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Introduction
Power sharing between E-UTRA and NR cell groups of an EN-DC configuration is a complex topic that has been discussed in RAN1, RAN4, and RAN plenary for more than a year.  The discussion will soon reach RAN5.  This contribution provides a background on RAN1 and RAN4 specifications and describes potential challenges to testability.  The contribution then discusses methods to overcome these challenges and suggests a way forward for how to define test cases for power sharing in Rel-15 and Rel-16.
Discussion
Background of RAN1 and RAN4 specifications



Procedures and behavior for transmit power sharing between EN-DC cell groups is defined by RAN1 in 38.213 with performance limits specified by RAN4 in 38.101-3.  The 38.213 specifications define the conditions for which the UE is allowed to scale SCG transmit power or drop the SCG transmission altogether; conversely, these specifications also define the conditions for which the UE is required to transmit both the MCG and the SCG.  Scaling or dropping are allowed to maintain EN-DC transmitted power according to.  If the inequality holds without scaling, then both MCG and SCG are required to be transmitted at their configured powers.  If the inequality holds when SCG power is scaled by less than X_Scale, then it is required that the SCG is transmitted, but it is allowed to be scaled.  The amount of scaling, as long as it is less than X_Scale, is left to implementation.  If the inequality cannot be met even if the SCG is scaled by as much as X_Scale, then the SCG is not required to be transmitted.  In this equation,  and  are identified in 38.213 as the linear values of the total UE transmission powers in subframe  of the MCG and in slot  of the SCG in FR1, respectively.  It is not identified whether the transmission powers are configured powers or measured powers, but since RAN1 specifications do not account for tolerances and uncertainties associated with implementation, the only plausible interpretation is that the quantities refer to configured values.  Moreover, these configured transmitted powers are internal to the UE and therefore not externally observable and are not necessarily the same as the measured output power since tolerance and uncertainty between configured power and measured power have not been accounted for.  
On the other hand, the RAN4 specifications in 38.101-3 define limits for performance.  These limits are defined at maximum output power in terms of PCMAX.  Requirements are defined for configured maximum EN-DC transmission power PCMAX_ EN-DC _L according to conditions ‘a’ and ‘b’
a= 10 log10 [pCMAX_ E-UTRA,c (p) +pCMAX,f,c,NR (q) ] > PEN-DC,tot_L
b= 10 log10 [pCMAX_ E-UTRA,c (p) +pCMAX,f,c,NR (q) /X_scale] > PEN-DC,tot_L
The definition of these limits correspond to power sharing rules in 38.213 evaluated at maximum configured output powers.  If a = FALSE there is sufficient power and both the MCG and SCG are transmitted without scaling.  If a = TRUE and b = FALSE there is limited power available for sharing, both the MCG and SCG are transmitted, but the SCG is allowed to be scaled by as much as X_Scale.  If b = TRUE there is severely limited power, the MCG is transmitted without scaling but the SCG is not required to be transmitted at all.  The requirement to transmit and scale is reflected by setting PCMAX_ EN-DC _L(p,q) as a function of pCMAX_ E-UTRA,c (p) and pCMAX,f,c,NR (q) where the contribution from pCMAX,f,c,NR (q) might be scaled or not present at all.  Hence, it can be seen that the RAN4 specifications define limits (not necessarily behaviour) applicable at maximum configured output power.
Challenges in testability
Testability of power sharing is a concern and has been discussed previously.  Two concerns are listed below
1. Some of the quantities in the RAN4 requirements are not externally observable (e.g. pCMAX_ E-UTRA,c (p) and pCMAX,f,c,NR (q)) since they are internal UE configured parameters
2. Test cases defined in RAN5 follow RAN4 core requirements.  To the extent that RAN1 requirements are not fully reflected in RAN4 core specifications, RAN5 will not define a test case for them.  
The first concern was discussed extensively during the derivation of RAN4 requirements on PCMAX.  One approach discussed was to set PLTE and PNR limits in the test case to constrain PCMAX so that it can be uniquely determined and controlled.  The second concern is not currently addressed in the RAN4 specification since as intended, requirements in 38.101-3 only define limits of performance rather than behaviour.  
Resolving uncertainties in RAN4 parameters
Some of the parameters in the requirements of 38.101-3 are not directly testable since they are internal to the UE implementation and are not observable externally.  For example,  pCMAX_ E-UTRA,c is specified within a range
	PCMAX_L_ E-UTRA,c (p) ≤ PCMAX_ E-UTRA,c (p) ≤  PCMAX H _ E-UTRA,c (p)
