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Discussion and Decision
1      Introduction
During RAN2#82 meeting, contributions [1-8] were submitted to discuss UE capabilities. It was agreed to discuss the issue via email as below: 
[82#18][LTE/SCE] UE capabilities (Intel)

-
Discuss UE capabilities such as single- or multi TX/RX. 

-
Should clarify minimum UE capabilities that should be considered for each challenge (signalling load, mobility robustness and throughput)

=>
Intended outcome: Email discussion report and TP to TR 36.842

Companies are invited to provide their input to this email discussion before Thursday, 2013-08-01, 23:59 Pacific Time.
2      Background
2.1     Identified challenges
In RAN2#82 meeting, following challenges are identified [9]:
a) Mobility robustness

· For Scenario #1 (intra-frequency deployment between macro and small cells), it was agreed to consider a challenge and work further on solutions which will be compared to the ones developed in HetNet mobility WI in terms of complexity and gain.

· For Scenario #2 (inter-frequency deployment between macro and small cells), it was observed that Inter-frequency mobility robustness in scenario #2 is less of a problem than intra-frequency mobility if no DRX is used. Although this scenario was thought as challenge that may justify studying solutions, quantified analysis will be continued at the next meeting to capture the results in the TR. RAN2 also agreed to consider solutions for single RX/TX capable UEs as well as any observation for HetNet WI should be taken into account in studies.

· For Scenario #3 (small cell only deployment), it was observed that up to 3km/h, there is no mobility robustness problem.

b) Increased signalling load (e.g., to CN) due to frequent handover for all scenarios

· It was agreed that a mechanism to cope with the increase of signalling due to cell change traffic should be considered for all three scenarios.

c) Difficulty to improve per-user throughput by utilizing radio resources in more than one eNB for all scenarios (Scenario #1 and #2)

· For Scenario #1, it was agreed to deprioritise since there is no conclusion on the technology potential compared to the existing interference coordination functionality.

· For Scenario #2, increasing throughput by utilizing radio resources across macro and pico cells was agreed as a challenge with non-ideal backhaul while taking into account QoS requirements.
2.2     Potential solutions

In TR 36.842 v0.2.0 [10], dual connectivity was captured as one potential solution. 

· Inter-node radio resource aggregation (for scenario #2) is a potential solution for improving per-user throughput. This can be done by aggregating radio resources in more than one eNB for user plane data transmission. Depending on realization of this solution, signalling overhead towards the CN can potentially be saved by keeping the mobility anchor in the macro cell, i.e. for dual Rx/Tx UEs, keeping the mobility anchor (S1-U and S1-MME) in the macro cell can save signalling overhead towards the CN (S1 path switch).
· RRC diversity (for scenario#1) is a potential solution for improving mobility robustness. 
In addition, solutions to solve mobility robustness problem in scenario #2 seem to be similar as the solution considered for enhancing throughput in scenario #2, i.e. inter-node radio resource aggregation. The solutions are to keep mobility anchor in the MeNB, therefore handover between MeNB and SeNB, SeNB and SeNB can be avoided.
Below is the summary of the potential solutions captured in the TR and corresponding challenges to solve:
· Inter-node radio resource aggregation (for scenario #2)

· Signaling load
· Mobility robustness

· User throughput

· RRC diversity (for scenario #1)

· Mobility robustness
3       Discussion
3.1     UE capabilities

For UE capability, the discussion here is focused on the number of RF transmission/reception chains. Similar to [7], there are four candidate UE capabilities:
a) Single Rx/Tx (which means UE has single Rx and single Tx chain)
b) Single Rx/Multiple Tx

c) Multiple Rx/Single Tx

d) Multiple Rx/Tx (which means UE has multiple Rx and multiple Tx chains)
Among four candidates, Single Rx/Multiple Tx is not available for legacy UEs (Rel-11 or earlier). It is proposed to not consider this candidate further.
	Question 1: do companies agree with considering three UE capabilities (i.e. a/c/d) for email discussion?

	Company
	Yes/No
	Comments

	Pantech
	Yes
	Option b) might be desired to achieve UL throughput enhancement or the robustness of UL control signaling. However, those enhancement scenarios have not been introduced yet and not clear in point of view of necessity and advantages in this time.

	Qualcomm Incorporated
	Yes
	For dual connectivity UEs, c and d should be the baseline for discussion. Since CA is already supported, it seems like a step backwards to consider a as a candidate.

	Intel
	Yes
	Option b) is not available for Rel-11 and earlier UEs, and currently there is no requirement to only enhance UL throughput.

	LGE
	Yes
	We are ok to remove b),

	NEC
	Yes
	

	Ericsson/ST-Ericsson
	Yes
	To improve mobility the UE should be capable of receiving control signaling from both macro and small cells which could be done in alternative a, c and d.

If it is concluded that UE throughput enhancements should be achieved then it is likely necessary to support alternative d. TDM operation to support HARQ is needed to support alternative a or c and it may be difficult to achieve UE throughput enhancements in that case.

	ETRI
	Yes
	

	Hitachi
	Yes
	Agree with Qualcomm.

	Alcatel-Lucent
	yes
	We are ok to not consider option b).

	Huawei/HiSilicon
	Yes
	It is reasonable to exclude b) until use cases are identified.

	Broadcom Corporation
	Yes
	Yes. Option a) may be considered for signaling load reduction and mobility robustness while options c) and d) may be considered for both mobility robustness and user throughput enhancement,

	ZTE
	yes
	

	CMCC
	Yes
	Based on the status of legacy UE, we also agree to exclude option b) unless specific use case is identified.

	Samsung
	Yes
	

	Deutsche Telekom
	Yes
	It is reasonable to focus on backward compatible UE capabilities.

	Kyocera
	Yes
	

	Fujitsu
	Yes
	

	CATT
	Yes
	

	NNSN
	Yes
	We are ok to remove option b).

	Orange
	Yes
	

	InterDigital Communications
	Yes
	Alternative b may be excluded, as it does not appear to match a use case within scope of the SI.

Alternatives a, c and d can all support mobility robustness e.g. RRC diversity.

