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Introduction
In RAN4#91 meeting a way forward [1] was agreed to look into options for improved back-off performance for Band 41 intra-band EN-DC. One of the possibilities is to agree on additional assumption on achievable antenna isolation and create a UE capability corresponding to this with improved MPR/AMPR. In this document we discuss reasonable assumptions for antenna isolation and potential limits in performance improvement due to the PCB isolation path getting dominant. Initial measurement results are also provided and back-off analysis also builds on the inner and outer allocations concepts for 2CCs that are developed in [2].
Discussion
In RAN4#91 the following way forward [1] was agreed, the content is reproduced here.
· Request UE vendors to provide information on actual and feasible antenna isolations for B41/n41 frequencies to validate improved antenna isolation assumptions.
· Request component vendors to provide measurements of A-MPR requirements with new assumptions:
· Three values for antenna isolation of 20 dB, 16 dB, and 13 dB
· Post PA loss of 4 dB
· Power Class 2 Tx chains (LTE and NR)
· Equal Power on LTE and NR
· 1RB + 1 RB allocations
· If results of 1 RB + 1RB appear promising, additional allocations, with equal allocation sizes, to align with existing curve inflections points
· Determine back-off required to meet -13, -25, and -30 dBm/MHz limits
Discussion on Limitation Arising from Reverse and Forward Paths Isolations
Until now all the studies made for MPR/AMPR have used the following assumptions:
· Post PA losses: 4 dB
· Antenna Isolation: 10 dB
· PCB isolation: Ignored

In Figure 1, we show that the two coupling paths exists and which path contributes depends on five parameters:
1. PAout to PAout isolation via antenna = Post PA losses + antenna isolation
2. PAout to PAin isolation via PCB
3. PA gain (associated to interferer)
4. PA forward IPx
5. PA reverse IPx
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Figure 1: Coupling paths in a 2PA architecture
For the sake of a simple sensibility analysis we will assume:
· Everything is symmetrical (in reality only the antenna isolation is; assuming there is no frequency dependency which is true for small distance and bandwidth): PA gains, post PA losses and PCB isolations
· Reverse and Forward IMD PA behavior is the same and related to the interferer level at the PA output

Under these assumptions the contribution of the antenna or PCB path can be compared by comparing the resulting interferer level at the PA output. 

Table 1 provides calculations for a few scenarios where:
· Post PA losses are constant at 4 dB
· PA gain is constant at 30 dB
· Antenna isolation uses: 10, 14, 20, 24, 28, 32 dB
· PCB isolation uses 55, 60 and 65 dB isolation: it is to be noted that 65d B is manageable in advanced shielded modules with separate module for each PA but requires careful UE PCB design. For a discrete PA design even 60 dB could be challenging thus 55 dB can be a worst case assumption.

Scenarios 1-6 assumes best 65 dB PCB isolation and increasing antenna isolation
Scenarios 7-8 assumes good 60 dB PCB isolation and best antenna isolation
Scenarios 9 assumes worst 55 dB PCB isolation and worst antenna isolation
Table 1: Spectrum Utilization for 1CC 2CC vs channel bandwidths
	Scenario
	1
	2
	3
	4
	5
	6
	7
	8
	9

	Post PA losses
	4
	4
	4
	4
	4
	4
	4
	4
	4

	Antenna Isolation
	10
	14
	20
	24
	28
	32
	32
	20
	10

	PAout to PAout isolation
	18
	22
	28
	32
	36
	40
	40
	28
	18

	PA gain
	30
	30
	30
	30
	30
	30
	30
	30
	30

	PCB isolation PAout to PAin
	65
	65
	65
	65
	65
	65
	60
	60
	55

	Interferer power via antenna
	12
	8
	2
	-2
	-6
	-10
	-10
	2
	12

	Interferer power via PCB
	-5
	-5
	-5
	-5
	-5
	-5
	0
	0
	5

	Dominant IMD path
	Antenna
	Both
	PCB
	Both
	Antenna



Observations:
· At 65 dB PCB isolation, PCB path can no longer be ignored for antenna isolations > 20 dB
· At 60 dB isolation the PCB path dominates for 32dB antenna isolation and is on par with antenna path at 28 dB isolation
· Even at 55 dB isolation the antenna path dominates for the currently agreed 10 dB isolation justifying that PCB isolation was ignored
Even if this is a simplified approach, it does show that the fact that only the antenna path needs to be considered cannot be taken for granted. The condition for this is that antenna path needs to be at last 6 dB smaller than (PCB path isolation)-(PA gain):  to be safe 10dB margin would be better than 6dB . This gives the 3 cases:
1. (Antenna Isolation + 2*post PA loss) – (PCB isolation – PA gain) ≤ -6 dB => Antenna path dominates
2. 6 dB < (Antenna Isolation + 2*post PA loss) – (PCB isolation – PA gain) < -6 dB => Both paths to be considered
3. (Antenna Isolation + 2*post PA loss) – (PCB isolation + PA gain) ≥ 6 dB => PCB path dominates

It is highly discouraged to consider scenarios where both the antenna and PCB isolation should considered. It should be reminded here that 2PA architecture cannot be simulated and, only considering antenna isolation, already requires complicated measurement setups and a high number of measurements that less than a handful of companies can manage in RAN4. Although technically feasible, doing measurements involving both coupling paths would be even more difficult and add yet another parameter dimension to be analyzed.

