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Introduction
Power class 1.5 is a necessary feature to enable broader deployments and greater coverage.  However, PC 1.5 can only be effective if the actual increase in power is made available.  The current MPR specifications for PC 1.5 severely curtail the effectiveness of PC 1.5 since in most cases, they do not provide any power gain above a PC2 device when both devices are compliant to the 3GPP specifications.  In this contribution, it is explained why the 3GPP specifications  do not satisfy the needs for PC 1.5 deployment models, the basis for the current 3GPP specifications is studied, and the differences for FWA are highlighted to show where differences in assumptions for MPR analysis should be made.
Discussion
Motivation for FWA MPR 
The sole reason for PC 1.5 is to enable higher UE transmit power to improve the uplink.  By increasing the maximum power by 3 dB from 26 dBm to 29 dBm, it is expected that significant improvement can be realized in coverage and capacity.  However, the power class improvement is hampered by MPR.  MPR for PC 1.5 was defined by RAN4 using assumptions associated with conventional smartphone form factors.  The resulting PC 1.5 MPR is shown below for Tx diversity and UL MIMO.
Table 6.2.2-4 Maximum power reduction (MPR) for power class 1.5 with  dual Tx
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK
	≤ 6.5
	≤ 3.5
	≤ 1.5

	
	QPSK
	≤ 6.5
	≤ 4
	≤ 1.5

	
	16 QAM
	≤ 6.5
	≤ 5
	≤ 2.5

	
	64 QAM
	≤ 6.5
	≤ 5.5
	≤ 4

	
	256 QAM
	≤ 7.5
	≤ 7.5
	≤ 7.5

	CP-OFDM
	QPSK
	≤ 6.5
	≤ 6
	≤ 3

	
	16 QAM
	≤ 6.5
	≤ 6
	≤ 3.5

	
	64 QAM
	≤ 6.5
	≤ 6.5
	≤ 5

	
	256 QAM
	≤ 9.5
	≤ 9.5
	≤ 9.5



It is easily observed that the specified MPR’s are significant; in fact, the allowed backoff for 256 QAM CP-OFDM is 9.5 dB which means that the 29 dBm maximum output power is reduced to 19.5 dBm when factoring in MPR.  It is also observed that there are no waveforms with zero MPR, so no waveform can reach 29 dBm maximum output power if the specified MPR is fully taken.  
Another perspective is shown in the table below where the maximum output power benefit is shown with the migration from PC3-to-PC2 and from PC2-to-PC1.5.  The benefit from PC3-to-PC2 is evident as most waveforms (shaded in green) are able to realize the full 3 dB of gain implied by the power class upgrade except for edge waveforms with DFT-S-OFDM and lower order modulations.  Hence, the value of PC2 is clear and both its relevance in standardization and its penetration in devices continues to grow since its first introduction to LTE in Rel-10.  In sharp contrast the benefit for PC2-to-PC1.5 is mostly non-existent as specified.  For most waveforms (shaded in yellow), there is no maximum output power increase at all despite populating two PC2 PA’s on the device to enable PC 1.5 compared to PC2.  Only for inner waveforms is there a modest 1.5 dB of gain.
	
	
	PC3 -> PC2
	
	PC2 -> PC 1.5

	 
	 
	Edge
	Outer
	Inner
	 
	Edge
	Outer
	Inner

	DFT-S-OFDM
	Pi/2 BPSK
	0
	3
	3
	
	0
	0
	1.5

	
	QPSK
	0.5
	3
	3
	
	0
	0
	1.5

	
	16QAM
	1.5
	3
	3
	
	0
	0
	1.5

	
	64QAM
	2
	3
	3
	
	0
	0
	1.5

	
	256QAM
	3
	3
	3
	
	0
	0
	0

	CP-OFDM
	 
	 
	 
	 
	
	 
	 
	 

