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Introduction
A proposal to increase the maximum output power for CA and DC was first introduced in November 2020 [1] and discussed extensively in RAN4 since then.  After nearly a year of open-ended discussion without much progress, a work item was finally agreed in [2] to enable a more structured discussion and a Rel-17 timeline.  This contribution evaluates the available options and compares each of them for specification impact.
Discussion
The benefits and motivation for higher UE transmit power in inter-band CA and DC are undisputed.  The desire to enable a UE with two PA’s available to be able to transmit maximum power on each PA is well recognized; for example, a UE with a 23 dBm transmitter and a 26 dBm transmitter shall be allowed to transmit with maximum power of 27.8 dBm so long as all emission, SAR, and other relevant requirements are met.  The current specifications limit this configuration to 26 dBm since it is defined as PC2.  To unlock the full potential of the hardware, two options are under consideration [2]
1) Option 1: Improvement on power high limit
· Allow UE to transmit the sum of the individual rated PA power classes by lifting the restriction from the Power Class for UL inter band CA or DC, i.e., PPowerClass,CA is replaced with 10*log10∑ pPowerClass,c
2) Option 2: Definition of a new power class for CA and DC
· Introduce new power classes with necessary requirements
3) Option 3:  Conceptual power class
A third option is also described in [3]
Proposal 1: Introduce a new CA power class where the requirements would be based on per-band power capability to enable NR inter-band UL CA to fully utilize each constituent band power capability.
The proposal is to define only one “conceptual” power class where the requirements are per-band based similar to what was defined for FR1 + FR2 or PPowerClass,CA is replaced with 10*log10∑ pPowerClass,c (similar to Option 1) if PEMAX, CA would be needed in addition to 10 log10 ∑ pEMAX,c.
This third option appears to be similar to Option 1, except signaling for a “conceptual” power class is presumably introduced.  The various options are compared below for specification impact.
Power class definition and signalling
Option 1 does not require the defininition of a new power class.  The existing power classes are retained.  The change is within this existing power class, the output power is allowed to be increased according to the sum of the individual maximum output powers for each band being aggregated.  Hence, no new power class designations are required in the specifications and no new signaling is required of the UE.  Option 2 is the opposite where new power classes are defined for each possible power sum configuration.  This could lead to an avalanche of new power classes such as PC1.8 (PC3+PC2), PC1.5 (PC2+PC2), PC1.3 (PC3+PC1.5) etc, which could be enumerated by combinations of PC3, PC2 and PC1.5.  For each of these power classes, there may be new MSD, new MPR tables required.  The amount of specification work would be needlessly increased.  For Option 3, it is similar to Option1 in that no new power classes are required.  The difference is that a “conceptual” power class is defined whose maximum power corresponds to a sum of the individual maximum powers in each band.  One possible distinction of Option 3 is that the indication of the conceptual power class, i.e., a summing of individual power classes, could be signaled to the basestation.
Option 1:  No new specification work or signalling of new power classes.
Option 2:  New power classes are specified for every power sum configuration.
Option 3:  No new power classes are defined, but signalling could be included to indicate the UE is able to provide the sum power for the CA/DC configuration.
PCMAX
Option 1 suggests to replace the PPowerClass,CA with the sum of the individual rated PA power classes.  PPowerClass is the numerical value assigned per band or per band combination per power class as the maximum UE power without taking into account the tolerance.  Values for PPowerClass include 26 dBm and 23 dBm for inter-band UL CA in the present version of the specification.  Option 1 proposes a computed value should be specified by equation, for example PPowerClass,CA = 10*log10∑ pPowerClass,c instead of defining a constant numerical value per band combination per power class.  This formulation serves the purpose of increasing the maximum output power directly by modifying PPowerClass without the need to define new discrete power classes for each new combinations of powers (23+26, 20+23, 20+26, etc).  Since the option 1 proposal is to “allow UE to transmit the sum…” then the PCMAX_H limit should be raised by replacing PPowerClass,CA with the sum.  However, the PCMAX_L limit is not modified.  In this way, the UE is allowed to transmit higher power for UL CA, but it is not required to do so.  Option 3 is similar to Option 1.  Option 3 proposes that the per-band PPowerClass,c are applied to individual per-cell PCMAX, but there is no composite PCMAX requirement imposed.  If there is a need to introduce PEMAX,CA, then Option 3 becomes Option 1.
On the other hand, Option 2 proposes a new power class in the conventional manner – one new power class for each new combination of powers (for example, PC1.8 for 23+26, PC4 for 20_23, PC4.1 for 20+26, etc).  With each new power class, a new PPowerClass,CA value would also be associated with it.  This new PPowerClass,CA value is applied to PCMAX in the conventional manner included in both PCMAX_L and PCMAX_H limits.  Therefore, both PCMAX_L and PCMAX_H limits are raised to the new power class which requires that the UE transmit at higher power if it declares support of the new power class.

