[bookmark: _Ref399006623][bookmark: _Toc92513360]3GPP TSG-RAN WG4 Meeting # 101bis-e	R4-2202029
Electronic Meeting, 17-25 January 2022

Source: 	Skyworks Solutions Inc.
Title: 	PC2 Pi/2 BPSK Power Boosting Measurements
Agenda Item:	7.4.2 UE Tx power and related issues [FS_NR_Opt_pi2BPSK]
Document for:	Approval
Introduction
At RAN4 #101e, it was agreed in Way Forward (WF [1]) to further study power boosting options ≤1,2,3dB based on Power Class 2 (PC2) 1xPA handheld architecture, to propose PC2 MPR table updates, and, if necessary, to reclassify Resource Block (RB) allocation regions. The primary goal of this document is to check simulation data from [2,3] and to propose new RB allocation region contours based on Power Amplifier (PA) measurements. Maximum power boosting options are explored, one by considering PA / Power Management Unit (PMU) practical limitations that bound the maximum achievable boosting to 2dB and two, by considering solely 3GPP emission requirements as gating factors. Power boosting options are proposed for and “new-inner” / “new-outer” RB region contours are proposed.
Discussion
Throughout this document, we refer to the term “new-inner” to define the RB allocation region where maximum power boosting above the PC2 0dB MPR level may be supported. We use the notation “xRBy” to refer to an RB allocation of length LCRB ‘x’ RBs and RBstart position “y”.
Test Parameters and Assumptions
The measurements are performed in band n41 using a standalone PA calibrated to meet -31dBc ACLR at PC2 1dB MPR with the 20 MHz channel bandwidth (CBW), SCS 15 kHz, DFT-S-OFDM QPSK 100RB0 waveform.
We assume the following waveform and RF Front-End (RF-FE) parameters:
· Post PA losses: 4dB;
· Waveform impairments:
· Local Oscillator (LO) leakage: -28dBc;
· IQ Image rejection: -28dB; and
· C-IM3: -60dBc, C-IM5: -70dBc. 
· Waveform parameters:
· DFT-s-OFDM Pi/2 BPSK with REL-16 DMRS;
· Pulse shaping filter coefficients: [-0.28 1 -0.28]. This filter provides waveforms with 2.1dB PAPR at 0.01% CCDF probability;
· CBW (MHz)/SCS (kHz): 5/15, 10/30, 40/30, 50/15, 50/30; and
· RB allocations: a limited selection of Edge/Outer and Inner allocations.
· For each output power level, and each waveform, ACLR, NR general Spectrum Emission Mask (SEM), EVM and In-band Emission (IBE) mask are verified,
· Throughout this document, the Pi/2 BPSK boosting is referenced to the PC2 0dB MPR output power level. In this measurement campaign, we focus our investigations using four 1dB step power levels (0,1,2,3 dB boosting) because the primary objective is not to explore fine boosting level capability, but rather to investigate the contours of the new RB allocation regions.

Measurement data in [4] indicated that maximum power boosting was limited to 2dB above the PC2 0dB MPR level. After RAN4 e-meeting #101, some post PA insertion loss calibration and some test setup issues were identified which resulted in driving the device under test too hard into compression, thereby explaining the measured boosting limited to 2dB. The data presented in this document has been collected with these issues solved.
Measurement Results
	Power Boost Levels Gated by Practical Considerations
For fully centered inner RB allocations, up to 3dB power boosting may be achieved if we consider solely 3GPP requirements as gating factors. However, practical considerations effectively restrict the maximum boosting that can be supported to 2dB maximum based on the measured band n41 PA current consumption and gain compression characteristics from Table 1.