so its value is not precisely known except to the UE.  However, since both PCMAX_L_ E-UTRA,c and PCMAX H _ E-UTRA,c are given by minimization functions, it is possible by setting PLTE low enough that by itself it uniquely determines both  PCMAX L _ E-UTRA,c and PCMAX H _ E-UTRA,c, and therefore PCMAX_ E-UTRA,c.  This happens when both PCMAX_L_ E-UTRA,c and   PCMAX H _ E-UTRA,c  are limited by PLTE as can be seen in the equations below.
PCMAX_L_ E-UTRA,c = MIN {MIN(PEMAX,c , PEMAX, EN-DC, PLTE) – tC_ E-UTRA, c,  (PPowerClass, EN-DC – ΔPPowerClass,EN-DC ), (PPowerClass – ΔPPowerClass) – MAX(MPRc + A-MPRc + ΔTIB,c  + TC_ E-UTRA, c + TProSe, P-MPRc)}
	PCMAX H _ E-UTRA,c = MIN {PEMAX,c, PEMAX, EN-DC , PLTE, PPowerClass, EN-DC, PPowerClass – ΔPPowerClass}
-	PLTE is the value given by the field p-maxEUTRA-r15 of the RRCConnectionReconfiguration-v1510 IE as defined in [8] which is the same as PLTE in [10];
One point to observe is that tC_ E-UTRA, c is not applied to PCMAX H _ E-UTRA,c.  Therefore, to remove any uncertainty due to tC_ E-UTRA, c, RB allocations should selected away from 4 MHz proximity of the band edge for bands that allow the band edge relaxation (i.e., Band 41 and n41).
For the NR cell group, a similar exercise can be done by setting PNR to uniquely determine pCMAX,f,c,NR
PCMAX_L,f,c,,NR = MIN {MIN(PEMAX,c , PEMAX, EN-DC, PNR) - TC_NR, c, (PPowerClass, EN-DC – ΔPPowerClass,EN-DC ),  (PPowerClass – ΔPPowerClass) – MAX(MAX(MPRc,A-MPRc)+ ΔTIB,c + TC_NR, c + ∆TRxSRS,  P-MPRc) }
	PCMAX_H,f,c,NR = MIN {PEMAX,c, PEMAX, EN-DC, PNR, PPowerClass, EN-DC, PPowerClass – ΔPPowerClass }
-	PNR is the value given by the field  p-NR-FR1 of the PhysicalCellGroupConfig IE as defined in  [9] and signalled by RRC;
With knowledge of PEN-DC,tot_L from EN-DC A-MPR in 38.101-3, X_Scale set in the test case, and by appropriately setting PLTE and PNR, it is possible to control ’a’ and ’b’ to test that the UE transmits both MCG and SCG without scaling when ’a’ = FALSE.  It is also possible to construct a test to verify that the UE transmits both MCG and SCG, with possible scaling on SCG (i.e., ensure SCG is not dropped) when ’a’ = TRUE and ’b’ = FALSE.  There is no need to test the condition where the SCG can be dropped (since dropping is not mandated behavior but simply allowed) unless it is desired to test that the MCG is transmitted and not inadvertently dropped.  By adjusting PLTE and PNR in this manner, the behavior of the UE is tested within the construct of RAN4 requirements since the UE is forced into a condition where PCMAX is applicable.  In fact, this approach of adjusting PLTE and PNR to exercise different conditions in power sharing was also discussed in RAN5 already [1], though at the time the core requirements were not yet fully completed so the discussion was only conceptual absent detailed analysis.
As a side note, by adjusting these parameters as described above, it is likely that PLTE and PNR will impose limits in such a way that the transmitted power in each cell group is much lower than PPowerClass.  Moreover, the combined EN-DC power may also be low relative to PPowerClass_ENDC depending on the limit imposed by PEN-DC,tot_L.  While setting lower transmit powers may be acceptable for testing power sharing, it should be recognized that for other test cases where high transmit power is typically configured (for example, for receiver tests where the uplink is generally transmitted near PPowerClass at a small offset from PUMAX), the ability to set power levels near PPowerClass may not be available.  Indeed, if care is not taken to consider the limits imposed by  PEN-DC,tot_L, the SCG may be dropped altogether as pointed out in [2].  For Rx testing, setting PLTE is not strictly necessary, but without it, there might not be any power available to transmit the SCG so might be advisable.  Moreover, it is not immediately evident whether uplink transmission on a single CG at higher power is more stressful on the Rx test than transmission on both cell groups with lower power.  This may require further consideration in RAN5.
While the above describes in general terms an approach to defining a test case for power sharing, the detailed analysis required to define specific test cases becomes considerably cumbersome.  The values described above for MPR, A-MPR, PCMAX_L_EUTRA, PCMAX_L_NR, etc., are non-trivial to calculate since they are dependent on modulation, RB allocation, channel bandwidth, SCS, standalone, as well as EN-DC tables and are of course EN-DC configuration dependent.  A few numerical examples are provided below to illustrate how adjusting PLTE and PNR as a function of the other configuration parameters can be used to exercise the various power sharing conditions (sufficient power to transmit both MCG and SCG, power sharing where SCG is scaled, and power limited where SCG may be dropped).  These examples are only for one ENDC configuration with one set of parameters (i.e., DFT-S-OFDM, QPSK modulation, fixed bandwidth, fixed power class, fixed carrier frequencies).  It is expected that if it is deemed necessary, defining test cases for high coverage will require a signficant effort in RAN5.
	Configuration
	DC_(n)41AA
	DC_(n)41AA
	DC_(n)41AA
	DC_(n)41AA
	DC_(n)41AA
	DC_(n)41AA

