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1. Introduction

In RAN#68 meeting, the new study item of New Band 41 UE power class supporting +26dBm was approved [1]. The objectives of this study item are the following:
· The study is limited to evaluating  the transmission and reception impact and values for single carrier UL operation for Band 41 E-UTRA UE Power Class 2 (+26dBm) 

· Assess Band 41 HPUE impact on the performance of licensed bands other than band 41. 

· The study item needs to take into account the co-existence and compatibility of LTE systems deployed in the 2.5 GHz band. e.g. ACLR/ OOBE

· Assess Band 41 power class 2 potential impacts to TDD/FDD carrier aggregation band combinations

· Study the impact and potential values for  the Core RF requirements for RAN4 E-UTRA specifications for TDD Band 41

· Study to maintain the same co-existence impact as Band 41 power class 3 in terms of throughput/OOB emissions from the B41 HPUE to adjacent band through tighter requirements for the HPUE where applicable

· Study the use of new power amplifier models to minimize the impact to AMPR and with minimal impact to battery life.

· Study impact on eNode B blocking requirements.
Managing the related challenges for higher power operation can be addressed in a number of ways described here.
This contribution analyzes PA measured data to assess feasibility of the higher power class 2 requirements supporting +26dBm at the antenna for B41.
2. Discussion

Several contributions [1],[2],[3],[4],[5],[6] were presented in RAN4 #76 to address the above issues and concerns. The content here will address those and discuss several more issues that are understood to be important.
2.1. Architectural Assessment of Required PA Output Power for +26dBm at the B41 Antenna
Using an existing PA engine in development, data was derived across several real world implementations to test feasibility of B41 HPUE (+26 dB Pout). The system analysis was performed on use cases that were optimized for B41 performance using a dedicated HB antenna, as well as thru a single combined multiband antenna- the worst case- in a complex LTE Front End that can support Carrier Aggregation.

The architectural options are summarized in the simplified figures below, and indicate variations of either a broad-banded PA engine that supports several high bands vs. a dedicated/more narrowband B41 PA, as well as the more lossy case of a single shared antenna vs. a dedicated HB antenna. 

.
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Figure 1 : Simplified Architectural Option #1 : Worst Case Single Shared Antenna for CA Support of all LB/MB/HB Combinations
Many more architectural options exist for the implementation of B41, but the highest post-PA insertion loss cases are typically driven by the TDD/FDD CA support of difficult MB/HB band combinations into a single shared antenna as shown in Figure 1. This is conservatively worst case, as more optimum approaches will enable switch bypassing of the CA support elements to enable much lower loss single band B41 operation. The figure also includes a PA engine that is broad-banded and followed by a multi-purpose T/R switch to enable transmit and receive re-use of the single TDD filters, as well as support of several high bands from the single PA.
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Figure 2 : Simplified Architectural Option #2 : Separate Dedicated HB Antenna for CA Support and Shared Tx/Rx Filter Reuse Enabled with Tx/Rx Post-PA Switch
The benefits of lower loss enabled through the use of a dedicated HB antenna are demonstrated in the simplified connectivity of Figure 2, still for a broadbanded/shared PA engine in this case for B41/B38/B40, where the antenna isolation enables separate HB and MB paths routed to their own antenna feeds to avoid the loss of elements that are otherwise required to merge the signal paths through ganged filters or additional diplexers into a single path/antenna.
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Figure 3 : Simplified Architectural Option #3 : Separate Dedicated HB Antenna for CA Support and Dedicated Tx and Rx Filters to Eliminate the Tx/Rx Post-PA Switch
The last example (Figure 3) is optimistically optimized just for B41 and not only includes a dedicated HB antenna, but also a more narrowband PA just for B41 alone to improve PA efficiency, and further reduces losses by eliminating the T/R and band select switching with a dedicated Tx and dedicated Rx separate filters. Representative worst case and nominal architecture assumptions are further detailed in the following section that quantifies their loss link-budgets.

