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1	Background
[bookmark: _Hlk149936446]In RAN4#110b, the Release 19 FR1 enhancement work started and the architecture aspects for the PC1.5 intra-band ULCA support was discussed in [1] and initial agreements were captured in way forward [2]. In this contribution, we further develop on the issue of the achievable maximum power depending on the different implementations with two 26dBm PAs.
2 Discussion
2.1 Way forward agreements and open issues for PC1.5 intra-band ULCA
On support with 2Tx or Dual-PA architecture for both contiguous and non-contiguous ULCA
Way forward: 
Both options are considered for next meeting discussion, FFS on down selection of UE architectures
· Prioritize UL contiguous CA

Observation: This way forward does not explicitly exclude use of one or two 29dBm PAs, although proposed architectures only use two 26dBm PAs.

On general consideration for MPR/PCMAX/PCMAX,c 
Way forward: 
-	For PC1.5, intra-band contiguous ULCA with UL MIMO can share the MPR requirements of intra-band contiguous ULCA without UL MIMO and with dual Tx (TxD)
-  Study and if necessary, specify the MPR requirements for both small and large form factor UEs, i.e. minimum antenna isolation = 10 or 20dB
-  For R19 PC1.5 intra-band non-contiguous /contiguous ULCA with two 26dBm PAs and one PA per CC, consider PCMAX,,c limitation (i.e., 26dBm) for each component carrier, which have impact on MOP, PCMAX tolerance and MPR/A-MPR evaluation
-  FFS For R19 PC1.5 intra-band non-contiguous /contiguous ULCA with two 26dBm PAs and one PA per CC, the PCMAX is modified as follows to account for RB BW imbalances 
PCmax=10*log(10^(26/10) + 10^((26-10*log(LCRB1*SCS1/(LCRB2*SCS2)))/10)) 
-	Other options are not precluded

Observation: This way forward does not capture the channels and gap configuration limitations of a 2Tx architecture for intra-band non-contiguous ULCA.

On MOP tolerance
Agreement: +2/-3 dB, in addition adding note into MOP table to reflect PC1.5 is achieved by Dual-PA-Architecture and/or TxD.

Observation: This agreement does not explicitly capture that there are limitations in reaching MOP for Dual-PA which do not exist for 2Tx.

In this contribution, we will discuss the following aspects in relation to the way forward:
· Limitations and benefits of the different architectures and their capability to support WI examples.
· Power limitation for Dual PA architecture with more generic equations and whether they apply to MPR or MOP and whether power limitations are only an artefact of equal PSD in each CC.

As a reminder here are the WI objectives in [3]

“High power UE (HPUE) for CA in terrestrial network (TN)
· Specify the generic requirements of high power UE (HPUE) for NR uplink (UL) CA in FR1 and EN-DC with NR FR1 bands
· Power class 1.5 (PC1.5) UE for NR TDD intra-band UL contiguous and non-contiguous CA with 2Tx
· Specify the requirements for intra-band UL contiguous CA with or without UL-MIMO
· Example band combinations: 
· CA_n41C, CA_n78C, CA_n77C, CA_n79C for intra-band uplink contiguous CA configurations
· Focus on the maximum output power (MOP), MPR/A-MPR requirements, SAR solution
· Specify the requirements for intra-band UL non-contiguous CA without UL-MIMO
· Example band combinations: 
· CA_n78(2A), CA_n77(2A) for intra-band uplink non-contiguous CA configurations
· Focus on the maximum output power (MOP), MPR/A-MPR requirements, SAR solution
· NOTE: leave the other band combination specific requirements to the corresponding Rel-19 basket WIs”
2.2 Architecture aspects for PC1.5 intra-band ULCA.
Table 1 gives an overview of the feature support of intra-band ULCA for 2Tx and Dual-PA architectures and PA sizing in terms of:
· Possibility to support of UL CA + UL MIMO
· Maximum bandwidth to be covered per PA
· Capability to reach 29dBm PCmax for allocated BW imbalance in the CCs with proper SNR at the BS (~ equal PSD)
· Bandwidth support for contiguous ULCA in relation to example bands in the WI
· Bandwidth separation and gap bandwidth support for non-contiguous ULCA in relation to example bands in the WI
· Technical challenge with the PA design.

