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1 Background
In this follow-up to [1] we provide further background to the resolution of the SCell dropping (power reduction) issue by power limits proposed in the Rel-16 CRs in [2] and [3]. 
RAN4 sent an LS to RAN1 in [4] to ask about any implications on the RAN1 specifications of the above proposal and if the said issue has been considered earlier by RAN1. RAN1 replied in [5] that “there is no RAN1 specification impact by introducing additional UE-specific configuration of power limits on Pcmax,f,c for each CC to prevent SCell dropping. For other aspects, including potential conflict with current RAN1 specification, a definite answer can only be provided when the detailed solution is provided by RAN4”. 
The solution proposed is applicable for all band combinations and both frequency ranges, we repeat its key characteristics:
· the configured maximum power Pcmax,f,c for the serving cells are modified by UE-specific configured power limits, a straighforward change and RAN4 scope, no change of timing requirements or UE behaviour
· the power limits are relative to account for the actual power back-off used and the implementation-specific plane of reference for Pcmax,f,c for FR2, can be applied to all UL serving cells for complete network control of the power per serving cell

· can be enabled/disabled by MAC/CE for fast adaptation to changing radio conditions and applies for concurrent transmissions; if only high priority transmission scheduled this would get all available power, reduces the need for enabling/disabling limits by MAC-CE signaling
· backwards compatible

· the limits can also be made absolute (similar to the cell-specific P-Max) by configuration
· “equal” PSD can be achieved for the purpose of conformance testing

The solution requires RRC changes and a MAC-CE element for activating/deactivating the limits in the RAN2 specifications.
2 Power limits to avoid excessive power reduction or dropping of serving cells

For any CA band combination the UE configures 

· a configured maximum output power PCMAX,f,c for each serving cell c of the configuration
· a configured maximum output power PCMAX for the total power of the configuration
These maximum levels depend on the information in the uplink signaling grant of each transmission occasion. When the PCMAX is exceeded, the UE prioritizes the transmissions according to the rules in clause 7.5 of 38.213, a slightly shortened version below with the key statements,
For single cell operation with two uplink carriers [SUL] or for operation with carrier aggregation, if a total UE transmit power for PUSCH or PUCCH or PRACH or SRS transmissions on serving cells in a frequency range in a respective transmission occasion [image: image1.wmf]i
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 as defined in [8-1, TS 38.101-1] for FR1 and [8-2, TS38.101-2] for FR2, the UE allocates power to PUSCH/PUCCH/PRACH/SRS transmissions according to the following priority order (in descending order) so that the total UE transmit power for transmissions on serving cells in the frequency range is smaller than or equal to [image: image6.wmf])
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 for that frequency range in every symbol of transmission occasion [image: image7.wmf]i

. […]  The total UE transmit power in a symbol of a slot is defined as the sum of the linear values of UE transmit powers for PUSCH, PUCCH, PRACH, and SRS in the symbol of the slot. 

-
PRACH transmission on the PCell

-
PUCCH or PUSCH transmissions with higher priority index according to Clause 9 

[...]
-
SRS transmission, with aperiodic SRS having higher priority than semi-persistent and/or periodic SRS, or PRACH transmission on a serving cell other than the PCell 

In case of same priority order and for operation with carrier aggregation, the UE prioritizes power allocation for transmissions on the primary cell of the MCG or the SCG over transmissions on a secondary cell. In case of same priority order and for operation with two UL carriers [priority for SUL if concurrent with NUL].