Conclusion:  Worst case architecture assumptions include a single shared antenna and associated additional diplexer for MB/HB TDD/FDD CA support, shared/broad-banded B41 PA that supports all HB TDD followed by T/R and band select switching. This is conservative as most optimum architectures will enable switch bypassing of the CA support elements in order to better optimize the single band B41 losses, and this is the most likely market implementation to better enable HPUE support for single antenna configurations. Separate dedicated HB antenna solutions are also quite common and enable significant reduction in front-end losses for the B41 HPUE.
2.1.1. Single Antenna Worst Case CA Support Architecture Support
The worst case link-budget is represented in Figure 4 and details a case with conservative inclusion of full MB/HB TDD/FDD CA support, single shared antenna, and broad-banded PA supporting several HB TDD bands through the additional loss of a T/R and band select switch. A total post-PA insertion loss of 5dB is assessed, and in order to deliver +26dBm at the antenna connector, the PA output power must reach an rms average of +31dBm for MPR=0dB.
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Figure 4 : Link budget line-up details for power and gain/loss for the worst case option supporting single shared antenna and shared PA band support. 

2.1.2. Dual Antenna CA Support Architecture Support
A more nominal link-budget is represented in Figure 5 and details a case with a separate dedicated HB antenna and the clearly lower losses that avoid the additional diplexer/triplexer blocks. The PA is still assuming a broad-banded PA supporting several HB TDD bands through the additional loss of a T/R and band select switch. A total post-PA insertion loss of 4dB is assessed and in order to deliver +26dBm at the antenna connector, the PA must deliver an output power = +30dBm for MPR=0dB.
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Figure 5 : Link budget line-up details for power and gain/loss for the dedicated HB antenna case with shared PA band support
The summary of this link budget detail for the two discussed architectures is summarized below in Table 1.
	Option
	Power/Gain
	PA
	Tx/Rx Sw
	B41 Filter
	CA Diplexer
	ASM
	Coupler
	Trace
	Diplexer
	ESD
	RF Conn

	#1

PostPA IL = 5dB
	Gain/Loss [dB]
	30
	-0.4
	-2.5
	-0.7
	-0.4
	-0.2
	-0.1
	-0.5
	-0.1
	-0.1

	
	Power [dBm]
	31
	30.6
	28.1
	27.4
	27
	26.8
	26.7
	26.2
	26.2
	26

	#2

PostPA IL = 4dB
	Gain/Loss [dB]
	30
	-0.4
	-2.5
	N/A
	-0.6
	-0.2
	-0.1
	N/A
	-0.1
	-0.1

	
	Power [dBm]
	30
	29.6
	27.1
	N/A
	26.5
	26.3
	26.2
	N/A
	26.1
	26

	#3

PostPA IL = 3.6dB
	Gain/Loss [dB]
	30
	N/A
	-2.5
	N/A
	-0.6
	-0.2
	-0.1
	N/A
	-0.1
	-0.1

	
	Power [dBm]
	29.6
	N/A
	27.1
	N/A
	26.5
	26.3
	26.2
	N/A
	26.1
	26


Table 1: Link budget details for the delivery of +26dBm at the antenna connector across the architectural options
Conclusion:  A conservative worst case link budget of 5dB post-PA loss for the single shared antenna case indicates the PA output power must reach 31dBm for a 26dBm antenna power, and a more nominal 4dB post-PA loss for the dedicated HB antenna case is able to reach +26dBm class 3 operation for a PA output power of 30dBm.
2.2. Measured Power Amplifier Performance for Power, Linearity and Efficiency to Support +26dBm
The feasibility of PA technology to support a higher power class 2 in B41 is addressed here with measured data from Skyworks’ next generation APT PA technology that will be in production Q2 2016. This PA engine behaves as a standard APT solution without any special calibration or software interfacing beyond standard APT operation, so it is implemented in manufacturing basis the same way that previous generations of APT PA engines.

No special  factory calibration requirements are required to use in the transmit chain at the phone level. No digital predistortion (DPD) is applied, and the results below in Table 2 summarize measurements at room temperature across power for the MPR=1dB case of a QPSK 10MHz 50RB modulation. The total battery referred currents include all currents and the finite DC-DC converter efficiency of the solution.