Table 1: Intra-band ULCA feature support per PA architecture.
	Architecture
	UL MIMO support
	PA sizing
(dBm + dBm)
	maxBW per PA
(MHz)
	Tot power for asymmetric TXBW (dBm)
	Challenge
	Contiguous ULCA support
	Non-Contiguous ULCA support

	2Tx 
(TxD w/wo UL MIMO, 2CC/PA)
	yes
	26 + 26
	200
	29
	BW
	All (n41C, n77/78C, n79C)
	Max separation BW of 200MHz and 
gap < CC1+CC2 BW. 
No support of n77(2A)

	Dual-PA
(2PA and 2LO, 1CC/PA)
	no
	26 + 26
	100

	<29
	PCmax
	
	All

	
	
	29 + 26
	
	29
	LO Switching, 29dBm PA
	
	

	
	
	29 + 29
	
	29
	29dBm PA
	
	



Observations:
· Architecture requiring at least on 29dBm PA cannot be built based on the current offer and do not match with the current PC1.5 single CC support.
· For contiguous ULCA support the 2Tx architecture provides the full support of the features in the WI and the only challenge is the PA instantaneous BW support which is already feasible for PC2 1Tx contiguous ULCA. Also, this is the architecture required to support the single CC PC1.5 fallback.
· For non-contiguous ULCA:
· The 2Tx approach cannot support the n77(2A) example band cases in north America and Japan.
· The Dual PA approach cannot support 29dBm PCmax under RB BW imbalance between CCs and equal PSD unless it includes at least one 29dBm PA (requires LO switching for fallback, imbalance changes) or two 29dBm PAs.

One of the first aspects is whether 29dBm PAs are feasible. If they are indeed feasible and PC1 PAs do exists, they are not in high volumes compared to 26dBm PAs already used for PC2 (1/2 intra-band CCs) and PC1.5 (1CC). Also, they would require a higher current capability from the PA power management circuits and result in additional cost compared to the 1CC PC1.5 fallback.

Proposal: The intra-band PC1.5 ULCA R19 work focusses on UE implementing intra-band ULCA PC1.5 this two 26dBm PAs. Architectures requiring a 29dBm PA are not specified but can be implemented by fulfilling the requirements based on two 26dBm PAs.
Another aspect that was raised is whether the power limitation under RB bandwidth imbalance for the Dual-PA approach is just an artefact of equal PSD assumption used for MPR analysis, or if it corresponds to a true link limitation. In the following paragraph we will show that although equal PSD may not be an absolute for the link configuration, for the best SNR per RB, the link should operate close to that.
2.3 Dual-PA implementation power limitation.
The power limitations for the 2PA+2LO architecture using two 26dBm PAs when there is an imbalance in the allocated RB bandwidth in each carrier was already discussed in [1]. 
Under an equal PSD in each CC assumption, the following equation was given in [1]: 
PCmax=10*log(10^(26/10) + 10^((26-10*log(LCRB1*SCS1/(LCRB2*SCS2)))/10)) 

