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1. Introduction
In dual connectivity, a non-ideal backhaul is assumed between the master eNB (MeNB) and secondary eNB (SeNB). Therefore, it is straightforward to perform transmit power control independently between the master cell group (MCG) belonging to the MeNB and a secondary cell group (SCG) belonging to a SeNB. However, due to independent power control between the MCG and SCG, a power-limited case is more likely to occur compared to the existing uplink carrier aggregation, in which all the serving cells are managed by a single eNB.
At RAN1#76bis [1] and in the corresponding email discussion [76b-08] [2], there was extensive discussion, and several answers were agreed upon regarding general questions related to power control aspects. In this contribution, we describe our views on the power-control mechanisms for dual connectivity. Following aspects are discussed.
· General principle of power-control mechanism and its related UE behavior for determining the actual transmit power per MCG and SCG in synchronized and unsynchronized cases

· Power determination of PRACH

· PH calculation

In short, our general views for each of the above aspects are as follows.

· Dynamic power-sharing with guaranteed transmit power PMeNB and PSeNB for MCG and SCG is supported.

· For MCG or SCG transmissions, transmit power is guaranteed up to PMeNB or PSeNB.
· If the power greater than PMeNB or PSeNB is available for MCG or SCG, maximum transmit power per MCG or SCG shall be able to exceed PMeNB or PSeNB.
· PCell PRACH shall not follow the above principle; its transmit power shall be up to PCMAX,c.
· For the PHR to an eNB, PH of serving cells belonging to another eNB should be a virtual PH.

2. Power-control mechanism for dual connectivity
2.1. Support of dynamic power-sharing with PMeNB and PSeNB
As mentioned above, the problem in dual connectivity is that the MeNB and SeNB are less coordinated, while the UE total transmit power needs to be shared by the MCG and SCG. A potential mechanism is to split the transmit power per CG in a semi-static manner. In this method, maximum transmit power per MCG/SCG, PMeNB and/or PSeNB, is configured, so that PMeNB+PSeNB<=PCMAX is met. Therefore, the total required transmit power does not exceed PCMAX at any time. Based on the PHR, the MeNB/SeNB can update the PMeNB and PSeNB of the UE so that appropriate power management can be achieved with taking into account the values of PMeNB and PSeNB.
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Fig.1  Semi-static power-splitting.
However, one disadvantage to this method is the power utilization efficiency loss due to power-splitting. The transmit power per MCG or SCG is limited to PMeNB or PSeNB all the time; even when there is no UL transmission on the serving cell of one CG, the remaining power is not available. In order to utilize the transmit power as efficiently as possible, some kind of dynamic power-sharing mechanism should be considered.
Observation 1:
·  Semi-static power-splitting cannot make use of the UE transmit power
A simple way to introduce the dynamic power-sharing is simply to specify the UE behavior when the total required transmit power exceeds PCMAX, and not to define PMeNB and PSeNB. This is the same principle as in UL-CA power control. However, power management algorithm in an eNB scheduler may be totally different between dual connectivity and UL-CA. Therefore, it is still beneficial to support both dynamic power-sharing and semi-static power-splitting so that the network/operator can choose either (1) to achieve efficient power utilization (by using dynamic power-sharing) or (2) to ensure stable/predictable power management (by using semi-static power-splitting) according to the operating preferences. Such operational flexibility allows dual connectivity to be widely used in various deployment scenarios. In order to achieve this, two options are considered in this contribution.

