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Introduction
In the RAN4#98 e-meeting, two ways forward (WF) were agreed on transmit architecture candidates and related MPR evaluation assumptions in [1] and initial applicable requirements in [2]. In this contribution, we provide a detailed analysis of the different architectures and their impact on the requirements or applicability together with some initial back-off evaluation of the different options through coupled PA measurements.
Discussion
Transmit Architecture Options
Way Forward [1] on NC UL CA PC2 evaluation assumptions and scenarios, provides the following architecture options to be further discussed in Table 1 and the corresponding way forward below the table.
Table 1: transmit architecture options from [1]
	PC2 non-contiguous UL CA architecture options

	Arch
	description
	Coherence with PC3
	constrains
	MPR
	prerequisite

	#1
	2x26dBm PA + 2LO 
with 100MHz BW
	Equivalent to baseline can cover n77(2A)
	no UL MIMO (or 4 PAs)
	Baseline
Supports any BW separation class
	none

	#2
	1x26dBm PA + 1LO 
with 200MHz BW
	was discussed but not finalized
	need in-gap exceptions
need second PA to support UL MIMO
	Can only be optional for bands <3.3GHz and depends on in-gap exceptions
	applicability of in-gap exception in the bands <3.3GHz

	#3
	2x23dBm PA + 1LO 
with 200MHz BW
	Not applicable
	need in-gap exceptions
need second PA to support UL MIMO
must use TxDiv or UL MIMO
	Can only be optional for bands <3.3GHz and depends on in-gap exceptions need assessment of additional MPR for TxDiv on top of UL CA
	applicability of in-gap exception in the bands <3.3GHz
single CC TxDiv MPR/signalling

	#4
	1x23dBm+1x26dBm  + 2LO 
with 100MHz BW
	 partial
	23 and 26dBm PA have to swap from one CC to the other depending on allocation
	Since equal back-off applies to two different type of PAs it need different back-off than the baseline
	 “swap” time of the two PAs



The different architecture options are illustrated in Figure 1 for better understanding of the signals involved in each case.
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Figure 1: Illustration of the different transmit architecture options
WF on architecture
· 2x26dBm PA + 2LO with 100MHz BW is the baseline for MPR/A-MPR evaluation and as it does not require in-gap exceptions and can cover >200MHz separation classes
· 1x23dBm + 1x26dBm PA + 2LO with 100MHz BW which has the same power capability than the baseline is studied but MPR/A-MPR may be different and PA swap time needs to be assessed
· Other architecture options are limited to <3.3GHz bands (<200MHz BW) and need to be allowed for in gap exceptions. 
· They cannot be used as baseline but they can be further discussed
· A clear band example where exceptions are acceptable needs to be used. From PC3 discussions there was some level of consensus that it can only be for TDD band and if the affected channel belongs to the same operator. Following architectures would be applicable:
· 1x26dBm PA + 1LO with 200MHz BW
· 2x23dBm PA + 1LO with 200MHz BW
Limitations of the Different Options
Baseline 26dBm+26dBm PA case #1
The 2x26dBm PA + 2LO architecture is the obvious baseline as it has no bandwidth separation class limitations, can handle equal PSD for any allocation and does not need any additional UE capability or signalling. Furthermore it is a direct extrapolation of the Release 16 PC3 case and all the requirements are in place to derive the associated MPR/A-MPR values.
One claimed limitation compared to option 3 is that UL MIMO is not supported, but assuming that the required in-gap exceptions are worked out, it would also allow UL CA + UL MIMO with even lower MPR.
Some aspects that are often discussed includes size/cost/efficiency linked to PC2 capable PAs. In fact, for the size and cost, for some solutions with the proper efficiency management it is negligible. When it comes to efficiency, since this will use lower MPR than other solutions, it will allow better PAE (higher power level) and shorter transmission resulting in a lower battery current consumption. Furthermore it is directly compatible with supporting PC1.5 which is requested in exactly the same bands than PC2 UL NC CA.
Observation on architecture #1:
· Compatible with PC1.5 single CC TxDiv or UL MIMO
· Supports PC2 contiguous UL CA with/without UL MIMO
· Supports >200MHz UL NC CA without UL MIMO
· Supports <200MHz UL NC CA without UL MIMO with relaxed exceptions compared to architecture #3
· Does not require any further signalling or emission requirement to develop MPR/A-MPR values
· Cost, size impact is small with proper implementation
· With lower MPR, higher power is available with better efficiency and shorter transmission resulting in lower battery current

