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1. Introduction
Potential issues with transmitter performance for UL 256QAM have been discussed in many contributions in RAN4#79, and a System EVM limit and budget have been discussed. The present contribution provides measured results of power amplifier performance under 256QAM modulation that can be used to derive EVM and MPR requirements. Dependency of performance versus band and dynamic range to minimum power will also be discussed.
2. Discussion
In the last RAN4#79 meeting in Nanjing multiple contributions [1], [2], [3], [4], [5] addressed UL 256QAM EVM requirements and budget, raising potential issues with transmitter performance using 256QAM UL. The present contribution provides measured power amplifier data in support to derive EVM and MPR requirements. Potential dependency on bands is also addressed for the power amplifier. These measurements do not contain eLAA band 46 measurements and 256QAM PA performance with eLAA waveform is FFS.
2.1. EVM budget and PA EVM calculations vs output power.
2.1.1. EVM budget

Based on multiple link level simulations discussed in RAN4 there is an agreement that an EVM<4% is required for the UE transmitter to support UL 256QAM with sufficient SNR to provide benefits versus a low coding rate 64QAM transmission. So far this has been translated into a 3.5% overall transmitter budget. Table 1 summarizes two possible EVM partitioning within the different blocks of the transmitter.
Table 1: EVM system budget
	
	budget 1 <3.5%
	budget 2 <3.65%

	block
	EVM
	SNR [dB]
	EVM^2
	EVM
	SNR [dB]
	EVM^2

	BB
	0.50%
	-46.02
	2.50E-05
	0.50%
	-46.02
	2.50E-05

	TRX
	3.00%
	-30.46
	9.00E-04
	3.00%
	-30.46
	9.00E-04

	PA
	1.50%
	-36.48
	2.25E-04
	2.00%
	-33.98
	4.00E-04

	TOT
	3.39%
	-29.39
	1.15E-03
	3.64%
	-28.78
	1.33E-03

	needed 
	4.00%
	-27.96
	2.28E-03
	4.00%
	-27.96
	2.63E-03


Observation 1:
· To meet an overall budget of EVM < 3.5% the PA is allocated 1.5% EVM
· Allowing up to 2% EVM to the PA only extends the system EVM to 3.65%
Since the PA EVM is a concern at low and high power levels enabling a 2% EVM limit will allow reduced  MPR and support of 256QAM down to lower output power.

Proposal 1

Allow up to 2% EVM on PA to enable 256QAM support for a higher output power range. This can be done by either reconsidering the budget partitioning or allowing a system EVM of 3.65%
In the rest of this contribution data points will be given at both 1.5% and 2% budget limits.
2.1.2. EVM vs output power

At low output power the EVM performance is a concern since high SNR is required and the amplified thermal noise plus any added noise may contribute to the EVM budget. Table 2 provides calculations for a two PA gain and Noise figure cases to illustrate the issue in the low output power region, these calculations only account for linear contributions thus the upper part of the output power is ignored since the PA non linearity will further degrade EVM. 
A 3% EVM is assumed for the BB and the transceiver combined.
2 PA gain configurations are considered in the low output power range with their associated Noise Figure and EVM, the gain includes the front end losses:
· Max gain PA at minimum output power: 30 dB gain, 5dB Noise Figure, 0.5% rms EVM floor, 4.5dB loss after PA
· Reduced gain PA at minimum output power: 16 dB gain, 5dB Noise Figure, 0.5% EVM floor, 4.5dB loss after PA
These gain and noise figures are consistent to all APT power amplifier designs at all bands and have been verified. The noise Figure quotes is valid for small signals at the PA input.
Note that the second case correspond to PA behaviour consistent with the following architectures 

· Power amplifier under APT control
· Power amplifier under ET control

· Power amplifier with a low gain or bypass mode.

Thermal noise contribution is calculated for a 20MHz channel which is the worst case but it should be noted that a 5MHz channel would only show a 6dB improvement and would still show EVM issues at low output power.
Table 2: calculated PA EVM vs output power
	Pout [dBm]
	-50.0
	-45.0
	-40.0
	-35.0
	-30.0
	-25.0
	-20.0
	-15.0
	-10.0
	-5.0
	0.0

	29 dB gain at min power

	Pin [dBm]
	-75.5
	-70.5
	-65.5
	-60.5
	-55.5
	-50.5
	-45.5
	-40.5
	-35.5
	-30.5
	-25.5

	output Noise [dBm]
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5
	-70.5

	Noise+ PA EVM
	-70.5
	-70.5
	-70.4
	-70.1
	-69.4
	-67.7
	-64.7
	-60.6
	-55.9
	-51.0
	-46.0

	Noise+ SYST EVM
	-70.1
	-69.3
	-67.4
	-64.2
	-59.9
	-55.2
	-50.3
	-45.3
	-40.3
	-35.3
	-30.3