Option 1: Maximum transmit power per CG, PMeNB and PSeNB, are defined
This option is equal to candidate 2 in [2]. In order to achieve operational flexibility such that the network/operator can choose either semi-static power-splitting or dynamic power-sharing, the maximum transmit power per MCG and SCG, PMeNB and PSeNB, are configured/defined, where PMeNB+PSeNB can be less/equal/greater than PCMAX. If it is not preferable to allow the transmit power of one CG to be affected by another CG, while power-splitting loss is acceptable, then PMeNB +PSeNB<=PCMAX will be chosen. On the other hand, if power-splitting loss is not acceptable, then PMeNB+PSeNB>PCMAX is chosen. In this case, if the required transmit power exceeds PCMAX, power-scaling/dropping is necessary so that the total transmit power does not exceed PCMAX.
In addition to this, guaranteed transmit power per CG can also be achieved by setting PMeNB<PCMAX and/or PSeNB<PCMAX. Then, the guaranteed power for the MCG (or SCG) is min{PMeNB, PCMAXPSeNB} (or min{PSeNB, PCMAXPMeNB}).
Option 1 is also useful to support an unsychronized case. According to the discussion so far in [2], it is not clear whether or not it is natural to apply dynamic power-sharing even for unsynchronized dual connectivity. In option 1, the network/operator can choose semi-static power-splitting if it is impossible.
Some example configurations are illustrated in Fig.2: (1) PMeNB+PSeNB=PCMAX, (2) PMeNB+PSeNB>PCMAX with PMeNB<PCMAX and PSeNB<PCMAX, and (3) PMeNB=PCMAX and PSeNB=PCMAX. In example (1), semi-static power-splitting is performed. In example (2), PMeNB+PSeNBPCMAX represents shared power between the MCG and SCG transmissions. If the required transmit power exceeds PCMAX, the UE performs power-scaling/dropping until the total transmit power does not exceed PCMAX. However, PCMAXPSeNB and PCMAXPMeNB are guaranteed as the transmit power for the MCG and SCG respectively. In (3), all of PCMAX is shared between the MCG and SCG transmissions and hence, power-scaling/dropping is applied if the required transmit power exceeds PCMAX. 
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Fig.2  Dynamic power-sharing with the maximum transmit power per CG, PMeNB and PSeNB.
Option 2: Guaranteed transmit power per CG, PMeNB and PSeNB, are defined

This option is equal to candidate 3 in [2]. PMeNB and PSeNB are configured such that PMeNB+PSeNB<=PCMAX is satisfied. The definitions of PMeNB and PSeNB are different from those in option 1 as indicated in the following.
· For MCG transmission, the transmit power is guaranteed (not affected by SCG transmission) up to PMeNB
· For SCG transmission, the transmit power is guaranteed (not affected by MCG transmission) up to PSeNB
Furthermore, in order to obtain the benefits of dynamic power-sharing, the following must be introduced.
· When transmit power greater than PMeNB (or PSeNB) is available for the MCG (or SCG) transmission, the MCG (or SCG) transmission power can exceed PMeNB (or PSeNB)
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Fig.3  Dynamic power-sharing with the guaranteed transmit power per CG, PMeNB and PSeNB.

In Fig.3, some examples are given: (1) PMeNB+PSeNB=PCMAX, (2) PMeNB+PSeNB<PCMAX, and (3) PMeNB=PCMAX and PSeNB=0. In example (1), semi-static power-splitting is performed. However, when the power greater than PMeNB or PSeNB is available, e.g., no UL transmission in one of the CGs, the transmit power can exceed PMeNB or PSeNB. Therefore, in option 2, dynamic power-sharing is also performed when it is possible even for example (1). In example (2), PCMAX{PMeNB+PSeNB} represents shared power between the MCG and SCG transmissions. If the required transmit power exceeds PCMAX, the UE performs power-scaling/dropping until the total transmit power does not exceed PCMAX. However, PMeNB and PSeNB are guaranteed as the transmit power for the MCG and SCG respectively. When the power greater than PMeNB or PSeNB is available, the transmit power can exceed PMeNB or PSeNB. In (3), the MCG transmit power is guaranteed up to PCMAX. When the required transmit power for the MCG is less than PCMAX, the remaining power is available for SCG transmissions. However, if the required transmit power for the MCG reaches PCMAX, no power is available for SCG transmissions. This corresponds to example (3) in Fig.2 with a prioritization rule in which the MCG has higher priority than the SCG.