Timing and MPR Issues for 26dBm+23dBm PA case #4
For the architecture option #4 using two different PA sizing, depending on the respective allocation in the two carriers, with equal PSD and equal back-off, the larger (26dBm capable) PA has to be associated with the CC with the largest BW allocation which may be for one CC or the other dynamically based on the scheduling.
This requires that the two PAs can be swapped for the CC and the antenna. One possible implementation is shown in figure 1 where DPDT switches are used at both the input and output of the PA. 
If at the output it could reuse some of the SRS antenna switching hardware, it will result in additional switching time (15us?) and additional post-PA losses for both sides.
At the input however, such hardware is not present and the two inputs can be far away thus creating additional losses between the transceiver and each PA; in which case, the switching time could be comparable to the output (15us?). Alternatively, no input switch is used and the CCs are swapped in the BB and LOs are swapped in the TRX but this may require each LO and their PLL to re-settle resulting in switching time in the order of a few symbols.
Beyond this timing issue, with equal PSD and equal back-off this architecture results in an unbalanced MPR. When each PA supports the same CC BW and full allocation at max power, thus each CC is 23dBm. In this condition, the 23dBm PA has no back-off and therefore cannot meet ACLR for either DFT-s-OFDM or CP-OFDM and thus needs more than 1dB or 3dB back-off respectively (slightly more than PC3 MPR is needed because ACLR requirement is 31dB instead of 30dB), while the 26dBm already has 3dB back-off and does not need additional back-off. 
Similarly, for reverse IMD, the smaller PA will always see a larger interference relative to its capability and will require higher back-off to reduce the IMDs (this is only partially compensated by summing the lower reverse IMD from the larger PA as shown in our measurements in chapter 2.3).
Since equal back-off is applied, this architecture will require additional back-off compared to the baseline and will result in asymmetric behavior where the MPR will be dictated by the smaller PA.
Observation on architecture #4:
· Depending on how PA swapping is implemented a switching time between 15us to a few symbols will be needed to accommodate the smaller PA
· MPR will be dictated by the smaller PA, be higher than the baseline and result in unnecessary back-off for the larger PA
· Both may require specific signaling of the architecture and/or switching time
· As discussed for architecture #1 the size/cost/efficiency benefits are questionable and not compatible with other HPUE features in the same band
In Gap Emissions Issues for the 1LO and 2CC per PA cases #2 and #3
3GPP
The issues described below belong to both architectures #2 and #3 from Table 1 where a single LO is used and the PAs see both UL CCs. The different plots shows the SEM masks, the two CCs allocations with their ACLR1/2 regions, IMD3 and IMD5 of the two CCs and related carrier and image signals. For illustration purpose, the IMD3/5 levels are derived from simple IP3/5 modelling and a flat PSD (which is optimistic). The back-off is calculated using 1dB/dB for image and LO leakage (but note that after some back-off, in reality the image and carrier leakage degrade even further). For IMD3 a conservative 2dB/dB slope is assumed and similarly the IMD5 assumes 3dB/dB slope, these being conservative it compensates for the optimistic flat PSD. The frequency axis is representing the frequency at baseband.


