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Introduction
Previous agreements [1,4] identified some simulation particulars for evaluation of link level performance benefit as well as any UE level enhancements to UL. RAN1 has provided RAN4 with a collection of receive metrics for some of the proposed waveforms under consideration [7]. In this contribution we share our view on link level benefits.
Discussion
On Power Boost
We have previously identified that PcmaxH seems to limit the ability of the UE to increase its maximum output power for some waveforms [5]. Separately several companies have reported their ability to deliver more power than nominal for the power-class while complying with emissions and signal quality requirements. These aspects highlight the need to allow enhanced UEs to boost their power as a first order of business.
Proposal 1: RAN4 to loosen (increase) the upper-bound of the configured power inequality (PCMAX,H) to enable FR1 UEs to increase their max. UL power for coverage enhancement. 
There are significant implementation impediments to realizing the boost potential in a practical UE. These impediments may be easy in some bands and tougher in others. There may be also variation along power class lines, but these all pertain to implementation choices rather than physical impediments. In general for this study it is better to assume that the UE can support power boosting through some future capability framework.
On schemes that use bandwidth extension
BW extension schemes are interesting but require careful consideration due to receiver side penalty.
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Description automatically generated] The primary problem is reduction of RBs available for transmitting the data (to make room for the extension) [6]. The picture to the left shows the MCS transitions before (lower) and after (higher) extension for the example cases studied by RAN1, extension factors are typical for the test cases identified. The cases are arranged by increasing throughput which ranges from ~100 kbps to about 2.2 Mbps. The increased MCS results in an SINR penalty even before any techniques like FDSS are factored in. For stronger filter masks, the diversity benefit is not significant to offset the increase in code rate.
The further problem is the need for special receivers, and challengingly, the need for significantly revamped link adaptation strategies. With extension, the adaption becomes a two-dimensional problem  with no clear trends.
Observation 1: Schemes that use BWE are challenging to deploy due to receiver changes, scheduler changes and entirely new link adaptation strategy.

Comparing various schemes
Organization of results
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Description automatically generated]An issue to consider at the outset is what subsets of DFT-s-QPSK waveforms are relevant for coverage enhancements. A competitive network would look to maximize spectral efficiency using link adaption. We studied the implications of this behavior in terms of RB allocation size. The figure below captures the optimal RB allocation as a function of bit rate, under the constraints of identical UL power for all cases.
This projection assumes a CDL-C channel, with 64 TxRUs at the gNB. The algorithm optimizes MCS for a given RB alloc to ensure 10% BLER assuming sustained UL (rather than a TDD pattern). At a target rate of 1Mbps and an UL duty-cycle of 20%., we would have to refer to the 5 Mbps level on the y-axis.
Observation 2: For a target rate of 1Mbps in a typical TDD system (DDDSU), the optimal RB allocation is < 50.
Observation 3: For a target rate of 0.1Mbps in a typical FDD system, the optimal RB allocation is < 10.
It may not be meaningful to look at wider allocations than those listed above, at least for the ‘coverage enhancement’ objective. Based on MPR for DFT-s-QPSK, there are two broad groups to consider: inner waveforms and outer waveforms. 
Inner DFT-s-QPSK waveforms are a natural fit for the brief to improve UL coverage, since they already have 0 MPR. They are also relatively numerous compared to outer waveforms. 
Outer DFT-s-QPSK are much harder to justify. The primary problem is that in the legacy case they were expected to need MPR, so it would not be meaningful to schedule a coverage limited UE with this type of waveform. 
Further, we focused on a 100 MHz channel. This choice does not matter for the study on inner waveforms, but this aspect needs careful consideration for outer variants. In the figures below we combine power boost potential with receiver side impairments to come up with an overall picture of benefit for the 10 cases identified in RAN1, for inner and outer waveforms. The data is presented in ascending order of throughput for added perspective. The max. power capability of each case was determined as the worst case over the possible locations.
The schemes considered are:
1. Baseline: Rel-17 or older
2. FDSS w/ BWE: 
a. Type 3 filter [7]: 3-tap time domain imp. response (0.28 1 0.28)
b. Type 4 filter [7]: tr RRC [0.5 1/6]
3. Non-transparent peak cancellation
4. Transparent techniques
The list of cases is included below in baseline form, prior to any enhancement.


Inner DFT-s-QPSK
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Description automatically generated]In figure 2.2.2-1, we present projected power boosting potential of a PC2 UE, assuming a 100 MHz channel and  unmodified DFT-s-QPSK. We assumed a TDD PA and applied the ‘RAN4 calibration’ (ACLR compliance requires a minimum of 1.0 dB back off). 
The elevated platform in figure 2.2.2-1 represents ability to boost power.
Figure 2.3.2-1: Boost potential for DFT-s-QPSK using the legacy waveform (100 M channel)
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Description automatically generated]The platform exceeds the boundaries established for inner waveforms even with unmodified waveforms. Figure 2.2.2-2 shows the subset of boost cases above that are in the ‘outer’ region.  This region is highlighted to point out that it is not a ‘marginal’ case for inner waveforms to support boosted operation, the innate capability spills over onto some outer waveforms also. The overall conclusion is that the UE must not be prevented from transmitting at a higher power than nominal for the power class.