Starting with the intra-band case, the PCMAX,f,c for each serving cell c of the configuration is less or equal to the PCMAX, the lower limits are equal for the the maximum back-off MPRc of each cell c is equal to the MPR of the total signal. Hence if the serving cell with a prioritized transmission is near its maximum PCMAX,f,c then the remaining cells c must be reduced in power; if the concurrent transmissions are of the same priority, then the PCell is prioritized and the SCells reduced as shown in Figure 1 for two serving cells. In practice, many of the prioritized transmissions are carried by the PCell. 
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Figure 1: the intra-band CA case with a prioritized PCell.
In the field the prioritization is highly dynamic for the determination of the required power transmissions for a serving cell depends on e.g. DL PL estimates for each cell and allocations that vary on a slot basis, e.g. for PUSCH 
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so the remaining power for other cells is also highly variable and the threshold PCMAX can also change. A robust solution is needed for operations in the field.
The proposed solution is to configure UE-specific power limits on each serving cell, e.g. limit the maximum PCell power to reserve remaining power for SCell transmissions, at least for concurrent transmissions. The problem is that the actual backoff used by the UE for determining the configured maximum power levels is not known, ony the maximum allowed (MPR), which means that any attenuation of the maximum power cells must be relative. This is also the key for FR2 in which the plane of reference for PCMAX is implementation specific.
A UE-specific relative power limit DPCMAX,f,c is applied such that
PCMAX,f,c = P’CMAX,f,c – DPCMAX,f,c
where DPCMAX,f,c is configured by RRC and P’CMAX,f,c is the measured configured maximum output power without the power limitation. This does not change any timing requirements for power control: the relative power limit is known a prioiri and can be applied on top of any other power reduction that is determined from the uplink signaling grants e.g. the allowed MPR. Figure 2 shows the case with a power limit DPCMAX,f,PCell applied on the Pcell now with the Scells transmitted but possibly at a reduced power (scaled). The configured maximum PCMAX,f,SCell is unchanged on the Scells, the maximum is not modified by any scaling. This is similar to the case for EN-DC with a PLTE configured on the MCG, the maximum SCG power is unchanged but the actual transmissions may be scaled.
[image: image10.png]P

P

, UE output power (PSD)

Pewax

APewax spcell

PCell
PUSCH

J Total power back-off < MPR

. 'PCMAX,ﬁSCe/I

o Py PUSCH,£PCell = P CMAX fPeell (reduced)

Scell
PUSCH

Peuschscell

— e

BW

BW




Figure 2: the intra-band CA case with a power limit applied on the PCell.
Now, the Scell may still be dropped by the UE, there is no mandated scaling like for EN-DC (as required by the Xscale). Nevertheless, dropping can be prevented by configuring a limit on both the PCell and SCell as shown in Figure 3.
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Figure 3: the intra-band CA case with limits on both cells.
The actual UE back-off can be any value (and any absolute level of PCMAX for FR2), both cells are still 3 dB below
The basic problem is concurrent transmission, the power limits would not apply if transmissions in a slot for serving cell c is not overlapping with transmissions on any slot of another serving cell of the CA configuration. This does not imply any additional timing requirement for the UE, it is not different from the case in which the UE must monitor the UL grants from other cells to derive the MPR for the total signal. If no other transmission overlapping a slot of a scheduled transmission on e.g. the Pcell, then the limits do not apply as shown in Figure 4. This also reduces the need for MAC-CE signaling for disabling/enabling limits.
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Figure 4: limits do not apply for transmission on one cell only.
The power prioritization in 38.213 is unchanged as such, only the maximum power per for the serving cell carrying the prioritized transmission(s) thus reserving power for other serving cells. 

The relative power limits should be enabled/disabled by a MAC-CE element (DCI would have been even better but more difficult to amend and spare bits limited), and could apply only for concurrent transmission. Moreover, by disabling limits the legacy behaviour is maintained and the solution is fully backwards compatible.

Example: Class B contiguous CA and collocation: assume two fully allocated CCs of equal CHBW, DFTS QPSK and that the UE uses full MPR, neglect terms like DTIB 

· back-off = MPR = 4 dB, PCMAX = 26 dBm – 4 dB = 22 dBm (max total UE power)

· For the Pcell and Scell: PCMAX,f,c = 26 dBm – 4 dB = 22 dBm (MOP per serving cell)

In the field: when the Pcell power is reaching 22 dBm, overlapping transmissions on SCells would be significantly reduced in power or dropped, highly variable. 

Configuring a relative power limit on the PCell with DPCMAX,f,PCell = 3 dB

· PCMAX = 26 dBm – 4 dB = 22 dBm (unchanged)
· while for the Pcell, PCMAX,f,PCell = 22 dBm – 3 dB = 19 dBm, the PCMAX,f,SCell unchanged  
· setting PCMAX,f,SCell = 22 dBm – 3 dB = 19 dBm prevents any dropping in case the UE does not scale the SCell
implies that the SCell can be transmitted with up to 19 dBm (scaled 3 dB) and the Pcell likewise up to 19 dBm, the “equal PSD case, and up to 22 dBm if the Scell transmission does not overlap with the PCell transmissions.

