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1. Introduction
In RAN4#90, a way forward [1] was approved on A-MPR improvement for b41/n41 EN-DC. A number of optimization options are discussed in this document including some that were already discussed in [7, 9, 11]. In this contribution, we discuss the options for further back-off optimization and propose that the options that are selected should benefit all intra-band cases in a generic way.
2. Discussion
2.1. Way Forward from RAN4#90
Extract of the agreement:

Companies are encourage to bring proposals for improving B41/n41 EN-DC A-MPR for Rel-16 considering at least the following mechanisms, and consider their applicability to other bands and to generic MPR:

· Improving Curve selection by introducing a third curve, and considering the case where IM3s fall entirely inside channels
· Enhancing Power Trading mechanisms, including UE considering side of IM3 of concern (LTE or NR)
In addition, companies are encouraged to study the following mechanisms, and consider their applicability:

· Consideration of waveform (DFT vs. CP-OFDM) of transmission on side (LTE or NR) of IM3 of concern
· Reconsidering appropriate PA operating points for 2PA intra-band EN-DC
· Reconsidering appropriate antenna isolation for 2PA intra-band EN-DC
· New Capabilities signaling that allow UE to signal support for high PA linearity, and high antenna isolation, with new specifications for A-MPR allowances based on those.
· Other potential improvements are not precluded.
The way forward also lists a series of potential improvements listed below, including some proposed in earlier contributions. In this contribution we discuss some of these improvements and propose to select those that will have the strongest (positive) impact on future RAN4 efforts and its applicability to more cases.
Enhancements to curve selection

· Selection based on actual RB allocations, rather than channels [1]
· 3rd curve for case where IM3s are not overlapping spectral regrowth [2] 
· Identification of cases where all IM3s fall inside the LTE or NR channels (No A-MPR)
Investigate Potential Enhancements to power trading

· May be possible to define rules to trade power and allow higher NR powers than what is currently allowed by the constant total back-off approach, especially at low LTE power 
· NR must take backoff based on given LTE power
· R-IM3 power on each side of channel pair is dominated by mixing at Tx on that same side
· R-IM3 power sensitivity to own Tx PA power changes is very different from sensitivity to external signal changes. [3]
· UE could consider which side problematic IM3 is on (LTE or NR side) and trade power accordingly
Assumptions for measurements have large impact on A_MPR allowance

· Existing assumptions for measurements result in very large, unrealistic, A-MPR allowances. Rel-15 allows up to 15 dB of backoff, which would effectively preclude deployment if really needed.
· Real devices nearing deployment need far less A-MPR because of better antenna isolation and PA linearity.
Investigate Refining Assumptions for PA operating Modes

· Need to consider what PA operating modes are realistic for intra-band EN-DC measurements, given the impact of backoff to coverage
· Could PA biasing be assumed to exceed minimum ACLR spec (-31 dBc)?
Investigate Refining Assumptions on Antenna Isolation

· 10 dB isolation assumption was based on lower frequency.  Could assumption for measurements be increased?
New Capability Signaling for Improved UE capabilities

· Optional support for High Linearity PAs
· Optional support for High Antenna Isolation
· Could allow reduced A-MPR allowances for UEs that signal capability
Other Potential Improvements

· Consideration of waveform difference, DFT vs. CP-OFDM
· Other Potential improvements are not precluded.
2.2. Status of intra-band EN-DC Back-off Evaluations
In Release 15 NR, intra-band EN-DC cases were limited to two bands with specific requirements tailored for the US market. It already took significant amount of work since the start in end 2017 to come to a stable specification including 2 PA architectures where simulations can’t be used. It had to be revisited recently to account for complex power sharing mechanisms encompassing type 1 and type 2 UEs.
All along and systematically, Skyworks provided a number of contributions [5-22] based on measurements that have supported the progress on B71 and B41 EN-DC combinations for the US, and also provided the background for 2 PA architecture and reverse IMD behavior. These measurements require a lot of test points to reasonably cover different channel and RB allocations, LTE and NR power sweeps, power classes and PA architectures, which results in multiple days test and significant post processing time to analyze the data. Similarly, a lot of RAN4 time has been spend by the limited number of companies that could contribute to solve and agree the A-MPR specifications. 
With this significant amount of work in the UE RF sessions, the specification coverage is still limited while more intra-band EN-DC combinations are due in Release 16.