Figure 2.3.2-2: Boost potential for outer DFT-s-QPSK using the legacy waveform (100 M channel)

This data supports our proposal 1. It should be noted that there is no gNB receiver side penalty for this enhancement. In other words, all the transmit side benefit manifests as link level benefit. This result in a way sets the bar for any new waveform type.

Observation 4: Even unmodified inner DFT-s-QPSK waveforms have significant link-level benefit that can be leveraged by PCMAXH modification.
Below are power boosting potential and link level benefits for various schemes. The results for each scheme are stitched together for easier grouping, but the actual curves are not intended to convey meaning.
Figure 2.3.2-3: Link level benefit of various schemes, inner waveforms

Observation 5: Power boost is feasible for inner DFT-s-QPSK waveforms using transparent as well as non-transparent techniques.
Observation 6: non-transparent techniques for inner DFT-s-QPSK waveforms outperform transparent techniques only for 2 of the 10 representative cases.
A common thread across the 2 cases where non-transparent techniques are beneficial, (5 and 10) is the low MCS (zero) in the baseline waveform. These cases already have a low PAPR alternative (pi/2 BPSK). For all other studied MCS, transparent techniques seem to outperform non-transparent techniques.
Observation 7: non-transparent techniques for inner DFT-s-QPSK waveforms outperform transparent techniques only for low baseline MCS.
This type of behavior makes non-transparent techniques unsuitable for link adaptation in the field.
Outer DFT-s-QPSK
Below are link level benefits for various schemes. The results for each scheme are stitched together for easier grouping, but actual curves are not intended to convey meaning.
Figure 2.3.3-2: Link level benefit of various schemes, outer waveforms

From the link level benefit curves it is evident that no single scheme has benefit over the others, at least across the 10 representative cases studied. For FDSS schemes, it appears that the UE must dynamically choose the optimal filter based on allocation size and MCS. Not only is this a significant burden for the UE, but the link adaptation would also have to keep up with this behavior.
Observation 8: The UE must dynamically optimize its pulse shaping filter mask based on RB size and MCS to show better performance than other schemes.
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Description automatically generated]In [5] we worked out that for allocations < 64 RB in a 100 MHz channel, more than 89% were inner. This fraction increases as the RB length allocation cut off reduces. See figures below:
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Observation 9: The number of outer DFT-s-QPSK waveform is an order of magnitude smaller than inner DFT-s-QPSK, which suggests the complexity/benefit trade-off must be closely scrutinized for outer waveforms. 
 The Tx power potential for some subset of outer waveforms is better than recorded in the figures above,  so if RAN4 is intent on enabling outer waveforms, it requires further fragmentation of the MPR table. 
Summary of results
The case for inner waveforms seems clear-cut. Link benefit is available, but PCMAXH must be relaxed (increased). Transparent schemes have competitive or superior link benefits among the alternatives studied, and generally require less extreme power boost levels than non-transparent schemes.
The case for outer waveforms is more complicated and needs further study and optimization.
Proposal 2: Confirm that coverage enhancements can be achieved for inner DFT-s-QPSK waveforms using transparent schemes.

Conclusions
Proposal 1: RAN4 to loosen (increase) the upper-bound of the configured power inequality (PCMAX,H) to enable FR1 UEs to increase their max. UL power for coverage enhancement. 
Observation 1: Schemes that use BWE are challenging to deploy due to receiver changes, scheduler changes and entirely new link adaptation strategy.
Observation 2: For a target rate of 1Mbps in a typical TDD system (DDDSU), the optimal RB allocation is < 50.
Observation 3: For a target rate of 0.1Mbps in a typical FDD system, the optimal RB allocation is < 10.
Observation 4: Even unmodified inner DFT-s-QPSK waveforms have significant link-level benefit that can be leveraged by PCMAXH modification.
Observation 5: Power boost is feasible for inner DFT-s-QPSK waveforms using transparent as well as non-transparent techniques.
Observation 6: non-transparent techniques for inner DFT-s-QPSK waveforms outperform transparent techniques only for 2 of the 10 representative cases.
Observation 7: non-transparent techniques for inner DFT-s-QPSK waveforms outperform transparent techniques only for low baseline MCS.
Observation 8: The UE must dynamically optimize its pulse shaping filter mask based on RB size and MCS to show better performance than other schemes.
Observation 9: The number of outer DFT-s-QPSK waveform is an order of magnitude smaller than inner DFT-s-QPSK, which suggests the complexity/benefit trade-off must be closely scrutinized for outer waveforms. 
Proposal 2: Confirm that coverage enhancements can be achieved for inner DFT-s-QPSK waveforms using transparent schemes.
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Annex 1 – Sim data for baseline waveforms
[image: Chart

Description automatically generated]

[image: Chart, line chart

Description automatically generated]

Annex 2 – Sim data for TrPC
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Annex 3: Sim results for 0.25*BWE+non-transTR
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Annex 4: Sim results for 0.25*BWE+FDSS
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