The picture on the side provides the legend for the reading of the different figures. The signals are plotted in dBm/MHz on the left axis while on the right side, the amount of failing SEM at Pmax (26dBm total power) and the extrapolated back-off can be read in dB.
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The different signals use different markers (all associated with the vertical axis on the left):
· CC1 allocation: plain blue squares with associated black curve (decaying of the curve shows the 3rd order and 5th order related spectral regrowth)
· CC2 allocation: plain red circles with associated black curve (decaying of the curve shows the 3rd order and 5th order related spectral regrowth)
· CC1 image: empty blue squares with associated black curve
· CC2 image: empty red circles with associated black curve
· CC1+CC2 allocations IMD3: light green plain diamonds with associated black curve
· CC1+CC2 allocations IMD5: dark green plain diamonds with associated black curve
· Carrier leakage: black plain triangles

The SEM failing range and associated back-off (all associated with the vertical axis on the right):
· SEM failing amount: plain red horizontal rectangles
· Back-off needed: Empty black horizontal rectangles


The following figures illustrate some of the cases where some in-gap issues occur:
· Figure 2 shows a case where the Image of CC2 creates an in-gap ACLR issue
· CC1 20MHz 1RB105 / Gap 50MHz / CC2 50MHz 120RB0
· Figure 3 shows a case where CC2 image creates an in-gap -13dBm/MHz SEM issue
· CC1 20MHz 1RB105 / Gap 20MHz / CC2 40MHz 1RB30
· Figure 4 shows a case where CC2 image creates an in-gap -30dBm/MHz SEM issue
· CC1 10MHz 1RB51 / Gap 70MHz / CC2 40MHz 1RB50
· Figure 5 shows a case where carrier leakage creates an in-gap -30dBm/MHz SEM issue
· CC1 20MHz 106RB0 / Gap 60MHz / CC2 20MHz 106RB0
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Figure 2: CC2 Image and ACLR1overlap in the gap region
Observation 1 on architectures #2 and #3: Even in a case without any IMD issues, the image of CC2 (curve with empty blue squares markers) may fall in the CC1 and/or CC2 ACLR region which can fail. In this case there is no back-off that allows meeting ACLR since it is 28dBc. Even with the 3dB relaxation it is too marginal for the PC2 31dBc since it overlaps with the spectral regrowth of CC2 (decaying staircase of the black curve with plain blue markers).
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Figure 3: CC2 image in the -13dBm/MHz region
Observation 2 on architectures #2 and #3: In many cases where the two CC bandwidths are different and with a relatively small gap the image and carrier leakage signals can fail the -13dBm/MHz and correspond to the highest back-off need of ~7dB for carrier leakage. If an exception is used for carrier leakage, the Image would still require ~4dB back-off. Note that IM3 is in the -13dBm/MHz region and IMD5 in the -30dBm/MHz region and both require a back-off <4dB.
[image: ]
Figure 4: CC2 image leakage in the -30dBm/MHz region
Observation 3 on architectures #2 and #3: For large gaps the image leakage signals can fail the -30dBm/MHz and correspond to a back-off 25dB. Since this is < 10dBm output power, the image further degrades to 25dBc thus an extra 3dB back-off is needed to a total of 28dB which is Pout <0dBm where image is no longer defined. Even with an improved image of 35dB as required for UL 256QAM support, >18dB back-off would be needed.
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Figure 5: CC2 carrier in the -30dBm/MHz region
Observation 4 on architectures #2 and #3: For symmetric bandwidth case and gap wider than the CC bandwidth, the carrier leakage signals can fail the -30dBm/MHz limit and correspond to a back-off 28dB, since it results in a power level that is less than 0dBm, the carrier leakage is then 20dBc requiring another 8dB back-off to a total of 36dB. This will require an exception, which may be acceptable as it may only impact one sub-carrier in another operator spectrum.

Beyond the in-gap issues described above, having two CCs through a single PA will increase IMD levels due to forward IMD versus reverse IMD for the baseline, also it will lack of the intrinsic 3dB margin that benefits to the 2x26dBm PA baseline architecture and thus should not alter the baseline MPR table values.

Regarding the image and carrier leakage issues it is clear that additional work is needed to handle all the exceptions in the specification but also accommodate specific MPR related to these in gap issues and thus should not alter the baseline MPR table values. 