Observation on Release 15 intra-band EN-DC cases covered:
· NS35 DC_(n)71 UL A-MPR: 1PA architecture, LTE-PC3+NR-PC3=ENDC-PC3 for type 1 and optimized for type 2 UEs

· NS04 DC_(n)41 UL A-MPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC2 for type 1&2
· NS04 DC_41_n41 UL A-MPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC2 for type 1&2
· Intra-band contiguous and non-contiguous MPR: derived using NS04 measurements and thus is not optimum but only covers:

· >1 GHz bands because it checked for -30 dBm/MHz limit and not -36 dBm/MHz limit for <1GHz

· 2 PA architecture and thus insufficient for 1 PA architecture

· LTE-PC2+NR-PC2=ENDC-PC2 and LTE-PC3+NR-PC3=ENDC-PC3 and thus pessimistic for PC3 case and also does not cover LTE-PC3+NR-PC3=ENDC-PC2

· Type 1 and type 2 UEs
2.3. Relevant Cases for Release 16
Looking only at proposed combinations at the start of Release 16, a large number of EN-DC and NR CA combinations rely on 2 UL in the same band and/or use in a co-banded implementation. Behind each combination there are many details that go unnoticed within the automatic approval process: 

· Which UL configurations are valid?

· Which PA architecture (1 or 2 TX paths)? 

· Which LTE/NR/ENDC power class combination?

· Which UE type? Which power sharing mechanism?

· General or specific requirements?

· Band protections, Filter assumptions?

In many of those cases, it is impossible to rely on simulation due to: 

· 2 PA architecture with reverse IMD

· Very low power limits (-36 dBm/MHz or -40 dBm/MHz needed sometime, even worse for MSD for FDD cases)

· Issue with narrow allocations simulation accuracy
· Power sharing scheme using total AMPR as agreed for B41 NS04 and B71 NS35 does not work when ENDC power class is higher than individual LTE/NR power class.
Observation on new 2 UL intra-band cases to be covered:

· NS04 DC_(n)41 UL A-MPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC29dBm for type 1&2
· NS04 DC_41_n41 UL A-MPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC29dBm for type 1&2
· NSXX for China DC_(n)41 UL AMPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC2 for type 1&2
· NSXX for China DC_41_n41 UL AMPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC2 for type 1&2
· NSXX for China DC_(n)41 UL AMPR: 2PA architecture, LTE-PC3+NR-PC3=ENDC-PC2 for type 1&2
· NSXX for China DC_41_n41 UL AMPR: 2PA architecture, LTE-PC2+NR-PC2=ENDC-PC2 for type 1&2
· DC_3_n3 (NS01) MPR for: 1PA and 2 PA LTE-PC3+NR-PC3=ENDC-PC3 for type 1&2
· New set of intra-band EN-DC where architecture and power class still need to be clarified:

· DC_(n)41A/C/D2A_UL_(n)41AA => does this implies non-contiguous UL is supported?

· DC_2A_n2A_UL_2A_n2A

· DC_(n)5AA_UL_(n)5AA

· DL_28A_n28A_UL_28A_n28A

· DC_71A_n71A_UL_71A_n71A

· DC_5A_n5A_UL_5A_n5A
· Inter-band cases that looks like intra-band or close bands: DC_12A_n71A, DC_42_n77/78, DC_40A_n41(2A)_UL_40A_n41A

· 2UL contiguous NR CA cases: n3B, n5B, n41C, n48B/C, n66B, n77/78/79C
· 2UL non-contiguous NR CA cases: n41(2A), n77/78/79C
· SUL FDM may also be considered as a 2UL case.

As is very clear form this list and the small number of cases covered within Release 15 (even with a significant RAN4 time spent and contribution effort), it is essential that RAN4 creates a solid framework to evaluate required PA back-off for the multiple combinations and associated variants in terms of architecture and power class. In priority, it should address the simpler minimum requirements based on worst case baseline and enable optimization for all cases.
Proposal on Release 16 efforts: Given the amount of upcoming 2UL intra-band cases to be specified, PA back-off optimization options should be selected to be generically applicable and help develop a solid framework for future works.
2.4. Assumptions for PA Back-off Evaluation

2.4.1. Antenna Isolation for 2PA case

Back-off assumptions have been based on 10 dB antenna isolation and 4 dB post PA losses. At 2.5 GHz higher isolation are usually achievable but if higher isolation were to be used, some attention should be paid to the fact that, with current assumption, emissions are dominated by reverse inter-modulation and PA1 output to PA2 input isolation and PA1 output to PA2 input isolation is ignored:

· At 30 dBm output power at PA output, the reverse IMD power at other PA output is 12 dBm.