This equation is valid for: LCRB1*SCS1≥LCRB2*SCS2 
With further developing the equations, it is possible to simplify it and make it valid for any imbalance (CC1 or CC2 with the larger RB BW):
PCmax= 26 + 10*log(1+(Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2)))
To keep the 29dBm reference, this can be modified into:
PCmax= 29 + 10*log(1+(Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2)))-3
Which, with no measurable error can then be approximated to:
PCmax= 29 + (10*log(1+(Min(LCRB1*SCS1,LCRB2*SCS2)/(Max(LCRB1*SCS1,LCRB2*SCS2)))/1.995)
Which, with ~0.01dB error can then be approximated to:
PCmax= 29 + 10*log(1/2*(1+Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2)))
Numerical examples are given in Table 2 and Table 3 for a RB allocation cases:
· Table 2 is for a carrier aggregation of a 100MHz CBW, 30kHz SCS carrier with another 100MHz CBW, 30kHz SCS carrier.
· Table 3 is for a carrier aggregation of a 100MHz CBW, 30kHz SCS carrier with a 50MHz CBW, 15kHz SCS carrier.
· Table 4 is for a carrier aggregation of a 100MHz CBW, 30kHz SCS carrier with a 50MHz CBW, 30kHz SCS carrier.
· Each table provides for different LCRB1 and LCRB2:
· The RB bandwidth ratio (TXBW ratio)
· Power on CC1 under equal PSD condition (P_CC1)
· Power on CC2 under equal PSD condition (P_CC2) 
· Total power with exact calculation (P_Tot)
· Total power with approximated calculation (PTotA).

In many cases, the 29dBm power cannot be achieved. Including full + full cases when CC1 CBW is larger than CC2 CBW (tables 3 and 4). In some cases, the power barely exceeds the PC2 power.

Table 2: Maximum output power for equal PSD of 100MHz 30kHz SCS on both carriers versus RB allocation.
	LCRB1
	273
	273
	273
	273
	273
	273
	273
	273
	273
	273
	100
	1

	LCRB2
	1
	2
	4
	8
	16
	32
	64
	128
	256
	273
	10
	1

	TXBW ratio
	273
	137
	68.3
	34.1
	17.1
	8.53
	4.27
	2.13
	1.07
	1
	10
	1

	P_CC1 (dBm)
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26

	P_CC2 (dBm)
	1.64
	4.65
	7.66
	10.67
	13.68
	16.69
	19.70
	22.71
	25.72
	26.00
	16.00
	26.00

	P_Tot (dBm)
	26.02
	26.03
	26.06
	26.13
	26.25
	26.48
	26.91
	27.67
	28.87
	29.01
	26.41
	29.01

	P_TotA (dBm)
	26.01
	26.02
	26.05
	26.12
	26.24
	26.47
	26.90
	27.66
	28.86
	29.00
	26.40
	29.00



Table 3: Maximum output power for equal PSD of 100MHz 30kHz SCS and 50MHz 15kHz SCS versus RB allocation.
	LCRB1
	273
	273
	273
	273
	273
	273
	273
	273
	273
	273
	100
	1

	LCRB2
	1
	2
	4
	8
	16
	32
	64
	128
	256
	270
	10
	1

	TXBW ratio
	546
	273
	137
	68.3
	34.1
	17.1
	8.53
	4.27
	2.13
	2.02
	20
	2

	P_CC1 (dBm)
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26

	P_CC2 (dBm)
	-1.37
	1.64
	4.65
	7.66
	10.67
	13.68
	16.69
	19.70
	22.71
	22.94
	12.99
	22.99

	P_Tot (dBm)
	26.01
	26.02
	26.03
	26.06
	26.13
	26.25
	26.48
	26.91
	27.67
	27.74
	26.21
	27.76

	P_TotA (dBm)
	26.00
	26.01
	26.02
	26.05
	26.12
	26.24
	26.47
	26.90
	27.66
	27.73
	26.20
	27.75



Table 4: Maximum output power for equal PSD of 100MHz 30kHz SCS and 50MHz 30kHz SCS versus RB allocation.
	LCRB1
	273
	273
	273
	273
	273
	273
	273
	273
	273
	135
	100
	1

	LCRB2
	1
	2
	4
	8
	16
	32
	64
	128
	133
	64
	10
	1

	TXBW ratio
	273
	137
	68.3
	34.1
	17.1
	8.53
	4.27
	2.13
	2.05
	2.11
	10
	1

	P_CC1 (dBm)
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26
	26

	P_CC2 (dBm)
	1.64
	4.65
	7.66
	10.67
	13.68
	16.69
	19.70
	22.71
	22.88
	22.76
	16.00
	26.00