Proposal 1: An improved assumption for antenna isolation should make sure that we can safely ignore the contribution from the PCB path. 20dB antenna isolation seems a reasonable maximum number to consider being able to ignore PCB contribution, assuming that number is achievable in e real phone design.
Initial Measurement Results versus Antenna Isolation 
Compared to the proposed way forward,a measurement campaign involving thousands of test points covered the following aspects:
· CP-OFDM QPSK waveforms are used
· The PAs are calibrated with PC2 ACLR at 1dB MPR for DFT-s-OFDM QPSK 20MHz 100RB0 waveform
· Antenna path coupling only with 10, 12, 14, 16, 20, 24, 28 and 32 dB antenna isolation
· Post PA loss 4 dB
· P_LTE = P_NR but also uneven powers with P_LTE-P_NR=17.9, 13.3, 9.1, 5.9, 3.8, 2.3, 0.9, 0.0, -0.9, -2.3, -3.8, -5.9, -9.1, -13.3, -17.9 dB
· Contiguous and non-contiguous (20 MHz gap) cases for 20 MHz LTE QPSK 1RB0 and 40 MHz NR QPSK CP-OFDM 1R215 (1RB+1RB) but also derived back-off for inner cases as described in [2]

This is far from complete and the data presented should be considered as indicative as there is no margin added for variety of cases and asymmetric IMDs. The variability of the data can be observed when comparing similar NS04 cases for contiguous and non-contiguous measurements. Still the general trend can be observed and relative gain in back-off considered.

Figure 1 provides total achievable power (P_LTE+P_NR) versus antenna isolation for multiple scenarios at P_LTE=P_NR (equal power):
· -13 dBm/MHz IM3: NS04 41_n41 and (n)41, correspond to current AMPR-13 for NS04
· -25 dBm/MHz IM3: NS04 41_n41 and (n)41, correspond to current AMPR-25 for NS04
· -30 dBm/MHz IM3: NS01 41_n41 outer case
· -13 dBm/MHz IM3 and -30 dBm/MHz IM5: NS01 (n)41 outer case and NS01 41_n41 inner case 
· -13 dBm/MHz IM5: NS01 (n)41 inner case: !!! it is important to note here that back-off is evaluated for IM5 only and no in-band criteria is applied to IM3 => additional back-off may be needed for this
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Figure 2: Achievable total power versus antenna isolation 
Observations across NS and inner/outer scenarios:
· The back-off gain versus antenna isolation is small: it is about 1 dB back-off gain/4 dB of isolation
· The -30 dBm/MHz IM3 NS01 case requires about 2 dB higher back-off than -25 dBm/MHz cases
· There is about 1dB difference between contiguous and non-contiguous measurements for NS04 at both -13 dBm/MHz and -25 dBm/MHz IM3
· The -13 dBm/MHz IM3 and -30 dBm/MHz IM5 is only slightly different to -13 dBm/MHZ IM# alone as there is only a few cases for low isolations where IM5 is the limit versus IM3
· For the -13 dBm/MHz IM5 case (contiguous inner) the maximum power for each PAs can be reached but as discussed above some back-off may be required for IBE and EVM aspects
· The NSO4 cases both have the same AMPR for 1RB+1RB although measurements show about 3 dB difference which is consistent with a IM3 spec at -13dBm/MHz versus -25 dBm/MHz

Observations across isolation:
· At 20 dB isolation that is a reasonable point to consider to be safe on PCB isolation contribution assuming it can be achieved in a real phone design:
· PC2 total power is nearly achieved for cases with -13 dBm/MHz IM3 criteria
· At least 5 dB back-off is required for cases with < -25 dBm/MHz IM3 criteria
· Only contiguous intra band case with inner definition (-13 dBm/MHz IM5) may reach 29 dBm (depending on added IBE/EVM related additional back-off)
· It seems unrealistic to reach 29 dBm total power based on improved isolation alone as PCB isolation issue will arise

Proposal 2: 
· Inner allocation should be studied further to enable power class above 26 dBm and especially the in-band requirement should be further discussed to evaluate its impact on required back-off
· As obvious from the requirement the 1RB+1RB AMPR for -13 dBm/MHz could be reduced (probably by 2 dB) as it is currently the same as for -25 dBm/MHz