	Bandwidth
	20 + 100
	20 + 100
	20 + 100
	20 + 100
	20 + 100
	20 + 100

	PPowerClass_ENDC
	26
	26
	26
	26
	26
	26

	DPS capable
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	
	
	
	
	
	
	

	LTE power class
	26
	26
	26
	26
	26
	26

	LTE fc
	2506
	2506
	2506
	2506
	2506
	2506

	LTE CBW
	20
	20
	20
	20
	20
	20

	LTE modulation
	QPSK
	QPSK
	QPSK
	QPSK
	QPSK
	QPSK

	LTE_deltaTc
	0
	0
	0
	0
	0
	0

	LTE Rbstart
	40
	40
	40
	0
	0
	0

	LTE L_CRB
	60
	60
	60
	20
	20
	20

	LTE MPR
	0
	0
	0
	0
	0
	0

	LTE A-MPR
	3
	3
	3
	2
	2
	2

	PPowerClass - MPR - A-MPR
	23
	23
	23
	24
	24
	24

	P_LTE
	12
	15
	16
	12
	15
	18

	Pcmax_L_EUTRA
	12
	15
	16
	12
	15
	18

	Pcmax_H_EUTRA
	12
	15
	16
	12
	15
	18

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	NR power class
	23
	23
	23
	23
	23
	23