Comparing the examples in Fig.2 and Fig.3, we see that option 1 and option 2 are quite similar, while option 2 offers more flexibility for dynamic power-sharing since the transmit power is not always limited by PMeNB and PSeNB. Note that in option 2, all the power can be considered as shared power between the MCG and SCG. Therefore, PMeNB+PSeNB<PCMAX may not be needed for option 2. It would be sufficient that PMeNB and PSeNB are configurable such that PMeNB+PSeNB=PCMAX is satisfied.
Observation 2:
· Both option 1 and option 2 offer some benefits of dynamic power-sharing and semi-static power-splitting.

· Option 2 offers greater benefits compared to option 1.

· When the power greater than PMeNB or PSeNB is available for MCG or SCG transmission, the transmit power per MCG or SCG can exceed PMeNB (or PSeNB).

· For instance, in the following conditions, the power greater than PMeNB or PSeNB is available
· No UL transmissions on one CG (up to PCMAX is available for another CG)

· UL transmissions on one CG do not reach PSeNB or PMeNB (remaining power is available for another CG)
Based on the observations, we prefer option 2 and therefore propose the following.
Proposal 1:
· Dynamic power-sharing is supported for dual connectivity.

· Guaranteed transmit power for the MCG and SCG, PMeNB and PSeNB, are introduced.
· When the power greater than PMeNB or PSeNB is available for MCG or SCG transmission, the transmit power per MCG or SCG can exceed PMeNB or PSeNB.

· PMeNB=PCMAX and PSeNB=0 should be allowed.
· FFS: PMeNB+PSeNB<PCMAX needs to be allowed.

In the following, PMeNB+PSeNB=PCMAX is assumed. 
2.2. UE behavior for determining actual transmit power per MCG and SCG
In option 2, the transmit power for the MCG or SCG exceeds PMeNB or PSeNB when it is available. In order to achieve the benefits of dynamic power-sharing, it is important to define the UE behavior for determining the transmit power for the MCG and SCG. Considering the definition of PMeNB and PSeNB in option 2, the following UE behavior should be specified at least for the channels/signal other than PRACH.
· At first, the UE calculates required transmit power per MCG and SCG.

· If the required transmit power per MCG is equal to or lower than PMeNB (Fig.4 (a)),

· The actual transmit power per MCG, PM, is set equal to the required transmit power per MCG

· The maximum transmit power per SCG is set to PCMAXPM so that the actual transmit power per SCG is determined
· If the required transmit power per SCG is greater than PCMAXPM, power-scaling/dropping is applied to the SCG transmission

· If the required transmit power per SCG is equal to or lower than PSeNB (Fig.4 (b)),
· The actual transmit power per SCG, PS, is set equal to the required transmit power per SCG

· The maximum transmit power per MCG is set to PCMAXPS so that the actual transmit power per MCG is determined
· If the required transmit power per MCG is greater than PCMAXPS, power-scaling/dropping is applied to the MCG transmission

· If both of the required transmit powers per MCG and SCG are greater than PMeNB and PSeNB (Fig.4 (c)),
· The maximum transmit powers per MCG and SCG are set to PMeNB and PSeNB respectively
· Power-scaling/dropping is performed on MCG and SCG transmissions
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Fig.4  Examples of transmit power determination with option 2.
In the above UE behavior, the UE is assumed to be able to check if the power greater than PMeNB and/or PSeNB is available. We consider in the following cases this assumption is applicable.
Case 1: Synchronized dual connectivity

If CGs are synchronized, the UE can check, as in UL-CA, if the power greater than PMeNB and/or PSeNB is available. Therefore, the UE shall be able to transmit the uplink subframe for MCG (or SCG) with a transmit power greater than PMeNB (or PSeNB) according to the UE behavior described above.

