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Introduction
After prolonged discussion during RAN4 #98-bis-e, a way forward [1] was agreed to re-analyze measurement data from the Band n41 PC1.5 work item to see if improvements could be made for smartphone MPR.  This contribution reviews in detail the previously submitted data along with additional measurements provided for spot-checking to produce an enhanced MPR defintion for PC 1.5 smartphones.
Discussion
When PC 1.5 MPR was first derived using Band n41 for evaluation, measurements were provided by multiple vendors [2],[3],[4],[5] to support their proposals.  The MPR is intended to enable the UE to meet general requirements such as ACLR, SEM, spurious emissions, in-band emissions, and EVM.  For PC 1.5, the challenge arises not only from the higher output power especially impacting absolute emission requirements such as SEM, but also the assumed dual PA architecture and the reverse IMD coming from interaction between the two PA’s coupled through their antennas.  Thus, the focus of the study was on SEM and EVM.
The assumptions for this study were (from [6])
· Antenna isolation of 10 dB
· Post PA loss of 4 dB
· Two 26 dBm Tx chains (NR)
· Equal Power on both transmit chains
· Various channel and allocation BWs, with focus on “worst case” allocations
· RB size, allocation position, waveform, and modulation should be the same between two transmitters
· Results for both CP-OFDM and DFT-S-OFDM are welcome, with the priority being CP-OFDM because it is expected to be worst case
· Determine back-off required to meet OOBE, ACLR and EVM specifications
· Goal is to take data from multiple sources and define A-MPR curves for PC1.5 UL MIMO and Transmit diversity accommodating different implementations
These assumptions are applicable to smartphone devices and are not modified as the MPR is reconsidered.  The same assumptions are used.
Data for SEM compliance was provided in [2] and is reproduced below in Figure 1.
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Figure 1.  Measured data from [2]

In this set of measurements, 20 MHz and 100 MHz channels with 30 kHz SCS were considered with DFT-S-OFDM and CP-OFDM using QPSK and 256QAM modulations.  General SEM was checked as indicated by the “OOBE” metric identified in column 3 with the associated limit in column 4 of the table.  In the column labeled “DFT Margin @MPR0” it can be seen that for all waveforms, there is margin to meeting the SEM without any MPR backoff at all.  Note that PC2 MPR allows 1 dB of power backoff for DFT-S-OFDM with QPSK modulation, but it has been confirmed with the authors of [2] that not even this 1 dB was taken in their reported measurements. The margin is quite sizeable for most waveforms, except for fully allocated channels at the further edge of the SEM where only ~1 dB margin is available when PA Bias B, presumably a more aggressive biasing scheme to conserve power at the expense of the highest linearity, is applied.  But again, no backoff at all was taken, not even the 1 dB that is allowed for PC2.  For CP-OFDM, the column labeled “CP Margin @MPR2” shows similar large margins to the SEM requirement for all waveforms.  Since PC2 MPR allows 3 dB of power backoff for CP-OFDM with QPSK modulation, this data shows that even with 1 dB less backoff than allowed for PC2, the PC1.5 configuration can meet the SEM requirement with margin.
To verify the data reported in [2], a few measurements were taken and are reported below.  20 MHz channel bandwidth, 30 kHz SCS, fully allocated 50 and 51 RB DFT-S-OFDM and CP-OFDM were used.  In this data set, the SEM was measured at three different frequency across Band n41 with PC2 MPR, 0 dB for DFT-S-OFDM and 3 dB for CP-OFDM.
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Figure 2.  Measured data against SEM showing good margin to the requirement.  PC2 MPR was applied.
In all cases the SEM was easily met with good margin.  From this data, it can be concluded that for the full allocations, representative of outer waveforms, and for inner waveforms, no additional MPR relative to PC2 is needed.  Edge waveforms were not considered in this analysis as only outer and inner waveforms were evaluated.  Improvement of MPR for edge waveforms cannot be concluded based on this data.
EVM was extensively studied in [3] where two inner waveforms WF1=6RB and WF2=10RB were measured as a function of antenna isolation and total power.
	EVM
[%]
	Antenna Isolation [dB]