	PA only EVM
	9%
	5.3%
	3.0%
	1.8%
	1.1%
	0.7%
	0.6%
	0.5%
	0.5%
	0.5%
	0.5%

	tot EVM
	10%
	6.1%
	4.3%
	3.5%
	3.2%
	3.1%
	3.1%
	3.0%
	3.0%
	3.0%
	3.0%

	16 dB gain at min power

	Pin [dBm]
	-61.5
	-56.5
	-51.5
	-46.5
	-41.5
	-36.5
	-31.5
	-26.5
	-21.5
	-16.5
	-11.5

	output Noise [dBm]
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5
	-84.5

	Noise+ PA EVM
	-84.2
	-83.6
	-82.2
	-79.4
	-75.4
	-70.8
	-66.0
	-61.0
	-56.0
	-51.0
	-46.0

	Noise+ SYST EVM
	-78.9
	-74.8
	-70.2
	-65.3
	-60.3
	-55.3
	-50.3
	-45.3
	-40.3
	-35.3
	-30.3

	PA only EVM
	2%
	1.2%
	0.8%
	0.6%
	0.5%
	0.5%
	0.5%
	0.5%
	0.5%
	0.5%
	0.5%

	tot EVM
	4%
	3.2%
	3.1%
	3.1%
	3.0%
	3.0%
	3.0%
	3.0%
	3.0%
	3.0%
	3.0%


Observation 2:

· At max gain the PA and system EVM cannot be maintained below -35dBm Pout due to noise contribution
· At low gain EVM can be maintained down to <-40dBm
· Relaxing PA EVM budget to 2% enables close to 5dB lower output power
Although a low gain at low power as is the case for known power amplifier architecture results in no rms EVM degradation is not clear that all implementations support this. 
Proposal2: Minimum output power support for UL 256QAM should be FFS
2.2. PA EVM and ACLR measurement vs output power
As it been discussed in [5] and calculated in chapter 2.1 of this document it is suspected that thermal noise will be a significant contribution to EVM at low output power. Similarly given the high SNR required for 256QAM MPR may be required to fulfill the EVM budget and/or to meet the UTRA and EUTRA ACLR requirements. To quantify both the required MPR and the minimum power at which EVM is still met, Power Amplifier EVM and ACLR measurements have been conducted on a Band 41 PA. Figure 1 show the results obtained for a commercial band 41 PA designed for 64QAM support. 

Figures 1 to 6 provides the measured EVM and ACLR on a band 41 LTE PA vs output power

· Figure 1 provides QPSK, 16QAM, 64 QAM and 256QAM EVM measurements for the maximum power region.

· Figure 2 provides EUTRA ACLR measurements
· Figures 3 and 4 provides UTRA1 and UTRA2 measurements

· Figure 5 provides the different modulations CCDF for comparison

· Finally Figure 6 provides EVM measurements over the full output power dynamic range

It is to be noted that for EVM measurement:

· Figure 1 data has the measurement setup rms EVM floor of approximatively 0.4% subtracted.
· Figure 6 includes the measurement setup rms EVM floor of approximatively 0.4% which has not been subtracted.

This difference has very little effect in regions where rms EVM approaches 1.5%
Maximum fixed supply voltage and highest power gain mode were used for the power sweep of this linear PA at room temperature and carrier frequency = 2.565GHz. This PA is designed for a nominal output power of 29.5dBm for maximum power control (MPR=0dB) in QPSK modulation. Furthermore its operation is optimized for Adaptive Power Tracking, and at lower power would only exhibit 16dB of gain and 5dB Noise Figure in such operation.
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Figure 1 : rms EVM measured on a B41 PA across 20MHz 100RB modulations for 256QAM, 64QAM, 16QAM, and QPSK vs. output power.
Observation 2

· PA EVM (256QAM,64QAM,16QAM) starts degrading beyond 2% EVM for output power > 27dBm

· PA EVM (256QAM,64QAM,16QAM) starts degrading beyond 1.5% EVM for output power > 26dBm