Option 1:  Allows the UE to transmit higher power when PC2 is declared for UL CA/DC and the individual power classes sum to more than 26 dBm.
Option 2:  Requires the UE to transmit higher power when the new power class is declared for UL CA/DC.
Option 3:  Allows the UE to transmit higher power when the conceptual power class is declared for UL CA/DC.
MSD
MSD is an important specification to ensure the performance of the UE when transmitting simultaneously on two carriers.  For all of the options on increasing maximum output power, it is the 2UL MSD that is relevant.  The MSD associated with single uplink harmonics, harmonic mixing, and cross-band isolation are already specified in single uplink requirements since the per-band power classes are not modified.  However, since the total power when both carriers in separate bands is increased, the 2UL intermodulation products will also increase suggesting that a new (larger) MSD may need to be derived and specified.  The 2UL MSD Table 7.3A.5-1a for PC2 CA from 38.101-1 is copied below

Table 7.3A.5-1a: 2DL/2UL interband Reference sensitivity QPSK PREFSENS and uplink/downlink configurations for PC2 CA
	Band / Channel bandwidth / NRB / Duplex mode
	Source of IMD

	NR CA
Configuration
	NR band
	UL Fc 
(MHz)
	UL/DL BW 
(MHz)
	UL 
CLRB
	DL Fc (MHz)
	MSD 
(dB)
	Duplex mode
	

	CA_n1-n78
	n1
	1950
	5
	25
	2140
	[17.8]
	FDD
	IMD4

	
	n78
	3710
	10
	50
	3710
	N/A
	TDD
	N/A

	CA_n3-n41
	n3
	1740
	5
	25
	1835
	18.4
	FDD
	IMD4

	
	n41
	2657.5
	10
	50
	2657.5
	N/A
	TDD
	N/A

	CA_n2-n774
	n2
	1855
	5
	25
	1935
	32.10
	FDD
	IMD2

	
	
	
	
	
	
	34.755
	
	

	
	n77
	3790
	10
	50
	3790
	N/A
	TDD
	N/A

	
	n2
	1885
	5
	25
	1965
	19.10
	FDD
	IMD4

	
	
	
	
	
	
	21.855
	
	

	
	n77
	3690
	10
	50
	3690
	N/A
	TDD
	N/A

	CA_n5-n774
	5
	844
	5
	25
	889
	18.6
	FDD
	IMD4

	
	n77
	3421
	10
	50
	3421
	N/A
	TDD
	N/A

	CA_n66-n77
	n66
	1730
	5
	25
	1730
	34.33
	FDD
	IMD2

	
	n77
	3860
	10
	50
	3860
	N/A
	TDD
	N/A

	
	n66
	1730
	5
	25
	2130
	11.27
	FDD
	IMD5

	
	n77
	3660
	10
	50
	3660
	N/A
	TDD
	N/A

	CA_n71-n77
	n71
	681.5
	5
	25
	635.5
	11.4
	FDD
	IMD5

	
	n77
	3361.5
	10
	50
	3361.5
	N/A
	TDD
	N/A

	CA_n25-n77
	n25
	1855
	5
	25
	1935
	32.10
	FDD
	IMD2

	
	n77
	3790
	10
	50
	3790
	N/A
	TDD
	N/A

	
	n25
	1885
	5
	25
	1965
	19.10
	FDD
	IMD44

	
	n77
	3690
	10
	50
	3690
	N/A
	TDD
	N/A

	NOTE 1:	Both of the transmitters shall be set min(+20 dBm, PCMAX_L,f,c) as defined in clause 6.2A.4
NOTE 2:	RBSTART = 0, 15 kHz SCS is assumed.
NOTE 3:	No requirements apply when there is at least one individual RE within the intermodulation generated by the dual uplink is within the downlink transmission bandwidth of the FDD band. The reference sensitivity should only be verified when this is not the case (the requirements specified in clause 7.3 apply).
NOTE 4:	This band is subject to IMD5 also which MSD is not specified.
NOTE 5:	Applicable only if operation with 4 antenna ports is supported in the band with carrier aggregation configured.