	
	10
	12
	14

	Waveform
	CP-OFDM
	DFT-s-OFDM
	CP-OFDM
	DFT-s-OFDM
	CP-OFDM
	DFT-s-OFDM

	Ptot [dBm]
	WF1
	WF2
	WF1
	WF2
	WF1
	WF2
	WF1
	WF2
	WF1
	WF2
	WF1
	WF2

	28.9
	3.62%
	3.65%
	4.05%
	4.17%
	2.85%
	2.90%
	3.22%
	3.29%
	2.25%
	2.32%
	2.51%
	2.55%

	28.0
	3.31%
	3.27%
	3.15%
	3.40%
	2.60%
	2.58%
	2.48%
	2.70%
	2.06%
	2.07%
	1.97%
	2.13%

	27.1
	2.74%
	2.80%
	2.29%
	2.45%
	2.12%
	2.20%
	1.77%
	1.88%
	1.73%
	1.74%
	1.38%
	1.51%

	26.1
	2.24%
	2.22%
	1.41%
	1.72%
	1.74%
	1.72%
	1.06%
	1.34%
	1.39%
	1.41%
	0.87%
	1.06%

	25.1
	1.70%
	1.68%
	0.91%
	1.03%
	1.32%
	1.30%
	0.70%
	0.79%
	1.01%
	1.05%
	0.56%
	0.63%

	24.2
	1.22%
	1.20%
	0.50%
	0.56%
	0.98%
	0.94%
	0.37%
	0.44%
	0.77%
	0.76%
	0.31%
	0.36%

	23.2
	0.83%
	0.79%
	0.28%
	0.31%
	0.63%
	0.62%
	0.21%
	0.24%
	0.51%
	0.51%
	0.18%
	0.20%

	22.2
	0.51%
	0.50%
	0.17%
	0.17%
	0.40%
	0.39%
	0.14%
	0.14%
	0.31%
	0.31%
	0.12%
	0.12%

	21.2
	0.30%
	0.30%
	0.13%
	0.14%
	0.23%
	0.23%
	0.11%
	0.11%
	0.19%
	0.19%
	0.09%
	0.10%

	20.3
	0.19%
	0.17%
	0.12%
	0.12%
	0.14%
	0.14%
	0.10%
	0.11%
	0.12%
	0.12%
	0.08%
	0.09%

	19.2
	0.12%
	0.13%
	0.11%
	0.12%
	0.10%
	0.11%
	0.10%
	0.10%
	0.09%
	0.10%
	0.08%
	0.09%


Figure 3.  Table 1 of [3] showing the EVM contribution due to RIMD
It is then further shown how these measurements can be accommodated in the overall EVM budget.  For this budget, the worst case among WF1 and WF2 RIMD EVM for 10 dB antenna isolation were applied in the budget with the MPR associated with PC2.  In other words, the basis for constructing the budget shown below is no additional MPR compared to PC2.  As side commentary, when carefully inspecting and transposing the EVM values from the above table, it appears that the CP-OFDM and DFT-S-OFDM labels are inter-changed in the table below from [3].

	
	
