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1      Introduction
Dual connectivity is one of the potential solutions to address the challenges for small cell deployments. Uplink capability is one of the most important factors for dual connectivity supporting from UE’s perspective. One straightforward option is that UE is always required to have a UL Carrier Aggregation (CA) capability for dual connectivity supporting. However UL CA generally incurs high-complexity UE implementation and hence no testing requirements are specified by RAN4 yet for UL CA supporting even in Rel-11. Two Tx RF chain dramatically increases UE complexity and cost as well. Moreover, Intermodulation (IM) may be generated whenever simultaneous multiple CCs transmission is present. De-rating the PA is therefore usually a preferable strategy (as opposed to increasing the power headroom) to enable UEs to meet the OOB emission requirements without a loss of efficiency, but at the expense of a loss in coverage due to the reduced transmission power in the wanted channel.
From above discussions, it is necessary to discuss how to support dual connectivity for single UL CC capable of UEs. There are mainly two options for dual-connectivity supporting with single UL CC capability:
· Option 1: UE transmits to macro and small cell in TDM fashion [1].
· Option 2: UE transmits to one cell only, which implies that UL feedback (e.g. HARQ-ACK/CSI, RLC status) needs to be forwarded from one cell to another.
In this contribution, we analyze the challenges of each option and compare the two options.
2      Discussion
2.1     Challenges for UL CA
In addition to issues for UL CA as discussed above, there are some challenges for UL CA if dual connectivity is supported. The main problem is UL power control, as discussed in RAN2#81bis meeting. In Rel-10 CA, it is possible that total UL transmission power might exceed the allowed maximum transmission power due to the fast channel variation. It is expected that the issue will happen more frequently for dual connectivity due to the distributed scheduling entities and non-ideal backhaul. There could be two types of solutions:
· Avoidance. With this type of solution, macro cell and small cell can collaborate to minimize the possibility of power limitation problem. For example, macro cell and small cell might exchange scheduling related information. To which extent such solution can avoid power limitation problem needs further study.
· Define priority rules when power limitation problem happens. This is mainly in the scope of RAN1. In Rel-10 CA, when power limitation problem happens, the priority for concurrent transmissions is: PUCCH > PUSCH with UCI > PUSCH without UCI. Similar rules might be defined by taking into account the situation in both macro cell and small cell.
Other aspects related to UL CA include:

