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Introduction
In the RAN4#98b e-meeting, ways forward [1, 2] agreed that n77/78/79 should have the same PC1.5 MPR and that PC1.5 MPR would be evaluated with higher antenna isolation than the 10dB that were assumed for the current UE spec. This higher isolation would be justified for FWA devices which would use larger form factors and/or support less bands than a smartphone. A discussion paper [3] provided background on how IMDs evolved with antenna isolation. In this contribution, we do not provide MPR data as the time was too short between the two meetings to perform these types of cumbersome measurements, nevertheless we have performed some experiments to provide further insights on the effect of reverse IMD and its behavior with different antenna isolations.
Discussion
Measurement setup
To achieve reliable measurement results for a two PA case that can reflect the effect on both PAs of reverse IMD at a controlled coupling level, we have developed an automated measurement setup that is described in Figure 1. The setup uses two PAs that receive separate waveforms from two generators (WF1,WF2), a controlled coupling level via controlled step attenuators (3,4) and allows the observation of each PA output spectrum separately (PA1,PA2) or summed (SUM). The setup is duly calibrated for losses across frequency and each PA can be observed separately by lowering the power significantly on one side. This can be done with keeping the coupling at rated isolation or maximum isolation so that each PA output power can be calibrated in the known environment with/ without reverse IMD being in play and with/without one PA seeing the other PA impedance via the coupling path. It is essential to observe all these cases to guarantee accurate measurements in all the states and gage accurately the effect of the PA coupling.
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We have used this setup very reliably for a few years now to generate back-off proposals for band combinations where the antenna coupling needs to be accounted for. 

In most of the UL CA cases, the WF1 and WF2 are completely different and at different frequencies so there is no issue related to correlated signals, summing and load pulling effect of signals at the same frequency. For TxDiv and UL MIMO cases however, all these effects should be well understood, proper WF1 and WF2 be selected and the setup phases and delay mismatches compensated. This is why such measurements are cumbersome and; prone to errors that can be larger than the effect of reverse IMD on MPR which is what we are trying to gage with a 0.5dB accuracy.

Observation: for TxDiv and single stream UL MIMO, measurements can be prone to errors larger than the 0.5dB MPR step we use in 3GPP specification unless the input waveforms are properly selected and setup errors are compensated.
Simulations of different spectrums and waveforms
In order to illustrate these measurement setup issues, we have modelled the setup, the PA non-linearities, the PA coupling and related reverse IMD. This is a first step in developing models for 2PA cases but still need development efforts to be able to accurately match reverse IMDs across large dynamic ranges. Nevertheless, after proper tuning, it is fairly accurate to represent what is happening in band for different cases of input waveforms and coupling.

In the following figures there are 3 different spectrum plots:
· Left plot is PA1 (DUT1 and PA1 measurement point in Figure 1) output spectrum standalone (PA2 is not active nor coupled)
· Middle plot PA1 and PA2 measured separately (at PA1 and PA2 points in Figure1) but coupled to each other
· Right plot is the sum of the two spectrums (at the point SUM in Figure 1)

Simulation is done for full allocation wide bandwidth as it exacerbates the effects of the waveform choices on the coupling and summing effects.

The following Figures are provided:
· Figure 1: uses exactly the same 20MHz DFT-s-OFDM QPSK fully allocated waveforms on each generator but the output phase and delay is tuned in the model to match the measurement setup impairments for the 10dB antenna isolation case.
· Figure 2: Starting from the matched setup model, 100MHz CP-OFDM QPSK fully allocated waveforms are used with WF2 phase shifted to represent an out-of-phase case at the sum output.
· Figure 2: Starting from the matched setup model, 100MHz CP-OFDM QPSK fully allocated waveforms are used with WF2 phase shifted to represent an in-phase case at the sum output.
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Figure 1: Simulation for same waveform on each generator matching setup behavior
Observation: using the same waveform at the input, if the PA1 stand-alone (left) or PA1 coupled with PA2 (center) spectrums are as expected for a fully allocated channel, the sum spectrum shows a big (20dB) nulling effect and power is 16dB less than the expended 3dB increase. In this case the delay and phase between the branches have been adjusted in the simulation (blue curve on the right) to match the measurements done in the same conditions (orange dotted curve on the right plot). The matching is very good in-band, but the IMDs still show a different asymmetry than the measurement. 
Using that matched measurement setup model, we can now look at the effect of different waveforms types in PA1 and PA2
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Figure 2: Simulation for out-of-phase case (single stream UL MIMO 180deg code book state)
Observation: Using out-of-phase waveforms at the input representative of a single stream UL MIMO 180deg state case, if the PA1 stand-alone (left) spectrum is as expected for a fully allocated channel, the sum spectrum shows a big nulling effect (>50dB) is far from showing the expected 3dB power increase (6dB missing). In reality the base station will not see the spectrum on the left as it will select the codebook state that maximizes the SNR at the BS. Nevertheless, the right phase at the BS may be the wrong phase for the two PA coupling at the antennas and as the spectrum in the middle shows, even the separate PA spectrum is affected via the coupling as can be seen from the in-band shallow dip. Note the higher spectral regrowth in the coupled and summed spectrums, representative of the reverse IMD contribution.
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Figure 3: Simulation for in-phase case (single stream UL MIMO 0deg code book state)
Observation: Conversely, using in-phase waveforms at the input representative of a single stream UL MIMO 0deg state case, all the spectrums now less impacted and the sum spectrum now exhibiting the expected 3dB power gain versus the coupled case but close to 5dB more than the stand-alone PA. Still the coupled and summed spectrums show a bump in band (~1dB for coupled spectrum in the middle and ~2dB the summed spectrum). Nevertheless, if this could represent the right phase at the BS, it may still be that we are in the Figure 2 case at the antennas. Note that the bump is >1dB in band for the middle plot thus even doing an RMS sum would show a bump which would affect results especially for narrow allocations.
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Figure 4: Simulation for 2us delay case (to mimic CDD case)
Observation: Finally, using 2us delayed waveforms at the input of the second PA which is representative of a CDD transparent TxDiv case, as expected, the summed spectrum now shows an in-band ripple of close to 20dB every 500kHz (a 2us delay is equivalent to a linear phase ramp vs. frequency that wraps every 500kHz) and the power is only ~2dB higher vs the 3dB expected. Even for the coupled spectrum, the ripple is still visible at coupled spectrum in the middle with ~3dB peak to peak ripple. At the BS this ripple will be average with different time of arrival at different antennas but at the UE antenna, this ripple will exist through the coupling and can affect measurement precision especially for narrow allocations.

