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1. Introduction
In RAN #62, the small cell enhancement study items for both lower layer and higher layer were completed and the relative work items were approved. One of the objectives of the higher layer work item is to identify and introduce physical layer functionalities required for the operation of dual connectivity [1].
In the SCE SI, the physical layer impact of dual connectivity were discussed in RAN1 and summarized in [2]. Following the summarization, some physical layer issues of dual connectivity are discussed in this paper. For convenience of discussion, some agreements and conclusions of RAN2 are summarized in section 2 from physical layer point of view. The relationship between carrier aggregation and dual connectivity is analyzed in section 3. More details of the physical layer impact of dual connectivity are discussed in section 4.
2. Dual connectivity
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Figure 1 Dual connectivity

In Dual Connectivity a UE is connected to one MeNB and one SeNB [3], where the MeNB is a master eNB (e.g. a macro eNB) and SeNB is a secondary eNB (e.g. a small eNB). As clarified in [1], the UE is capable of multiple Rx/Tx. The MeNB and SeNB are assumed to be connected via non-ideal backhaul and may serve cells at different carrier frequencies [1]. The maximum delay of the non-ideal backhaul could be up to 60ms [4].
Carrier aggregation (CA) is supported independently in the MeNB and in the SeNB [3]. The maximum total number of serving cells per UE is still 5 [3]. The MCG (Master Cell Group) is defined as the group of serving cells associated with the MeNB. The SCG (Secondary Cell Group) is the group of the serving cells associated with the SeNB. The MCG and SCG may operate with either the same or different duplex schemes [5]. The SeNB has at least one cell having a configured uplink. One of the UL-capable CCs under the SeNB is a special cell containing at least PUCCH. The special cell which is configured with PUCCH resources could not be cross-carrier scheduled [5].
3. Carrier aggregation and dual connectivity
Considering that many issues of CA were thoroughly discussed and well solved in RAN in the Rel-10/Rel-11 standardization phase, it seems sensible to reuse the features of Rel-10/Rel-11 CA in dual connectivity as far as possible. From physical layer point of view, there may be two kinds of ‘reuse’: 
1. one of them is that all cells under both MeNB and SeNB would look like the CCs in Rel-10/Rel-11 CA (with one PCell controlled by the MeNB);
2. the other is that MCG or SCG would operate independently like Rel-10/Rel-11 CA (with one PCell or equivalent controlled by each of the MeNB and SeNB ). 

In Rel-12 dual connectivity, the maximum delay of the non-ideal backhaul between MeNB and SeNB could be up to 60ms. Because the delay of 60ms is much larger than the uplink/downlink scheduling timing and uplink/downlink ACK/NACK feedback timing, the first type of ‘reuse’, in which there might be only one PUCCH and a possible requirement for inter-eNB cross-carrier scheduling, may be difficult to achieve. With these considerations the second type of ‘reuse’ might be more reasonable than the first.
In the work item of dual connectivity, the conclusions of the study item would be taken as a starting point [1]. Thus some conclusions of RAN2 may also create the prerequisite for the second type of ‘reuse’. Firstly, dual connectivity UEs are restricted to the UEs with multiple Tx/Rx. Secondly, the UE side MAC entity is configured per cell group, one MAC for the MCG and the other MAC for the SCG [5]. This means that a dual connectivity UE could be separately scheduled in both uplink and downlink by MeNB and SeNB. The downlink ACK/NACK could be separately generated and the uplink ACK/NACK could be separately dealt with at UE side. Also, the trigger of RA, the transmission of SR and the PHR report of MeNB and SeNB could feasibly be independent of each other, though this may depend on decisions of RAN2 and has not been decided yet. The third RAN2 conclusion which might be the prerequisite for the second type of ‘reuse’ is that there would be a special uplink-capable CC configured for a UE in the SeNB which contains configured PUCCH resources. Hence, the uplink control information of any other CCs in the same SeNB, including SR, ACK/NACK and CSI, is able to be transmitted to SeNB just by one uplink CC. By this means, a dual connectivity UE is capable of transmitting uplink control information and/or data to, and receiving downlink control information and/or data from, both the MeNB and SeNB independently. With these considerations the second type of ‘reuse’ also seems quite practicable.
Proposal 1: The Rel-10/Rel-11 CA rules should be taken as the basis of the CA for cells controlled by any one eNB, either MeNB or SeNB.
4. Physical layer impact of dual connectivity