· EVM curves are very similar for all 256QAM, ,64QAM,16QAM modulations
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Figure 2 : E-UTRA measured on a B41 PA across 20MHz 100RB modulations 256QAM, 64QAM, 16QAM, and QPSK vs. output power. 
Observation 3: EUTRA ACLR
· PA EUTRA ACLR exhibits 3dB margin up to 28.5dBm for 256QAM modulation and is the same as for 64QAM modulation which is justified by the fact that 256QAM and 64QAM CCDF and PAPR are almost identical
· EUTRA ACLR curves are very similar for all 256QAM, 64QAM,16QAM modulations
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Figure 3 : UTRA1 measured on a B41 PA across 20MHz 100RB modulations 256QAM, 64QAM, 16QAM, and QPSK vs. output power. 
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Figure 4 : UTRA2 measured on a B41 PA across 20MHz 100RB modulations 256QAM, 64QAM, 16QAM, and QPSK vs. output power. 
Observation 4: UTRA1 and UTRA2 ACLR
· PA UTRA1 and UTRA2 ACLR have 3dB margin up to 28.5dBm for 256QAM modulation and is the same as for 64QAM modulation which is justified by the fact that 256QAM and 64QAM CCDF and PAPR are almost identical
· EUTRA ACLR curves are very similar for all 256QAM, 64QAM,16QAM modulation
The demonstrated linearity performance that is so similar across 256QAM, 64QAM, and 16QAM can be attributed to the CCDF which indicates that 256QAM and 64QAM are nearly identical, and there is very little difference between 64QAM and 16QAM, indicating that for the same bandwidth signal, the statistics should produce similar linearity and resulting spectral regrowth.
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Figure 5 : CCDF of 256QAM, 64QAM, 16QAM and QPSK for 20MHz 100RB UL signal.
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Figure 6 : Power sweep of EVM measured on a B41 PA across 20MHz 100RB modulations 256QAM, 64QAM, 16QAM, QPSK vs. output power down to low power levels.
The measured low power EVM of figure 6 reflects degradation largely due to the high gain of the PA. In normal operation the gain is typically 15dB lower at the lower power levels of the APT table. Another critical factor to assess low power EVM performance is that low power operation for the PA (whether high gain mode or a lower power mode), is that as self-bias effects go to zero at low power and current is reduced, the Noise Figure of the PA decreases from its value at maximum power levels to around the 5dB we apply for estimating the low power noise floor.

Note that the rms EVM behaviour at low power is consistent with the calculation made for a power amplifier at max gain in section 2.1.2 Table 2. It is also to be noted that this specific measurement setup does not guarantee the thermal floor at the PA input.
Observation 5: 256QAM EVM at minimum power
· At maximum gain EVM degrades at low output power due to amplified thermal noise and added noise (5dB NF) as predicted in the first chapter. EVM of 1.5% rms is exceeded below -30dBm and below -33dBm for a 2% rms budget.

· With a 15 dB reduced gain (and a 5dB NF) under APT the EVM degradation will be shifted to 15dB lower allowing to meet the PA EVM budget down to -40dBm

· EVM floor is at 0.5% rms.

Observation 6: limiting factors for 256QAM support
As observed in this chapter rms EVM power amplifier performance is the limiting factor both at low and high powers for 256QAM support, and not E-UTRA/UTRA1/UTRA2 ACLR.
Observation 7: Extrapolation for class 2 band 41 HPUE

· From Figure 2 it can be seen that an E-UTRA at -31dBc as specified for HPUE would still result in 2dB margin

· As a consequence EVM performance is still the limiting factor both at low and high powers for 256QAM support by band 41 class 2 HPUE
2.3. Filter edge PA EVM measurement 

If it is agreed that transceiver UL performance is band dependent due to higher close in phase noise and insufficient image rejection at higher frequencies and as a consequence 256QAM support may be more difficult at these frequencies, the RF front end and PA should not suffer from this dependency.
It is also to be noted that state of the art WiFi transceivers and PAs fully supports 256QAM modulation with even stricter EVM requirements thus LTE 256QAM support by transceivers should be feasible up to 6GHz. 

The linear distortion introduced at the transmit filter band edges can be fully corrected by equalization. This is specifically critical for bands with sharp duplex transitions (small duplex gap and large UL bandwidth). In order to quantify this issue EVM measurements have been conducted in the center channel vs. at the band edge of a duplexer, the results presented in Figure 7 and 8.
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Figure 7 : Spectrum for UL 256QAM with channel run only through the center of a 3.4GHz - 3.6GHz filter, with resulting rmsEVM = 0.42%

[image: image8.emf]
Figure 8 : Spectrum for UL 256QAM with channel run at band edge of the 3.4GHz - 3.6GHz filter. with resulting rmsEVM = 0.46%
Figure 8 shows a 20MHz channel run at band edge of the TX filter resulting in a 10dB variation in amplitude across the 20MHz channel due to the filter roll-off as an extreme case of amplitude and group delay variation in channel due to filter band edge effects. The resulting rms EVM = 0.46% with little to no degradation in the EVM relative to the center channel and flat filter response case of Figure 7 at 0.42%.