Observation summary: whether using phase shifts or delays between waveforms, the spectrum of coupled PAs or summed PA can be severely affected with nulls and ripples which will impair accuracy of measurements especially for narrow allocations.

Proposal on TxDiv and single stream UL MIMO evaluation:
· The emissions should be evaluated as the mathematical (RMS) sum of the two PA coupled spectrums and not with a physical (RF combiner) sum.
· Even so the PA coupled spectrum is subject to nulls due to phase combinations or delay which can impair measurement by up to 3dB:
· Phase and/or delay may need to be adjusted to avoid such nulling/summing effects especially for narrow allocations
· PA output power needs to be summed mathematically (RMS sum)
· Ideally for UL MIMO all 4 states should be evaluated
· Ideally for CDD based TxDiv companies should agree on which delay to use
· Reasonable margin should be allowed in the MPR as these issues will not reveal at conformance (the antenna coupling disappears with connected measurements) but will exist in the field.
· When submitting MPR values companies should provide an assessment of the issues above in their measurement or simulation framework.
Measurement experiment for CDD based transparent TxDiv
Since there was a limited time between the two meetings and because of all the case-by-case tuning needed to perform accurate measurements as explained above, we did experiments with edge 1RB CP-OFDM waveforms with 2us delay between paths in different positions to avoid the frequency dependent ripple caused by the delay. Given the setup, we found that the 1RB1 20MHz QPSK CP-OFDM waveform was not affected, and measurement accuracy was within normal boundaries (~0.2dB relative between measurements). 
The waveform uses the usual TRX impairments of:
· 28dB carrier and image leakage
· 60dB CIM3
· 70dB CIM5
The two PC2 PAs are calibrated for 29dBm at 31dB ACLR for 20MHz QPSK DFT-s-OFDM 100RB0 waveform for 4dB post PA losses and 1dB MPR. 
We then used this case to do multiple measurements across power sweeps:
· Couplings representative of 4dB post PA losses and 10db (Figure1) or 20dB (Figure 2) antenna isolation
· The key measurement that are affected by the IMDs of the wanted in image signals for 3 different PA spectrums:
· Lower ACLR (IMD3 of wanted in image)
· ACL_1 is PA1 spectrum without coupling (plain dark blue)
· ACL_2 is PA1 spectrum without coupling (plain pale blue)
· ACL_RIMD is summed spectrum of coupled PAs (plain cyan)
· ACL_NoRIMD is mathematically summed spectrum of PA1 and PA2 without coupling (dashed cyan)
· Lower -13dBm/MHz SEM part (IMD3 of wanted in image)
· S2L_1 is PA1 spectrum without coupling (plain brown)
· S2L_2 is PA1 spectrum without coupling (plain orange)
· S2L_RIMD is summed spectrum of coupled PAs (plain red)
· S2L_NoRIMD is mathematically summed spectrum of PA1 and PA2 without coupling (dashed red)
· Lower first MHz SEM (subject to spectral regrowth of 1RB at the edge)
· S0L_1 is PA1 spectrum without coupling (plain brown)
· S0L_2 is PA1 spectrum without coupling (plain orange)
· S0L_RIMD is summed spectrum of coupled PAs (plain red)
· S0L_NoRIMD is mathematically summed spectrum of PA1 and PA2 without coupling (dashed red)
Disclaimer: It should be noted that this is using an APT PA which is less sensitive to RIMD than ET PAs, it is expected that ET PAs will show larger difference w/wo RIMD especially for narrow allocation OOB IMDs. The measurement below should only be assessed for showing the behavior and differences between cases. Also note that some of the performance of edge allocations is affected by the WOLA design in the MODEM.
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Figure 5: ACLR, first MHz SEM, -13dBm/MHz SEM for P1 and PA2 wo RIMD, PA1+PA2 wo RIMD, PA1+PA2 w RIMD at 10dB antenna isolation:
Observations at 10dB coupling: 
· The difference between the dashed line and plain line of the same color shows the effect of reverse IMD
· It shows about 0.5dB additional back-off due to RIMD for same ACLR (31dB limit) but should get larger for small ACLR with full allocations
· For first MHz SEM, there is no noticeable difference as this is dominated by the WOLA shaping and is not affected much by non-linearity although it might be more visible for the further edge allocation 1RB0. Note that there can be large differences amongst companies based on the WOLA filtering trade-off chosen for emission vs EVM performance.