	SCS
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03

	NR fc
	2566
	2566
	2566
	2566
	2566
	2566

	NR CBW
	100
	100
	100
	100
	100
	100

	NR_minguard
	0.845
	0.845
	0.845
	0.845
	0.845
	0.845

	NR modulation
	QPSK
	QPSK
	QPSK
	QPSK
	QPSK
	QPSK

	NR_deltaTc
	0
	0
	0
	0
	0
	0

	NR encoding
	DFT-S-OFDM
	DFT-S-OFDM
	DFT-S-OFDM
	DFT-S-OFDM
	DFT-S-OFDM
	DFT-S-OFDM

	NR StartRB
	0
	0
	0
	20
	20
	20

	NR L_CRB
	1
	1
	1
	20
	20
	20

	NR MPR
	0
	0
	0
	0
	0
	0

	NR A-MPR  
	6
	6
	6
	4.5
	4.5
	4.5

	
	
	
	
	
	
	

	FIM3lowblocklow
	2378.845
	2378.845
	2378.845
	2378.845
	2378.845
	2378.845

	Flowchannellowedge
	2497
	2497
	2497
	2497
	2497
	2497

	Fhighchannelhighedge
	2615.155
	2615.155
	2615.155
	2615.155
	2615.155
	2615.155

	ChannelConfig 
	Case B
	Case B
	Case B
	Case B
	Case B
	Case B

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	B
	11.16
	11.16
	11.16
	10.8
	10.8
	10.8

	M_A (Case A, -13 dBm/MHz)
	6
	6
	6
	6
	6
	6

	M_A (Case B, -25 dBm/MHz)
	12
	12
	12
	12
	12
	12

	A-MPR_IM3
	12
	12
	12
	12
	12
	12

	
	
	
	
	
	
	

	NR MPR_c
	0
	0
	0
	0
	0
	0

	NR A-MPR_c'
	12
	12
	12
	12
	12
	12

	A-MPRtot
	10.23565138
	10.23565138
	10.23565138
	10.23565138
	10.23565138
	10.23565138

	
	
	
	
	
	
	

	P_NR
	8
	8
	8
	11
	11
	11

	Pcmax_L_NR
	8
	8
	8
	11
	11
	11

	Pcmax_H_NR
	8
	8
	8
	11
	11
	11

	
	
	
	
	
	
	

	PEMAX_ENDC
	26
	26
	26
	26
	26
	26

	PENDC_tot_L
	15.76434862
	15.76434862
	15.76434862
	15.76434862
	15.76434862
	15.76434862

	PENDC_tot_H
	26
	26
	26
	26
	26
	26

	
	
	
	
	
	
	

	X_Scale
	6
	6
	6
	6
	6
	6

	a (min value)
	13.45540463
	15.7900975
	16.63892034
	14.53901891
	16.45540463
	18.7900975

	a (max value)
	13.45540463
	15.7900975
	16.63892034
	14.53901891
	16.45540463
	18.7900975

	b (min value)
	12.41392685
	15.21238402
	16.16954289
	12.7900975
	15.41392685
	18.21238402

	b (max value)
	12.41392685
	15.21238402
	16.16954289
	12.7900975
	15.41392685
	18.21238402

	
	
	
	
	
	
	

	a (min) > PENDC_Tot_L
	FALSE
	TRUE
	TRUE
	FALSE
	TRUE
	TRUE

	b (min) > PENDC_Tot_L
	FALSE
	FALSE
	TRUE
	FALSE
	FALSE
	TRUE

	a (max) > ENDC_Tot_L
	FALSE
	TRUE
	TRUE
	FALSE
	TRUE
	TRUE

	b (max) > ENDC_Tot_L
	FALSE
	FALSE
	TRUE
	FALSE
	FALSE
	TRUE

	
	
	
	
	
	
	

	Sufficient power
	TRUE
	FALSE
	FALSE
	TRUE
	FALSE
	FALSE

	     Pcmax_ENDC_L
	13.45540463
	15.7900975
	16.63892034
	14.53901891
	16.45540463
	18.7900975

	Power sharing
	FALSE
	TRUE
	FALSE
	FALSE
	TRUE
	FALSE

	     Pcmax_ENDC_L
	12.41392685
	15.21238402
	16.16954289
	12.7900975
	15.41392685
	18.21238402