The CA within the MCG is certainly a fully-function Rel-10/Rel-11 CA. Therefore, the physical layer impact of dual connectivity is mainly related to the operation of CA in the SCG and synchronization/coordination between MeNB and SeNB. Instead of being a copy of the fully-function Rel-10/Rel-11 CA, SeNB could basically support at least the functions of SCG CA which MeNB cannot provide due to the non-ideal backhaul limitation. And how to deal with the functions of SCG CA which could be supported by either of the MeNB or SeNB may need further discussion. The rules of Rel-10/Rel-11 CA should be firstly taken into account when SCG CA is discussed. Therefore, the physical layer issues of dual connectivity may be divided into two aspects,

· What could be reused in SCG CA?
· What could not be reused but needs to be enhanced for SCG CA? What are the necessary or advantageous new features for Rel-12 dual connectivity?
The subsections 4.1 and 4.2 will discuss the physical layer impact of dual connectivity according to the two aspects listed above. Because the issues related to uplink power control of a dual connectivity UE may be the most import impact of dual connectivity, all issues related to uplink power control will be discussed in the subsection 4.3.

4.1. Aspect I: Possibly reusable Rel-10/Re-11 CA rules
In consideration that there may not be cross-eNB scheduling due to non-ideal backhaul limitation and that there would be a special cell with PUCCH configured for the UE in the SeNB as analyzed in section 3, we think the following Rel-10/Rel-11 CA rules could be reused in the CA of the SCG,
· PDCCH/EPDCCH-based cross carrier scheduling.
· The special cell which contains PUCCH resources could not be cross-scheduled by other SCells under the SeNB, as concluded in RAN2.

· PHICH of scheduled CC is carried by the scheduling CC.
· UCI transmission on either PUCCH or PUSCH.
· Rules for SRS transmissions on multiple CCs.
· TAG principle.
4.2. Aspect II: Possible rules/features needing to be enhanced
· Acquire system information of SCells under the SeNB
In the Rel-10/Rel-11 CA, all necessary system information of SCells is passed on to a UE by its PCell via RRC messages when SCells are configured or reconfigured. Considering the update period of system information, the delivery of system information of SCells in the SeNB may not as critical as scheduling physical resources. Hence, it seems reasonable that the system information of SCells under the SeNB should be passed on to UEs by the MeNB. This could also release UEs from searching for paging information in the CSS of the special cell under the SeNB for the purpose of updating system information.
· Monitor CSS of the special cell under the SeNB
In the Rel-10/Rel-11 CA, a UE could find Msg2 and the power control information from SCells, and the PDCCH order to trigger a RA process on SCells in the CSS of its PCell. The UE need not directly monitor the CSS of its SCells.
In Rel-12 dual connectivity, if these CSS messages related to SCells under the SeNB are still transmitted to the UE by its PCell, the messages may turn out to be meaningless when they finally arrive at the UE because information exchange between MeNB and SeNB would take a relatively long time. Dual connectivity UEs probably need to be at least able to acquire their uplink power control information by monitoring the CSS of the special cell under the SeNB. Regarding Msg2, which eNB would transmit Msg2 of RA processes under the SeNB has not been decided yet in RAN2. If it is eventually decided that Msg2 of the SeNB is transmitted by itself, monitoring Msg2 in the CSS of the special cell should be applicable to dual connectivity UEs.
Proposal 2: Dual connectivity UEs probably need to be at least able to acquire their uplink power control information by monitoring the CSS of the special cell under the SeNB.
· Transmit PUCCH on the special cell under the SeNB
As discussed in past RAN WG meetings, there may be two methods to support the PUCCH transmission on the special cell under the SeNB. One of them is transmitting PUCCH simultaneously on both the PCell and the special cell. The other is transmitting PUCCH to the MeNB and the SeNB in a TDM manner. Although TDM method has some advantages, such as saving energy, the TDM method might require new design and assessment related to TDM structure/pattern, ACK/NACK timing, and synchronization level between MeNB and SeNB. Compared with TDM method, simultaneous PUCCH transmission may lead to simpler specifications and require less standardization time budget of RAN1. Due to limited time budget of this work item, it is proposed to give priority to the scheme of allowing simultaneous PUCCH transmission to MeNB and SeNB.
Proposal 3: Give priority to the scheme of allowing simultaneous PUCCH transmission to MeNB and SeNB.
· PCFICH indication