One way to minimize the effort and related MPR for such architecture would be to study the exceptions together with the UE capability:
· Carrier leakage exception to the -13 and -30dBm/MHz SEM mask is allowed (interferes with one or two UL sub-carrier at victim), but UE is requested to maintain 28dBc level down to 0dBm
· For In-gap ACLR image issue, relaxation of 3dB is allowed, but UE is requested to achieve 35dB IQ image down to 20dBm
· For the image leakage failing the -13dBm/MHz, using the above 35dB IQ image down to 20dBm would remove the need for MPR
· For the image leakage failing the -30dBm/MHz, using the above 35dB IQ image down to 20dBm would not improve MPR since the back-off needed would get in the region where only 25dB image is guaranteed => this requires further discussion on how to handle this additional MPR, further IQ image improvements and/or SEM relaxation in the gap
· Whether all of these exception are applicable to FDD/TDD bands, all bands and regions need to be discussed and understood.  It should be noted that these architectures are only valid for <200MHz total BW, thus only applicable to bands <3.3GHz and thus not for the n77/78 example bands for this WI.
· Whether the better image and carrier leakage behaviour requires an additional signalling needs to be studied

The discussion above pertains to both architectures #2 and #3 but in the case of 3#, TxDiv and/or UL MIMO is needed to achieve the desired power. This means that IMDs are subject to both forward and reverse PA non-linearity. Furthermore, reverse IMD also applies in-band for each CC and single related single CC MPR is still not agreed and may require additional MPR. Finally, this will require having either UL MIMO support signalled or TxDiv signalling.

Observation on architectures #2 and 3#:
· In-gap exceptions and improved UE IQ image and carrier leakage are needed
· Whether all these exceptions are applicable to FDD/TDD bands, all bands and regions need to be discussed and understood.  It is to be noted that these architectures are only valid for <200MHz total BW thus only applicable to bands <3.3GHz and thus not for the n77(2A)/n78(2A) example bands for this WI.
· Additional MPR for in-gap issue is needed compared to baseline
· Higher MPR is required compared to baseline due to FW IMD and lower PA power capability (#3 has RIMD additionally)
· Both may require specific signaling of the architecture and/or better impairment capabilities, additionally #3 has to signal UL MIMO and/or TxDiv support
Proposal on Architecture Options Handling
3GPP
Given all of the above observations, it is clear that the baseline option has the lowest MPR which can be derived without need for further exceptions, signalling or requirements and is a direct outcome of PC3. Also, it has the largest synergies with other HPUE features in the same band and can address the large instantaneous BW needed to support example n77(2A) and n78(2A) bands.

Proposal on architecture:
· Baseline architecture #1 (2x26dBm x2LO) is used to derive MPR/A-MPR values without accounting for the issues of other architectures and can be started immediately.
· Architecture #3 (2x23dBm 1LO + TxDiv/UL MIMO) requires additional MPR, further study to handle exceptions and is better pursued in the new WI addressing UL MIMO and TxDiv issues as done for the contiguous UL CA + UL MIMO case. It anyhow deserves a separate MPR/A-MPR specification than baseline.
· Architecture #2 (1x26dBm 1LO) has similar issues than #3 with slightly lower back-off required and can be covered together with #3 for the MPR table.
· Architecture #4 (26dBm+23dBm 2LO) has significant drawbacks in terms of switching time and MPR for questionable benefits.it is proposed not to pursue this option.
MPR Evaluation for Different Options
Assumptions for the Evaluation
Way Forward [1] on NC UL CA PC2 evaluation assumptions and scenarios, provides the following assumptions for MPR evaluation.
WF: MPR/AMPR evaluation assumptions:
· PA calibration for 20MHz QPSK DFT-s-OFDM 100RB0 waveform based on 4dB post PA losses and 1dB MPR.
· 26dBm/antenna: 29dBm at 31dB ACLR
· 23dBm/antenna: 26dBm at 30dB ACLR
· Back-off is relative to 26dBm at the antenna
· Equal PSD and Equal back-off power split
· Measurements is used where two PA are coupled on the output recreating the 10dB antenna isolation assumption
· Emission requirements (ACLR/SEM/spurious emissions) are checked by summing the power of the two transmit paths
· Since simulation are not available, at least worst case corners are evaluated for different modulation order
· Like for PC3 same MPR/A-MPR values for DFT-s and CP-OFDM are targeted
WF: MPR/AMPR evaluation scenarios:
· Since same MPR is targeted CP-OFDM is used in each carrier but both CP-OFDM and DFT-s-OFDM can be evaluated
· Worst case back-off IMD3 at -13dBm/MHz and -30dBm/MHz for 1RB+1RB at 15kHz and 30kHz SCS for MPR with 31dBc ACLR 
· Worst case back-off IMD3 at -13dBm/MHz and -25dBm/MHz for 1RB+1RB at 15kHz and 30kHz SCS for NS04 A-MPR
· 1RB+1RB separation of ~100, 200, 600MHz to cover variation across BW separation classes
· Other allocations sizes are recommended but the MPR vs allocation BW behavior from PC3 MPR can also be reused 
· 20MHz channel 15kHz SCS and 40MHz channel 15kHz SCS with a gap of 20MHz (100MHz class and in gap ACLR)
· 40MHz channel 15kHz SCS and 40MHz channel 15kHz SCS with a gap of 120MHz (200MHz class)
· 100MHz channel 30kHz SCS and 100MHz channel 30kHz SCS with a gap of 400MHz (600MHz class for n77(2A)) 
WF: proposals for MPR:
· Like for PC3 MPRIM3 to meet -30dBm/MHz and MPRIM3 to meet -13dBm/MHz curves are provided using the same BW definitions than PC3. values are multiples of 0.5dB
· Consistency with PC3 should be checked
· Architecture should be clarified to qualify how MPR compares between architectures and whether different tables are needed