	inner MPR
	RIMD EVM
	EVM rest
	total
	delta
	NR image
	LTE image
	Image + RIMD

	CP-OFDM
	QPSK
	0
	4.2%
	17.0%
	17.5%
	0.5%
	4%
	5.6%
	5.8%

	
	16QAM
	1
	3.4%
	12.0%
	12.5%
	0.5%
	4%
	5.6%
	5.2%

	
	64QAM
	2.5
	2.1%
	7.7%
	8.0%
	0.3%
	4%
	5.6%
	4.5%

	
	256QAM
	4.5
	0.8%
	3.4%
	3.5%
	0.1%
	2%
	2.0%
	2.2%

	DFT-s-OFDM
	QPSK
	1.5
	3.1%
	17.2%
	17.5%
	0.3%
	4%
	5.6%
	5.1%

	
	16QAM
	2
	2.8%
	12.2%
	12.5%
	0.3%
	4%
	5.6%
	4.9%

	
	64QAM
	3.5
	2.0%
	7.7%
	8.0%
	0.3%
	4%
	5.6%
	4.5%

	
	256QAM
	6.5
	0.7%
	3.4%
	3.5%
	0.1%
	2%
	2.0%
	2.1%


Figure 4.  Table 2 of [3] showing RIMD EVM contribution into overall budget
This table shows that the additional EVM contribution introduced by the RIMD between the two PA’s can be accommodated in the overall EVM budget without the need for any additional MPR beyond that already available for PC2.  There appears to be available small headroom remaining in the budget.  A further point is made that the contribution due to RIMD + NR image is generally smaller than the image contribution alone for LTE.  Thus, it is concluded in [3] and proposed that no additional MPR relative to PC2 is needed to meet EVM for PC 1.5.
The contribution of RIMD to EVM was also studied in [4] with results copied below.
	Modulation
	Increased EVM due to RIMD3 [%]

	
	Edge RB allocations (1RB@0)
	Outer RB allocations (270RB@0)
	Inner RB allocations (135RB@67)

	DFT-s-OFDM
	Pi/2 BPSK [30%]
	-
	+ 0.75
	+ 0.65

	
	QPSK [17.5%]
	-
	+ 0.65
	+ 1.18

	
	16 QAM [12.5%]
	-
	+ 0.5
	+ 0.26

	
	64 QAM [8%]
	+ 0.37
	+ 0.97
	+ 0.48

	
	256 QAM [3.5%]
	-
	+ 0.62
	+ 0.56


Figure 5.  RIMD contribution to DFT-S-OFDM EVM from [4]
	Modulation
	Increased EVM due to RIMD3 [%]

	
	Edge RB allocations (1RB@0)
	Outer RB allocations (273RB@0)
	Inner RB allocations (137RB@68)

	CP-OFDM
	QPSK [17.5%]
	-
	+ 0.14
	+ 1.93

	
	16 QAM [12.5%]
	-
	+ 0.5
	+ 1.08

	
	64 QAM [8%]
	+ 0.39
	+ 0.73
	+ 1.18

	
	256 QAM [3.5%]
	-
	+ 0.29
	+ 0.59


Figure 6.  RIMD contribution to CP-OFDM EVM from [4]
It can be easily seen that the RIMD contribution from [4] is smaller than that measured and reported in [3].  For example, for QPSK DFT-S-OFDM, the value reported in [4] is 1.18% compared to 4.2% in [3].  The study in [4] then proceeds to show the additional power backoff to reduce the RIMD EVM contribution to near-zero and uses this to justify the additional MPR is needed.  Therefore, the approach in [4] seeks to entirely remove the RIMD EVM contribution by power backoff; however, doing this will result in unnecessary power reduction since it is not the objective to remove the RIMD EVM component or achieve the same EVM as a single transmitter without RIMD; rather, the objective is simply to meet the overall EVM minimum requirement.  Towards this objective, it has already been demonstated in [3] that the RIMD EVM values reported by [4] can be accommodated in the EVM budget without the need for additional power backoff relative to PC2, at least for lower order modulations.
In [5], measured EVM at the PA output is also reported for CP-OFDM 64QAM and 256QAM modulations as a function of each PA’s output power.  
	Output Power (PA1)
Full Allocation
BW = 100MHz
	ET
	Fixed Bias

	
	64QAM
	256QAM
	64QAM
	256QAM

	26
	4.2
	3.9
	7.5
	8.4

	24
	2.9
	2.7
	5.7
	4.4

	22
	2.5
	2.3
	4.2
	2.6

	20
	2.7
	1.6
	1.9
	1.9

	18
	2.6
	1.55
	1.5
	1.5

	16
	2.6
	1.5
	1.2
	1.2

	14
	2.1
	1.35
	1.2
	1.3


Figure 7.  Total EVM at PA output from [5]
For easy visualization, the data is plotted below