It should be noted that, in dual connectivity, a timing advance group (TAG) may only comprise cells of one eNB. In other words, different CGs belong to different TAGs. Therefore, it is natural to consider that CGs are not completely synchronized in timing; the assumption of timing difference between CGs would be similar or even greater value compared to multiple TA, even if the MeNB and SeNB are synchronized. RAN4 is now discussing the maximum received timing difference between the MeNB and SeNB when the network is synchronized. We consider such a case, i.e., UE can assume the maximum received timing difference from MeNB and SeNB, where the assumed timing difference is 30.26+[TBD] usec, would still fall into the definition of synchronized dual connectivity.
Case 2: Unsynchronized dual connectivity, but additional condition is satisfied
Even if CGs are not synchronized, the UE should be able to check if the power greater than PMeNB and/or PSeNB is available, at least if one of the following conditions is satisfied.

Condition 1: UE does not have any UL transmissions on one CG over a UL subframe duration of another CG

It would be easy to detect whether or not the UE has UL transmissions on each of the CGs before the actual transmission timing. If there is no UL transmissions on one CG over a UL subframe duration of another CG, and the UE has an UL transmission in the UL subframe for the latter CG, the transmit power for the latter CG should not be restricted by PMeNB or PSeNB.
Condition 2: One of CGs is TDD CG
When the CG is DL subframe duration, the UL power allocation to the CG is clearly zero. Therefore, the transmit power for another CG should not be restricted by PMeNB or PSeNB.
Condition 3: UE can take into account the power requirement of the other CG before allocating its available power for the first CG, where the first CG is earlier in timing.

It is still not clear whether such UE behavior is feasible for unsynchronized dual connectivity. However, if UE is able to do this, the same UE behavior as in synchronized dual connectivity is applicable.

It is FFS in which other conditions the UE behavior in section 2.2 is applicable. 
Proposal 2:
· In the following cases, dynamic power-sharing using option 2 should be supported at least for the channels/signal other than PRACH.
· Synchronized dual connectivity.
· Unsynchronized dual connectivity, but one of following condition is satisfied.
· UE does not have any UL transmissions on one CG over a UL subframe duration of another CG

· One of CGs is TDD CG

· UE can take into account the power requirement of the other CG before allocating its available power for the first CG, where the first CG is earlier in timing

· FFS other conditions where the CGs are unsynchronized but dynamic power-sharing is supported.
· Specify the above UE behavior so that transmit power greater than PMeNB or PSeNB is available.
2.3. Power determination of PRACH
Next, power control of PRACH preamble transmission is discussed. In RAN2#85bis, a working assumption has been agreed that the preamble transmission in the PCell is considered more important than preamble transmission in any other cell [3]. Since PCell PRACH transmission is essential to maintain the connection between the network and the UE, it is quite reasonable to consider that PCell PRACH transmission has the highest priority. 
We consider that even if the PMeNB and PSeNB are configured, transmit power of PCell PRACH shall not be limited. More precisely, maximum transmit power for the PCell PRACH transmission shall be PCMAX,c, even if PMeNB and PSeNB are configured. When PCell PRACH is triggered, the UE first determines the transmit power of the PCell PRACH assuming that the maximum transmit power is PCMAX,c, and then gives the remaining power to the SCG transmission if necessary. 
We also consider that for other PRACH transmissions, i.e., pSCell or SCell PRACH transmission, such exception would not be necessary. These PRACH transmissions should simply follow the UE behavior in Section 2.2, similar to the other channels/signal.

Note that here we assume that UE can determine the SCG transmit power according to the PCell PRACH transmit power. This is similar to the assumption that UE can check whether the power greater than PMeNB or PSeNB is available as described in Section 2.2. If MCG and SCG are not synchronized at all, UE may not be able to determine the SCG transmit power based on the PCell PRACH transmit power. However, in this case, according to the UE behavior in Section 2.2, maximum transmit power for SCG is up to PSeNB; dynamic power-sharing is not applied to SCG since UE is not able to check whether the power greater than PSeNB is available. Therefore, transmit power for PCell PRACH for initial transmission can be up to PMeNB. Furthermore, even for this case, we consider that power-ramping is allowed to exceed PMeNB and up to PCMAX,c for the retransmitting case. This is because UE knows when the retransmission occurs and recognize that the retransmission requires more power than PMeNB. In this case, UE can easily reduce the SCG power or drop SCG transmissions at the retransmission timing. It is FFS whether SCG transmission at this case should be power-scaled or dropped.
Proposal 3:
· If the PCell PRACH transmission is triggered, the UE determines the PRACH transmit power assuming that the maximum transmit power for the PCell PRACH is PCMAX,c.

