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1. Introduction
Dual connectivity is one of the main features considered for small cell enhancements study items in RAN1 and RAN2. In last meeting, RAN2 agreed to focus on the following solutions regarding dual connectivity [1].

1. Inter-node radio resources aggregation for Scenario #2 to improve per-user throughput, where radio resources in more than one eNB is aggregated for user plane data transmission. 
2. RRC diversity for Scenario #1 to improve mobility robustness, where handover related RRC signalling could be transmitted from target cell. 
In this contribution, we discuss physical layer aspects for dual connectivity and provide our view for further RAN1 discussion in this area. 
2. Discussion
RAN2 defines “dual connectivity” as an operation where a given UE consumes radio resources provided by at least two different network points connected with non-ideal backhaul [1]. A typical “dual connectivity” scenario is illustrated in Figure 1, where F1is equal to F2 for Scenario#1 and is not equal to F2 for Scenario#2. 
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Figure 1: A typical UE dual connectivity scenario 

The dual connectivity operation is from UE perspective as such it is UE capability. The small eNB (SeNB) and macro eNB (MeNB) shall be able to connect with both dual capable UEs and normal UEs simultaneously. The dual connectivity could be realized by “inter-node carrier aggregation” with non-ideal backhaul. Rel-11 CA mechanism already supports UL and DL resources aggregation from multiple carriers with ideal backhaul. In small cell deployment scenarios, the main challenge is to support inter-node carrier aggregation, where MeNB and SeNB are connected with non-ideal backhaul. RAN2 is discussing the protocol architecture to support efficient dual connectivity operations. In all possible architecture candidates for “User plane architecture for dual connectivity”, from a UE with dual connectivity perspective, there will be two independent MAC entities (one in MeNB and one in SeNB). Therefore

· DL and UL packet scheduling will be very much independent between MAC in MeNB and SeNB. However, some coordination between scheduling entities would be required. 
· UE may be required to send two independent HARQ feedbacks to MeNB and SeNB at the same time.  

From physical layer point of view, this essentially requires defining UE transmit and receive capability with signalling mechanism and procedures. 
2.1 Downlink aspects with dual connectivity 
RAN2 agreed to focus on inter-node radio resources aggregation for Scenario #2 to improve per-user throughput and enhance mobility performance [1]. Therefore, simultaneous reception of data on separate carriers from MeNB and SeNB (ie., downlink carrier aggregation) is necessary for “dual connectivity”. This requires dual RF chain at UE receiver, which might result in increased UE implementation complexity. One way to reduce the UE implementation complexity is to use single receive chain for receiving signal from MeNB and SeNB. This could be feasible solution from UE complexity point of view since 2 Rx is already a mandatory feature for LTE UEs. However, cell coverage for the “dual connected” UEs will shrink, and this coverage impacts should be considered carefully. From specification point of view, Rel-11 CA mechanism  already supports simultaneous reception of PDSCH data from MeNB and SeNB, except the restrictions arising from HARQ ACK/NACK signalling on the uplink (ie., due to non-ideal backhaul delay). 

Observation 1: Downlink inter-node carrier aggregation should be considered as mandatory feature for “dual connectivity” capable UEs. 
2.2 Uplink aspects with dual connectivity 
The following UE capability options, as shown in Figure 2, could be considered to support dual connectivity, where HARQ ACK/NACK transmission from UE to both MeNB and SeNB could be achievable with non-ideal backhaul.     

· Option-1: Simultaneous UL transmission to both macro and small cell 

· Option-2: Time-switched UL transmission to macro and small cells 
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Figure 2: Dual connectivity with UE Tx/Rx capabilities
Option-1: Simultaneous UL transmission to both macro and small cell 
This might be cleaner option to support dual connectivity, where both MeNB and SeNB shall operate independent link for data transmission and reception overcoming HARQ feedback delay issues with non-ideal backhaul. This option could also provide increased peak user throughput in the uplink and downlink. However, resources scheduling and UE power control information should be shared timely manner between MeNB and SeNB for efficient small cell operation. For example, total UE transmit power to both MeNB and SeNB cannot be exceeded beyond its maximum power, and it needs to be allocated based on its transmission parameters and path loss on the link. Therefore, the power control mechanism needs to be studied along with RAN2 decision on protocol splits between MeNB and SeNB. 