	P_Tot (dBm)
	26.02
	26.03
	26.06
	26.13
	26.25
	26.48
	26.91
	27.67
	27.72
	27.69
	26.41
	29.01

	P_TotA (dBm)
	26.01
	26.02
	26.05
	26.12
	26.24
	26.47
	26.90
	27.66
	27.71
	27.67
	26.40
	29.00



Observations: With equal PSD and one 26dBm PA per CC, and in the case of asymmetric CBW, SCS and/or RB allocation, the 29dBm maximum power cannot be reached and in large imbalance cases the output power barely exceeds PC2.
To further assess whether the power limitation is an artefact of the equal PSD assumption, let’s take a simple example and compare the behavior of the 2Tx versus Dual-PA approach. For example, let’s use the following RB allocations:
· 100RB173 in 100MHz, 30kHz SCS in lower channel 
· 10RB0 in 100MHz, 30kHz SCS in upper channel.

This condition is an inner allocation for contiguous ULCA and has the lowest MPR and some PAs may even not need any MPR.

Under this condition:
· A 26dBm+26dBm 2Tx architecture is capable of delivering 29dBm-10*log(110)=8.6dBm per RB at equal PSD
· A 26dBm+26dBm Dual-PA architecture is capable of delivering 26dBm-10*log(100)=6dBm per RB at equal PSD. This is not much better than a PC2 intra-band implementation. 
· Even if the CC2 PA is pushed to max power, the CC1 with see 6dBm/RB while CC2 will be at 16dBm/RB. While the total power of the UE would reach 29dBm, the CC1 link performance would not exceed that of a PC2 ULCA and the second CC would reach the BS with excessive power.
· Note that this is valid for:
· Contiguous CC with contiguous and non-contiguous allocations
· Non-contiguous CCs
· The only difference being the associated MPR to meet emissions.

Observation: With or without equal PSD assumption a Dual-PA architecture cannot reach the same performance as a 2Tx architecture when there is an RB bandwidth imbalance and, in some cases, will not deliver a better UL performance than the PC2 ULCA implementations currently specified (PC2 Dual-PA cases specified assume that one of the PA is capable of 26dBm).
2.4 Proposals on architectures for PC1.5 intra-band ULCA requirement.
For contiguous ULCA since there is no drawback from using 2Tx which is already implemented for the 1CC fallback, we do not see why the Dual-PA architecture should be considered; and, in any case, the 2Tx implementation should be prioritized for PC1.5 intra-band contiguous ULCA.
Proposal on intra-band contiguous PC1.5 ULCA architecture: 
· The two 26dBm PA architecture using 2Tx as already needed for the 1CC fall back is specified. 
· Each PA must support the two CCs and TxD is default and UL MIMO is optional. 
· This has no restriction in terms of supporting the 200MHz maximum aggregated BW or allocation BW in each CC.
· FFS if Dual-PA architecture is specified and, in any case, should be low priority.

For the non-contiguous case, the issue is that the use of two 26dBm PAs with 2Tx, while being the logical approach based on the one CC case, is far too limited in terms of allowed separation BW and gap, that it cannot support most of the n77/78(2A) cases agreed as examples in the WI. The one PA per CC 2x26dBm case can support any gap or separation BW, but has limitations in terms of RB allocation BW imbalance and cannot support UL MIMO. Still, for Release 19 this is the most versatile approach, and the RB BW imbalance impact on maximum reachable power can be addressed by adding a term to the MOP or MPR expression. In our view, the 2Tx architecture even if it allows to reach the maximum power under all RB allocations and enables UL MIMO it is so limited in terms of channels and gap configurations that it can only serve limited deployment scenarios. Thus, we do not think it is worth considering in Release 19; and, in any case, the Dual-PA implementation should be prioritized for PC1.5 intra-band contiguous ULCA.
Proposal on intra-band non-contiguous PC1.5 ULCA architecture: 
· The two 26dBm PA architecture using Dual-PA (one PA per CC) is specified. 
· A specific MOP or MPR term is added to account for the case where there is an imbalance between the two CC allocated RB BW
· This has no restriction in terms of supporting 600MHz maximum separation BW or gap sizes.
· UL MIMO cannot be supported.
· FFS if 2Tx architecture is specified and, in any case, should be low priority.