[bookmark: _Ref92278977]Table 1: Measured PA current consumption increase vs consumption at PC2 0dB MPR and gain compression for 1,2,3 dB boosting above the PC2 0dB MPR reference level.
	Boosting level(dB)
	1
	2
	3

	Current consumption increase (mA)
	12%
	27%
	61%

	Gain compression (dB)
	0.0
	-0.4
	-2.9



PA consumption increases from 12% for 1dB boost to 61% for 3dB boost. Its gain drops by 2.9dB when operated at 3dB boost.
From a PMU/PA thermal management perspective:
It may be assumed that 12% current consumption increase could be supported without impacting current technology. However, at 2dB boost, 27% increase represents a challenge, and at 3dB boost, it is considered impractical, if not impossible to support a 61% increase in current consumption and maintain economy of scale with UEs designed to support PC2. At 3dB boost, it is also considered impractical to drive the PA at such high levels of compression due to thermal runaway considerations that may impact the component lifetime and reliability. We were unable to monitor PA temperature for this measurement campaign, but as an indication of the severity of the thermal issues, we’ve had to attach heatsinks to the PA evaluation board to stabilize the PA behaviour on one of our test benches. Beyond the thermal issue, a 3dB power boosting at 3dB gain compression, creates potential reliability issues (breakdown) but also questions the design robustness against worst-case process, temperature and voltage (PVT conditions) and becomes very sensitive to load line design and antenna VSWR.
From a transceiver perspective:
The tested band n41 PA represents somehow a best-case scenario since the tested part exhibits a high small signal gain. From an RF transceiver perspective, band n77 or n79 represents a worst-case scenario since these PA typically deliver 6dB lower small signal gain than the part tested in this campaign. Based on gain compression data and if we put aside the PA heavy compression operation, we estimate that, in order to deliver 3dB boost with 4dB post PA losses, the RF transceiver would have to deliver approximately +9dBm rms output power level; and this does not consider worst case PVT corners. At such output levels, the RF transceiver performance and impact on overall system performance should be carefully evaluated. Note that the PA gain reported here is for APT PAs and the issue may be exacerbated when operated in Envelope-Tracking mode. It may also be further problematic for operation in band n79 where PA small-signal gain may be further reduced.
From an RF-FE component technology perspective:
As previously mentioned in [4], metrics observed in Table 1 at 3dB boosting level present two types of challenges for RF-FE components: thermal runway situations and component reliability. Unstable thermal runaway situations may occur due to the PA higher current consumption which leads to higher operating temperatures, which, in turn, may shift the filters cut-off frequencies; which may increase the filter’s insertion loss; which may require driving the PA further into compression; which may further increase the current consumption and therefore further increase the device temperature etc. As for component reliability, we have serious concerns regarding how components directly interfacing with the antenna ports where the VSWR presented to these components may result in very high voltages that may lead to component destruction. In any case for the RF FE components between the PA and the antenna, the increased power will lead to larger designs and thus impair the possibility to build on the PC2 ecosystem.
For all these reasons, we consider that 3dB power boosting may not be sustained and we consider a maximum of 2dB boost at best. For restrictions on uplink transmission slots, we propose to adopt a restriction of 25% at 2dB boost above PC2 0dB MPR since this is equivalent to the agreed power-class 3 restriction of 40% at 0.2dB MPR referenced to 26dBm 0dB MPR (Inner RB allocations Table 6.2.2-1).
Proposal 1: Practical considerations restrict power boosting to a maximum of 2dB above the PC2 0dB MPR power level for shaped Pi/2 BPSK waveforms. Restrictions on the maximum number of uplink transmission slots is 25%.
Throughout the rest of this paper, we restrict boosting level to 2 dB maximum.
	Power Boost Levels Gated by 3GPP Requirements
To minimize the document’s complexity, we present in this section only the measurement data of 50MHz CBW for SCS15kHz and 30kHz using tabulated data format and the following color code:
· Green indicates the 3GPP gating factor is passed with comfortable margins;
· Yellow indicates passing with moderate to low margins; and,
· Red indicates no margin or violation of one of the 3GPP gating factor. 
We present only the worst margin levels and, for SEM, we indicate with segment of the mask is the gating factor. The data collected for all other CBW can be found in the Annex. Also, to help better visualize the tabulated data, key results are overlaid on simulations plots reproduced from [2].
	Verifying “V-shaped” Power Boosting “Drop-lines”