It can be seen that NOTE 1 in this table sets the power of the uplink transmission per carrier as min(+20 dBm, PCMAX_L,f,c).  Aside from the obvious cut-and-paste error (+20 dBm should be +23 dBm per carrier for PC2 as corrected in [7]), it can be seen that the power level is set according to PCMAX_L.  Therefore, Option 1 and Option 3 proposals do not require recomputation of MSD since these proposals do not modify PCMAX_L; the same MSD applies.  The basis for using PCMAX_L in the specification is to avoid an excessive allowance of MSD.  On the other hand, Option 2 introduces a new power class which impacts PCMAX_L.  Therefore, in the conventional manner a new MSD table is required for each new power class.  The entries within the new MSD table should be computed according to the min(new PPowerClass,CA – 3 dB, new PCMAX_L).

Option 1:  MSD does not need to be recomputed since PCMAX_L is not changed.
Option 2:  New MSD table needed for each new power class.
Option 3:  MSD does not need to be recomputed since PCMAX_L is not changed.
SAR
SAR is managed by P-MPR and/or by UE duty cycle capability reporting.  The P-MPR approach is always available and is fully under UE control.  It is therefore, the preferred approach for addressing SAR since it is only the UE that is aware of its SAR margin as well as which other radios may also be operating at the same time as the cellular radio.  
It has been commented that duty cycle reporting would not be accurate if the maximum output power is increased; the reported duty cycle and its interpretation at the basestation could be overestimated.  There are three possible solutions to this problem.  The first is to redefine or define a new duty cycle capability, the second is to use the existing duty cycle capability mechanism but for the UE to report a lower value (for example, report 40% instead of 50%), and the third is to use P-MPR either by itself or in conjunction with the existing duty cycle reporting.  Since there is no assurance or requirement that the basestation adjusts its scheduling according to the reported UE capability, the UE is required to implement a P-MPR scheme or fall back to lower power class.  Thus, P-MPR and power class fallback are already available to the UE to address SAR when needed.  Therefore, no change to SAR control mechanisms are required for any of the options.
Option 1:  P-MPR and power class fallback are available if needed.
Option 2:  P-MPR and power class fallback are available if needed.
Option 3:  P-MPR and power class fallback are available if needed.

Spurious emissions and MPR
According to 38.101-1, the per-carrier MPR applies for each component carrier in UL CA