In the intra-frequency heterogeneous deployment scenario, it is likely that the PDSCH of a small cell is relatively reliable while the PDCCH of the small cell might be suffering a quite strong interference from macro cells even if ABS patterns might be utilized to coordinate interference between small cells and macro cells. Besides, compared with PDCCH which usually spans a wide frequency band, the interference in the PDSCH region could be alleviated to a certain degree by avoidance of collisions with frequency domain scheduling. To maintain the reliable PDSCH receipt at UE side in this case, cross-carrier scheduling and semi-static configuration of PCFICH are introduced in Rel-10/Rel-11 CA. The semi-static configuration of PCFICH is via an RRC message which is transmitted to a UE by its PCell.
Even in Rel-10/Rel-11 CA, the semi-statically configuring of PCFICH seems not an efficient approach, because the index of the semi-statically configured starting OFDM symbol has to be always larger than or equal to the OFDM symbol index dynamically indicated by the real PCFICH for the purpose of avoiding the overlap between the cross-scheduled PDSCH and PDCCH. If the PCFICH of small cells under the SeNB is still configured by an RRC message, the semi-static PCFICH configuration might become less flexible than Rel-10/Rel-11 CA, for the only way to deliver an RRC message to dual connectivity UEs is via MeNB [5] and the delivery of RRC messages correspondingly would take a longer time than that of Rel-10/Rel-11 CA.
Moreover, small cells and macro cells are possibly deployed in different frequency bands in dual connectivity. If the interference between small cells is mainly coordinated by small cell on/off, there is probably not an interference level difference between the PDCCH region and PDSCH region of small cells as big as that in the intra-frequency heterogeneous scenario. If dual connectivity UEs could directly detect PCFICH for PDSCH cross-scheduled under the SeNB, the off-loading ability of small cells will be improved.
· Inter-eNB TAG
It would be beneficial to reuse the TAG principle in the dual connectivity. The issues about TAG may need to be decided by RAN2, but the decision on TAG may impact on the requirements for synchronization between MeNB and SeNB which is a RAN1/RAN4 issue. For example, if it is agreed that a TAG should include the CCs belonging to only one eNB, the synchronization requirements may be able to be relaxed without PUCCH alignment between MeNB and SeNB. This is helpful to support the unsynchronized dual connectivity if necessary.
4.3. Issues related to uplink power control

In Rel-10/Rel-11 CA, all CCs are scheduled by a single scheduler. A UE would report the PHR values of all CCs to the scheduler. Although the scheduler knows every scheduling detail on each CC of the UE, the power limitation at UE side still could not be avoided, because the granularity of PHR is usually much longer than 1ms. Besides, the power limitation could also be caused by the overlap of the i-th subframe to one CC with the i+1-th subframe to another CC. In Rel-10/Rel-11 CA, power scaling could be done by the UE to solve this problem.