· Assuming 60 dB isolation from PA1 output to PA1 input, -30 dBm reaches the PA input and with 30 dB gain corresponding to 0 dBm at PA output, only 12 dB away from reverse interference power.
· With higher antenna isolations assumed, the PCB leakage may have to be considered again which make measurement and modeling for both Forward and Reverse interference more complex. It should be noted that if antenna isolation increases with frequency, the PCB isolation reduces with frequency.
Furthermore, it must be noted that if higher antenna isolation may be realized, implementations with lower post PA losses also exists which have worse impact on IMD levels.
2.4.2. PA Operating Point
3GPP back-off evaluation is based on a power amplifier linearity level at ACLR limit with reference waveform. Real implementations have typically significant margin for ACLR which means that when driven into the agreed 3GPP assumption, the PA is in hard compression. Thus, the requirement derived is really worst case, which may only be representative of very worst antenna mismatch conditions and worst case PVT. 
On one side, if the linearity level provides pessimistic evaluation at 0 dB back-off, since back-off measurements are done based on a linear PA with fixed voltage it is, on the other side, optimistic compared to ET or ATP PAs that have variable supplies and thus have less back-off gain than the linear PA assumption.
2.4.3. Different PA Types
In the way forward [1] it is discussed if back-off values could be derived based on real PA technologies implemented in today’s phones which in the vast majority are based on ET (Envelope Tracking) or APT (Adaptive Power Tracking). Both have pros and cons in terms of efficiency, complexity and bandwidth capability. Also, they behave differently, especially in terms of reverse IMD, and back-off is not applicable in a same way:
· ET PAs are always in hard compression and IMDs thus do not follow the usual math, in general it has improved linearity within the IM3 range due to close loop operation but suffers from the fact that it has very little control of what happens above 3x the modulated bandwidth, especially for interfering signals like reverse IMD for 2PA case that are outside ET control bandwidth.
· APT PAs, are essentially PAs where the back-off level is constant versus output power by varying the supply voltage accordingly. Extra back-off can apply and thus their linearity level can be tuned and thus some of the IMD behaviour of the linear AP is reproduced. Here also linearity can be further improved with DPD but this DPD is unlikely to account for reverse interferers especially at large frequency offsets. Still some intrinsic linearity is guaranteed.

One very critical aspect is that, today, we can only reasonably cover a large set of RB and channel allocations in simulations for which we have models only for forward IMD and linear PAs. For two PAs, we can reuse 1PA simulations and measure a limited set of worst cases allocations (when adding power sweeps it still results in a few 10K test points, last 2PA measurement campaign in [3] uses >80.000 test points to search NR power limit versus LTE power for 30 allocations sets and measuring ACLRs and IMDs).
If APT PAs can be modelled by a set of linear PA models at different voltage (which will already complicate simulations), ET PA modelling requires very complex models with AM path on top of IQ paths and when adaptive DPD is used interaction between these paths.
Developing such ET PAs models is complex, implementation specific and it is unlikely that 3GPP with be able to agree on one and even less likely to share them. With NR, this technique is facing new challenges with modulations bandwidths of 100 MHz and soon 200 MHz and is evolving as we speak. Note that in B41 ENDC, contiguous maximum BW is 120 MHz while non-contiguous BW can reach >190 MHz.
Proposal on assumptions for PA back-off evaluation:
· If antenna isolations assumption is revised for 2PA architecture, PCB isolation should be carefully checked and forward IMD contribution evaluated.
· PA linearity assumption (WC ACLR level), although pessimistic at 0 dB back-off, should be kept as the reference as it provides margin to enable more efficient PA architecture that exhibit lower back-off gains.

· Linear PA architecture should be kept as the reference to align results between companies and allow exhaustive simulation of allocations cases.

· Once back-off rules (shape versus allocation, frequency ranges, power sharing scheme…) have been developed using reference linear PA architecture using simulation with added measurement on worst cases scenarios, more realistic implementation like ET and APT can be checked and rules amended.
· Although results will be different, same framework is applied to 1PA and 2PA architectures.
2.5. Generic Versus Band Specific Approach
With the current proposal that focuses on specific band, the danger is that too much time is spent in developing specific optimization that requires a lot of effort with little outcome. We already have experienced this in Release 15 with only two cases to cover. Any further effort should be directed at creating a generic framework that serves all intra-band UL cases to come as discussed in section 2.3 and 2.3.
With this in mind, we believe it is far more efficient to seek RB and/or channel allocation scenarios where the back-off needs are significantly lower due to the IMD order involved in the emissions limits than trying to optimize the worst case by a few dBs.

We have for example explained in [10] that for intra contiguous case, allocations centered in the middle of the aggregated bandwidth have IMD5 subject to -13 dBm/MHz instead of -25/30 dBm for NS04/NS01 and IMD3 is no longer a concern as falling inside the channel (to an extend). Also inner/outer stand-alone LTE and NR MPR definition does not apply due to SEM and ACLR being defined for the aggregated bandwidth. 
Early measurement results from [2, 3, 4] show that in some cases, the only limitation that may apply is dictated by power sharing. Similar approach is applicable for non-contiguous cases where the filter attenuation may be accounted for different IMD orders (note that for FDD cases MSD test points are also related to this). Furthermore, when IMD3 or 5 of the two uplinks falls in band, there are also allocations close to the gap where IMD3 may fall into the channel or ACLR regions which will require far less back-off than the worst case IMD3 at -25/-30 dBm/MHz for NS04/NS01.
Finding these types of RB and channel allocation rules is essential to effectively enable LTE_PC3+NR_PC3 = ENDC_PC2 or LTE_PC2+NR_PC2 = ENDC_PC29dBm as with the current approach there is no gain on back-off possible to allow the sharing of 3 dB higher power.
It is to be noted that similar studies will be needed for NR intra band contiguous and non-contiguous UL CA cases with the only benefit that equal PSD and equal back-off assumptions should alleviate the power sharing aspects.