Key results are highlighted and mapped onto simulation results reproduced from [2] in Figure 1 and in Figure 2 below for 50MHz CBW, SCS30kHz. Figure 3 shows the results for 50MHz CBW SCS15kHz. The simulated V-shaped lines for which simulation data indicates a drop in boosting levels are highlighted with overlaid orange lines. Power boosting is explored by varying RBstart for allocations with LCRB equal to 1,2,4,20,50,100,120,125,128 RBs for 50MHz SCS30, and with LCRB =1,2,4,20,180,200,216,250,270 for 50MHz SCS15. For each RB allocation, ACLR, SEM, EVM and IBE is verified for 0,1,2,3 dB boosting above the PC2 0dB MPR power level. Red boxes and red arrows indicate RB allocations where the SEM margin suddenly drops. In Figure 1, the blue boxes are used to show the measured ACLR and SEM margins at LCRB =50RB on each side of the V-shaped line for 1 and 2dB boost, while in Figure 2 and in Figure 3 they indicate RB allocations for which up to 2dB boosting may be achieved considering solely 3GPP gating factors, and no practical PA/PMU considerations/limitations.
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[bookmark: _Ref92232085]Figure 1: 50MHz SCS30kHz Edge and Outer RB allocation measurement results (right) vs simulation data reproduced from [2].
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[bookmark: _Ref92232156]Figure 2: 50MHz SCS30kHz Inner RB allocation measurement results (right) vs simulation data reproduced from [2].
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[bookmark: _Ref92233764]Figure 3: 50MHz SCS15kHz Edge, Outer (left) and Inner (right) RB allocation measurement results.
The measurement results confirm the presence of sudden drops in power boosting capability as simulated in [2,3]. For example, Figure 1 shows that at 2dB boost, the worst-case SEM margin for LCRB =50 RBstart 15,16,17,20 is approximately 3dB, but at RBstart 18 and 19 SEM is failed by -4.8dB, meaning that for 50RB18 and 50RB19 a maximum of 1dB boost may be achieved only. Measurements also confirm that for small LCRB (<5), the “new-inner” region, a region in which maximum power boosting may be supported, is bounded by RB allocations where a sudden drop in boosting capability occurs. 
In Figure 2, the zoom on simulation results from [2] for small LCRB indicate that the boosting “drop” affects the 1RB43 allocation, while maximum boosting may be supported for 1RB44. This is more visible on simulation results from [3] where the sharp color contrast clearly highlights this transition. Simulation results indicate that at LCRB =1, maximum boosting may be supported over the range 44 RBstart 88 (Figure 1, Figure 2). In our measurements, we did not select 1RB43 and 1RB44 as candidate waveforms for SCS30kHz 50MHz CBW. We have however observed a similar drop at LCRB =1RB88 for 50MHz SCS15kHz – refer to Figure 3. This allocation may be considered equivalent to 1RB43 at SCS30kHz.
Observation 1: V-shaped lines are confirmed by measurements. These lines bound the width of the “new-inner” allocation region where maximum power boosting may be achieved. They also restrict the maximum of boosting that may be achieved for “outer” RB allocations.
	Exploring “New-Inner” RB allocation Region Contours
The contours of a tentative “new-inner” region triangle are explored in Figure 4 and Figure 5 using 50MHz SCS30kHz measurement results. The tentative “new-inner” triangle summit is LCRB=80RB, i.e., 3/5 NRB for SCS30, and its base is 44RB wide, i.e., 1/3 NRB, where NRB is the maximum number of RBs for a given Channel bandwidth and sub-carrier spacing defined in Table 5.3.2-1. The “new-inner” region is bounded in width by the V-shaped lines as discussed in the previous section. In both figures:
· The red boxes and red arrows indicate allocations where boosting ranges from 0 to 1 dB. For LCRB less than 4, they indicate allocations for which 1dB boosting is not feasible since SEM margins are close to zero. Example 1RB1,1RB2…1RB40. It is worth reminding that 1RB43 may only support 0dB boosting (Figure 2).
· The blue boxes highlight RB allocations where up to 2dB may be supported. These allocations are located within the tentative inner triangle or at the border of this triangle.
· The orange boxes indicate allocations where 1dB maximum boosting may be supported with sufficient margin.
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[bookmark: _Ref92270851]Figure 4: 50MHz SCS30kHz Edge and Outer RB allocation measurement results (right) vs simulation data reproduced from [2].
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[bookmark: _Ref92270853]Figure 5: 50MHz SCS30kHz Edge and Outer RB allocation measurement results (right) vs simulation data reproduced from [2].
From Figure 4, up to 2dB boosting may be achieved for fully centered allocations with LCRB ranging from 1 to 50 (1RB66,2RB65,4RB64,20RB56,50RB41). In Figure 5, data collected at 50MHz CBW SCS30 indicate 1dB boost may be supported with for fully centered allocations of LCRB greater than 100RB (100RB16,120RB6, 128RB2). Additional data points have been overlaid with dark blue filled boxes by extrapolating data from other CBW measurement data. For example, from data collected at:
· 50MHz CBW SCS15kHz (Figure 3 – left), 2dB boosting may be supported with low margin on SEM for 90RB22;
· 10MHz CBW SCS 30kHz (Annex Figure 8), 2dB boost may be supported for 80RB25; and,
· 40MHz CBW SCS30kHz (Annex Figure 7), 2dB boost may be supported for 60RB36.