UE implementation complexity is significant aspect to support simultaneous UL transmission to both macro and small cells. Although Rel-11 defines UL CA mechanism, UL CA is not supported in Rel-11 due to unavailability of RF requirements. Further, PUCCH transmission from SCell needs to be specified since Rel-11 CA mechanism supports PUCCH transmission from PCell only. 
Option-2: Time-switched UL transmission to macro and small cells 
This might be simpler option from UE implementation point of view to support dual connectivity, where UE could transmit UL signal on only one carrier at a time. That means UE could transmit UL signal to MeNB and SeNB during certain non-overlapping subframes. This approach requires some switching time to re-tune UE RF between MeNB and SeNB carriers, which might result in UL peak throughput loss. 
While Option-1 and Option-2 could support dual connectivity operation with non-ideal backhaul, time-switched UL transmission (Option-2) should be further considered to support dual connectivity, considering UE implementation complexity.
Observation 2: Time-switched UL transmission should be further considered to support dual connectivity, considering UE implementation impacts. 

2.2.1 Time switched uplink transmissions 
Many contributions considered time switched uplink transmission as potential solution for dual connectivity [2-6]. The main purpose of the time switched uplink transmission is to provide HARQ ACK/NACK and CSI information from UE to both MeNB and SeNB. These controls signalling information could be transmitted either on PUCCH or on PUSCH. Switching UE UL between MeNB and SeNB  might probably require time in the order of hundreds micro seconds. For Scenario#1 (co-channel deployment), RF re-tuning is not needed, and thus the switching time could be smaller than that of Scenario#2 (non-co-channel). The uplink switching time is important parameter determining the HARQ operation, and influencing the throughput performance. The following two options, as illustrated in Figure 3, could be considered for the required UL switching time.

· Option-1: UL switching at subframe level 
· Option-2: UL switching at OFDM symbol level 
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Figure 3: Uplink switching time

Switching gap and frequent switching incur resources loss, resulting in throughput loss. Switching at OFDM symbol level (Option-2) might provide better throughput performance, and could simplify HARQ design to certain extent. However, the impacts on UE implementation should be considered carefully. If UL switching at OFDM symbol level is feasible, then switching PUCCH between MeNB and SeNB might have significant specification impacts due to slot based mapping. In this case, switching PUSCH could be feasible option. Therefore, it is better to seek RAN4 inputs at early stage on required time for UL switching gap. 
Observation 3: If time-switched UL transmission is supported for dual connectivity, then RAN1 should seek RAN4 inputs at early stage on required time for UL switching gap. 

The other aspects of time switched uplink transmission is the design of HARQ ACK-NACK mechanism for PDSCH transmission. It would not be feasible to maintain HARQ round trip time (RTT) of legacy LTE since continuous UL transmission is not available to both MeNB and SeNB. Even for FDD, some of the uplink subframes are not available for HARQ ACK-NACK transmission. Thus, HARQ ACK-NACK feedbacks to multiple downlink PDSCH transmission needs to be multiplexed or bundled into on uplink transmission. This is illustrated in Figure 4.


[image: image4.emf]M M M M M

#0 #1 #2 #3

M M M

M M S M S S S

M

S S S S S S S S S

M

S

S

M M M M M M M M M M

S S S S S S S S S S

M M S M S S S S

#4 #5 #6 #7 #8 #9

MeNB

DL

SeNB

DL

G G G G

A

C

K

/

N

A

C

K

 

M

u

lt

i

p

l

e

x

i

n

g

A

C

K

/

N

A

C

K 

M

u

l

t

i

p

l

e

x

i

n

g

ACK/NACK 

ACK/NACK 

ACK/NACK 

UE

UL


Figure 4: Illustration of ACK-NACK multiplexing length for FDD uplink switched transmission 
However, multiplexing HARQ ACK-NACK for large number of downlink subframes will increase HARQ RTT, resulting in increased soft buffer size. One way to reduce this impact on soft buffer size is to avoid scheduling PDSCH on certain downlink subframes. Since this scheduling restriction leads to downlink throughput loss, the scheduling restriction, and the number of ACK-NACK multiplexing could be specified as UE specific configuration. This is illustrated in Figure 5. 
Observation 4: If time-switched UL transmission is supported for dual connectivity, then mechanism to minimize UE implementation complexity and downlink throughput loss should be considered. 
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Figure 5: Illustration of configurable ACK-NACK multiplexing length for FDD uplink switched transmission 
3. Conclusion

We presented our view on physical layer aspects for dual connectivity for small cell operation, and we observe the followings: 
Observation 1: Downlink inter-node carrier aggregation should be considered as mandatory feature for “dual connectivity” capable UEs. 

Observation 2: Time-switched UL transmission should be further considered to support dual connectivity, considering UE implementation impacts. 

Observation 3: If time-switched UL transmission is supported for dual connectivity, then RAN1 should seek RAN4 inputs at early stage on required time for UL switching gap. 

Observation 4: If time-switched UL transmission is supported for dual connectivity, then mechanism to minimize UE implementation complexity and downlink throughput loss should be considered. 
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