Proposal on optimization rules: 
· Back-off optimization study focuses on finding rules on RB and channel allocations and associated IMD3 and 5 regions to enable significantly better back-off especially for small total allocations bandwidth.
· Only allocations where limitations are to PCmax power sharing can enable ENDC power class to be 3dB higher than each RAT power class and thus should be preferred criteria for choosing optimum allocations.

· Optimization rule should also apply to intra-band contiguous and non-contiguous cases.
2.6. Power Sharing Scheme

Current power sharing scheme using total AMPR approach was a good step for Release 15 but results in excessive NR power limitations at lower LTE power and dramatic NR power reduction when LTE power increase eventually resulting in dropping NR unnecessarily. This is well demonstrated in measurements from [2, 3, 4], where it should also be noted there that when it comes to emissions PSD check seems unnecessary or at least can be significantly relaxed. 

In that context, applying power back-off compensation rules as described in [8] (0.5 dB NR power increase per dB of extra LTE back-off vs equal back-off point and 2 dB NR power reduction per dB of missing LTE back-off vs equal back-off point), results in multiple benefits:
· Increased NR power range versus LTE power range : increased ENDC cell range

· Later drop of NR power versus LTE: link kept 

· Enables a framework where only equal back-off rule is searched then a consistent power sharing rule is applied and checked

· Worst case margin is at or near equal back-off point which is the reference.
In any case, the power sharing mechanism needs to be revisited for the 2PA case where ENDC power class is 3 dB higher than LTE or NR power class since it is only when each RAT are less than 3 dB away from their max power that there is a total power benefit. This restricts how power sharing applies at both PCmax and for MPR/AMPR back-off.
Proposal on power sharing scheme:
· Improved power sharing scheme for back-off using linear LTE back-off compensation scheme enabling larger NR power ranges is prioritized, including scheme discussed in [2, 3, 4, 8].

· Modifications of that scheme are studied to apply to 2PA cases where ENDC PCmax is 3 dB higher than LTE/NR PCmax:

· LTE PC3 + NR PC3 = ENDC PC2

· LTE PC2 + NR PC2 = ENDC PC3
3. Conclusions

In this contribution, we are discussing the potential PA back-off for intra-band ENDC that can be studied within Release 16 to further optimize Release 15 approach. In order to best use 3GPP efforts and address many upcoming 2UL intra-band cases we propose the following.
Proposal on Release 16 efforts: Given the amount of upcoming 2UL intra-band cases to be specified, PA back-off optimization options should be selected to be generically applicable and help develop a solid framework for future works.
Proposal on assumptions for PA back-off evaluation:
· If antenna isolations assumption is revised for 2PA architecture, PCB isolation should be carefully checked and forward IMD contribution evaluated.

· PA linearity assumption (WC ACLR level), although pessimistic at 0 dB back-off, should be kept as the reference as it provides margin to enable more efficient PA architecture that exhibit lower back-off gains.

· Linear PA architecture should be kept to align results between companies and allow exhaustive simulation of allocations cases.

· Once back-off rules (shape versus allocation, frequency ranges, power sharing scheme…) have been developed using reference linear PA architecture using simulation with added measurement on worst cases scenarios, more realistic implementation like ET and APT can be checked and rules amended.

· Although results will be different, same framework is applied to 1PA and 2PA architectures.
Proposal on optimization rules: 
· Back-off optimization study focuses on finding rules on RB and channel allocations and associated IMD3 and 5 regions to enable significantly better back-off especially for small total allocations bandwidth.
· Only allocations where limitations are to PCmax power sharing can enable ENDC power class to be 3 dB higher than each RAT power class and thus should be preferred criteria for choosing optimum allocations.

· Optimization rule should also apply to intra-band contiguous and non-contiguous cases.
Proposal on power sharing scheme:
· Improved power sharing scheme for back-off using linear LTE back-off compensation scheme enabling larger NR power ranges is prioritized, including scheme discussed in [2, 3, 4, 8].

· Modifications of that scheme are studied to apply to 2PA cases where ENDC PCmax is 3 dB higher than LTE/NR PCmax:

· LTE PC3 + NR PC3 = ENDC PC2

· LTE PC2 + NR PC2 = ENDC PC3
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