One other aspect that has been discussed as a potential improvement is the effect of power sharing where P_LTE is different to P_NR, this has been measured in great details and results are available and all plots are provided in annex of this document. As an illustration, Figure 3 covers the -25 dBm/MHz NSO4 IM3 cases. The plain lines are for the non-contiguous case while the dashed lines are for the contiguous case. The different colours are for the antenna isolation values of 10, 14, 20, 24, 28 and 32 dB (purple). The 26 dBm power sharing line is also shown in black.
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Figure 3: P_LTE and P_NR contours for -25dBm/MHz IM3 versus antenna isolation
What can be observed from these curves are the P_LTE and P_NR pairs that just meet the -25 dBm/MHz criteria. As a general trend the power sharing and AMPR total concept fits relatively well and the different antenna isolation values only shift the curve in P_LTE and P_NR until one or both of the PAs reach its maximum 26 dBm power.
What is to be noticed though is that the contiguous case is slightly better than the non-contiguous case but is measured exactly on the same PA setup, the only difference being that now there is 20 MHz more frequency delta between the 2 RBs (now close to 80 MHz apart instead of 60 MHz). This shows the influence of cancellation and memory effects (asymmetry) on IM3 which is now 40 MHz further away for the non-contiguous case. Since this is not even the worst case separation, it further emphasizes the need for good margins in the definition of AMPR.
Furthermore, the curves are closer together on the P_LTE direction (right) than the P_NR direction (top), this is possibly due to asymmetry in right and left IM3 but possibly also due to the higher PAPR in NR CP-OFDM waveform. This may need further investigation as the Total AMPR curve which seems to have the right shape could potentially be shifted to higher P_LTE and avoid unnecessary NR drops. One way to assess this would be to compare the effect of using DFT-s-OFDM instead of CP-OFDM on NR side.
Overall, assuming that the reasonable antenna isolation is in the 13-20 dB range, using current total AMPR approach, only a few dB AMPR improvements is foreseen from better antenna isolation. To have significant gain it should be combined with using allocation types and better power sharing mechanism.
Proposal 3: P_LTE and P_NR contours for multiple cases should be further evaluated to assess potential improvement in power sharing mechanism for AMPR.
Figure 4 is another way of presenting the data for -13 dBm/MHz IM3 in terms of total power (P_ENDC) and P_LTE versus P_NR difference. It covers the non-contiguous case only and shows when it is possible to achieve power above 26 dBm. The purple curve for 32 dB isolation should not be considered as realistic but provides the P_ENDC boundaries due to each PA being limited to 26 dBm.
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Figure 4: P_ENDC contours versus PLTE-PNR and antenna isolation
The complete set of curves using the formats in Figure 3 and 4 is available in the annex for all scenarios.
Conclusions
This contribution provides a large number of back-off power contours measurement results for 1RB+RB worst case allocation versus antenna isolation. We also have discussed the need to assume reasonable isolation before PCB coupling path also needs to be accounted for. The study went beyond this by also looking into inner and outer cases, uneven P_LTE and P_NR cases and NS01 and NS04 requirements. This work can serve as an overall view of the optimization space for 2PA ENDC MPR/AMPR for contiguous and non- contiguous intra-band cases. Although it is too early to provide target values for the specification a few proposals are made to drive further work.

Proposal 1: An improved assumption for antenna isolation should make sure that we can safely ignore the contribution from the PCB path. 20dB antenna isolation seems a reasonable maximum number to consider being able to ignore PCB contribution, assuming that number is achievable in e real phone design.

Proposal 2: 
· Inner allocation should be studied further to enable power class above 26 dBm and especially the in-band requirement should be further discussed to evaluate its impact on required back-off
· As obvious from the requirement the 1RB+1RB AMPR for -13 dBm/MHz could be reduced (probably by 2 dB) as it is currently the same as for -25 dBm/MHz

Proposal 3: P_LTE and P_NR contours for multiple cases should be further evaluated to assess potential improvement in power sharing mechanism for AMPR.
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Annexes
DC_41_n41 NS04 -25dBm/MHz IM3 P_ENDC and P_LTE/P_NR contours
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DC_(n)41 NS04 -25dBm/MHz IM3 P_ENDC and P_LTE/P_NR contours
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DC_41_n41 NS04 -13dBm/MHz IM3 P_ENDC and P_LTE/P_NR contours
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DC_(n)41 NS04 -13dBm/MHz IM3 P_ENDC and P_LTE/P_NR contours
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DC_41_n41 NS01 -30dBm/MHz IM3 P_ENDC and P_LTE/P_NR contours
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DC_(n)41 NS01 -13dBm/MHz IM3 + -30dBm/MHz IM5 P_ENDC and P_LTE/P_NR contours (outer but also inner for DC_41_n41 NSo1 and NS04)
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DC_(n)41 NS01 -13dBm/MHz IM5 P_ENDC and P_LTE/P_NR contours (inner)
These plots are not provided since using the IM5 criteria only the PAs can always transmit at their maximum power except for the 10 dB isolation case where 29 dBm cannot be reached. For more meaningful data an intra-band IM3 criteria should be applied.
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