Alternative d is most likely required for throughput enhancements.

Alternatives a, c and can also be useful for offload improvements (e.g. using TDM for a, c).

	ASUSTeK
	Yes
	

	MediaTek
	Yes
	

	KDDI
	Yes
	

	ITRI
	Yes
	

	Sprint
	Yes
	

	BlackBerry
	Yes
	

	NTT DOCOMO
	Yes
	


With the remaining three UE capability candidates, it is obvious that the requirement for UE capability is in the order below:

Single Rx/Tx < Multiple Rx/Single Tx < Multiple Rx/Tx

Therefore in the remaining email discussion, we can focus on minimum UE capability for each scenario. For example, when we say the required minimum UE capability is multiple Rx/single Tx to overcome challenges in a certain scenario, then naturally the UE with multiple Rx/Tx can also be supported in the scenario, but the UE with single Rx/Tx capability cannot be supported in the scenario.
3.2     Minimum UE capability for challenges in scenario #1
For scenario #1, the identified challenges include signaling load and mobility robustness. During past RAN2 meetings, it was proposed that dual connectivity can be applied for scenario #1. Dual connectivity in the form of RRC diversity was proposed to address mobility robustness issue. Alternatively, solutions being discussed in the HetNet Mobility WI may be used to address mobility robustness issue. 

For signaling load reduction, dual connectivity can reduce signalling load to CN. There are also other solutions to address signalling load issue as discussed in [11-13], where the MeNB acts as the mobility anchor to connect to the S-GW and the UE can either connect to the MeNB or the SeNB. 
Regardless of the solutions to address the signalling load and mobility robustness challenges, due to the co-channel nature of scenario #1, it is expected that the minimum UE capability is single Rx/Tx.
	Question 2: what is the minimum UE capability for signaling load challenge in scenario #1?

	Company
	Minimum UE capability
	Comments

	Pantech
	a)
	<Reason>

- Signaling load to CN would be reduced for all types of UEs regardless of RX/TX RF capabilities.
<Challenge>
- Dual connectivity at least for mobility control of SeNB is required on UE. That is, UE needs at least multiple data RX/TX even with single RX/TX RF chain.
- One feasible approach is TDM approach for data RX/TX. However, those approach would require dynamic baseband operation selection every time when RX/TX eNB (MeNB or SeNB) is changed. The feasibility of dynamic selection of RX/TX eNB should be checked. And there would happen impact on RRM functionality.

	Qualcomm Incorporated
	a)
	If only signaling load is concerned and no dual connectivity is involved, such as in solution described in [13] (a UE is connected to the network through a single anchor node, and may not actually have direct physical (OTA) connection to that node; The actual OTA connection can be done through another single node, in which case no dual connectivity is involved), single Rx/Tx UE capability is sufficient. This solution neither requires, nor benefits from simultaneous control/data exchange between UE and multiple nodes.

	Intel
	a)
	For dual connectivity based solution (e.g. RRC diversity), there might be increased requirements for baseband processing (e.g. PDCCH blind detection and PDSCH decoding) if UE is required to receive from MeNB and SeNB simultaneously. However only single Rx/Tx RF chain is required as the scenario is co-channel.

For solutions which do not require dual connectivity (e.g. mobility anchor [12]), it is natural to assume single Rx/Tx as the minimum UE capability. Note that increased baseband processing is not required.

	LGE
	a)
	Single Rx/Tx can be used in TDM manner.

	NEC
	Option a possible with restrictions
	Single Rx/Tx will either require coordination between MeNB and SeNB in a  TDM way to schedule resources or macro does not have radio connection connection to the UE 


	Ericsson/ST-Ericsson
	a
	In principle, potential solutions to reduce signaling load to the CN do not depend on UE capability alternatives.

	ETRI
	a)
	UE capability may not be directly related to the scenario #1.

If we consider only the signaling load to CN, the mobility anchoring in MeNB would reduce signalling load in scenario #1.

	Hitachi
	a)
	Single Rx/Tx with TDM might be used in the co-channel scenario, but such deployment will provide little benefit in user throughput improvement.

	Alcatel-Lucent
	a)
	Regardless of the challenge and solution (solution is yet to be discussed), considering the co-channel characteristics, a single Rx/Tx is sufficient in scenario #1. The solution should be designed for single Rx/Tx UEs. Some level of resource coordination is required for the UE communication with the two cells if more tha one cell is involved in the solution.

	Huawei/HiSilicon
	a)
	For co-channel deployment, single Rx/Tx RF chain is sufficient.

	Broadcom Corporation
	a)
	We are in agreement with Intel’s opinion that for intra-frequency deployments, single Rx/Tx should suffice with and without dual connectivity

	ZTE
	a)
	As long as UE can be connected to network through one anchor node, it seems not matter whether this UE has more capability than a)

	CMCC
	a)
	We consider that the proposal made by Intel is reasonable.

	Samsung
	a)
	It is a single frequency case where multiple Rx or Tx seems not necessary.

	Deutsche Telekom
	a)
	We agree with Intels comments; enhanced processing load in the UE needs to be taken into account during the study.

	Kyocera
	a)
	It is feasible to use single Rx/Tx in a TDM manner but that coordination between MeNB and SeNB will be needed.  But since this could add complexities to the UE in coordinating the signal from both eNBs, the support of dual-connectivity to overcome signaling load challenge should be optional for single Tx/Rx UEs.

	Fujitsu
	a)
	Reducing the signalling load is related to the architecture, specifically whether or not an anchor node is introduced. If an anchor node is introduced, the signalling load can be reduced irrespective of UE capability.

	CATT
	a)?
	The solution to solve the signaling issue is not directly related to the UE capability. 

	NNSN
	a)
	Minimum UE capability issue is less relevant to scenario #1.

Among other solutions, mobility anchoring in MeNB can help to reduce CN signalling and this only requires UE’s physical connection to a single eNB, i.e. either MeNB or SeNB.

	Orange 
	a)
	Agree with Alcatel-Lucent 

	InterDigital Communications
	a)
	For the single frequency case, single RX/TX chain is sufficient (more is not needed) and in principle reduction of signaling load has no dependency with UE capabilities.

