.79X.
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.
MSD
Under boosted operation, there is potential for increased self-jamming for FDD bands. Since this is an optional feature, and pertains to coverage, it is not appropriate to let sensitivity degrade. 
Proposal 8: For boosted operation, MSD values shall not be degraded for this feature.
A-MPR
Under boosted operation conditions, far out-of-channel emissions are likely to increase in concert with the increased transmission power. Since this subject is large, the current enhancement can be limited to non NS cases.
Proposal 9: The Rel-18 coverage enhancement feature scope is limited to non-NS cases. 
NS cases can be studied in a future release if there is motivation.
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. Significant UL Tx power enhancements can be realized for FDSS+DFT-s-BPSK, like for DFT-s-QPSK. Figure 2.5.4-1 shows the enhancement possibilities in more detail. The main observation is that DFT-s-BPSK lends itself readily to FDSS and can be included in the enhancement.

Figure 2.5.4-1: Impact of FDSS profiles on boost/MPR for DFT-s-BPSK.
Mild filter
No FDSS
Spec. compliant power potential for pi/2 BPSK is about equivalent to QPSK without FDSS
Even mild FDSS brings much more significant gains compared to DFT-s-QPSK
SEM limits boost ability in these limited regions

Proposal 10: For completeness, RAN4 to consider including pi/2 BPSK as part of the Rel-18 coverage enhancement. 
Conclusions
Observation 1: Legacy inner DFT-s-QPSK waveforms enjoy considerable margin to spec. limits even at MPR0 power level.
Observation 2: Boost beyond MPR0 power level is feasible for legacy inner DFT-s-QPSK waveforms in exchange for lower margins to spec. limits compared to the legacy case, as a UE capability.
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.
Observation 3: UEs can support boost over some subset of the inner region that excludes some of the waveforms that lie at the boundary of inner and outer.
Proposal 3: RAN4 to determine optimal way to define the subset of the inner region where boost is feasible.
Observation 4: 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.
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. 
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