Observation 8
256QAM support is/isn’t band dependent for the power amplifier or RF front-end filter effects.
2.4. Proposal for MPR, min power and per band support

As it is demonstrated in the measurements, the UL 256QAM performance at class 3 max power is limited by EVM performance with the currently allocated budget of 1.5% EVM for the power amplifier. In order to meet this requirement a MPR of 2dB is needed for the 256QAM modulation, and the additional 1dB for the modulation allocation of 100RB, for a total of 3dB back-off from MPR=0dB maximum power. This MPR=2dB for 256QAM is the same amount required for 64QAM, based on the identical CCDF, and experimental study here for the required MPR to meet the limiting targets for EVM. It is to be noted that a 2% EVM budget for the power amplifier would reduce this MPR with very little impact on the system overall EVM.
Proposal 1

MPR of 2dB is proposed for UL 256 QAM support in class 3 UE

As can be derived from the EUTRA measurements the UL 256QAM performance at class 2 max power is also limited by EVM performance. In order to meet this requirement MPR of 3dB is needed. The class 2 HPUE is different in that it does not require UTRA1 and UTRA2 ACLR and requires a 1dB better EUTRA ACLR
Proposal 2

MPR of 2dB is proposed for UL 256 QAM support in class 2 UE

At low output power PA EVM may be degraded by the contribution of the thermal noise especially for full 100RB allocation. Although this degradation would reduce with lower RB allocation it is suggested to keep the 100RB case to set the minimum power requirement for all bands and channel bandwidths. 
Although it is anticipated that the measured PA would not show EVM degradation down to -40dBm when operated with its nominal APT table, other PAs may not behave the same. It is to be noted though that low gain or bypass modes would also result in low EVM at low output power.

Nevertheless some implementations may not behave the same and a minimum output power level for 256QAM may be required.

This approach can be supported by the fact that, to achieve the reach of the base station with sufficient SNR the UL 256QAM signal need to be transmitted at a higher power than for QPSK modulation. Since 256QAM requires a higher SNR than QPSK it seems reasonable than the 256QAM minimum power is higher than the -40dBm used for QPSK.

Proposal 3
Minimum output power for UL 256QAM support is FFS.
Since band 46 eLAA uses a different waveform and the interleaved waveform is prone to generate inter RB interference via odd order intermodulation the presented data cannot be used for band 46 support of UL 256QAM.

Proposal 4
Band 46 UL 256QAM support for eLAA is FFS

With our different measurements we could not find evidence that some bands could not support 256QAM modulation for the RF front end
Observation

With exception of band 46 that is FFS due to different waveform, the RF front end components can support 256QAM modulation in all bands.
3. Conclusion
256QAM modulation measurements were conducted on a band 41 power amplifier demonstrating that its non linearity affects the achievable rms EVM achievable at maximum power thus requiring MPR for both class 2 and class 3 UEs.

Proposal 1&2: a 2dB MPR is proposed for support of UL 256QAM in class 3 and class 2 UEs resulting in the below MPR table.

Table 6.2.3-1: Maximum Power Reduction (MPR) for UE Power Class 2 and 3

	Modulation
	Channel bandwidth / Transmission bandwidth (NRB)
	MPR (dB)

	
	1.4
MHz
	3.0
MHz
	5
MHz
	10
MHz
	15
MHz
	20
MHz
	

	QPSK
	> 5 
	> 4 
	> 8 
	> 12
	> 16
	> 18
	≤ 1

	16 QAM
	≤ 5 
	≤ 4
	≤ 8
	≤ 12
	≤ 16
	≤ 18
	≤ 1

	16 QAM
	> 5 
	> 4
	> 8
	> 12
	> 16
	> 18
	≤ 2

	64 QAM
	≤ 5 
	≤ 4
	≤ 8
	≤ 12
	≤ 16
	≤ 18
	≤ 2

	64 QAM
	> 5 
	> 4
	> 8
	> 12
	> 16
	> 18
	≤ 3

	256 QAM
	≤ 5 
	≤ 4
	≤ 8
	≤ 12
	≤ 16
	≤ 18
	≤ 2

	256 QAM
	> 5 
	> 4
	> 8
	> 12
	> 16
	> 18
	≤ 3


It is recognized the eLAA band 46 waveform may impair significantly the 256QAM EVM at max power and may result in different requirement.

Proposal 2: Band 46 eLAA 256QAM support is FFS

A worst case measurement at filter band edge was conducted and no noticeable EVM degradation was found, and power amplifier impact to EVM is a function of specific design for linearity generally and also not band-specific.

Observation: There is no evidence of band dependent EVM performance in the power amplifier and RF front end thus it should be feasible to support 256QAM for all bands from a RF front end prospective (except band 46 which is FFS). 
EVM at minimum output power has been measured and calculated showing that there should be no EVM issue down to -40dBm for power amplifier with lower gain at these output power, it is recognized that this may not always be the case for all possible power amplifier implementations.
Proposal 3: Minimum power at which 256QAM needs to be supported is FFS.
Finally is has been show that an overall EVM requirement of maximum 3.65% instead of 3.5% would allow a 2% EVM budget for the PA instead of 1.5% further enabling extra margin to PA solutions at minimum and maximum output power.

Proposal 4: a maximum rms EVM of 3.65% is proposed for UL 256QAM support
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