	ASUSTeK
	a)
	With the co-channel nature of Scenario #1, single Rx/Tx could be considered as minimum requirement.

	MediaTek
	a)
	The main concept to reduce signalling to CN is to have a local anchor, which is independent of UE capability.

	KDDI
	a)
	For scenario #1, a) meets the minimum requirement of dual connectivity

	ITRI
	a)
	For scenario 1 (intra-frequency), single Rx/Tx is sufficient.

	Sprint
	a)
	Agree with ALU

	BlackBerry
	a)
	Dual Connectivity for signalling can use TDM mode. Dual connectivity with other Rx/ TX capabilities will not change the signalling load to the CN 

	NTT DOCOMO
	a)
	Single Rx/Tx is sufficient in this scenario.


	Question 3: what is the minimum UE capability for mobility robustness challenge in scenario #1?

	Company
	Minimum UE capability
	Comments

	Pantech
	a)
	<Reason>

- The mobility robustness would be enhanced for all types of UEs regardless of RX/TX RF capabilities.
<Challenge>
- One of possible solutions for mobility robustness challenge in scenarios #1 is RRC diversity. Assuming RRC diversity as a solution, at least multiple data RX/TX even with single RX/TX RF chain is required in the same reason as the response of Questions 2. At the same manner, the feasibility of dynamic selection of RX/TX eNB should be checked. And there would happen impact on RRM functionality.
- Assuming other mobility robustness solutions studied in HetNet mobility WI, there would be no critical challenge issue on RF capability.

	Qualcomm Incorporated
	d)
	Any dual connectivity operation (e.g. RRC diversity) requires control/data exchange between a UE and all nodes involved in the communication. Support of multiple control/data channels for a single Rx/Tx or a multiple Rx/single Tx capable UE involves considerable standardization effort and performance impact. Specifically for scenario 1, even with dual Tx/Rx UE capability we do not expect performance gains, but dual Tx/Rx UE capability would simplify operation and avoid the RAN1/2 design effort to enable dual connectivity for scenario 1.

Also, unless a UE is multiple Rx/Tx capable, the support of a scenario where serving cells belong to different timing adjustment group (TAG) is challenging if not impossible (for TDM scheme, performance would incur significant degradation due to the transmission overlap during every TDM transmission switching, and operation is not possible for the FDM or any joint transmission approach).

We would also like to stress that multiple Rx/Tx is introduced back in Rel-10 with CA, hence falling back to designing control for single Rx/Tx or multiple Rx/single Tx capable Ues to support Rel-12 dual connectivity feature does not seem sensible.

	Intel
	a)
	For dual connectivity based solution (e.g. RRC diversity), there might be increased requirements for baseband processing (e.g. PDCCH blind detection and PDSCH decoding) if UE is required to receive from MeNB and SeNB simultaneously. However only single Rx/Tx RF chain is required as the scenario is co-channel.

In addition, mobility robustness solutions in HetNet mobility WI also only assume single Rx/Tx capability.

	LGE
	a)
	Single Rx/Tx can be used in TDM manner

	NEC
	
	Our opinion regarding this challenge is similar to the one we expressed for Q2. Also, before discussing solutions for this particular challenge, in our opinion, we should wait for the outcome of HetNet Mobility discussions

	Ericsson/ST-Ericsson
	a
	To enable mobility related signaling from both nodes it would be sufficient to have single RX/TX with a TDM operation between the two nodes. The UE could be configured to, in a TDM manner, receive RRC from macro and the small cell when in the handover region between two cells.

	ETRI
	a)
	UE capability may not be directly related to the scenario #1.

Mobility robustness could be enhanced by dual connectivity and we need to discuss further how to manage radio resources efficiently.

	Hitachi
	a)
	Single Rx/Tx with TDM might be used in the co-channel scenario, but such deployment will provide little benefit in user throughput improvement.

	Alcatel-Lucent
	a)
	Agree with previous comments that without a clear solution, it is difficult to discuss minimum UE capability for a challenge. For scenario#1, in our view the base line should be the single Rx/Tx support and the solutions should be designed and compared based on the single Rx/Tx support.

	Huawei/HiSilicon
	a)
	For co-channel deployment, single Rx/Tx RF chain is sufficient.

	Broadcom Corporation
	a)
	RRC diversity could be achieved with single Rx/Tx radios by various means (e.g., TDM and allowing simultaneous dual PDCCH/PDSCH reception).

	ZTE
	a)?
	If outcome of Hetnet mobility WI is sufficient to resolve the problem then single RX/TX is fine. Otherwise what is said by Qualcomm should be considered carefully

	CMCC
	a)
	Agree with previous comments that single Rx/Tx is sufficient for co-channel case.

	Samsung
	a)
	More than single Rx/Tx should not be required for the single frequency case where carrier aggregation is not possible.

	Deutsche Telekom
	a)
	

	Kyocera
	a)
	For the co-channel case, single Rx/Tx is sufficient which is also the assumption for the HetNet Mobility WI.  

	Fujitsu
	a) 
	For a dual-connectivity based solution, such as RRC diversity, the dual connectivity can be implemented in TDM manner together with ABS[4] in scenario 1, then a single Rx/TX capability is sufficient.  

For non-dual-connectivity based solution, such as solutions developed in HetNet mobility WI, single Rx/TX capability is enough. 

So a) is the minimum capability required.

	CATT
	a)
	For scenario #1, mobility robust solution need to be further discussed by comparing the RRC diversity solution with other solutions from HetNet. To solve the mobility issue in Scenario #1, dual connectivity is not necessarily required. Then single Rx/Tx UE is sufficient. We also agree to the analysis given by QC that the complexity and standardization effort of single Rx/Tx for RRC diversity should be considered.

	NNSN
	a)
	Minimum UE capability issue is less relevant to scenario #1. Mobility robustness solutions for scenario #1 do not necessarily lead to dual connectivity and should support single Rx/Tx UE.



	Orange 
	a)
	RRC diversity should be compared with HetNet mobility WI solutions; having stronger requirement on UE capability would not favor it to begin with.