· Random access: in current CA, RAR is always sent from PCell. If the same principle is followed for dual connectivity, there is additional delay to receive RAR due to non-ideal backhaul. Therefore further study is needed on which cell to send RAR when UE sends RACH preamble to small cell. 
· Logical channel prioritization: in Rel-10 CA, UE is free to transmit any bearer to any serving cell. However for dual connectivity, data of a given RLC can only be transmitted to the node terminating that radio bearer. In addition, the UE needs to decide what data to transmit on which RLC [5]. Note that this depends on user plane architecture discussion.
In the following sections, we discuss the two options for dual-connectivity supporting with single UL CC capability.
2.2     Option 1: UE transmits to macro and small cell in TDM fashion
One example of Option 1 in FDD is shown in Figure 1. In this example, within 8 ms period (FDD UL HARQ timing period), UE can receive DL transmissions in subframes n/n+1/n+2 from macro cell, and transmit HARQ-ACK to macro cell in subframes n+4/n+5/n+6 accordingly. Simultaneously, UE can receive DL transmission in subframes n+4/n+5/n+6 from small cell, and feedback HARQ-ACKs to small cell in subframes n/n+1/n+2. For UL transmission, since UE switches the transmission frequencies after subframe n+2, even if only a few hundred microseconds is needed for RF retuning, at least one subframe cannot be used for UL transmission (e.g. subframe n+3 and n+7 in Figure 1 below). Note that for FDD, to keep the current HARQ timing relationship, it is beneficial to use 8 ms period. 
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Figure 1: Example of Option 1 for FDD
The main issue of Option 1 is that DL scheduling flexibility is greatly impacted. DL resources are partitioned based on UL partition according to HARQ timing relationships. Both macro cell and small cell are forced to only use a subset of DL subframes for transmission although UE is capable to receive DL transmission from both cells simultaneously. Note that neither macro nor small cell can transmit DL data in RF retuning subframes as corresponding UL subframes are not available. This results in some limitation of achievable user throughput and further restriction of eNB scheduling flexibility.
For TDD, the situation is slightly different. An example is given in Figure 2 below for TDD Configuration 1. By grouping contiguous UL subframes to the same cell, RF retuning subframe is not needed as UE can use DL subframes in between to switch UL frequency. Even in this case, there are still limitations on the achievable peak data rate as both macro and small cell share the DL resource within a single carrier.
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Figure 2: Example of Option 1 for TDD Configuration 1
Another potential issue for Option 1 is the delay of RRC signaling. However considering that the maximum delay is one switching period (e.g. 8 ms) and HARQ retransmissions might be needed anyway, such delay might not be a serious issue.
Observation 1: the main disadvantage of Option 1 is the limitation of achievable user throughput and the restriction on scheduling flexibility.
2.3     Option 2: UE transmits to one cell only
For one Component Carrier (CC) option, UE only transmits on one UL cell. One example is shown in Figure 3 below, where UE only transmits to macro cell. Macro cell handles UL control/data and forwards necessary PHY/MAC/RLC/PDCP information to pico cell. One issue with one Option 2 is to decide which cell is selected for the UL transmission. Two factors need to be taken into account for cell selection: UE’s power consumption and latency performance. Small cell is an appropriate choice due to the reduced power, taking into account the imbalance between DL and UL; however, latency is also a key factor that is particularly important for control plane and delay sensitive services and therefore should be paid more attention for one Option 2. Hence macro cell might be the better choice to handle uplink from delay perspective.
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Figure 3: Example of Option 2
In Option 2, both macro and small cell can transmit in any DL subframe, and UE operation in UL is similar to current CA operation. This is the most critical advantage of Option 2 compared with Option 1. However, there are some challenges of Option 2, which are discussed below.
2.3.1
DL bearer handling
Macro cell needs to forward uplink control information (HARQ-ACK and CSI) to small cell. For example, as shown in Figure 4 below, if PDSCH is scheduled from small cell, the UE transmits HARQ-ACK to macro cell on PUCCH. And then the macro cell may forward HARQ-ACK information to small cell. 
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Figure 4: Example of HARQ-ACK transmission in Option 2
There are some challenges in forwarding HARQ-ACK and CSI. The main issue is the delay in X2 interface. The delay may range from several milliseconds to tens of milliseconds. For CSI feedback, such latency means that small cell cannot utilize the up to date feedback information. For low speed UEs, such impact might be negligible since the channel condition does not change very fast. For medium speed UEs (e.g. 30 or even 60 km/h), long latency might degrade performance significantly due to the discrepancy of CSI reported and the actual channel condition when small cell schedules UE according to CSI report. 
When number of HARQ processes were discussed in Rel-8, the key principle is that the number of HARQ processes should cover the longest HARQ Round Trip Time (RTT). Due to the X2 latency introduced, the number of HARQ processes is not sufficient to cover the increased HARQ RTT. For HARQ-ACK, such latency might have impact on achievable peak data rate. Although DL HARQ is asynchronous, there are fixed number of HARQ processes according to duplex mode (in case of TDD, the number of HARQ processes also depends on DL/UL configuration) [2]. Figure 5 below show the issue for FDD operation. If X2 delay latency is less than 3 ms (assuming the processing time at macro cell for HARQ-ACK and the scheduling time at small cell are both zero ms, which is quite optimistic), for example 2 ms as shown in Figure 5, then HARQ-ACK for HARQ process 0 can be received before subframe n+8 at small cell, therefore small cell can decide whether to transmit new data or perform retransmission for HARQ process 0 at subframe n+8. In this case, the peak data rate can be achieved. However, if X2 delay latency is larger than 3 ms, then for subframe n+8, HARQ-ACKs for all HARQ processes are not received by small cell, therefore small cell cannot make scheduling decisions for subframe n+8. Another perspective is that small cell does not have much scheduling flexibility due to the delayed HARQ-ACK. For non-ideal backhaul, it is expected that typical X2 latency is larger than 3 ms (e.g. smallest latency according to the table below from TR 36.932 [3] is 5 ms), which means that DL peak data rate cannot be achieved. 
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Figure 5: HARQ operation problem due to X2 latency
Table 6.1-1: Categorization of non-ideal backhaul

	Backhaul Technology
	Latency (One way)
	Throughput
	Priority (1 is the highest)

	Fiber Access 1 
	10-30ms 
	10M-10Gbps
	1

	Fiber Access 2
	5-10ms
	100-1000Mbps
	2

	DSL Access
	15-60ms
	10-100 Mbps
	1

	Cable 
	25-35ms
	10-100 Mbps
	2

	Wireless Backhaul
	5-35ms 
	10Mbps – 100Mbps typical, maybe up to Gbps range
	1


For TDD, although TDD has longer HARQ RTT, the impact is the same as FDD. Since maximum number of HARQ processes is determined by the largest HARQ RTT, X2 latency will increase the largest HARQ RTT. Therefore current number of HARQ processes is not sufficient.
One potential solution is to increase the number of HARQ processes to cover the largest HARQ RTT. However this solution is not scalable as the largest HARQ RTT depends on X2 interface latency.

