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1. Introduction

In the Rel-11WID for LTE carrier aggregation enhancement [1], one of the enhancements to be investigated is “Support of inter-band carrier aggregation for TDD DL and UL including different uplink-downlink configurations on different bands”. It was agreed in the previous RAN1 meetings to support the inter-band CA of TDD Carriers with different configurations [2] and the UEs will be informed of the actual UL/DL configuration of each aggregated CC [3]. It is still under discussion the UE is able to support simultaneous transmission and reception. 

The only impacts to RAN2 foreseen are to add the signaling in the SCell configuration and to address PDCCH-subframes issue for common DRX. Adding the configuration is non-controversial which could be easily added during stage 3 discussions. In this document, we discuss the impact on DRX operation. 
2. Discussion 
2.1
Principle of the operation

When PCell/SCells with different TDD UL-DL configurations are aggregated in CA, it needs to be discussed how the DRX timers related to PDCCH-subframes, i.e. drx-InactivityTimer, drxRetransmissionTimer, and onDurationTimer are handled (Please see the quotation below from MAC spec) because consecutive PDCCH-subframes of each Cell with different TDD configurations are different. 
Regardless of whether the UE can support simultaneous transmission and reception or not, it should be noted that the Rel-10 mechanism of common DRX configuration and common DRX operation [4] should still be applicable here, instead of introducing CC specific DRX which was already earlier discussed and excluded, considered complex and not necessary as activation/deactivation could be used on top of the common DRX for power saving. 
	PDCCH-subframe: Refers to a subframe with PDCCH  […]; for TDD, only downlink subframes and subframes including DwPTS. […]
onDurationTimer: Specifies the number of consecutive PDCCH-subframe(s) at the beginning of a DRX Cycle.
drx-InactivityTimer: Specifies the number of consecutive PDCCH-subframe(s) after successfully decoding a PDCCH indicating an initial UL or DL user data transmission for this UE.
drx-RetransmissionTimer: Specifies the maximum number of consecutive PDCCH-subframe(s) for as soon as a DL retransmission is expected by the UE.


The following are some methods to let UE know how to find the next PDCCH subframe for the three DRX timers mentioned above.
a. Following PCell
One example is as below. Two Cells with different TDD UL-DL configurations 3 (PCell) and 1 are aggregated. ‘P’ means that this subframe can be considered as a PDCCH subframe for handling DRX timers.

	Uplink-downlink 

configuration
	Downlink-to-Uplink 

Switch-point periodicity
	Subframe number

	3 (PCell)
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	
	P
	P
	
	
	
	P
	P
	P
	P
	P


b. Following the union of the PDCCH subframes of Cells
One example is as below.

	Uplink-downlink 

configuration
	Downlink-to-Uplink 

Switch-point periodicity
	Subframe number

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	
	P
	P
	
	
	P
	P
	P
	P
	P
	P


c. Following the intersection of the PDCCH subframes of Cells
One example is as below.

	Uplink-downlink 

configuration
	Downlink-to-Uplink 

Switch-point periodicity
	Subframe number

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	
	P
	P
	
	
	
	P
	P
	
	
	P


Table 1 below shows some simple analysis for different DRX timers using different methods to find the next PDCCH subframe. It looks that if using the same method for all DRX timers to find the next PDCCH subframe then “Union” method is better than others.
Table 1: comparison of the different methods 
	
	onDurationTimer / InactivityTimer
	drxRetransmissionTimer

	Following PCell
	Bad
At least it can provide some chances for network scheduling.
	Bad
Some chances for retransmission on SCell may be skipped.

	Union
	Good
All chances on PCell/SCells are possible for network scheduling.
	Good
At least it can cover all chances for retransmission on PCell/SCells. [5]
Note that the best way is only following the specific Cell.

	Intersection
	Worst
Many chances for new scheduling are skipped.
	Worst 
Many chances for retransmission on PCell and SCell may be skipped.


Except for the three DRX timers, UE also need to know how to find the next PDCCH subframe for the case of Scheduling Request and Contention-Free based RA procedure.

Scheduling Request

Upon SR transmission on PUCCH, UE would enter Active Time to keep active and monitor PDCCH for a new UL grant so as to meet the SR cancellation condition. The Union method is the best solution because it can cover all scheduling opportunities so that the SR cancellation condition can be met as soon as possible. 

Contention-Free RA procedure
The consideration of the Contention-Free RA procedure in DRX operation is mainly for DL data arrival case (and UL is probably not synch.). After reception of RAR, UE would apply the TA command in RAR to get UL synch. and enter Active Time to monitor PDCCH for a new DL assignment. It is obvious that the Union method is a good solution because it can cover all scheduling opportunities for DL assignments on all Serving Cells.
	When a DRX cycle is configured, the Active Time includes the time while: 

-
onDurationTimer or drx-InactivityTimer or drx-RetransmissionTimer or mac-ContentionResolutionTimer (as described in subclause 5.1.5) is running; or

-
a Scheduling Request is sent on PUCCH and is pending (as described in subclause 5.4.4); or

-
an uplink grant for a pending HARQ retransmission can occur and there is data in the corresponding HARQ buffer; or

-
a PDCCH indicating a new transmission addressed to the C-RNTI of the UE has not been received after successful reception of a Random Access Response for the preamble not selected by the UE (as described in subclause 5.1.4).