	InterDigital Communications
	a)
	For the single frequency case, single RX/TX chain is sufficient (more is not needed) and TDM operation may be used such that the UE may receive from MeNB and SeNB when increased signaling robustness is needed.

	ASUSTeK
	a)
	With the co-channel nature of Scenario #1, single Rx/Tx could be considered as minimum requirement.

	MediaTek
	a)
	While simultaneous Uu is not possible, we think enhancements for mobility robustness should also work for single Rx/Tx UE, since they are not exempted from the problem.

	KDDI
	a)
	We agree with Orange that solutions for mobility robustness should be compared with HetNet mobility WI solutions. 

	ITRI
	a)
	For scenario 1 (intra-frequency), single Rx/Tx is sufficient.

	Sprint
	a)
	Single RX/TX will suffice

	BlackBerry
	a)
	In scenario 1 the RRC diversity can use TDM mode. Other mobility robustness solutions may be studied in HetNet mobility WI, and the results may change the minimum requirement 

	NTT DOCOMO
	a)
	Single Rx/Tx is sufficient in this scenario.


3.3     Minimum UE capability for challenges in scenario #2
For scenario #2, inter-node radio resource aggregation is a potential solution to resolve all challenges. Basically, Inter-node radio resource aggregation requires the minimum UE capability as multiple Rx/Tx in the sense that CA is supported with both MeNB and SeNB. However multiple Tx capability, i.e., UL CA capability, incurs high complexity in UE implementation. RAN4 testing requirements for UL inter-band CA and intra-band non-contiguous CA have not been defined yet. Instead of multiple Tx, inter-node radio resource aggregation with single Tx capability is considered in [3,4,8]. For example, the UE can send uplink transmission to MeNB and SeNB in TDM fashion or UE can send uplink transmission to a single cell. Such single Tx option may address the signaling load and mobility robustness challenges, but it might be challenging to increase user throughput compared with multiple Rx/Tx Ues due to RF switching or increased HARQ RTT. 
	Question 4: what is the minimum UE capability for signaling load challenge in scenario #2?

	Company
	Minimum UE capability
	Comments

	Pantech
	a)
	<Reason>

- Same as the response about Question 2. Especially, roaming UE with limitation on CA band combination capability would be also able to get gains on this functionality [5].
<Challenge>

- Dual connectivity at least for mobility control of SeNB is required on UE. That is, UE need at least multiple data reception even with single RX/TX RF chain.

- One feasible approach is TDM approach for data reception and transmission. However, the approach would require dynamic RF retuning whenever RX/TX eNB is changed. The feasibility of dynamic RF retuning should be checked by RAN4.

	Qualcomm Incorporated
	d)
	Any dual connectivity operation requires control and data exchange between a UE and all nodes involved in the communication. Support of multiple control/data channels for a single Rx/Tx or a multiple Rx/single Tx capable UE involves considerable standardization effort and performance impact. Also, unless a UE is multiple Rx/Tx capable, the support of a scenario where serving cells belong to different timing adjustment group (TAG) is challenging if not impossible (for TDM scheme, performance would incur significant degradation due to the transmission overlap during every TDM transmission switching, and operation is not possible for the FDM or any joint transmission approach).

We would also like to stress that multiple Rx/Tx is introduced back in Rel-10 with CA, hence falling back to designing control for single Rx/Tx or multiple Rx/single Tx capable Ues to support Rel-12 dual connectivity feature does not seem sensible.

	Intel
	a) or c)
	To solve signaling load challenge in scenario #2, one way is to use mobility anchor solution (which is discussed in scenario #1) e.g. MeNB serving as mobility anchor and UE only connects to one eNB at a time. With mobility anchor solution, the minimum UE capability is a), same as answer to Question 2.

For inter-node resource aggregation solution, basically, multiple Rx/Tx is considered because UE needs to have dual connectivity with both MeNB and SeNB. However, there is no need to require UE to have multiple Tx capability, since UE can send uplink transmission to MeNB and SeNB in TDM fashion or UE can send uplink transmission to a single cell. Therefore, single Tx UE is also supportable in inter-node resource aggregation solution and the proposed minimum capability is c).

	LGE
	d)
	For scenario2, using single Rx/Tx in TDM manner may not be desirable due to frequent RF retuning.

	NEC
	
	Same as question 2. 



	Ericsson/ST-Ericsson
	a
	In principle, potential solutions to reduce signaling load to the CN do not depend on UE capability alternatives.

	ETRI
	a)
	If we assume scenario #1, the same approach can be used for single Rx/Tx UE.

	Hitachi
	d)
	Single Rx/Tx might still work, but will bring in some restrictions i.e. some subframes will be reserved for RF switching and unusable for scheduling. The problem will be more complex if UL timing is not synchronized between MeNB and SeNB.

	Alcatel-Lucent
	a) 
	Signalling load to CN in scanrio#2 is challenging due to the small cell change especially in a dense small cell deployment. Having single Rx/Tx is sufficient in theory to anchor the mobility related signalling via macro cell.  However, we see Dual connectivity feature to be built on top of CA and so having multiple Rx is seen as a minimum requirement.



	Huawei/HiSilicon
	a)
	Signalling load towards CN can be reduced during small cell change by routing user’s data through an anchor point (e.g., MeNB) at RAN. This can be achieved for all kinds of UE RX/TX RF configurations.

	Broadcom Corporation
	a)
	With TDM between eNBs, it is conceivable that single a Rx/Tx solution would suffice for the purposes of reducing signaling load. We note that TDM between eNBs may not be needed at TTI time scales rendering it more feasible. For solutions that do not require dual connectivity, all configurations are feasible.

	ZTE
	a)
	What can be done for scenario 1 can also be applied for scenario2 since minimum UE capability is discussed here.

	CMCC
	c) or d)
	The UE is required to kept in touch with Macro continuously, at the same time, it should receive also some signaling or data from Small Cell, therefore, we consider multiple Rx is minimum requirement.

	Samsung
	d)
	Considering that CA would be necessary, Single Rx/ Single Tx seems not the implementation suitable for the challenge of the scenario #2. We assume when small cell enhancement is deployed multiRx/ multiTx capable UE would be more common, so we have preference to just focus on mult-Rx/ multi-Tx.