· For pSCell or SCell PRACH transmission, UE behavior in Section 2.2 is applied similar to the other channels/signal.

· In case if dynamic power-sharing is not possible, maximum transmit power of the PCell PRACH for initial transmission should be up to PMeNB. However, for the retransmission, the maximum transmit power shall be able to be greater than PMeNB and up to PCMAX,c.
2.4. PH calculation
The PH is calculated by taking into account multiple factors such as pathloss and scheduler decisions (RB number, MCS level, etc). In the UL-CA, reporting the actual PH is reasonable since the PH is reported to the scheduling eNB. However, in dual connectivity, the PH of serving cells is reported to the non-scheduling eNB as well as to the scheduling eNB. Since the scheduler decisions are not understandable for the non-scheduling eNB, reporting actual PH regarding serving cells not belonging to its own CG would be meaningless. Therefore, for the PH of the serving cells belonging to the non-scheduling eNB, reporting a virtual PH is reasonable. Using the virtual PH for the serving cells belonging to the non-scheduling eNB, the eNB can estimate the pathloss situation for the CG not belonging to the eNB. For the PH of serving cells belonging to its own CG, reporting the actual PH is obviously reasonable.

Proposal 4:
· When the PH is reported to the MeNB,

· Regarding the activated serving cells in the MCG, the actual PH is reported.

· Regarding the activated serving cells in the SCG, the virtual PH is reported.

· When the PH is reported to the SeNB,

· Regarding the activated serving cells in the SCG, the actual PH is reported.

· Regarding the activated serving cells in the MCG, the virtual PH is reported.
3. Conclusion
In this contribution, we described our views on the power-control mechanisms for dual connectivity and propose the following.
Proposal 1:

· Dynamic power-sharing is supported for dual connectivity.

· Guaranteed transmit power for the MCG and SCG, PMeNB and PSeNB, are introduced.
· When the power greater than PMeNB or PSeNB is available for MCG or SCG transmission, the transmit power per MCG or SCG can exceed PMeNB or PSeNB.

· PMeNB=PCMAX and PSeNB=0 should be allowed.
· FFS: PMeNB+PSeNB<PCMAX needs to be allowed.

Proposal 2:
· In the following cases, dynamic power-sharing using option 2 should be supported at least for the channels/signal other than PRACH.
· Synchronized dual connectivity.
· Unsynchronized dual connectivity, but one of following condition is satisfied.

· UE does not have any UL transmissions on one CG over a UL subframe duration of another CG

· One of CGs is TDD CG

· UE can take into account the power requirement of the other CG before allocating its available power for the first CG, where the first CG is earlier in timing

· FFS other conditions where the CGs are unsynchronized but dynamic power-sharing is supported.
· Specify the above UE behavior so that transmit power greater than PMeNB or PSeNB is available.
Proposal 3:
· If the PCell PRACH transmission is triggered, the UE determines the PRACH transmit power assuming that the maximum transmit power for the PCell PRACH is PCMAX,c.

· For pSCell or SCell PRACH transmission, UE behavior in Section 2.2 is applied similar to the other channels/signal.

· In case if dynamic power-sharing is not possible, maximum transmit power of the PCell PRACH for initial transmission should be up to PMeNB. However, for the retransmission, the maximum transmit power shall be able to be greater than PMeNB and up to PCMAX,c.
Proposal 4:
· When the PH is reported to the MeNB,

· Regarding the activated serving cells in the MCG, the actual PH is reported.

· Regarding the activated serving cells in the SCG, the virtual PH is reported.

· When the PH is reported to the SeNB,

· Regarding the activated serving cells in the SCG, the actual PH is reported.

· Regarding the activated serving cells in the MCG, the virtual PH is reported.
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