In conformance testing with UP commands on all cells and a power limit: the same behaviour, the equal PSD case is achieved.
The solution is robust since the maximum power of a cell is limited, there would always be remaining power for other cells. The limits are set by the network, only the UE is aware of the actual power balance between its carriers, which is difficult to control for the network without any limits. 
The same solution can be used for inter-band CA, the PCMAX of the total signal would not be changed by the power limits per cell.

For FR2 the same solution can be used, the plane of reference of PCMAX,f,c is implementation specific but the limits are relative. However, at least for intra-band CA one must make clear that the said PCMAX,f,c is less than or equal to the PCMAX of the total signal [7]:
For uplink intra-band contiguous carrier aggregation, MPR is specified in clause 6.2A.2. PCMAX is calculated under the assumption that power spectral density for each RB in each component carrier is same.
For intra-band carrier aggregation, PCMAX ≥ PCMAX,f,c for each configured serving cell c with PCMAX,f,c as specified in clause 6.2.4 but with parameters MPR and A-MPR replaced with those specified in subclause 6.2A.2 and 6.2A.3, respectively.
The configured UE maximum output power PCMAX shall be set such that the corresponding measured total peak EIRP 

For FR1 the bounds on the configured power should be reduced accordingly by the relative limits.
3 Changes to the FR1 and FR2 specifications
The sub-clauses on the configured maximum power for a serving cell (primarily) and for the total CA power in 38.101-1 and 28.10-2 must be modified along with any corresponding sub-clauses in 38.101-3 for the SCG. 
Applying the UE-specific relative power limit DPCMAX,f,c on serving cell c such that
(3.1)
PCMAX,f,c = P’CMAX,f,c – DPCMAX,f,c
means the measured output power serving cell c at the antenna ports (FR1) or in a radited measurement (FR2) should abe reduced by at least this amount
PUMAX,f,c < P’UMAX,f,c – DPCMAX,f,c + T(DPCMAX,f,c)
where P’UMAX,f,c is measured configured maximum output power with DPCMAX,f,c = 0 dB. The tolerance T could be of a similar order of magnitude as that for relative power accuracy with fixed PRB. Moreover, the ΔPCMAX,f,c should also modify the absolute limits of PCMAX,f,c accoringly.
PCMAX_L,f,c – ΔPCMAX,f,c ≤  PCMAX,f,c  ≤  PCMAX_H,f,c – ΔPCMAX,f,c
Hence the relative limit thus configured could also be use for setting absolute limists by only modifying the upper an lower bounds of the configured power, that is, the UE is not required to reduce its configured maximum power on top of any other power reductions as per (3.1) -- a bonus. The upper bound on the serving cell power would be reduced both in relation to the power class and any other limit configured such as the PNR limiting the power per CG.
The limits DPCMAX,f,c serving cells c (not necessarily only for the PCell) are configured in an IE tentatively denoted deltaPcmaxfc in the uplinkConfig for serving cell c and enabled/disabled by a MAC/CE element. If the change is only absolute this could be inidcated in the RRC configuration. This allows the network to configure both absolute and relative limits.
The changes to the configured power in 38.101-1 could look like follows [6]:
6.2.4
Configured transmitted power
The UE is allowed to set its configured maximum output power PCMAX,f,c for carrier f of serving cell c in each slot. The configured maximum output power PCMAX,f,c is set within the following bounds:

PCMAX_L,f,c ≤  PCMAX,f,c  ≤  PCMAX_H,f,c with


PCMAX_L,f,c = MIN {PEMAX,c– ∆TC,c,  (PPowerClass – ΔPPowerClass) – MAX(MAX(MPRc+∆MPRc, A-MPRc)+ ΔTIB,c + ∆TC,c + ∆TRxSRS, P-MPRc) } – ΔPCMAX,f,c
PCMAX_H,f,c = MIN {PEMAX,c,  PPowerClass – ΔPPowerClass } – ΔPCMAX,f,c
where


PEMAX,c is the value given by either the p-Max IE or the field additionalPmax of the NR-NS-PmaxList IE, whichever is applicable according to TS 38.331[7];


[…]