Power Boosting and New Inner/Outer RB Allocation Region Contours Proposals
Figure 6 below illustrates a simplified proposal of “new-inner”, “new-outer” and edge allocation region contours using the 50MHz CBW SCS30kHz triangle as example plot.
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[bookmark: _Ref92282704]Figure 6: Simplified new-inner, new-outer and edge allocation region contours based on measurement dataset.
For the proposed allocation classification of Figure 6, we make proposal 2 with the following explanations:
· Edge Allocations: Considering 2dB boost above the PC2 0dB MPR, we propose to extend the edge allocations to LCRB<=4 RB based on agreements reached for PC1.5. The proposed boosting for these allocations remains limited by windowing considerations to -3.5dB.
· New-inner allocations are defined as allocations where maximum boosting may be supported. The “new-inner” region contours are illustrated by the dark blue triangle of Figure 6. The base of the triangle is (1/3) of NRB in width and its summit reaches (3/5) of NRB centered in the channel. The exact amount of power boosting needs to be further analysed with finer power step granularity. With the current measurement data set, we propose to evaluate either 1.5 or 2dB power boost, with 25% restrictions on the number of UL transmission slots based (proposal 1). 
· New-outer allocations are defined as allocations which are neither an Inner allocation nor an Edge allocation. The exact level of boosting needs further measurements with a finer power step size granularity. Many “small” LCRB allocations fail SEM at 1dB boost due to V-shaped lines, for example 1RB63, 1RB64 (Figure 3-right). We therefore tentatively propose power boosting ranging from 0 to 0.5dB for Outer allocation. Further evaluation is recommended to refine the exact level that may be supported.
· 0dB MPR reference level: for consistency with the agreed PC3 boosting specifications, we propose 29dBm as 0dB MPR reference level and capture boosting in the form of MPR relative to this level.
Proposal 2: Adopt the following new-inner, new-outer and edge allocation classification illustrated in Figure 6 for shaped Pi/2 BPSK PC2 and adopt maximum power reduction specifications with following text proposal. FFS exact boosting levels for “new-outer” and “new-inner” allocations.

“For UE power class 2, the allowed maximum power reduction (MPR) is defined in Table 6.2.2-2 for channel bandwidths ≤ 100 MHz.
Table 6.2.2-2 Maximum power reduction (MPR) for power class 2
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK with Pi/2 BPSK DMRS1
	≤ 6.5
	≤ [2.0 to 2.5] 
	≤ [1.0 to 1.5] 

	NOTE 1: Applicable for UE operating in TDD mode with Pi/2 BPSK modulation and UE indicates support for UE capability powerBoosting-pi2BPSK and if the IE powerBoostPi2BPSK is set to 1 and 25% or less slots in radio frame are used for UL transmission for bands n34, n39, n40, n41, n77, n78 and n79. The reference power of 0 dB MPR is 29 dBm.



For power class 2 Pi/2 BPSK with Pi/2 BPSK DMRS MPR specified Where the following parameters are defined to specify valid RB allocation ranges for Outer-boosting and Inner-boosting RB allocations: 
· NRB is the maximum number of RBs for a given Channel bandwidth and sub-carrier spacing defined in Table 5.3.2-1;
· RBStart,Low = - (NRB/3) x [ 2x(LCRB -1)/(3NRB-5) -1]; and,
· RBStart,High = 7/9 x (1- LCRB) +2/3NRB.