	B41
[MHz]
	Output Power

10MHz/50RB (dBm) (MPR=1)
	Gain (dB)
	EUTRA1 (dBc)
	UTRA1 (dBc)
	LTE Ibatt (mA)

	2501/2593/2685
MHz
	26.90
	29.11/29.14/28.83
	-40.72/-41.29/-39.44
	-43.10/-43.85/-41.86
	427/408/411

	
	27.90
	29.54/29.19/28.91
	-41.63/-40.74/-39.17
	-44.19/-43.29/-41.66
	486/486/489

	
	28.90
	29.42/29.14/28.87
	-40.59/-40.63/-39.49
	-42.78/-43.14/-42.04
	592/591/594

	
	29.90
	29.23/28.97/28.70
	-38.63/-40.20/-39.45
	-40.41/-42.43/-41.88
	711/694/667


Table 2 : Measured results across power for the example B41 PA engine. (These results are measured at the PA output for a 10MHz QPSK 50RB modulation MPR=1dB case. The battery referred currents include the finite DC-DC converter efficiency).
Conclusion:  Measured data indicates the power amplifier can deliver the required power levels required for worst case single antenna CA-support architectures, as well as the less challenging dual antenna solutions
2.2.1. Linearity and Emissions Requirements for High Power Class 2 UE Relative to Class 3
This section will examine the requirements for additional linearity of a class 2 UE (+26 dBm Pout) at the higher power levels in order to maintain coexistence performance.

The existing spurious emissions, spectrum emissions mask, ACLR, and NS_04 requirements have been derived for specific assumptions and a +23dBm class 3 antenna power.  Concerns about increased emission levels commensurate with an equivalent increase in +3 dB power have bene raised. Several points are critical to consider: 
1) Antenna radiation efficiency and use case loading by head/hand typically cause the Total Radiated Power (TRP) to be lower than the conducted 50Ohm performance by at least 3-5dB, so that the radiated emissions levels are lower as well and provide margin to the existing coexistence link-budgeting in the actual network, 
2) If the absolute emissions of the class 2 UE at +26dBm antenna power are equivalent or below existing absolute emissions levels, that should be sufficient to operate alongside existing class 3 UE without difficulty, 
3) UE solutions in the market today deliver 24dBm LTE MPR=0dB power at the antenna and are able to meet emissions requirements, thus establishing the relative performance vs. existing UEs baseline, implying that only 2dB additional linearity margin is required to guarantee existing absolute emissions levels of the +26dBm class 3 UE,  
4) There are margins in existing solutions today that justify the feasibility of improving emissions at the antenna by the required 2dB as detailed below.
Existing UE RF front-end transmit chain solutions typically provide a large amount of margin to E-UTRA and SEM requirements for nominal conditions, with E-UTRA = -38dBc guaranteed routinely by the PA at room temperature, a full 8dB of margin to the requirement. The excess margin is then utilized to account for variation over temperature and mismatch that may increase post-PA insertion losses and lower gain in the PA such that adequate margins of around 4-6dB to the limit are still retained at the same target power over extremes. This excess margin at room temperature is provided for both the power amplifier and the transceiver such that the sum of the two contributors meets nominal conditions target requirements. Because the gain in the PA is to be increased by 2dB and its relative variation over temperature, mismatch and extreme conditions will be consistent relative to its nominal operation just as in existing class 3 UE solutions, the transceiver is not required to provide higher power than in the baseline case of an existing class 3 solutions and would be allowed to retain the same behavior over conditions for class 3 vs. class 2 on a dB basis. Typically, the transceiver is more linear than the power amplifier as an optimization of the DC efficiency of the overall transmit chain, but the conservative assumption is made here that the power amplifier and transceiver contributions to ACLR and spectral regrowth at the power amplifier output are equal. Based on this, as shown in Figure 6, if the PA improves its linearity by 3dB and the transceiver retains its existing performance today, while the required PA gain and power go up 2dB, then the absolute emissions level as the sum of transceiver and PA contributions will degrade by less than 1dB. (This summation of the transceiver and PA ACLR assumes a 15log10 sum between an uncorrelated and 100% correlated result, based on measured experience). 
If instead the PA linearity is improved by 3dB and the transceiver in addition improves its linearity by an incremental 1dB, then the total summation of all contributors will be able to address the required target at present levels of absolute emissions. To require more than 3dB improvement in the PA linearity will start to become problematic for yield and efficiency considerations.
It is also critical that the additional linearity is only required for the higher powers above 24dBm, for as we back-off to lower powers we should only be required to deliver the linearity requirements consistent with the existing release for class 3. 
Conclusion : It is proposed that the E-UTRA requirements be tightened by 2dB consistent with these factors, from -30dBc to -32dBc for powers above +24dBm, with an understanding that the existing technologies can deliver this incrementally improved performance by providing 3dB better linearity in the PA, and 1dB better in the transceiver to guarantee that absolute emissions are maintained in conducted maximum power performance. 
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Figure 6 : Required Transceiver and PA Linearity Improvement to Achieve the Total 2dB Improvement Required for Class 3 Emissions
2.2.2. Implications on the PA to Deliver 3dB Improved Linearity
The measured E-UTRA linearity as a function of output power for MPR=0dB (QPSK 10MHz 12RB) at room temperature for mid-channel B41 is detailed below in Figure 7. This corresponds to the worst case architecture and link-budget assumptions of the single shared antenna (total post-PA insertion loss = 5dB) as detailed in Figure 1and Table 1, indicating a required PA output power of 31dBm for the MPR=0dB case. The nominal target E-UTRA = -38dBc is attained at the PA output of 31dBm, with corresponding total efficiency = 38.7% (including the DC-DC converter efficiency). If we then were to adjust the load-line to improve linearity by a target 3dB to reach E-UTRA=-41dBc, then the corresponding total battery referred efficiency attainable from this measured data is 34.9%, or a drop of 3.8% for the maximum power level. This result is also summarized in Table 3 alongside the specific operating points, powers, and linearity as shown in the graph.
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Figure 7 : For the Worst Case Architecture #1 (Post-PA IL=5dB): Impact to the Power Amplifier DC Consumption to Attain 3dB better E-UTRA linearity [QPSK 10MHz 12RB MPR=0dB], and Impact of Operating the PA System 3dB Backed Off from its maximum rated power (+26dBm capable PA operated at +23dBm)
	