	Deutsche Telekom
	a)
	We are not convinced that more the single Rx/Tx is needed to cope with this scenario (e.g. see Huawei’s comment)

	Kyocera
	a) 
	For reducing signaling load to the CN, it is sufficient to have a single Rx/Tx for UEs. 

	Fujitsu
	a)
	Reducing the signalling load is related to architecture, specifically whether or not an anchor node is introduced. If an anchor node is introduced, the signalling load can be reduced irrespective of UE capability.

	CATT
	a)?
	Signaling load challenge is not relevant to the minimum UE capability. 

	NNSN
	a)
	Mobility anchoring in MeNB can help to reduce CN signalling and this only requires UE’s physical connection to a single eNB at a time, i.e. either MeNB or SeNB.

	Orange
	a)
	

	InterDigital Communications
	a)
	In principle, reduction of signaling load has no dependency with UE capabilities.

	ASUSTeK
	a)
	Agree with Huawei.

	MediaTek
	a)
	The main concept to reduce signalling to CN is to have a local anchor, which is independent of UE capability.

	KDDI
	d)
	UE should be able to transmit/receive signals to/from macro and small cells simultaneously. 

	ITRI
	a)
	With TDM between MeNB and SeNB, single Tx/Rx is sufficient theoretically.  So anchor based-solution with TDM can be used to reduce the CN signaling load.

	Sprint
	d)
	Agree with KDDI and Samsung

	BlackBerry
	a) or c)
	One of the signalling options is to anchor at macro. In this option UE only connects to macro cell and the minimum UE capability is a). TDM mode is not recommended in different frequency since it requires re-tuning that may increase battery consumption and longer tuning period, therefore if the signalling is going through dual connectivity, UE capability is c) assuming that the uplink signalling is using single connectivity only

	NTT DOCOMO
	a) or d)
	For dual connectivity (Inter-eNB CA) solution, multiple-Tx/Rx may be needed.
If scheduling coordination between the eNBs as tight as Rel-10 CA can be achieved, single-Tx/Rx with TDM operation will be sufficient. On the other hand, if the eNBs cannot achieve the tight coordination, UE should be able to receive/transmit simultaneously from/to both eNBs, because DL/UL scheduling will collide. With regard to non-ideal backhaul, the eNBs may not be able to achieve the tight scheduling coordination, and in such case, multiple-Tx/Rx will be needed.
For mobility anchoring node solution, single-Tx/Rx will be sufficient.


	Question 5: what is the minimum UE capability for mobility robustness challenge in scenario #2?

	Company
	Minimum UE capability
	Comments

	Pantech
	a)
	<Reason>

- Same as the response about Question 3. Especially, roaming UE with limitation on CA band combination capability would be also able to get gains on this functionality [5].
<Challenge>

- Dual connectivity at least for mobility control of SeNB is required on UE. That is, UE need at least multiple data RX/TX even with single RX/TX RF chain.

- One feasible approach is TDM approach for data RX/TX. However, the approach would require dynamic RF retuning when RX/TX eNB is changed. The feasibility of dynamic RF retuning should be checked by RAN4.
- Assuming other mobility robustness solutions studied in HetNet mobility WI, there would be no critical challenge issue on RF capability.

	Qualcomm Incorporated
	d)
	Any dual connectivity operation requires control and data exchange between a UE and all nodes involved in the communication. Support of multiple control/data channels for a single Rx/Tx or a multiple Rx/single Tx capable UE involves considerable standardization effort and performance impact. Also, unless a UE is multiple Rx/Tx capable, the support of a scenario where serving cells belong to different timing adjustment group (TAG) is challenging if not impossible (for TDM scheme, performance would incur significant degradation due to the transmission overlap during every TDM transmission switching, and operation is not possible for the FDM or any joint transmission approach).

We would also like to stress that multiple Rx/Tx is introduced back in Rel-10 with CA, hence falling back to designing control for single Rx/Tx or multiple Rx/single Tx capable UEs to support Rel-12 dual connectivity feature does not seem sensible.

	Intel
	c)
	For inter-node resource aggregation solution, basically, multiple Rx/Tx is considered because UE needs to have dual connectivity with both MeNB and SeNB. However, there is no need to require UE to have multiple Tx capability, since UE can send uplink transmission to MeNB and SeNB in TDM fashion or UE can send uplink transmission to a single cell. Therefore, single Tx UE is also supportable in inter-node resource aggregation solution and the proposed minimum capability is c).

	LGE
	d)
	For scenario2, using single Rx/Tx in TDM manner may not be desirable due to frequent RF retuning.

	NEC
	c)
	Multiple Rx is necessary to enhance the mobility robustness for inter-frequency handover. So, c) seems reasonable

	Ericsson/ST-Ericsson
	a
	To enable mobility related signaling from both nodes it would be sufficient to have single RX/TX with a TDM operation between the two nodes. The UE could be configured to, in a TDM manner, receive RRC from macro and the small cell when in the handover region between two cells.

	ETRI
	a)
	If we assume scenario #1, the same approach can be used for single Rx/Tx UE. The mobility anchoring in MeNB should be a baseline and the behavior of single Tx UE requires more clarification.

	Hitachi
	d)
	Single Rx/Tx might still work, but will bring in some restrictions i.e. some subframes will be reserved for RF switching and unusable for scheduling. The problem will be more complex if UL timing is not synchronized between MeNB and SeNB.

	Alcatel-Lucent
	a)
	Mobility robustness issue was shown in scenario #2 when considering the UE mobility from one small cell to another in dense small cell deployment. Keeping macro eNB as mobility anchoring seems to reduce the mobility robustness problem. If only mobility robustness is considered as a challenge, single Rx/Tx is sufficient in theory in scenario#2 However, we see Dual connectivity feature to be built on top of CA and so having multiple Rx is seen as a minimum requirement

.

	Huawei/HiSilicon
	c)
	As discussed in RAN2#82, “Inter-frequency mobility robustness in scenario 2 is less of a problem than intra-frequency mobility if no DRX is used”. Hence, TDM of DLs may not be suitable.