ΔPPowerClass = 3 dB for a power class 2 capable UE or 6 dB for a power class 1.5 UE when P-max of 23 dBm or lower is indicated; or when the field of UE capability maxUplinkDutyCycle-PC2-FR1 is absent and the percentage of uplink symbols transmitted in a certain evaluation period is larger than 50%; or when the field of UE capability maxUplinkDutyCycle-PC2-FR1 is not absent and the percentage of uplink symbols transmitted in a certain evaluation period is larger than maxUplinkDutyCycle-PC2-FR1 as defined in TS 38.331 (The exact evaluation period is no less than one radio frame); 3 dB for a power class 1.5 capable UE when P-max of between 23 dBm and 26 dB is indicated; or when the field of UE capability maxUplinkDutyCycle-PC2-FR1 is absent and the percentage of uplink symbols transmitted in a certain evaluation period is between 25% and 50%; or when the field of UE capability maxUplinkDutyCycle-PC2-FR1 is not absent and the percentage of uplink symbols transmitted in a certain evaluation period is between maxUplinkDutyCycle-PC2-FR1 and maxUplinkDutyCycle-PC2-FR1/2 as defined in TS 38.331 (The exact evaluation period is no less than one radio frame); otherwise ΔPPowerClass = 0 dB;
ΔPCMAX,f,c is the power offset (attenuation) of the configured configured UE maximum output power PCMAX,f,c for carrier f of serving cell c indicated in the IE [deltaPcmaxfc] in the uplinkConfig for serving cell c and activated by the [Serving Cell Configured Power MAC CE]; ΔPCMAX,f,c = 0 dB if transmissions in a slot for serving cell c is not overlapping with transmissions on any slot of another serving cell of the CA configuration or if ΔPCMAX,f,c is [deactivated] by the [Serving Cell Configured Power MAC CE] or if not indicated as [absolute] or if the IE [deltaPcmaxfc] is absent.  
[…]

The measured configured maximum output power PUMAX,f,c shall be within the following bounds:


PCMAX_L,f,c  –  MAX{TL,c, T(PCMAX_L,f,c)}  ≤  PUMAX,f,c  ≤  PCMAX_H,f,c  +  T(PCMAX_H,f,c).

where the tolerance T(PCMAX,f,c) for applicable values of PCMAX,f,c is specified in Table 6.2.4-1. The tolerance TL,c is the absolute value of the lower tolerance for the applicable operating band as specified in Table 6.2.1-1.
When DPCMAX,f,c > 0 dB and DPCMAX,f,c is not indicated as [absolute] the UE shall reduce the PCMAX,f,c by the power offset DPCMAX,f,c for frequency f of serving cell c such that the modified configured power PCMAX,f,c – DPCMAX,f,c yields
PUMAX,f,c < P’UMAX,f,c – DPCMAX,f,c + T(DPCMAX,f,c)

where P’UMAX,f,c is measured configured maximum output power with DPCMAX,f,c = 0 dB and T(DPCMAX,f,c) [the relative power tolerance as specified in clause 6.3.4.3 for DP = DPCMAX,f,c] for a given transmission. 
where the last requirements makes sure that the actual PCMAX,f,c is actually modified by the relative limit on top of any other allowed power reduction such as MPR.
The configured power for the CA should also be modified. A reduction of the lower bound on PCMAX should be allowed in case the relative limits on all serving cells are large such that the PCMAX cannot be attained, a reduction of at least the minimum value of the DPCMAX,f,c would suffice
6.2A.4
Configured output power for CA

6.2A.4.1
Configured transmitted power level

6.2A.4.1.1
Configured transmitted power for Intra-band contiguous CA

For uplink carrier aggregation the UE is allowed to set its configured maximum output power PCMAX,c for serving cell c and its total configured maximum output power PCMAX.