	+26dBm Operation
	Operation of Class 2 PA 
at +23dBm

	Worst Case (5 dB IL FE)

E-UTRA Full Tx Path

10MHz QPSK 12RB
	High Linearity
	Nominal Linearity
	High

Linearity
	Nominal Linearity

	Pout at T/R switch output
	+30.1
	+31
	+27.1
	+28

	E-UTRA ACLR (dBc)
	-41 
	-38
	-41
	-38

	Ibatt (mA)
	765
	857
	417
	457

	Total System Efficiency (inc converter) 
	34.9%
	38.7%
	32.7%
	36.3%

	Efficiency Degradation for 

3dB Improved E-UTRA
	3.8%
	N/A
	N/A

	Efficiency Degradation for 3dB Backed-off Operation of Class 2 PA
	N/A
	N/A
	2.2%
	2.4%


Table 3 : For the Worst Case Architecture #1 (Post-PA IL=5dB)  : Comparison of Nominal Linearity and Implications on DC efficiency across power for +3dB Higher PA linearity [QPSK 10MHz 12RB MPR=0dB]
A similar demonstration of this measured result is shown in Figure 8 which indicates that for the architecture having a dedicated high band antenna and slightly less loss (post-PA insertion loss = 4dB) in the line-up required to support all MB-HB CA cases, results are  detailed in Figure 2, Figure 5 and Table 4, indicating a required PA output power of 30dBm at the PA output for the MPR=0dB case. The nominal target E-UTRA = -38dBc is attained at 30dBm at the PA  output, with corresponding total efficiency = 38.8% (including the DC-DC converter efficiency). If we then were to adjust the loadline to improve linearity by a target 3dB to reach E-UTRA=-41dBc, then the corresponding total battery referred efficiency attainable from this measured data is 35.6%, or a drop of 3.2% for the maximum power level. This result is also summarized in Table 4 alongside the specific operating points, powers, and linearity as shown in that graph.
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Figure 8 : For the Dedicated HB Antenna Architecture #2 (Post-PA IL=4dB) : Impact to the Power Amplifier DC Consumption to Attain 3dB better E-UTRA linearity [QPSK 10MHz 12RB MPR=0dB], and Impact of Operating the PA System 3dB Backed Off from its maximum rated power (+26dBm capable PA operated at +23dBm)
	