	Broadcom Corporation
	c)
	Agree with Intel

	ZTE
	c)
	Agree with Intel

	CMCC
	c) or d)
	For solving the mobility robustness issue, the UE is required to kept in touch with Macro continuously, at the same time, it should receive also some signaling or data from Small Cell, therefore, we consider multiple Rx is minimum requirement.

	Samsung
	d)
	We consider CA capability is kind of minimum requirement for scenario 2

	Deutsche Telekom
	c)
	TDM for single Tx/Rx could be possible, but having multiple Rx could increase the system capacity, hence c) is the preferred way to go.

	Kyocera
	c)
	Agree with Intel

	Fujitsu
	Possible a)
	If dual connectivity was be realized in a TDM manner, performance, such as throughput, would be degraded due to frequent RF retuning. However, here we are trying to find the minimum UE capability for mobility robustness challenge; therefore a) is sufficient. 

	CATT
	d)
	We should try to avoid/reduce the complexity and standardization effort. For example, with d), the HARQ feedback can be transmitted from/to corresponding eNB, and the introduction of new HARQ timing can be avoided.

	NNSN
	a)
	To solve mobility robustness challenge in scenario #2, it is not only about RRC diversity. Therefore single Tx/Rx should be the minimum requirement in this case. 

	Orange
	c)
	Agree with Huawei.

	InterDigital Communications
	a) would work but c) is preferably assumed
	Similar as for scenario #1, for scenario #2 TDM operation may be used such that the UE may receive from MeNB and SeNB when increased signaling robustness is needed. However, for scenario 2 we expect benefits from supporting inter-eNB CA in which case it would be preferable to assume support for c) at a minimum.

	ASUSTeK
	c)
	Agree with Intel

	MediaTek
	a)
	Although inter-eNB resource aggregation (for throughput enhancement) can also enhance mobility robustness, it is just a natural side benefit.

For mobility robustness enhancement, UE does not require multiple Rx/Tx, e.g. TDM operation is sufficient.

	KDDI
	d)
	UE should be able to transmit/receive signals to/from macro and small cells simultaneously. 

	ITRI
	a)
	With TDM between MeNB and SeNB, single Tx/Rx is sufficient theoretically.  So anchor based-solution with TDM can be used for mobility robustness

	Sprint
	d)
	Agree with Samsung and KDDI

	BlackBerry
	c)
	Scenario 2 does not seem to have issue in mobility robustness but dual Rx will increase mobility robustness since inter frequency may have other issue such as longer measurement gap that may impact mobility robustness. Only single Tx is necessary assuming single connectivity in uplink

	NTT DOCOMO
	a) or d)
	For dual connectivity solution, multiple-Tx/Rx will be needed for the same reason as in Question4.


	Question 6: what is the minimum UE capability for user throughput challenge in scenario #2?

	Company
	Minimum UE capability
	Comments

	Pantech
	c) or d)
	<Reason>

- This user throughput enhancement could not be achieved by UE with single RX/TX RF chain. However, for the UE with single RX/TX RF chain, user throughput enhancement would be hardly achieved.
<Challenge>

- Dual connectivity at least for mobility control of SeNB is required on UE.
- If c) is assumed as minimum required capability, UE need at least multiple data RX/TX even with multiple RX and single TX RF chain. One feasible approach is TDM approach for data TX. However, the approach would require dynamic RF retuning when TX eNB is changed. The feasibility of dynamic RF retuning should be checked by RAN4.
 Single TX for dual connectivity is also introduced but that is not feasible due to HARQ process shortage problem [1][2][3][8].
- If d) is assumed, there are two possibilities for TX. One is simultaneous TX and the other is TDM-like TX. Simultaneous TX have challenge on power control scheduling on network side and TDM-like TX have challenge on new HARQ process chain [1].

	Qualcomm Incorporated
	d)
	Any dual connectivity operation requires control and data exchange between a UE and all nodes involved in the communication. Support of multiple control/data channels for a single Rx/Tx or a multiple Rx/single Tx capable UE involves considerable standardization effort and performance impact. Also, unless a UE is multiple Rx/Tx capable, the support of a scenario where serving cells belong to different timing adjustment group (TAG) is challenging if not impossible (for TDM scheme, performance would incur significant degradation due to the transmission overlap during every TDM transmission switching, and operation is not possible for the FDM or any joint transmission approach).

We would also like to stress that multiple Rx/Tx is introduced back in Rel-10 with CA, hence falling back to designing control for single Rx/Tx or multiple Rx/single Tx capable UEs to support Rel-12 dual connectivity feature does not seem sensible.

	Intel
	c)
	For inter-node resource aggregation solution, there are mainly two variants on minimum UE capability:

Option d): multiplex Rx/Tx. With this option, there are some challenges at UE side [8]:

· Increased complexity and cost for UE implementation

· 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.
· UL power control as now tight coordination of PUSCH/PUCCH transmission between two eNBs may not be possible.
· Logical channel prioritization since data of a given RLC can only be transmitted to the node terminating that radio bearer.
Option c): multiple Rx/single Tx, where UE can send uplink transmission to MeNB and SeNB in TDM fashion or UE can send uplink transmission to a single cell [8].

The main challenge for TDM transmission is that there is limitation of achievable user throughput and the restriction on scheduling flexibility due to the TDM transmission/reception and RF retuning.

The main challenges for uplink transmission to a single cell are:

· Physical layer changes (e.g. HARQ) might be needed to accommodate the increased HARQ RTT due to non-ideal backhaul.

· RLC layer changes (e.g. RLC status forwarding for RLC AM mode) might be needed.

In summary, we propose to consider option c) as a baseline, and option d) can be thought of as further enhancement to improve user throughput. Therefore we consider option c) as minimum UE capability.

	LGE
	d)
	For scenario2, using single Rx/Tx in TDM manner may not be desirable due to frequent RF retuning.

	NEC
	Option d) and option c needs further discussion  
	In order to realise user throughput benefits multiple tx are needed How to coordinate HARQ for single tx need further discussion especially in the presence of non-ideal backhaul.