Way Forward [2] on NC UL CA PC2 requirements, provides input on applicable requirements for MPR
· Define +2/- 3 dB as tolerance for power class 2.
· Spurious emissions, SEM and UE-to-UE co-ex same as PC3 NC UL CA
· Same ACLR definition than for PC3 NC UL CA but with ACLR value at 31dB
Evaluated Cases for Architecture Comparison
Disclaimer: For the purpose of comparison of different architecture, measurements have been performed on our C-Band APT PA that can cover 200MHz BW per PA and support both PC3 and PC2. Only the back-off difference is of interest as ET PA will require higher back-off due to RIMD and thus the absolute values cannot be used as is to derive MPR. Nevertheless the relative performance difference is valid for both APT and ET PAs.
To compare the 2x26dBm 2LO (#1) vs 26+23dBm 2LO (#4) architectures, a few corner cases are shown here, but more have been evaluated with similar behaviour. For the 26+23dBm case, the 23dBm PA is always allocated to the CC that has the lowest allocated BW.
To best reveal the difference and since it will drive the larger MPR, CP-OFDM QPSK waveforms results are shown, but both CP and DFT-s-OFDM QPSK have been measured and show similar behaviour.
For CC1/gap/CC2 BW of 20/20/40, 40/120/40 and 100/400/100, both narrow (with 2x allocation step) and full allocations are measured. The few corner cases are shown in Table 2. The required back-off to meet -30dBm/MHz SEM mask (SEM-30), -13dBm/MHz SEM mask (SEM-13), band n41 OOB emissions (NS04-25) and ACLR are provided for each architecture and the differences provided.
Table 2: Comparison of CP-OFDM corner case back-off for architectures #1 and #4
[image: ]

Observations on architecture #4 results versus baseline:
· For the very wide band case 100/400/100 higher back-off is needed due to wider IMD bandwidth and related memory effects 
· For the -30dBm/MHz SEM or -25dBm/MHz NS04 limited cases of narrow allocations, the 26+23dBm architecture requires about 2dB higher back-off
· For the -13dBm/MHz SEM limited cases of narrow allocations, the 26+23dBm architecture requires about 1dB higher back-off
· For the ACLR limited cases and full allocation, the 26+23dBm architecture requires about 3dB higher back-off
· Those results are expected based on the architecture discussion in previous chapter
· The same conclusion can be drawn, the 26+23dBm architecture has significantly reduced performance with very questionable benefits.