The configured maximum output power PCMAX,c  on serving cell c shall be set as specified in clause 6.2.4, MPRc and A-MPRc are determined by clause 6.2.2. There is one power management term for the UE, denoted P-MPR, and P-MPR c = P-MPR. 
The total configured maximum output power PCMAX shall be set within the following bounds:


PCMAX_L ≤ PCMAX ≤ PCMAX_H
For uplink intra-band contiguous carrier aggregation when same slot pattern is used in all aggregated serving cells, 

PCMAX_L  = MIN{10 log10 ∑ pEMAX,c  - TC , PEMAX,CA,PPowerClass,CA – MAX(MAX(MPR, A-MPR) + ΔTIB,c + TC + TRxSRS, P-MPRc ) } – ΔPCMAX

PCMAX_H  = MIN{10 log10 ∑ pEMAX,c , PEMAX,CA ,PPowerClass,CA}
where 
-
pEMAX,c is the linear value of PEMAX,c which is given by IE P-Max for serving cell c in [7];
[…]
-
PEMAX,CA is the value indicated by p-NR-FR1 or by p-UE-FR1 whichever is the smallest if both are present.
-
DPCMAX = MINc(DPCMAX,f,c) taken over all configured uplink serving cells c if the [IE deltaPcmaxfc] in the uplinkConfig is present and [activated] by the [Serving Cell Configured Power MAC CE] for carriers f of all serving cells c configured with DPCMAX,f,c as specified in clause 6.2.4, DPCMAX = 0 dB otherwise.
For uplink intra-band contiguous carrier aggregation, when at least one different numerology/slot pattern is used in aggregated cells, the UE is allowed to set its configured maximum output power PCMAX,c(i),i for serving cell c(i) of slot numerology type i, and its total configured maximum output power PCMAX.

The configured maximum output power PCMAX,c(i),i (p) in slot p of serving cell c(i) on slot numerology type i shall be set within the following bounds:


PCMAX_L,f,c(i),i (p) ≤  PCMAX,f,c(i), i (p) ≤  PCMAX_H,f,c(i),i (p)

where PCMAX_L,f,c (i),i (p) and PCMAX_H,f,c(i),i (p) are the limits for a serving cell c(i) of slot numerology type i as specified in clause 6.2.4.
[…]
The measured maximum output power PUMAX over all serving cells with same slot pattern shall be within the following range:


PCMAX_L  – MAX{TL, TLOW(PCMAX_L) }  ≤  PUMAX  ≤  PCMAX_H  +  THIGH(PCMAX_H)


PUMAX = 10 log10 ∑ pUMAX,c
where pUMAX,c  denotes the measured maximum output power for serving cell c expressed in linear scale. The tolerances TLOW(PCMAX) and THIGH(PCMAX) for applicable values of PCMAX are specified in Table 6.2A.4.1.3-1. The tolerance TL is the absolute value of the lower tolerance for applicable NR CA configuration as specified in Table 6.2A.1.3-1-2 for inter-band carrier aggregation.

The measured maximum output power PUMAX over all serving cells, when at least one slot has a different transmission numerology or slot pattern, shall be within the following range:


P'CMAX_L–  MAX{TL, TLOW (P'CMAX_L)} ≤  P'UMAX  ≤  P'CMAX_H + THIGH (P'CMAX_H)


P'UMAX = 10 log10 ∑ p'UMAX,c
where p'UMAX,c  denotes the average measured maximum output power for serving cell c expressed in linear scale over TREF. The tolerances TLOW(P'CMAX) and THIGH(P'CMAX) for applicable values of P'CMAX are specified in Table 6.2A.4.1.3-1 for inter-band carrier aggregation. The tolerance TL is the absolute value of the lower tolerance for applicable NR CA configuration as specified in Table 6.2A.1.3-1 for inter-band carrier aggregation.

where:


P'CMAX_L  = MIN{ MIN {10log10∑( pCMAX_L,f,c(i),i), PPowerClass,CA} over all overlapping slots in TREF}


P'CMAX_H = MAX{ MIN{10 log10 ∑ pEMAX,c , PPowerClass,CA} over all overlapping slots in TREF}
When DPCMAX,f,c > 0 dB and the UE is configured with multiple uplink serving cells and DPCMAX,f,c is not indicated as [absolute], the UE shall apply the power offset DPCMAX,f,c to the PCMAX,f,c for frequency f of serving cell c such that