The RB allocation is an “inner-boosting” RB allocation if the following conditions are met:
· RBStart,Low ≤ RBStart ≤ RBStart,High; and
· and LCRB ≤ ceil(3/5 NRB), where, ceil(x) is the smallest integer greater than or equal to x.

An Edge RB allocation is the one for which the RB(s) is (are) allocated at the lowermost or uppermost edge of the channel with LCRB ≤ 4 RBs.

The RB allocation is an “Outer-boosting” RB allocation for all other allocations which are not an “Inner-boosting” RB allocation or an Edge RB allocation.”

Further studies are needed to refine the amount of boosting for “small” LCRB allocations and to carefully evaluate the impact of V-shaped “drop-lines” for new outer allocations. Further optimizations of the inner triangle are not precluded but may come at the expense of MPR table complexity. This is left for FFS for next meeting.
Proposal 3: Further studies are needed to confirm the inner triangle contours and evaluate MPR with 0.5dB power step size granularity.
Conclusion
For shaped Pi/2 BPSK PC2, we propose to restrict the maximum power boosting to 2dB above the PC2 0dB MPR level for specific “new-inner” allocations. Based on our measurement data, we also propose the adoption of a new RB allocation classification for the specifications of maximum power reduction for PC2 operation.

Proposal 1: Practical considerations restrict power boosting to a maximum of 2dB above the PC2 0dB MPR power level for shaped Pi/2 BPSK waveforms. Restrictions on the maximum number of uplink transmission slots is 25%.

Proposal 2: Adopt the following new-inner, new-outer and edge allocation classification illustrated in Figure 6 for shaped Pi/2 BPSK PC2 and adopt maximum power reduction specifications with following text proposal. FFS exact boosting levels for “new-outer” and “new-inner” allocations.

“For UE power class 2, the allowed maximum power reduction (MPR) is defined in Table 6.2.2-2 for channel bandwidths ≤ 100 MHz.
Table 6.2.2-2 Maximum power reduction (MPR) for power class 2
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK with Pi/2 BPSK DMRS1
	≤ 6.5
	≤ [2.0 to 2.5] 
	≤ [1.0 to 1.5] 

	NOTE 1: Applicable for UE operating in TDD mode with Pi/2 BPSK modulation and UE indicates support for UE capability powerBoosting-pi2BPSK and if the IE powerBoostPi2BPSK is set to 1 and 25% or less slots in radio frame are used for UL transmission for bands n34, n39, n40, n41, n77, n78 and n79. The reference power of 0 dB MPR is 29 dBm.



For power class 2 Pi/2 BPSK with Pi/2 BPSK DMRS MPR specified Where the following parameters are defined to specify valid RB allocation ranges for Outer-boosting and Inner-boosting RB allocations: 
· NRB is the maximum number of RBs for a given Channel bandwidth and sub-carrier spacing defined in Table 5.3.2-1;
· RBStart,Low = - (NRB/3) x [ 2x(LCRB -1)/(3NRB-5) -1]; and,
· RBStart,High = 7/9 x (1- LCRB) +2/3NRB.

The RB allocation is an “inner-boosting” RB allocation if the following conditions are met:
· RBStart,Low ≤ RBStart ≤ RBStart,High; and
· and LCRB ≤ ceil(3/5 NRB), where, ceil(x) is the smallest integer greater than or equal to x.

An Edge RB allocation is the one for which the RB(s) is (are) allocated at the lowermost or uppermost edge of the channel with LCRB ≤ 4 RBs.

The RB allocation is an “Outer-boosting” RB allocation for all other allocations which are not an “Inner-boosting” RB allocation or an Edge RB allocation.”

Proposal 3: Further studies are needed to confirm the inner triangle contours and evaluate MPR with 0.5dB power step size granularity.
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Annex
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[bookmark: _Ref92282548]Figure 7: 40MHz SCS30kHz Edge and Outer (left) and Inner (right) RB allocation measurement results for 0,1,2,3dB boosting (right).
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[bookmark: _Ref92282429]Figure 8: 10MHz SCS30kHz measurement results for 0,1,2,3dB boosting.

[image: ]
 Figure 9: 5MHz SCS15kHz measurement results for 0,1,2,3dB boosting.
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