	
	QPSK
	2.5
	3
	3
	
	0
	0
	1.5

	
	16QAM
	2.5
	3
	3
	
	0
	0
	1.5

	
	64QAM
	3
	3
	3
	
	0
	0
	1.5

	
	256QAM
	3
	3
	3
	
	0
	0
	0



It is our view that the RAN4 minimum specifications defined for PC 1.5 do not enable the objectives of rural coverage and NR broadband usage agreed when the work item was approved [1].
 Previous study on PC 1.5 MPR
The previous study on PC 1.5 MPR for TxDiv and UL MIMO was conducted for Band n41.  Since the work item specified a dual PA configuration, i.e., 2x26 dBm, MPR was derived based on measurements provided by vendors.  MPR is specified in order to allow the UE to meet ACLR, SEM, spurious emissions as well as EVM and in-band emissions.  The difference between PC1.5 and PC2 is the usage of two PA’s and the increase in maximum power by 3 dB.  The usage of two PA’s introduces reverse IMD distortion due to the coupling between the two transmitter paths, primarily due to the assumed 18 dB (10 dB antenna isolation and 4 dB front-end loss for each PA) coupling from the output of one PA to the output of the other PA.  This was found to impact EVM as reported by multiple companies.  The 3 dB increase in output power also drives an increase in MPR for PC1.5 compared to PC2 since the SEM is specified in absolute power.  There was far less data presented to quantify the MPR required to meet out-of-band emissions; mostly, claims were made without data shown to justify them.  
Data for out-of-band emissions was provided in [2] and is reproduced below
[image: ]
This table shows the increase in emissions for 2 PA PC1.5 (labeled “2Tx increase”) and the margin to the requirement with no additional MPR for DFT (labeled “DFT Margin @MPR0”) and the margin to the requirements with 2 dB additional MPR for CP-OFDM (labeled “CP Margin @MPR2) for various waveforms against out-of-band emission requirements with two different PA bias configurations.  
The result is between 0 and 2 dB of additional MPR is needed depending on the waveform and the particular emission requirement allowing for both PA biasing schemes representative of what is needed for smartphones.  
Similarly, data for EVM was provided in [3], [4], and [5].  In [3], EVM for inner waveforms was measured as a function of antenna isolation to capture the effect of RIMD3.  In fact, it was shown that no additional backoff was needed for PC1.5 compared to PC2 even with antenna isolation of 10 dB for the existing EVM budget citing the improvement in NR image compared to LTE as justification for headroom in the budget.  In [4] measurement data is also provided to illustrate the impact of RIMD3 on EVM.  In fact, the EVM degradation shown in [4] is smaller than that shown in [3].  For example, the EVM for DFT-S-OFDM inner waveforms with QPSK modulation is shown to be 1.18% in [4] whereas a similar waveform was indicated to have 4.17% EVM degradation in [3].  Despite having a smaller degradation, the proposal in [4] is 3 dB additional MPR for edge and outer waveforms and an additional 2 dB for inner waveforms, whereas [3] proposes that no additional backoff is needed.  It is also labeled in the table header of Table 5 in [4] that the 2 dB or 3 dB is the “Total Relaxation”, while the caption reads “Additional MPR relaxation.”  The observation 4 also points out that there are other limitations (ACLR, OOBE, and SEM) that justify the additional relaxation, but there is no data provided to substantiate this.  The only data provided in this paper is for EVM where the reported degradation is smaller than that observed in [3] where already no additional MPR is required according to the claims in [3].  Finally, in [5] EVM measurements are provided for 64QAM and 256QAM CP-OFDM waveforms with full RB allocation.  It is commented that the EVM is based on a PA budget where the budget for 256QAM is 1.8%.  Measurements for ET and fixed-bias PA are shown where the ET PA requires 6 dB backoff and the fixed bias PA requires 8 dB backoff to meet the 1.8% criterion, but the proposal in this paper and the agreed specification for 256QAM CP-OFDM is 9.5 dB backoff.  It is not explained why an additional margin of 1.5 dB for fixed bias and 3.5 dB for ET is proposed compared to the published measurement.  For 64QAM assuming a 4% PA EVM budget, the ET PA nearly meets this at full power can drops to 2.9% with 2 dB backoff while the fixed bias PA achieves this with 4 to 5 dB backoff.  It is commented that lower order modulations such as 64QAM are limited by other requirements besides EVM, but data is not provided in the paper.  Nevertheless, the proposal in [5] is generally 0.5 to 1 dB additional MPR for inner waveforms and 1 to 2 dB additional MPR for edge and outer waveforms, which is much lower than the final specification.
Reviewing the papers providing measurements, there does not appear to be a clear path to the ultimately agreed MPR specification.  The papers are often incomplete providing only partial data and in some cases the data does not align with the proposals.  The most likely explanation is that there is limited technical basis for the final specification but rather the proponent company simply gave up in the interest of completing the specification as suggested by the comment in [2] “In the interest of completion of the Rel-16 specification, it is proposed that MPR for PC1.5 for outer allocations be based on PC2 values from [9] plus 3dB.”
Applicability to FWA
It has been proposed [6] that the MPR for PC1.5 as currently specified in 38.101-1 be adopted for Band n77 and n78, even for FWA devices.  As described above, the MPR was completed in haste and could possibly be optimized (reduced) with closer scrutiny.  Even more evident, however, is the prior study was focused on assumptions that are applicable to a handheld mobile device.  As pointed out in [7] an FWA device has a completely different set of constraints than a handheld mobile device which should lead to lower MPR values in addition to the optimizations that can be done for handheld device MPR.  The most significant differences are the larger form factor and thermal capacity as well as the ability to draw power from a wall plug rather than small battery.  These differences are expected to enable larger antenna isolation than 10 dB as well as the possiblity of greater linearity in the Tx chain. 