Figure 8.  Graphical representation of data in Figure 7
As noted in [5], the table above reports the total PA EVM including RIMD and suggests to compare this against a PA budget of 1.8% for 256QAM.  Against this budget, the power backoff required is approximately 5 dB and 7 dB for the ET and fixed bias PA, respectively.  Noting that MPR for PC2 is already 6.5 dB for 256QAM, it is observed that the ET PA requires no additional MPR while the fixed bias PA requires 0.5 dB more MPR compared to PC2.  Similarly, for 64QAM assuming a PA budget of 4%, the required backoff for the ET PA is less than 0.5 dB while the required backoff for the fixed bias PA is approximately 4 dB.    The PC2 MPR for 64QAM is 3.5 dB so the data suggests the ET PA easily meets the EVM without any additional backoff while the fixed bias PA requires approximately 0.5 dB more backoff.  One shortcoming of this approach is that the RIMD is bundled together within the PA budget for EVM.  As demonstrated in [3], when the overall EVM budget is evaluated, there is often more room to accommodate the additional contribution due to RIMD than when evaluating only against one component (the PA) of the overall EVM.  Moreover, when reducing output power to fit within the PA only budget, it should be recognized that other contributors will also enjoy a reduction in their EVM.  This effect is neglected in the PA-only approach and leads to over-estimating the power backoff required to meet the overall EVM.  However, for the higher-order modulations 64QAM and 256QAM evaluated in [5], this effect is likely not noticable since budgets are very near full for these modulations.
Finally, limited measurements were conducted to verify the results and conclusions from the various references.  QPSK and 256QAM EVM were measured using full allocation and half allocation.  Output power was set according to PC2 MPR and EVM was measured over three channels across Band n41.  The results are summarized below.
[image: ]
It can be seen that the QPSK EVM is easily met.  However, the 256QAM EVM requires some power backoff to comply with the limit.  At the time of this writing, power sweeps were not available to quantify the amount of backoff required for 256QAM.
The above conclusions based on the data provided are summarized below.
For SEM, PC2 MPR is sufficient for outer and inner allocations.  Edge allocations have not been studied so no change is proposed to the MPR for edge allocations.  The backoff scales 1:1 with increased output power since the SEM requirement is in absolute dBm.
For EVM, the data reported by two companies indicates that PC2 MPR is sufficient.  However, one company’s reported data indicates that approximately 0.5 dB additional MPR is required for 64QAM and 256QAM relative to PC2 MPR allowances.  Data from our measurements also suggests that additional MPR is needed for 256QAM.  Though the additional MPR is not quantified, it would not be unreasonable to assume that 1 dB additional MPR is needed for 256QAM relative to PC2.  Assembling this together, the following MPR is suggested for PC 1.5

	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK
	≤ 6.5
	≤ 30.5
	≤ 1.50

	
	QPSK
	≤ 6.5
	≤ 41
	≤ 1.50

	
	16 QAM
	≤ 6.5
	≤ 52
	≤ 2.51

	
	64 QAM
	≤ 6.5
	≤ 5.53.0
	≤ 43

	
	256 QAM
	≤ 7.5
	≤ 75.5
	≤ 75.5

	CP-OFDM
	QPSK
	≤ 6.5
	≤ 63
	≤ 31.5

	
	16 QAM
	≤ 6.5
	≤ 63
	≤ 3.52

	
	64 QAM
	≤ 6.5
	≤ 6.54
	≤ 54

	
	256 QAM
	≤ 9.5
	≤ 97.5
	≤ 97.5




Conclusion
According to the agreement in [1], the MPR for PC 1.5 smartphone devices has been re-evaluated.  No assumptions were changed, however, the presented data was analyzed in detail to reach conclusions supported by the data itself.  Additional data was also taken to spot-check some of the previously reported data in the references.  The result is a significantly improved MPR whereby the benefits of PC 1.5 can be more effectively realized.
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PA EVM including RIMD, data reported in R4-2009943
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2506MHz2593MHz2670MHz2506MHz2593MHz2670MHz

20MHz Full QPSK EVM 17.50%
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3.91%
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EVM:3.91%
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3.77%
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20MHz 25RB0 QPSK EVM 17.50%

PA EVM: 

2.99%
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EVM:3.54%

PA EVM: 

2.38%

Composite 

EVM:3.21%

PA EVM: 

2%

Composite 

EVM:3.21%

PA EVM: 

3.52%

Composite 

EVM:6.08%

PA EVM: 

2.84%
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PA EVM: 