	     Min SCG Pumax
	-5
	-5
	-5
	-2
	-2
	-2

	NR dropping
	FALSE
	FALSE
	TRUE
	FALSE
	FALSE
	TRUE

	     Pcmax_ENDC_L
	12
	15
	16
	12
	15
	18



Testability of RAN1 specified power sharing

While the idea of setting PLTE and PNR for test purposes has been previously discussed, it has been recently highlighted [3],[4] that the condition whereby the UE is at lower than maximum configured output power is untested by such an approach.  Since the RAN4 requirements, against which RAN5 defines test cases, only define limits of performance at maximum configured output power, there is no test case for the RAN1 specified power sharing behaviour; i.e.,in a general sense.  For example, if the configured transmission power is well below the maximum configured transmission power, the PCMAX requirements are not applicable, no RAN4 core requirement exists, and therefore no test cases are defined by RAN5 for this condition.  
If it is desired to construct a test case for this condition where the configured transmission power is below PCMAX, the following general procedure could be considered.
1. Establish transmission on the MCG at a desired configured PMCG power level below PCMAX_ E-UTRA,c.  
2. 
Enable transmission on the SCG at the minimum power to ensure 
3. 
Adjust power of the MCG and SCG by TPC.  So long as the RAN1 power sharing conditionis fulfilled, both MCG and SCG are verified to be transmitted without scaling.  
However, several details require further consideration.  The first is that configured output powers such as PMCG are not externally observable.  What is observable is the measured configured output power; i.e., something that is comparable to PUMAX but not at maximum configured output power.  In the same way that PUMAX differs from PCMAX by tolerance and uncertainty, it can be assumed that the observed output power denoted as PUMCG differs from the configured PMCG by this same amount.  
	PUMCG = PMCG ± T(PMCG)
where the tolerance function is given in Table 6.2.5-1 of 36.101 for the E-UTRA MCG.  The same principle holds for the SCG, but determining the tolerance for the sum of MCG and SCG is dependent upon the UE architecture.  For example, the tolerance might be expressed as a function of the total power output at the PA for a single PA architecture T(10*log10(PMCG + PSCG)) or it might be expressed as a sum of the tolerances from each PA for a dual PA architecture 10*log10(10^(T(PMCG)/10) + 10^(T(PSCG)/10)).  Moreover, the tolerance is not simply a function of the uncertainty in controlling the output power of the PA, but also includes error introduced in RSRP estimation for open-loop power control.  For the sake of illustration, we assume that the tolerance is according to dual PA and any error in path loss estimation for power control is captured in the same way as error in controlling PA output power.  In this case, the power sharing equation becomes
.
In general, this equation is still not solvable since T(PMCG) and T(PSCG) which depend upon the configured (and unknown) values are not available.  We can approximate T(PMCG) = T(PUMCG) and T(PSCG) = T(PUSCG) to obtain
.
For power sharing to be feasible, the configured power levels for the MCG and SCG must be small.  However, when the configured powers are small, the uncertainty and tolerance become larger.  For example, at configured power levels of 10 dBm, the tolerance is 6 dB.  As a consequence, the observed values PUMCG and PUSCG must be smaller by the amount of tolerance in order to ensure that the power sharing condition based on configured values is met.  For example, assume that =100 mW (20 dBm).  In order to ensure that power sharing is met, the observed values for MCG and SCG should be less than 12.6 mW (11 dBm) each.  The reasoning is as follows.  While it is clear that 12.6 mW + 12.6 mW is less than 100 mW, when considering the 6 dB tolerance, the configured power could be as high as 50.1 mW (17 dBm) on each cell group.  The total configured power could then be as high as 50.1 mW + 50.1 mW which would exceed the 100 mW power sharing threshold.  Therefore, even observing that the power on each cell group is as low as 12.6 mW would not guarantee that the UE is in a condition where it is required to share power according to RAN1 specifications when taking into account the uncertainty in measured power relative to configured power.  So, observed powers should be below 12.6 mW per cell group in this simple example of equal power on each cell group.  Even if the tolerance could be reduced to 3 dB instead of 6 dB, the power in each cell group would need to be below 25 mW (14 dBm) to allow sharing.  