It is proposed to carefully study the MPR for FWA rather than to blindly (and incorrectly) reuse the MPR that has been defined for handheld smartphone.  On antenna isolation, a survey of FWA OEM’s when asked the minimum achievable isolation at 3.5 GHz for FWA devices replied as follows
Question:  What is the minimum isolation you expect to be able to achieve between two antennas used for Tx (3.5 GHz)?
Vendor A response: At 3.5GHz, the minimum isolation is 15dB but we are aiming for 20dB.
Vendor B response: ~15dB
Vendor C response:  >20 dB
Vendor D response:  >20 dB
Proposal:  Based on the feedback from FWA vendors, it is proposed to assume antenna isolation of 20 dB for FWA.
Since PCB isolation can also be a factor, especially as antenna isolation increases, FWA vendors indicated that the PCB isolation could be >75 dB, 80-100 dB, and >75 dB.  With the 20 dB antenna isolation assumption, the PCB isolation effect can be ignored.
Proposal:  PCB isolation effect can be neglected.
The post-PA front-end loss was assumed to be minimum 4 dB for handheld smartphone.  For FWA, the feedback was 1 to 2 dB, 5 dB, 5.5 to 6 dB, and 2.75 dB.  Therefore, it is reasonable to reuse the same value as smartphone for the analysis.
Proposal:  Post-PA front-end loss assumed to be 4 dB per Tx chain.
On the aspects related to PA linearity, it was commented by FWA OEM’s that there is room to sacrifice efficiency for linearity due to the ability to better dissipate heat in an FWA form factor, but the tradeoff was not quantified.  Efficiency is still important though perhaps not quite as significant as for a handheld mobile device.
MPR analysis
Measured data from [3] illustrates the RIMD impact to EVM as a function of output power and antenna isolation.  Antenna isolation values considered are 10, 12, and 14 dB.  Extrapolating the data to 20 dB antenna isolation, the EVM impact is estimated to be approximately 1.5% worst case at the maximum output power for DFT-S-OFDM with QPSK modulation.  Considering an EVM budget for QPSK with the PA at 8%, image at -28 dBc, and remainder of the transceiver at 14.5%, there is sufficient margin to accommodate an RIMD term of up to 4% while still meeting the overall QPSK EVM requirement of 17.5%.  Therefore, there an RIMD of 1.5% is easily accommodated without the need for any power backoff.  
At the other extreme for 256QAM, the data from [3] (Table 2 for which it is inferred that the CP-OFDM and DFT-S-OFDM rows are mislabeled) indicates an RIMD EVM of 0.8% for DFT-S-OFDM with 10 dB antenna isolation when the PC2 MPR of 4.5 dB for inner allocations is taken.  With 20 dB antenna isolation, the RIMD EVM is estimated to be 0.5% or lower.  With an EVM budget for 256QAM of 1.5% to the PA, -35 dBc image assumption, and 2% to the remainder of the transceiver, an RIMD of 0.5% is easily accommodated within the PC2 MPR to achieve an overall EVM of 3.5%.  No additional backoff is needed.
The above considers the EVM impact, but the SEM also needs consideration due to the increase in Tx power.  Measurements from [2] evaluate the effect on general NR SEM and NS_04 SEM with 10 dB antenna isolation.  For the purpose of this study, NS_04 SEM is irrelevant so only general NR SEM needs to be considered.  Moreover, the antenna isolation should be assumed to be 20 dB.  However, the improvement in antenna isolation is not expected to provide much benefit for edge allocations which have been found to be dominated by narrowband emissions and WOLA filtering.  Therefore, we conservatively reuse the measured data from [2] despite the worse antenna isolation.  It is additionally stated in [2] that “Two PA biasing schemes were selected to be realistic for use in smartphones”; however as indicated above, the FWA device does not have the same constraint as a smartphone for absolute minimum power consumption since it is not reliant on a small battery for power and has a greater capacity for thermal dissipation.  Therefore, we only consider the “Bias A” data from [2].  Observing the “DFT Margin” reported in the paper, it is noted that in all cases for general SEM and bias A, the margin is significant with at least 5 dB.  In fact, the margins are listed as >13 dB, >17 dB, etc. which is higher than expected.  Independent measurements to verify this conclusion are underway but not yet available.  The availability of significant margin is true for both full allocations (outer) and inner allocations.  For CP-OFDM, the reported margin is also large with at least 5 dB; however, 2 dB of additional MPR was taken for CP-OFDM.  Data is not provided for no additional MPR.  Also, data is not provided for edge allocations.  Independent measurements for both of these conditions are also underway.  In previous work, edge allocations have been found to been susceptible to emission requirements, so it is suggested to more closely study those waveforms, especially since the power is increased by 3 dB.
Based on the previously reported data, covering both EVM and out-of-band emissions, the MPR for FWA PC 1.5 can then be found
	Inner:  No additional MPR compared to PC2
Outer:  No additional MPR compared to PC2 for DFT-S-OFDM.  Additional [2] dB for CP-OFDM except for 256QAM which is dominated by EVM.
	Edge:  Needs further study
The resulting MPR table is presented as follows
Table 6.2.2-2 Maximum power reduction (MPR) for power class 1.5 with dual Tx for FWA
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK
	≤ [3.5]
	≤ 0.5
	0