[bookmark: _GoBack]Some other measurements were started to also evaluate option #3 behavior compared to the baseline, but due to the complex setup, wide bandwidth of the waveforms, FIMD and RIMD aspect impacting both in-band and out-of-band behaviors and associated debugging, the measurement results were not available in time for the submission.
Conclusions
In this contribution, we discuss the different architecture options on the table, their limitations and specification readiness. Also some measurements have been performed to highlight the difference in achievable MPR. From this analysis that is backed by measurements results, we make the following proposal.

Proposal on architecture:
· Baseline architecture #1 (2x26dBm x2LO) is used to derive MPR/A-MPR values without accounting for the issues of other architectures and can be started immediately.
· Architecture #3 (2x23dBm 1LO + TxDiv/UL MIMO) requires additional MPR, further study to handle exceptions and is better pursued in the new WI addressing UL MIMO and TxDiv issues as done for the contiguous UL CA + UL MIMO case. It anyhow deserves a separate MPR/A-MPR specification than baseline.
· Architecture #2 (1x26dBm 1LO) has similar issues than #3 with slightly lower back-off required and can be covered together with #3 for the MPR table.
· Architecture #4 (26dBm+23dBm 2LO) has significant drawbacks in terms of switching time and MPR for questionable benefits.it is proposed not to pursue this option.
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N020G20N040 001R0001R0 0.36 21.2 22.5 25.6 19.2 20.6 24.4 2 1.9 1.2na

N020G20N040 002R0002R0 0.72 20.9 22.3 25.7 19.1 20.5 24.4 1.8 1.8 1.3na

N020G20N040 004R0004R0 1.44 21.1 22.5 19.1 20.5 24.7 2 2na na

N020G20N040 008R0008R0 2.88 21.7 23.3 19.8 21.3 25.5 1.9 2na na

N020G20N040 015R0015R0 5.4 22.5 23.5 20.3 21.8 2.2 1.7na na

N020G20N040 032R0032R0 11.52 23.4 25.3 21.3 23 2.1 2.3na na

N020G20N040 106R0150R0 46.08 21.3 22 24.9 25.9 19.2 20.4 23.7 24.2 2.1 1.6 1.2 1.7

N020G20N040 106R0216R0 57.96 21.3 22.5 25.3 25.9 18 19.7 23 22.5 3.3 2.8 2.3 3.4

N040G120N040 001R0001R0 0.36 21.5 22.8 19.8 21.2 25 1.7 1.6na na

N040G120N040 002R0002R0 0.72 21.2 22.6 19.6 20.9 24.4 1.6 1.7na na

N040G120N040 004R0004R0 1.44 21.4 22.8 19.9 21.3 25.5 1.5 1.5na na

N040G120N040 008R0008R0 2.88 22.5 23.8 20.8 22.2 1.7 1.6na na

N040G120N040 015R0015R0 5.4 22.9 24.2 21.2 22.8 25.6 1.7 1.4na na

N040G120N040 032R0032R0 11.52 24 25.6 22.2 24 24.2 1.8 1.6na na

N040G120N040 150R0150R0 0.72 25.4 23.6 25.2 25.3 1.8na na na

N040G120N040 216R0216R0 77.76 24.3 26 23.2na na 2.8

N100G400N100 001R1001R1 0.72 20.5 21.6 25.3 18.4 19.7 24.2 2.1 1.9 1.1na

N100G400N100 002R1002R1 1.44 20.3 21.9 25.4 18.7 20 24.3 1.6 1.9 1.1na

N100G400N100 004R1004R1 2.88 20.9 22.4 19.2 20.5 1.7 1.9na na

N100G400N100 009R1009R1 6.48 22.1 23.5 20.1 21.4 25.6 2 2.1na na

N100G400N100 016R1016R1 11.52 22.7 24.3 20.7 22.2 2 2.1na na

N100G400N100 036R1036R1 25.92 23.8 25.8 25.9 21.9 23.7 1.9 na 2.2

N100G400N100 100R1100R1 72 24.8 25.2 22.8 23.4 2na na 1.8

N100G400N100 273R1273R1 196.56 23.6 24.9 25.3 23.1 na 2.2
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