2.36%
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20MHz 25RB0 256QAM EVM 3.50%

PA EVM: 

3.8%
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EVM:3.8%

PA EVM: 

3.18%

Composite 

EVM:3.18%

PA EVM: 
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4.51%
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+ 3dB

100 full 0-1MHz OOBE -24dBm/MHz 1:1 0.5-1.0 1 >13 >16 1:1 0.5-1.0 1 >18 >19

20 full 0-1MHz OOBE -13dBm/200kHz 1:1 1.5 1.5 >17 >15 1:1 1.5-2 2 >20 >17

100 full 1-5 MHz OOBE -10dBm/MHz 1:1 1.0-2.0 2 >10 >12 1:1 1.0-1.5 2 >10 >10

20 full 1-5 MHz OOBE -10dBm/MHz 1:1 1.0-2.0 2 >5 >2 1:1 1.0-2.0 2 >3 >3

100 full 5-100 MHz OOBE -13 dBm/MHz 1:1 0.5-1.0 1 >10 >12 1:1 1.0-2.0 2 >11 >12

20 full 5-20 MHz OOBE -13 dBm/MHz 1:1 1.0-2.0 2 >5 >5 1:1 1.0-2.0 2 >5 >3

100 full 100-105 MHz OOBE -25 dBm/MHz 2:1 1 0.5 >6 >11 2:1 1.0-2.0 1 ~1 >9

20 full 20-25 MHz OOBE -25 dBm/MHz 1:1 1.0-2.0 2 >6 >8 1:1 1.0-2.0 2 ~1 >2

100 full >105 MHz OOBE -30 dBm/MHz 2:1 0.5-1.0 1 >5 >8 2:1 1.0-2.0 1 ~1 >5 2 2 7.5

100 full ACLR -31 dbc 0 0.5 0 1.7 1.6 2:1 1.5 1.9 2.8

20 full ACLR -31 dbc 0 1.0-1.5 0 1.8 0.8 0 1.0-1.5 0 3.8 1.1

20 full <2490.5 MHz NS_04 -25 dBm/MHz 1:1 1.0-2.0 2 -4.5 1:1 1.0-2.0 2 -2

20 low half <2490.5 MHz NS_04 -25 dBm/MHz 1:1 1.0-1.5 1.5 -3.5 0 1:1 1.0-2.0 2 -2 -1

100 full EVM 17.50% 0 4 >13% >14% 0 4 >6% >6%

20 full EVM 17.50% 0 4 >14% >12% 0 4 >6% >6%

100 inner 0-1MHz OOBE -24dBm/MHz 1:1 0.5-1.0 1 >13 >16 1:1 1.0-1.5 2 >17 >19 0 2 6

100 inner 1-5 MHz OOBE -10dBm/MHz 1:1 1.0-2.0 2 >9 >15 1:1 1.0-1.5 2 >16 >16 0 2 6

100 inner 5-100 MHz OOBE -13 dBm/MHz 1:1 0.5-1.0 1 >11 >15 1:1 1.0-2.0 2 >16 >16 0 2 6

100 inner 100-105 MHz OOBE -25 dBm/MHz 2:1 1 0.5 >22 >21 2:1 1 0.5 >20 >21 0 2 6

100 inner >105 MHz OOBE -30 dBm/MHz 2:1 0.5-1.0 1 >17 >16 2:1 1.0-2.0 1 >15 >16 0 2 6

100 inner EVM 17.50% 0 4 >15% >13% 0 4 >6% >6%

20 inner EVM 17.50% 0 3.5 >14% >11% 0 3.5 >7% >8%
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BW  Allocation Metric Limit

2506MHz 2593MHz 2670MHz 2506MHz 2593MHz 2670MHz

20MHz Full 0-1MHz -13dBm/200KHz -23 -23 -23 -22.6 -24.5 -25.8

20MHz Full 1-5MHz -10dBm/1MHz -15 -19 -19 -18.7 -19 -20.3

20MHz Full 5-20MHz -13dBm/1MHz -17 -19 -22 -20 -20 -20

20MHz Full 20-25MHz -25dBm/1MHz -27 -31 -32 -32 -32 -32
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