Below is a simple comparison table for Option 1 (assuming partition between macro and small cell is done according to Figure 1) vs. Option 2, in terms of available DL subframes. For Option 2, assuming 5 ms X2 latency, then three out of eleven subframes cannot be used for DL transmissions in small cell. 
Table 1: Comparison of Option 1 vs. Option 2 (FDD)
	
	Option 1
	Option 2

	Ratio of available DL subframes in macro cell
	3/8
	1

	Ratio of available DL subframes in small cell
	3/8
	8/11


Observation 2: the main benefit of Option 2 is that there are more available DL subframes, which can benefit both peak data rate and scheduling flexibility.
For HARQ-ACK forwarding, one more issue that should be noted is PUCCH format resource allocation. In Rel-10 CA, two PUCCH formats are specified to transmit HARQ-ACK. For FDD, a UE supporting up to 2 serving cell aggregations uses PUCCH format 1b with channel selection and a UE supporting more than 2 serving cell aggregations can be configured by PUCCH format 1b with channel selection or PUCCH format 3. For TDD CA, a UE can be configured by PUCCH format 1b with channel selection or PUCCH format 3. In both PUCCH formats, the actually used PUCCH resource is indicated by TPC command bits (so called ARI; ACK/NACK Resource Indicator) in PDCCH used for SCell scheduling. In order to reusing TPC command bits PUCCH resource mapping, the macro-cell and the small cell need to be synchronized in determining the actual PUCCH resource before PDSCH is scheduled in SCell. 
Observation 3: some changes in physical layer are needed to enable Option 2.
2.3.2
UL bearer handling
There are basically two approaches to route the EPS bearers handled by small cell. In the first approach, denoted as S1 approach, the small cell eNB, once configured by the macro eNB, directly communicates with S-GW via the S1 interface. In the second approach, denoted as X2 approach, the macro eNB needs to forward the data to the small cell eNB via the X2 interface, and the macro eNB also needs to be able to receive the data from the small cell eNB and send it over the S1 interface to the S-GW. Details for S1 vs. X2 approach are discussed in [4].

For S1 approach, since small cell transmit data to S-GW directly, a natural way for macro cell to forward data to small cell is to forwards RLC PDUs directly to small cell. Radio protocol split for uplink is shown in Figure 6 below. Radio bearer 1 is handled by macro directly. For radio bearer 2, after demultiplexing at MAC layer, macro cell forwards RLC PDUs to small cell via X2 interface. Small cell then handles RLC and PDCP layer processing.

[image: image6.emf]Segm.

ARQ etc

Security

ROHC

PDCP

RLC

Demultiplexing

HARQ

Segm.

ARQ etc

Security

ROHC

MAC

Macro cell

RRC

IP

Radio Bearer 1

Security

ROHC

Small cell

Radio Bearer 2

Segm.

ARQ etc

Forward via X2 

interface


Figure 6: Radio protocol structure of Option 2 (S1 approach)
RLC impacts

For X2 based approach, radio bearer in uplink is handled by macro cell. One challenge in X2 approach is RLC status forwarding. Note that there is no such issue for S1 appraoch, where RLC layer is already handled by small cell. There are three types of RLC entity: TM, UM, and AM. Data bearers can only be mapped to UM or AM entities. For UM RLC entity, transmitting and receiving entities can operate independently; therefore macro cell can handle receiving UM RLC entity, as shown in Figure 7 below.
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Figure 7: RLC UM operation
For AM RLC, there is only one AM RLC entity within communication peer, and such AM RLC entity handles both transmission and reception. 
RLC PDUs have two types: RLC data PDU and RLC control PDU (i.e. RLC status PDU). Both RLC data PDU and RLC status PDU contain a Polling bit (P) field, which indicates whether or not the transmitting side of an AM RLC entity requests a STATUS report from its peer AM RLC entity. To enable AM RLC operation, it is necessary to forward RLC status PDU and polling bit transmitted in RLC data PDU via X2 interface. One example is shown in Figure 8 below. For X2 based approach, macro cell forwards RLC status to small cell, and macro cell processes RLC data PDU and then passes to PDCP layer for further processing.
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Figure 8: Example RLC AM operation
Another issue is how to handle RLC timers: t-PollRetransmit, t-Reordering, and t-StatusProhibit. Currently the value of all three timers can be configured with RRC signaling. Due to X2 interface latency, further study is needed on whether maximum timer value should be increased or not. 
Observation 4: some changes in RLC layer are needed to enable Option 2.
PDCP impacts

There is no impact for PDCP as PDCP is purely handled in small cell and macro cell for S1 approach and X2 approach, respectively.
Below is the comparison of Option 1 vs. Option 2.
Table 2: Comparison of Option 1 vs. Option 2
	
	Option 1
	Option 2

	Achievable DL peak data rate
	Less than that of one component carrier
	Can be larger than that of one component carrier

	eNB scheduling flexibility
	Impacted
	Slightly impacted (depending on X2 latency)

	HARQ-ACK/CSI forwarding
	No
	Needed

	RLC status forwarding
	No
	Needed for X2 approach.

	Latency
	Potential latency for RRC signaling
	Increased user plane latency for UL bearers handled by small cells in S1 approach


3      Conclusion
In this contribution, we discuss the challenges of UL CA for dual connectivity, and also two options to support dual connectivity for non UL CA capable UEs. 
Proposal 1: RAN2 to discuss the two options and the pain vs. gain of supporting dual connectivity for non UL CA capable UE.
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