The above discussion further assumes that the observed power on MCG and on SCG can be independently measured while they are simultaneously transmitting.  For inter-band EN-DC, a power detector can be applied separately on each band.  For intra-band EN-DC, it may not be possible to separate the power measurement in each cell group’s channel.  In that case, one may consider first measuring the MCG power when only the MCG is transmitting, then measuring the MCG + SCG power when SCG transmission is enabled, and subtracting the second measurement from the first to obtain the SCG power.  Once again, however, uncertainties and tolerances complicate the calculation.  Assuming that the power measurement on the MCG is a random variable that is independent of the power measurement on the MCG+SCG, then the variances add when computing the sum.  Therefore, the variance or uncertainty in the SCG power by measuring the sum of MCG+SCG and subtracting out the MCG is even larger than computed above.  
On the other hand, the method by which power sharing is verified only at PCMAX avoids the issues related to uncertainty between measured power and configured power since the PCMAX-based methods force the UE to a known configured power rather than relying on observation of measured power. 
Way forward
The following way forward is proposed.
For Rel-15, the core specifications defined in 38.101-3 should not be modified to accommodate any changes related to power sharing at power levels below PCMAX.  A method for testing EN-DC power sharing and dropping at maximum configured output power by setting PLTE and PNR has been described.  The extent to which this or other similar methods are used to verify power sharing behaviour at the RAN4 defined PCMAX limit is at the discretion of RAN5 to balance the test coverage with the work effort and time required.
For Rel-16, further discussion of power sharing requirements in RAN4 can be considered.  However, given the difficulty and challenges described in testing conditions at power levels removed from PCMAX, RAN4 should carefully evaluate the added value provided in defining requirements to enable such testing.  For example, if it is found that testing is only feasible at very low power levels, the added value may not justify the additional complexity both in specification and test development.  It is also noted that the examples in this paper already take simplifying assumptions related to single PA or dual PA, uncertainty related to PA vs. baseband pathloss estimation, etc. that may need to be more carefully studied if test cases are to be defined.  Moreover, the limits related to  are a function of allocation in each cell group, so will need to be recomputed for each test configuration along with the associated MCG and SCG configured transmit powers and their tolerances.  Finally, while it is shown by example that verification might only permit power levels lower than 12.6 mW, this does not even consider tester tolerance which will further diminish the value.  Considering that much of the power sharing verification can be done at PCMAX, there does not seem to be justification for the additional work and complexity.  However, if other means can be found to circumvent the uncertainty in configured output power, they can be considered.
Conclusion
The requirements for power sharing in EN-DC are divided between RAN1 and RAN4 specifications.  The RAN1 specifications define the expected behavior of the UE for scaling and/or dropping transmissions when available power is limited.  The RAN4 specifications define performance limits in terms of maximum configured transmission power, i.e., PCMAX.  Potential challenges to testability include the fact that some parameters in the RAN4 requirements are only internally available to the UE and not externally observable.  However, a technique whereby PLTE and PNR are set to limit power is described with numerical examples on how this could be accomplished.  Another potential challenge is that since RAN4 requirements are only defined at PCMAX, requirements to define testing of power sharing at lower power levels are not available to RAN5.  This contribution describes how that might be accomplished, but describes the difficulties associated with the uncertainty between observable parameters and the internal parameters from which behavior is prescribed.  In fact, because of this uncertainty and the resulting implication of the limited ability to only test very low power levels, it is suggested that any such test would be of dubious value.  Finally, a way forward is proposed that in Rel-15, the method of setting PLTE and PNR is considered for test case definition.  For Rel-16, further approaches can be considered for verification of power sharing at lower powers if the difficulty associated with uncertainty can be addressed.
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