PUMAX,f,c < P’UMAX,f,c – DPCMAX,f,c + T(DPCMAX,f,c)

where P’UMAX,f,c is measured configured maximum output power with DPCMAX,f,c = 0 dB and T(DPCMAX,f,c) [the relative power tolerance as specified in clause 6.3.4.3 for DP = DPCMAX,f,c]. The requirement shall be verified with a given transmission and shall be met at least at for the serving cell c with the highest priority transmissions as specified in clause 7.5 of [8].
[…]
where the last requirement should be met at least at for the serving cell c with the highest priority transmissions, this in view of the difficulty verifying the output power for a specific serving cell amongst all transmitted.
The changes for FR2 in [7] are very similar but accounts for the fact that the measured output power is a radiated measurement.
4 Verification of the relative limits

Verification of the application of the the relative limits is actually straightforward, the modified configured power 

PCMAX,f,c – DPCMAX,f,c
would be included in the PHR and be the basis for the computation of the PH (and the actual configured power is included in a multi-cell report). The power PUMAX,f,c measured at the antenna connector should be reduced within a tolerance (see above).
5 MAC-CE enabling/disabling the UE-specific limits
The relative limits configured by RRC signaling in e.g. the uplinkConfig of the UE-dedicated ServingCellConfig modifying the PCell or adding SCells should be enabled/disabled by a MAC-CE element to allow fast adaptation to changing radio conditions if all powe should always be allocated to the Pcell. The relative limits would only apply for concurrent transmissions, e.g. if there is only scheduled transmissions on the Pcell this is not limited. This reduces the need for MAC signaling. 
Values of the DPCMAX,f,c configured by RRC could be e.g. 1,2,3, and 6 dB, 1 dB means that remaining cells are attenuated by 6 dB, 6 dB implies “equal PSD” for four serving cells with DPCMAX,f,c configured on all.

The MAC-CE, tentatively denoted [Serving Cell Configured Power MAC CE] could be similar to the SCell activation/deactivation:
· 6.1.3.10
SCell Activation/Deactivation MAC CEs

The SCell Activation/Deactivation MAC CE of one octet is identified by a MAC subheader with LCID as specified in Table 6.2.1-1. It has a fixed size and consists of a single octet containing seven C-fields and one R-field. The SCell Activation/Deactivation MAC CE with one octet is defined as follows (Figure 6.1.3.10-1).

The SCell Activation/Deactivation MAC CE of four octets is identified by a MAC subheader with LCID as specified in Table 6.2.1-1. It has a fixed size and consists of four octets containing 31 C-fields and one R-field. The SCell Activation/Deactivation MAC CE of four octets is defined as follows (Figure 6.1.3.10-2).

-
Ci: If there is an SCell configured for the MAC entity with SCellIndex i as specified in TS 38.331 [5], this field indicates the activation/deactivation status of the SCell with SCellIndex i, else the MAC entity shall ignore the Ci field. The Ci field is set to 1 to indicate that the SCell with SCellIndex i shall be activated. The Ci field is set to 0 to indicate that the SCell with SCellIndex i shall be deactivated;

-
R: Reserved bit, set to 0.
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Figure 6.1.3.10-1: SCell Activation/Deactivation MAC CE of one octet
and be handled like other MAC-CE inidcating updates (the power limits) to lower layer. Spare bits could be used in case the limits should be restricted to particular transmissions e.g. PUSCH only. 

A UE capability indicating support of the above functionality would be needed.
6 Conclusions  
The solution proposed is applicable for all band combinations and both frequency ranges, its key characteristics:

· the configured maximum power Pcmax,f,c for the serving cells are modified by UE-specific configured power limits, a straighforward change and RAN4 scope, no change of timing requirements or UE behaviour
· the power limits are relative to account for the actual power back-off used and the implementation-specific plane of reference for Pcmax,f,c for FR2, can be applied to all UL serving cells for complete network control of the power per serving cell

· can be enabled/disabled by MAC/CE for fast adaptation to changing radio conditions and applies for concurrent transmissions; if only high priority transmission scheduled this would get all available power, reduces the need for enabling/disabling limits by MAC-CE signaling

· backwards compatible

· the limits can also be made absolute (similar to the cell-specific P-Max) by configuration

· “equal” PSD can be achieved for the purpose of conformance testing

The solution requires RRC changes and a MAC-CE element for activating/deactivating the limits (RAN2 changes). Draft CRs for possible RAN4 endorsement for Rel-17 are available in [6] and [7], an LS to RAN2 asking for comments on the implementation of signaling is provided in [8].

The proposal is also summarized in the slide set attached.
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