	Ericsson/ST-Ericsson
	d
	To achieve UE throughput enhancements it is necessary that the UE is capable of continuously receive and transmit to both nodes as continuous L1 signaling is necessary. If the UE would use the macro and small cells in a TDM manner the gains are likely lost due to switching between the two nodes which adds scheduling restrictions, etc.

	ETRI
	c)
	In some cases, uplink transmission on a single cell would enhance user throughput. For example, DL and UL data transmission/HARQ on SeNB can be effective for user throughput. In that case, MeNB only transmits restricted DL signalling and HARQ procedure requires modification.

	Hitachi
	d)
	Single Rx/Tx might still work, but will bring in some restrictions i.e. some subframes will be reserved for RF switching and unusable for scheduling. The problem will be more complex if UL timing is not synchronized between MeNB and SeNB.

	Alcatel-Lucent
	d)
	If both UL and DL throughtput to be improved while aggregating resources from multiple cells, multiple Rx/Tx is required.

	Huawei/HiSilicon
	c) for now; it needs to be verified by more studies
	So far, results of throughput gains have been obtained with d). There may still be throughput gain with c), so we’re willing to give c) a chance for now. But the potential gains with c) should be verified, together with analysis of impact on UL.

	Broadcom Corporation
	d)
	Given the assumption of non-ideal backhaul, we think that multiple Tx is required to support downlink HARQ.

	ZTE
	c) or d)
	Multiple RX/single TX is feasible to improve user throughput. But it is not so clear whether it can meet the requirement. If yes, it should be c) otherwise d) is a natural choice

	CMCC
	d)
	Agree with Qualcomm and Ericsson

	Samsung
	d)
	We consider CA capability is kind of minimum requirement for scenario 2. One can argue c) is also kind of CA-capable. However, we proposed to focus on the simplest architecture in the first phase as we see potential complexity in supporting dual connectivity with c). 

	Deutsche Telekom
	d) or c)
	If some constrains in the UL throughput are acceptable c) is also an (UE cost effective) option.

	Kyocera
	d)
	To achieve meaningful throughput gain under non-ideal backhaul, multiple Rx/Tx is needed. 

	Fujitsu 
	d)
	Due to the possibly long latency of the non-ideal backhaul between MeNB and SeNB, if a UE with multiple RX and single TX responds the DL transmission of one eNB on another eNB’s uplink, the HARQ procedure may need to be redesigned. At the current stage, we are not sure that this would improve UE throughput.

	CATT
	d)
	Same as Question 5.

	NNSN
	c) or d)
	If only DL throughput is to be improved, multiple Rx/single Tx with TDM-switching UL transmission is feasible. However this might cause some UL throughput losses especially when both MeNB and SeNB are operating in FDD mode.

If both UL and DL throughputs are to be improved, then multiple Rx/Tx would be required.

	Orange
	d) or c)
	Agree with DT.

	InterDigital Communications
	d) or c)
	For scenario #2, inter-eNB CA capabilities should be assumed. The simplest approach is by assuming support for d) i.e. multiple RX/TX chains.

	ASUSTeK
	c)
	It seems hard to enhance user throughput for those UEs with single Rx/Tx capability. So, we think option c) could be considered as the minimum requirement.

	MediaTek
	d)
	TDM operation on either Rx or Tx is restrictive for inter-node resource aggregation. Multiple Rx/Tx is required for meaningful gain.

	KDDI
	d)
	UE should be able to transmit/receive signals to/from macro and small cells simultaneously. 

	ITRI
	c)
	Multiple Rx/single Tx with TDM could be used to improve UE throughput, but the gain comparing with RF retuning overhead should be further studied.  So multiple Rx/single Tx should be the baseline.

	Sprint
	d)
	Same as Q5

	BlackBerry
	c)
	To maximize throughput in scenario 2, dual connectivity is needed and TDM is not suggested due to inter-frequency re-tuning. The minimum requirement is multiple Rx and single Tx, assuming that only a single uplink connectivity is enough to accommodate uplink throughput requirement.

	NTT DOCOMO
	d) 
	Multiple-Tx/Rx will be needed, because the motivation of inter-node resource aggregation solution is to achieve the higher peak rate. Note that even if the only DL higher throughput due to inter-node resource aggregation is considered, multiple-Tx will anyway be also needed because MAC-ACK should be feedbacked to each eNB.


3.4     Minimum UE capability for challenges in scenario #3

For scenario #3, the identified challenge is signaling load. During past RAN2 meetings, it was proposed that dual connectivity may be applied for scenario #3. It is not clear how dual connectivity may be used to reduce signaling load to CN in scenario #3. There are also other solution discussed in [14,15] to use mobility anchor to reduce signalling load to CN. It is similar to the mobility anchor approach described in scenario #1 (Section 3.2). With such solution, it is expected that the minimum UE capability is single Rx/Tx.
	Question 7: what is the minimum UE capability for signaling load challenge in scenario #3?

	Company
	Minimum UE capability
	Comments

	Pantech
	a)
	<Reason>

- Same as the response about Question 2.
<Challenge>

- Same as the response about Question 2.

	Qualcomm Incorporated
	a)
	Since, for this scenario, only signaling load is concerned and no dual connectivity is involved, such as in solution described in [13] (a UE is connected to the network through a single anchor node, and may not actually have direct physical (OTA) connection to that node; The actual OTA connection can be done through another single node, in which case no dual connectivity is involved), single Rx/Tx UE capability is sufficient. This solution neither requires, nor benefits from simultaneous control/data exchange between UE and multiple nodes.

	Intel
	a)
	We consider solutions to solve signaling load challenge in scenario #3 (e.g. mobility anchor) are mainly for co-channel scenario, therefore the answer to Question 2 apply here.

	LGE
	a)
	Single Rx/Tx can be used in TDM manner

	NEC
	a)
	We think single rx/tx is a reasonable assumption for scenario 3. The coordination entity e.g. small cell GW as argued in [15] can reside in a logical entity and requiring no additional radio connection to the UE.