Summary
There are three DRX timers and two cases (i.e. SR and CFRA) needed to be considered to find the next PDCCH subframe. For simplicity, it is good to use the same method so that we can just change the definition of the PDCCH subframe to cover all cases; otherwise we need more works for different cases.
Proposal 1:  The DRX timers (i.e. drx-InactivityTimer, drxRetransmissionTimer, and onDurationTimer) and DRX for the cases of SR and Contention-Free RA procedure should use the same method to find the next PDCCH subframe for all aggregated Cells with different TDD configurations.
Proposal 2:  UE should follow the union of PDCCH subframes of Cells as PDCCH-subframe.
2.2
Further detail of the operation

After deciding the method of finding the next PDCCH subframe, some details need more discussions. For the issue of whether only activated SCells are counted, it is suggested in [6] that only activated SCells are counted for adding scheduling opportunities. However, if activation status of SCell is unsynchronized between UE and eNB (which may be due to NACK to ACK error for an Activation/Deactivation MAC control element or missing one PDCCH for an activated SCell), the active time between UE and eNB would be different and data missing may occur. Of course data missing will also occur in Rel-10 if activation status is not aligned between UE and eNB but it is because UE doesn’t monitor PDCCH of the deactivated SCell which is considered activated by eNB. Here data missing will also occur when eNB considers a SCell deactivated but UE considers it activated.  And this kind of data missing never happens in Rel-10. 
One example is shown below. eNB sends a new transmission to UE in subframe #0 and UE also successfully detects it so both of eNB and UE start their InactivityTimer (e.g. 3 PDCCH subframes). If eNB schedules another new transmission for PCell in subframe #6 then UE will miss it if subframe #6 doesn’t become active due to other DRX conditions. Similar examples can be raised for onDurationTimer and RetransmissionTimer. 

	Uplink-downlink 

configuration
	Downlink-to-Uplink 

Switch-point periodicity
	Subframe number

	3 PCell
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	1 SCell
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	subframe
	#0
	#1
	#2
	#3
	#4
	#5
	#6
	#7
	#8
	#9

	eNB side (consider SCell deactivated)
	P
	P
	
	
	P
	P
	P
	P
	P
	P

	
	New
	1
	
	
	
	2
	3
	
	
	

	UE side (consider SCell activated)
	New
	1
	
	
	2
	3
	missing
	
	
	

	
	P
	P
	
	
	P
	P
	P
	P
	P
	P


No matter whether linking to activation/deactivation state of the SCell, the PCell scheduling opportunity at least covers subframe #1 and 5 if inactivity timer is 3. The scheduling opportunities for PCell are not reduced compared to the case of SCell still activated (i.e. two chances for PCell scheduling). The PDCCH subframe depending on activation/deactivation status would artificially introduce further mis-alignment between UE and eNB. Thus we prefer to define the PDCCH subframe based on the UL/DL configuration of the serving cells. 
Proposal 3:  PDCCH subframe is based on UL/DL configuration of the serving cells.
By definition, the DL subframes of a cross scheduled cell does not contain PDCCH, it should not be counted when checking if a subframe is a PDCCH subframe or not. 

Proposal 4:  DL subframes of a cross scheduled cell are not considered when checking if a subframe is a PDCCH subframe.

If simultaneous transmission and reception is not supported (i.e. half duplex), UE cannot do an UL transmission and also monitor PDCCH in the same TTI. It is still under discussion in RAN1 how to handle such subframes, but regardless of the outcome, from RAN2 point of view the current behaviour defined for Rel-8/9/10 half duplex UEs should still be applicable that the UE is not required to monitor PDCCH when it is performing UL transmission even if it is a PDCCH-subframe, while if it is not performing UL transmission, it shall monitor PDCCH. 

Proposal 5:  During the Active Time, for a PDCCH-subframe, if the subframe is not required for uplink transmission for half-duplex TDD UE operation with different UL/DL configuration of the serving cells, UE shall monitor the PDCCH.
3. Conclusion
In this document, we discuss the issue of PDCCH-subframe for DRX when aggregating Cells with different TDD configurations in CA. The following proposals are proposed:
Proposal 1:  The DRX timers (i.e. drx-InactivityTimer, drxRetransmissionTimer, and onDurationTimer) and DRX for the cases of SR and Contention-Free RA procedure should use the same method to find the next PDCCH subframe for all aggregated Cells with different TDD configurations.

Proposal 2:  UE should follow the union of PDCCH subframes of Cells as PDCCH-subframe.
Proposal 3:  PDCCH subframe is based on UL/DL configuration of the serving cells.
Proposal 4:  DL subframes of a cross scheduled cell are not considered when checking if a subframe is a PDCCH subframe.
Proposal 5:  During the Active Time, for a PDCCH-subframe, if the subframe is not required for uplink transmission for half-duplex TDD UE operation with different UL/DL configuration of the Serving Cells, UE shall monitor the PDCCH.
Beginning of Text Proposal

3.1
Definitions
[…]
PDCCH-subframe: Refers to a subframe with PDCCH or, for an RN with R-PDCCH configured and not suspended, to a subframe with R-PDCCH. For FDD UE operation, this represents any subframe; for TDD, only union of downlink subframes and subframes including DwPTS of all the scheduling serving cells. For RNs with an RN subframe configuration configured and not suspended, in its communication with the E-UTRAN, this represents all downlink subframes configured for RN communication with the E-UTRAN.
5.7
Discontinuous Reception (DRX)

[…]
When DRX is configured, the UE shall for each subframe:

[…]
-
during the Active Time, for a PDCCH-subframe, if the subframe is not required for uplink transmission for half-duplex FDD UE operation or half-duplex TDD UE operation with different UL/DL configuration of the Serving Cells and if the subframe is not part of a configured measurement gap:

-
monitor the PDCCH;
End of Text Proposal
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