It should be noted that a UE supporting 1CC PC1.5 with 2Tx (two 26dBm PAs) can support both 2Tx intra-band contiguous ULCA and Dual-PA intra-band non-contiguous ULCA provided a second LO is available.

2.4 Proposals on capturing power limitations for Dual-PA.
The main aspect to be decided is whether the power limitation for Dual PA is captured as a PCmax term affecting MOP or an MPR term.

From our perspective, there are pros and cons for each approach as in our view the real effect is rather related to MOP as even if 29dBm can be obtained under RB imbalance for Dual PA by pushing the lower RB BW CC to the maximum capability of the PA, it still results in a power limitation for the higher RB BW CC. Also, it would apply as an offset to both upper and lower power limits and would be consistent for both MPR and A-MPR. However, it could be simpler to capture this as an MPR offset. We thus are open to discuss both alternatives.

Proposal on capturing Dual-PA power limitations:
· Alternative one:
· MOP for 2Tx architectures (TxD w/wo UL MIMO) is: 29 dBm 
· MOP for Dual-PA architectures (one PA/CC, 2LO) is: 
PCmax= 29 + 10*log(1/2*(1+Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2))) dBm 
· Alternative Two:
· MPR for Dual-PA architectures (one PA/CC, 2LO) is modified by: 10*log(1/2*(1+Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2))) dB
3 Conclusion
In this contribution, we discussed the limitations of the possible architectures for both contiguous and non-contiguous ULCA and present the following proposals.
Proposal: The intra-band PC1.5 ULCA R19 work focusses on UE implementing intra-band ULCA PC1.5 this two 26dBm PAs. Architectures requiring a 29dBm PA are not specified but can be implemented by fulfilling the requirements based on two 26dBm PAs.
Proposal on intra-band contiguous PC1.5 ULCA architecture: 
· The two 26dBm PA architecture using 2Tx as already needed for the 1CC fall back is specified. 
· Each PA must support the two CCs and TxD is default and UL MIMO is optional. 
· This has no restriction in terms of supporting the 200MHz maximum aggregated BW or allocation BW in each CC.
· FFS if Dual-PA architecture is specified and, in any case, should be low priority.

Proposal on intra-band non-contiguous PC1.5 ULCA architecture: 
· The two 26dBm PA architecture using Dual-PA (one PA per CC) is specified. 
· A specific MOP or MPR term is added to account for the case where there is an imbalance between the two CC allocated RB BW
· This has no restriction in terms of supporting 600MHz maximum separation BW or gap sizes.
· UL MIMO cannot be supported.
· FFS if 2Tx architecture is specified and, in any case, should be low priority.

It should be noted that a UE supporting 1CC PC1.5 with 2Tx (two 26dBm PAs) can support both 2Tx intra-band contiguous ULCA and Dual-PA intra-band non-contiguous ULCA provided a second LO is available.

Proposal on capturing Dual-PA power limitations:
· Alternative one:
· MOP for 2Tx architectures (TxD w/wo UL MIMO) is: 29 dBm 
· MOP for Dual-PA architectures (one PA/CC, 2LO) is: 
PCmax= 29 + 10*log(1/2*(1+Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2))) dBm 
· Alternative Two:
· MPR for Dual-PA architectures (one PA/CC, 2LO) is modified by: 10*log(1/2*(1+Min(LCRB1*SCS1,LCRB2*SCS2)/Max(LCRB1*SCS1,LCRB2*SCS2))) dB
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