	+26dBm Operation
	Operation of Class 2 PA 
at +23dBm

	Worst Case (4 dB IL FE)                       

E-UTRA Full Tx Path

10MHz QPSK 12RB
	High Linearity
	Nominal Linearity
	High Linearity, Backoff
	Nominal Linearity, Backoff

	Pout at the T/R Switch Output
	+29.2
	+30
	+26.2
	+27

	E-UTRA ACLR (dBc)
	-41 
	-38
	-41
	-38

	Ibatt (mA)
	616
	679
	347
	379

	Total System Efficiency (inc. converter) 
	35.6%
	38.8%
	31.6%
	34.8%

	Efficiency Degradation for 

3dB Improved E-UTRA
	3.2%
	N/A
	N/A

	Efficiency Degradation for 3dB 

Backed-off Operation of Class 2 PA
	N/A
	N/A
	4%
	4%


Table 4 : For the Dedicated HB Antenna Architecture #2 (Post-PA IL=4dB) : Comparison of Nominal Linearity and Implications on DC efficiency across power for +3dB Higher PA linearity [QPSK 10MHz 12RB MPR=0dB]
For the case examples shown for measured data at the target powers of worst case and nominal architecture post-PA insertion losses, the impact of delivering 3dB improved E-UTRA linearity results in a 3.2% to 3.8% efficiency degradation, but this impact is mitigated by the duty cycle of the TDD operation in the averaging of the net DC consumption and generally less critical than in the case of FDD continuous Tx operation.

Conclusion : 3dB improved linearity is demonstrated as feasible for the PA with measured examples demonstrating an efficiency degradation in the range of 3.2% to 3.8% for 2 different architectures, one for a single antenna supporting all challenging MB/HB TDD/FDD CA cases and worst case with 5dB post-PA insertion loss, and a second architecture with dedicated HB antenna supporting all MB/HB TDD/FDD CA cases exhibiting 4dB post-PA insertion loss.

2.3. Implications on Shared Bands of the +26dBm-Capable PA 
The implementation of a class 2 capable PA that is able to deliver +26dBm antenna power, often may also need to support many shared HB paths that operate at the backed-off class 3 +23dBm antenna power. Given the shared path now has excess power and linearity capability, the primary concern about the relative impact on those other bands is if their performance is degraded in DC efficiency because of the sharing of the class 2 path and PA engine. As indicated in the summaries of Table 3 and Table 4, the efficiency degradation measurement example indicates 2.4% to 4%, with more tuning and optimization possible to improve these results. 

An important aspect of the shared path with the class 2 capable PA engine is that the other bands will also have an available higher power capability available if needed for incrementally more power within limits of their class 3 operation, and the efficiency of those other shared bands operating in class 3 do not need to provide an improved linearity when they are operating at nominal powers of class 3 and below, so can be tailored in APT operation to be maximally efficient.  