For inter-band carrier aggregation with uplink assigned to two NR bands, the requirements in clause 6.2.2 apply for each uplink component carrier.
The same is true for EN-DC in 38.101-3.
For inter-band EN-DC between E-UTRA and FR1 NR, UE maximum output power reduction specified in TS 3	6.101 [4] and TS 38.101-1 [2] apply for E-UTRA and NR respectively.
UE maximum output power reduction requirement for E-UTRA single carrier and CA operation specified in clauses 6.2.3 and 6.2.3A of TS 36.101 [4] and for NR single carrier and CA operation specified in clause 6.2.2 of TS 38.101-1 [2] and clause 6.2.2, 6.2A.2 , and 6.2D.2 of TS 38.101-2 [3] apply.
Therefore, there is no MPR especially defined for uplink transmission of two carriers across two bands.  The underlying  assumption is that all general spurious requirements can be met even in the presence of 2UL IM products.  Of course, 2UL IM products that fall into the Rx band are separately covered by MSD.  The UE coexistence requirement of -50 dBm/MHz is the most vulnerable where by virtue of the fact that there is no MPR, it is assumed that 2UL IM products do not exceed this value especially after consideration of filtering.  However, to the author’s knowledge, this is not documented anywhere as a general agreement but rather each band combination is evaluated on its own when its requirements are defined.  For example, two bands that are very close to one another may experience little filtering attenuation.  If 2UL IM products happen to land in a protected frequency range either by -50 dBm/MHz UE coexistence or -30 dBm/MHz general spurious emissions, then there may need to be MPR available.  
For the example CA configuration CA_n1A-n78A (23dBm+26dBm) identified in the WID [2], the bands are within different frequency ranges with dedicated filters and are assumed to be triplexed onto a single antenna.  The IMD analysis is presented in [4] where power class 2 case b (23dBm+26dBm) was evaluated.  For IMD4, the total IMD found at the main antenna was reported to be -61.9 dBm and -72 dBm at the diversity antenna.  These values are at the victim Rx antenna so the corresponding value at the Tx antenna could be higher by the assumed 10 dB antenna coupling if the aggressor is on a different antenna.  Therefore, the Tx IMD power is -51.9 dBm over the bandwidth of the IM product which is lower than the -50 dBm/MHz limit.  IMD2 is not specified for CA_n1A-n78A since the IM product does not land in the Rx band.  However, it is specified for PC2 CA_n3A-n78A where the MSD is 31.9 dB for 23dBm+23dBm transmissions.  Based on the analysis in [5] and [6], the PA forward IP2 is 27 dBm.  With a 23dBm+26dBm transmission, the expected IM2 product is approximately -18 dBm over 5 MHz or -25 dBm/MHz.  The value is even lower if the 65 dB PA out to PA in isolation from [5] and [6] are assumed.  To achieve the -50 dBm/MHz limit, there should be filter attenuation of at least 25 dB.  For CA_n1A-n78A, the IMD2 product can land within the Rx for bands 3, 11, 21, 74, and 39.  However, the Band n1 and Band n78 filters provide more than 25 dB rejection into these frequency ranges.  Therefore, it can be concluded that spurious emissions can be met without additional MPR for the CA_n1A-n78A configuration.
The observation here is that 2UL IMD products should be studied on a case-by-case basis.  This is true even for PC2.  Therefore, no matter which option is selected and even if there is no increase in maximum output power (i.e., PC2 only), the 2UL emissions should be evaluated against spurious requirements.
Option 1:  2UL emissions are evaluated against spurious requirements on a case-by-case basis.  No concern expected for CA_n1A-n78A.
Option 2:  2UL emissions are evaluated against spurious requirements on a case-by-case basis.  No concern expected for CA_n1A-n78A.
Option 3:  2UL emissions are evaluated against spurious requirements on a case-by-case basis.  No concern expected for CA_n1A-n78A.


Conclusion
A Rel-17 work item to increase the upper limit on UE maximum output power has been agreed in [1].  In this contribution, the specification impact associated with three options is evaluated.  Based on this evaluation, Option 1 is seen as the simplest and most flexible option especially with the limited time schedule remaining for Rel-17.  Option 3 is advantageous since it preserves a power class concept and allows for signaling to the basestation.  An LS would need to be sent to RAN2 to add the conceptual power class as a new enumeration.
Proposal:  Select option 3 to move forward with.
	
	Option 1
	Option 2
	Option 3

	Power class definition and signalling
	No new specification work or signalling of new power classes.

	New power classes are specified for every power sum configuration.

	No new power classes are defined, but signalling could be included to indicate the UE is able to provide the sum power for the CA/DC configuration.


	PCMAX
	Allows the UE to transmit higher power when PC2 is declared for UL CA/DC and the individual power classes sum to more than 26 dBm.

	Requires the UE to transmit higher power when the new power class is declared for UL CA/DC.

	Allows the UE to transmit higher power when the conceptual power class is declared for UL CA/DC.


	MSD
	MSD does not need to be recomputed since PCMAX_L is not changed.

	New MSD table needed for each new power class.

	MSD does not need to be recomputed since PCMAX_L is not changed.


	SAR
	P-MPR and power class fallback are available when needed.

	P-MPR and power class fallback are available when needed.

	P-MPR and power class fallback are available when needed.


	Spurious emissions and MPR
	2UL emissions are evaluated against spurious requirements on a case-by-case basis.  No concern for CA_n1A-n78A.
	2UL emissions are evaluated against spurious requirements on a case-by-case basis.  No concern for CA_n1A-n78A.


	2UL emissions are evaluated against spurious requirements on a case-by-case basis.  No concern for CA_n1A-n78A.
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