	
	QPSK
	≤ [3.5]
	≤ 1
	0

	
	16 QAM
	≤ [3.5]
	≤ 2
	≤ 1

	
	64 QAM
	≤ [3.5]
	≤ 2.5

	
	256 QAM
	≤ 4.5

	CP-OFDM
	QPSK
	≤ [3.5]
	≤ [5]
	≤ 1.5

	
	16 QAM
	≤ [3.5]
	≤ [5]
	≤ 2

	
	64 QAM
	≤ [5.5]

	
	256 QAM
	≤ 6.5



It is important to note that these conclusions are based on previously reported data and possibly extrapolating to estimate RIMD interference for higher than reported antenna isolation.  Additional measurements are being taken with the above table as a guideline and starting point to finalize the MPR specification; further improvement is welcomed if justified.  
Conclusion
This contribution reviewed the existing MPR for PC 1.5.  It is shown that the MPR’s limit the effectiveness of the higher power class.  The derivation of the MPR values were then traced with careful review of the previously presented measured data.  It was found that the presented data was often lacking and did not appear to justify the large MPR’s that were ultimately specified for Band n41; in fact, the data presented and proposals mostly suggest smaller values than the MPR specification.  The assumptions were then reviewed against FWA constraints where feedback from OEM’s indicates where differences lie between FWA and mobile handset devices.  Finally, MPR for FWA was analyzed based on assumptions for FWA using the available data to provide an initial guideline for further study and verification.
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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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