4.3.1. Power control procedure within one eNB

When operating Rel-12 dual connectivity, the MeNB and the SeNB may not exchange information with each other in a timely way due to the non-ideal backhaul limitation. Hence, there would be two schedulers, one for the MeNB and another for the SeNB. It seems reasonable that the power control procedure within one eNB could reuse the corresponding rules of Rel-10/Rel-11 CA. Also, the power control procedure within one eNB is relatively independent of the procedure within another eNB. The power control procedure within one eNB includes the power adjustment of a certain physical channel (such as PUCCH, PUSCH and SRS) and the power allocation among physical channels in a certain subframe, but does not include what the UE does when its configured transmit power exceeds its capability or configured maximum. The relative independence between these two power control procedures means that they would be independent of each other unless power limitation occurs at UE the side.
Proposal 4: The power control procedures within the MeNB and the SeNB are independent of each other unless power limitation occurs at the UE side.
4.3.2. Power allocation and power limitation
In Rel-12 dual connectivity, because the schedulers in the MeNB and the SeNB could not cooperate in a perfect way, the power limitation problem caused by improper power allocation or not very exact synchronism/asynchronism between MeNB and SeNB may become more serious. This issue may need to be carefully analyzed and assessed if necessary.
Firstly, the appearance of the power limitation should be avoided as much as possible, though complete avoidance is impossible. Merely relying on legacy PHR seems not sufficient, and enhancing the PHR mechanism may be necessary. For example, UEs could report PHR values of all CCs to both the MeNB and SeNB. This may need to be carefully discussed.
Observation: Merely relying on legacy PHR is not sufficient and enhancing the PHR mechanism may be necessary.

Secondly, how to properly handle power limitation may be another issue to be necessarily solved. Some new rules are desirable to deal with new combinations of UL channels when the total transmission power exceeds the UE maximum transmission power limit, such as may occur with simultaneous PUCCHs transmission on both the MeNB and SeNB. Moreover, with wider range of time difference between TAGs, it would be beneficial to specify more clear UE behavior for overlapped subframe portions. More details about power allocation strategies for power limitation cases are discussed in our companion contribution [6]. On the other hand, semi-statically allocating power to the MeNB and the SeNB may be one simple solution to avoid power limitation. This would be helpful to alleviate the power limitation problem by reducing the probability of the power overflow at UE side. But this solution may lead to the under-utilization of the UE power and correspondingly decrease the performance gain of dual connectivity. Therefore, we could consider this method with lower priority at least at the beginning of this work item. 

Proposal 5: New rules would be needed to deal with simultaneous UL transmission on both the MeNB and SeNB in the case of power limitation.
5. Conclusions
In this contribution, some physical layer issues of dual connectivity are analyzed and discussed. The following Rel-10/Rel-11 CA rules are considered able be reused in the carrier aggregation of a secondary cell group under SeNB:
· PDCCH/EPDCCH-based cross carrier scheduling,

· PHICH of scheduled CC is carried by the scheduling CC,

· UCI transmission on either PUCCH or PUSCH,

· Rules for SRS transmissions on multiple CCs, and

· TAG principle.
Moreover, acquisition of system information of SCells under the SeNB, PUCCH transmission on a special cell under the SeNB, monitoring CSS of the special cell, indication of PCFICH of cross-scheduled PDSCH under the SeNB, inter-eNB TAG and some issues related to uplink power control are discussed. Our proposals are summarized below:
Proposal 1: The Rel-10/Rel-11 CA rules should be taken as the basis of the CA for cells controlled by any one eNB, either MeNB or SeNB.
Proposal 2: Dual connectivity UEs probably need to be at least able to acquire their uplink power control information by monitoring the CSS of the special cell in the SeNB.
Proposal 3: Give priority to the scheme of allowing simultaneous PUCCH transmission to the MeNB and the SeNB.
Proposal 4: The power control procedures within the MeNB and the SeNB are independent of each other unless power limitation occurs at the UE side.
Proposal 5: New rules would be needed to deal with simultaneous UL transmission on both the MeNB and SeNB in the case of power limitation.
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