	Ericsson/ST-Ericsson
	a
	In principle, potential solutions to reduce signaling load to the CN do not depend on UE capability alternatives.

	ETRI
	a)
	

	Hitachi
	a)
	Same as Question 2.

	Alcatel-Lucent
	a)
	Scenario#3 involves the cells belong to the same frequency. Therefore single Rx/Tx UE is seen sufficient for signalling load challenge.

	Huawei/HiSilicon
	a)
	Signalling load towards CN can be reduced during small cell change by routing user’s data through an anchor point (e.g., MeNB) at RAN. This can be achieved for all kinds of UE RX/TX RF configurations.

	Broadcom Corporation
	a)
	As with Question 2, single Rx/Tx should suffice

	ZTE
	a)
	

	CMCC
	a)
	Agree

	Samsung
	a)
	As like scenario #1, CA capability should not be required for co-channel case.

	Deutsche Telekom
	a)
	

	Kyocera
	a)
	

	Fujitsu
	a)
	Reducing the signalling load is related to architecture, specifically whether or not an anchor node is introduced. If an anchor node is introduced, the signalling load can be reduced irrespective of UE capability.

	CATT
	a)?
	Same as Question 2.

	NNSN
	a)
	Mobility anchoring in MeNB can help to reduce CN signalling and this only requires UE’s physical connection to SeNB.

	Orange 
	a)
	

	InterDigital Communications
	a)
	In principle, reduction of signaling load has no dependency with UE capabilities.

	ASUSTeK
	a)
	Single Rx/Tx capability could be considered as the minimum requirement.

	MediaTek
	a)
	The main concept to reduce signalling to CN is to have a local anchor, which is independent of UE capability.

	KDDI
	a)
	Same as in scenario #1.

	ITRI
	a)
	For 
ignalling load challenge, an anchor-based mechanism could be a solution.  Therefore, single Rx/Tx is sufficient.

	Sprint
	a)
	

	BlackBerry
	a)
	Assuming the small cells are in the same frequency, same reason as question no. 1

	NTT DOCOMO
	a) 
	In this scenario, single-Tx/Rx is sufficient.


4      Summary and Conclusion

There are 28 companies participating in the email discussion. 
At the start of the email discussion, two companies express the opinion that it is better to discuss the UE capability from the solution perspective instead of challenge perspective. Since it is difficult to capture UE capability discussion for solutions not captured in TR yet, the email discussion proceeds according to challenge perspective. However companies could comment what solution is in mind in consideration of UE capability for each challenge.  
Regarding Question 1 (only three UE capabilities a/c/d for email discussion), all companies agree with the proposal, and answers provided in the email discussion follow the proposal.
Regarding Question 2 (minimum UE capability for signaling load challenge in scenario #1), all companies agree that the minimum UE capability for signaling load challenge in scenario #1 is single Rx/Tx.
Regarding Question 3 (minimum UE capability for mobility robustness challenge in scenario #1), absolute majority of companies agree that the minimum UE capability for mobility robustness challenge in scenario #1 is single Rx/Tx.

Proposal 1: minimum UE capability for mobility robustness challenge in scenario #1 is single Rx/Tx.
Regarding Question 4 (minimum UE capability for signaling load challenge in scenario #2), majority (21 out of 28) of companies agree that the minimum UE capability is single Rx/Tx. 
Regarding Question 5 (minimum UE capability for mobility robustness challenge in scenario #2), the views are quite diverse:
· 8 companies (Pantech, Ericsson/ST Ericssson, ETRI, ALU, Fujitsu, NNSN, MediaTek, ITRI) prefer Option a).
· 11 companies (Intel, NEC, Huawei/HiSilicon, Broadcom, ZTE, Deutsche Telekom, Kyocera, Orange, InterDigital, ASUSTek, BlackBerry) prefer option c).
· 7 companies (Qualcomm, LGE, Hitachi, Samsung, CATT, KDDI, Sprint) prefer option d).

· 1 company (CMCC) prefers either option c) or d).
· 1 company (NTT DoCoMo) prefers either option a) or d).

The question here is mainly which solution is sufficient to solve the mobility robustness challenge in scenario #2. Companies preferring a) think that TDM solution is sufficient, companies preferring c) think that multiple Rx is needed to remove the restrictions from TDM, while companies preferring d) think that multiple Tx is also needed to further remove the restrictions from single Tx. It is proposed that RAN2 discuss further on this aspect.
Proposal 2: RAN2 to further discuss minimum UE capability for mobility robustness challenge in scenario #2.
Regarding Question 6 (minimum UE capability for user throughput challenge in scenario #2), the views are somehow diverse:
· 16 companies (Qualcomm, LGE, NEC, Ericsson/ST-Ericsson, Hitachi, ALU, Broadcomm, CMCC, Samsung, Kyocera, Fujitsu, CATT, MediaTek, KDDI, Sprint, NTT DoCoMo) prefer option d).

· 6 companies (Intel, ETRI, Huawei/HiSilicon, ASUSTek, ITRI, BlackBerry) prefer option c).

· 6 companies (Pantech, ZTE, Deutsche Telekom, NNSN, Orange, InterDigital) prefers either option c) or d).
Among companies preferring either c) or d), three companies (Deutsche Telekom, NNSN, Orange) think that if only DL throughput is to be improved, option c) is acceptable. Therefore it would be desirable that RAN2 to first clarify whether UL throughput is to be improved as well. If yes, then there is a clear majority of companies supporting option d). It should be noted that there are no simulation results so far in RAN2 to investigate whether UL user throughput could be improved by inter-node resource aggregation.
Proposal 3: RAN2 to clarify whether UL user throughput is to be improved and then decide the minimum UE capability for user throughput challenge in scenario #2.
Regarding Question 7 (minimum UE capability for signaling load challenge in scenario #3), all companies agree that the minimum UE capability for signaling load challenge in scenario #3 is single Rx/Tx.

Considering the discussion results for Question 2/4/7, it is proposed that: 
Proposal 4: minimum UE capability for signaling load challenge in all three scenarios is single Rx/Tx.
Based on the above summary the rapporteur has prepared the TP which is available in [16].
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