Another factor in specific for the sharing of the high bands is that typical optimized implementations will have at least 2 PA engines, one for FDD support of B7 and potentially B30, and a separate one for TDD support of B38 and potentially B40. This enables better performance to be dedicated to the FDD transmit chains which tend to be more limited by DC consumption as they are continuously on and do not benefit from a duty-cycling of the transmit configuration. In such solutions, the critical FDD bands (B7, B30) are unaffected by the B41 class 2 capability, and only the TDD bands (B38, B40) are affected, but the impact is less significant to the user experience as any small degradation in the efficiency because of the hardware difference is reduced by the duty cycle of the TDD operation. This is a likely way to optimize class 2 UE hardware and is in line with present partitioning.
2.3.1. Efficiency Across Power for Existing Power Amplifier Solutions that Can Support +26dBm at the Antenna
In the interest of determining the relative degradation that can be expected for common high band operation with class 2 capable hardware for +26dBm in B41, the total efficiency (including PA + PMU) are reflected below in Table 5, which has been calculated given the worst case front-end architecture assumptions of a 5dB post-PA insertion loss. The class 2 columns are assessed to account for the excess linearity discussed earlier in section 2.2.2, and are included here for the case of a dedicated B41 narrowband PA, as well as one that has been broad-banded to include B40, with a lightly lower efficiency as a result. The columns indicating class 3 operation for +23dBm at the antenna are assessed for typical linearity consistent with present requirements, and include dedicated B41 and B25 class 3 solutions to reflect the challenge with higher frequency implementation in B41 relative to the mid-band, as well as similar assessments for the B41 dedicated and broad-banded/shared class 2 UE PA engine that is then backed off to operate at +23dBm so that it can be compared with the class 3 present implementations. This provides an indication of the impact of class 2 capable hardware in degrading performance for these shared bands. The implementation of ET includes an assumption of digital predistortion to help with that required additional linearity, whereas the APT solutions of the table are assumed not to have the benefit of digital predistortion (DPD). The application of DPD to these APT solutions will improve these efficiency numbers by at least 2-4%, but do come at a minor cost in factory calibration time and complexity. 
The next generation APT engine indicates improved performance not only in max power efficiency and linearity, but also for the critical performance as it is backed off to operate at 3dB lower power levels, and the 23dBm performance is of course also helped by the fact that only present linearity margins are required at +23dBm and the APT table can aggressively adjust to optimize efficiency for the class 3 operation there.

	PA Engine + PMU DC
(QPSK 12RB)
[Post-PA Insertion Loss = 5dB]
	26dBm-Capable 
B41 PA
	26dBm-Capable B41+B40 PA
	23dBm B41 PA
	23dBm B25 PA

	
	26 dBm*
	23 dBm
	26 dBm*
	23 dBm
	23 dBm
	23 dBm

	Best-in-Class 
ET PA + PMU
	Total Eff [%]
	41.3%
	35.5%
	40.6%
	34.7%
	41.3%
	42.9%

	Present Best-in-Class APT PA+PMU
	Total Eff [%]
	34.2%
	33.2%
	32.3%
	31.4%
	36.1%
	39.9%

	Next Generation 
APT PA+PMU
	Total Eff [%]
	36.7%
	38.1%
	34.9%
	36.3%
	38.7%
	45.0%


Table 5 : Comparison Across Narrowband/Dedicated B41 PA, Broadband Shared B41 PA Across Power Level, Frequency, and ET/APT/NextGen APT Implementations. Effect of finite DC-DC and PMU efficiency is included such that total efficiency for each solution referred to the battery includes all currents. [* Excess linearity required for Class 2 max powers]
Conclusion:  Efficiency degradation imposed at maximum powers for excess linearity in class 2 is mitigated with PA engine improvements for operation at +23dBm at the antenna for class 3. Optimum partitioning can enable the FDD bands from suffering any effect of the class 2 UE solution, and reduce any efficiency degradation by the factor of the TDD band duty cycling.
3. Conclusion
In this contribution, we present measured data of existing PA solutions ramping to production in Q1 2016 to analyse the feasibility of the power amplifier support for  a new power class 2 delivering +26 dBm available power at the antenna for B41, and have assessed the requirements for power capability as a function of front-end architectural options, assessed the requirements for improved linearity to address emissions concerns, and quantified the effect of the B41 excess linearity in class 2, the impact to B41 backed-off power efficiency operating in class 3, and the impact to other high bands that may then also share the path with the class 3 engine. Recommendations are given for the architectural and partitioning optimization of class 2 UE operation, and reflect an assessment that B41 class 2 operation can be managed in high-performance and cost-effective UE implementations.
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