· It shows about 0.4dB difference due to RIMD for -13dBm/MHz lower SEM region. This one has a limit of -13dBm/MHz which is met at:
· 25.7dBm (0.3dB back-off) for stand-alone PAs (single PC2 PA case)
· 27.8dBm (1.2 dB back off) for mathematically summed PAs wo RIMD
· 27.5dBm (1.5dB back-off) for the PA sum with RIMD
[image: ]
Figure 6: ACLR, first MHz SEM, -13dBm/MHz SEM for P1 and PA2 wo RIMD, PA1+PA2 wo RIMD, PA1+PA2 w RIMD at 10dB antenna isolation
Observations at 20dB coupling: 
· The difference between the dashed line and plain line of the same color shows the effect of reverse IMD
· It shows about 0.25dB additional back-off due to RIMD
· For first MHz SEM there is no noticeable difference
· It shows about 0.2dB difference due to RIMD for -13dBm/MHz lower SEM region. This one has a limit of -13dBm/MHz which is met at:
· 25.8dBm (0.2dB back-off) for stand-alone PAs (single PC2 PA case)
· 27.8dBm (1.2 dB back off) for mathematically summed PAs wo RIMD
· 27.7dBm (1.3dB back-off) for the PA sum with RIMD
· There is only 0.2dB improvement compared to 10dB isolation but this can be explained from the fact that for this allocation case and PA architecture the RIMD contribution is small and since the isolation only plays on this the effect is limited here.
Observation summary: 
· The effect of RIMD is noticeable in both 10dB and 20dB cases, the additional 10dB isolation improves the RIMD effect but in this particular case where RIMD contribution is small does not change significantly the needed back-off. This may be more significant for ET PAs and cases with large MPR where RIMD will have larger contributions.
· Some of the performances may see more differences on top of improved isolation with improvements of the waveforms filtering and/or TRX improvements than with increased isolation.
· The RIMD effect will not be present in the conducted measurements as the antenna coupling will be removed but needs to be accounted for in the MPR specification as the issue will exist in the field for regulated emissions.

Proposal on MPR evaluation:
· MPR assessment must account for RIMD and its different behavior for different PA architectures
· MPR improvements may not be all related to RIMD and antenna isolations thus variability in WOLA design and TRX impairment must be accounted for

Conclusions
In this contribution, we provide a detailed analysis of the impairments related to the measurement or simulation setup and its impact on enabling proper evaluation of back-off, RIMD contribution and required margins in the specification. We have the following proposals to enable thorough MPR optimization work in RAN4.

Proposal on TxDiv and single stream UL MIMO evaluation:
· The emissions should be evaluated as the mathematical (RMS) sum of the two PA coupled spectrums and not with a physical (RF combiner) sum.
· Even so the PA coupled spectrum is subject to nulls due to phase combinations or delay which can impair measurement by up to 3dB:
· Phase and/or delay may need to be adjusted to avoid such nulling/summing effects especially for narrow allocations
· PA output power needs to be summed mathematically (RMS sum)
· Ideally for UL MIMO all 4 states should be evaluated
· Ideally for CDD based TxDiv companies should agree on which delay to use
· Reasonable margin should be allowed in the MPR as these issues will not reveal at conformance (the antenna coupling disappears with connected measurements) but will exist in the field.
· When submitting MPR values companies should provide an assessment of the issues above in their measurement or simulation framework.

Based on careful setup calibration, waveform tuning and multiple step spectrum measurements we were able to show the impact of RIMD and antenna isolation on a specific case even if it is not the one the most significant in terms of contribution from RIMD. This allowed us to further propose the following.

Proposal on MPR evaluation:
· MPR assessment must account for RIMD and its different behavior for different PA architectures
· MPR improvements may not be all related to RIMD and antenna isolations thus variability in WOLA design and TRX impairment must be accounted for
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