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1 Introduction
The objective of DRX is to reduce UE power consumption. For Rel-8/9, DRX allows a UE to stop monitoring PDCCH in some subframes, based on a number of parameters and timers. This contribution discusses the Rel-10 UE behavior for Discontinuous Reception (DRX) with Carrier Aggregation (CA). More specifically, the paper discusses DRX with multiple Component Carriers (CCs) wrt:

· The impact on UE power consumption;

· Considerations on the performance of DRX;
· Possible alternative solutions for DRX;
Generally, we think that the following issues need to be addressed separately, i.e. whether or not the following should be UE-specific or CC-specific:

· DRX configuration signaled by RRC;

· DRX operation;
· DRX Active Time;

We assume that activation of the set of configured CCs can be fast, as discussed in [1].

In general, we prefer a solution which minimizes complexity and provides acceptable UE battery performance, and therefore propose that RAN2 agrees on a UE-specific DRX configuration and DRX operation as a baseline working assumption. Additional improvements could be considered later if significant performance improvement can be shown.

2 DRX with Carrier Aggregation
The peak-data rate targets for LTE-Advanced can be fulfilled in a reasonable way only if the transmission bandwidth is increased further compared to what is supported with LTE Rel-8. Thus, one component of the LTE evolution towards LTE-Advanced is an increase of the maximum transmission bandwidth beyond 20 MHz, up to as high as 100 MHz. This is true for both the downlink and the uplink.

To align such an extension of the transmission bandwidth with the requirement on backwards compatibility with Rel-8, so-called carrier-aggregation, will be used. Carrier aggregation implies aggregation of multiple component carriers of a narrower bandwidth. An LTE-Advanced capable terminal is able to access the entire aggregation of multiple carriers, thus experiencing an overall wider bandwidth with corresponding possibilities for higher data rates. RAN4 may decide to support spectrum fragmentation for carrier aggregation, i.e. to support non-contiguous spectrum in LTE-Advanced.

2.1 UE impact of supporting multiple component carriers

The introduction of carrier aggregation implies an evolution of the radio architecture for the UE, e.g. such as the concurrent use of multiple receiver chains in the radio front end. Support for non-contiguous spectrum also implies that the front end has to be capable of suppressing blocking signals between the different spectrum parts.

In LTE Rel-8, TS 36.321 specifies DRX for UEs in connected state. The DRX functionality allows a UE to stop monitoring L1/L2 control signaling for the purpose of extending a UE’s battery life. Within a transceiver, power consumption is distributed between the baseline baseband, the baseband, the receiver and the transmitter. While the baseline baseband consumes little power and is always on, each of the three other components corresponds approximately to 1/3 of the total power consumption. The startup times for each also differ, and turning on the baseband component may require more than a few tens of ms, including synchronization with network signals.

In addition, even when DRX is enabled (short or long cycle), the baseband component has to be awake every DRX cycle for at least the combined “On Duration” period and startup time of the baseband component. 

Some multi-carrier UE architectures may rely on multiple transceiver circuits (transceiver, receiver, baseband and baseline baseband); up to one circuit per supported component carrier may even be used. In case the UE has low transmission activity, the UE active time in which the UE is not scheduled in a given component carrier amounts to a certain power waste and unnecessary battery drain.

It may thus be useful from a UE power consumption perspective to either:

· enable the network to perform fast activation / deactivation of the active set of configured CCs; or

· enable the UE to maximize sleep time per CC based on the DRX mechanism.

Either could be used to adapt PDCCH monitoring requirements on the UE based on e.g. required data rate.

2.2 Activation and deactivation of the set of active CCs

In [1], different methods for activation and deactivation of component carriers are discussed: explicit methods using L3 signaling (RRC, slow but reliable with timing concerns), L2 signaling (MAC, timing concerns due to HARQ) or L1 signaling (PDCCH, exact timing but less reliable) and implicit methods possibly using timers and triggers.

Which of the candidate solution for DRX operation will perform better depends at least in part on the assumption regarding how fast and reliable the (de)activation of the set of configured component carriers is.
2.3 Possible alternative solutions for DRX with CA

For simplicity of implementation and specification work, we assume that RAN2 will strive to maintain as much commonality for DRX Rel-10 with Rel-8. Given this, we discuss the following aspects separately:

· DRX configuration signaled by RRC, i.e. the DRX parameters onDurationTimer, drx-InactivityTimer, drx-RetransmissionTimer, longDRX-CycleStartOffset, shortDRX-Cycle, drxShortCycleTimer;

· DRX cycle operation, which operation is characterized by the DRX parameters onDurationTimer, longDRX-CycleStartOffset, shortDRX-Cycle, drxShortCycleTimer;

· DRX HARQ state, i.e. defined for the purpose of this discussion as the state related to ongoing transmissions (drx-RetransmissionTimer, drx-InactivityTimer);

· DRX Active Time, which also includes the time during which a SR is pending and time related to the reception of the RAR for the RACH procedure;

TS 36.321 defines a MAC DRX CE, which stops the onDurationTimer and the shortDRX-Cycle timers. How it impacts the DRX functionality with CA should also be considered.

In addition, RAN1 has agreed to a special PDCCH format using “Separate coding of DL assignments and UL grants for each component carrier based on DCI format(s) for single carrier with an additional carrier indicator field of 0-3 bits” [2]. This means that some considerations must be given to how the special PDCCH format interacts with DRX.
2.3.1 DRX configuration

The DRX configuration can be applied in different manners, e.g. UE-specific [6], CC-specific [7]
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[8] or “anchor”-specific (i.e. DRX not applied to “non-anchor” carriers) [4]
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Basically, whether or not the configuration applies to all CCs depends on if there is a benefit of having different UE behavior between different carriers with respect to when PDCCH starts to be monitored (DRX offset), how frequently (cycle length), for how long (on-duration) and how fast the CC(s) should go back to sleep (inactivity timer). 
Given the assumptions on CC activation [1], we see no strong motivation for CC-specific DRX configuration.
We cannot either motivate different DRX configuration for different concurrently activated CCs based on active services (e.g. low rate VoIP, low-rate best-effort or high-rate best-effort services) with CA.

Proposal 1: DRX configuration is UE-specific, i.e. Rel-8 RRC signaling for DRX can be reused.

2.3.2 DRX operation

2.3.2.1 Overview of possible alternatives

There are a number of different alternatives for supporting DRX with CA in Rel-10 LTE:
1) UE-specific DRX [8]
In this alternative, the UE monitors PDCCH for all (configured and activated) CCs in a subframe that is part of DRX Active Time. DRX Active time is the same for all CCs.
2) CC-specific DRX [7]
In this alternative, the UE monitors PDCCH per CC (configured with PDCCH) independently. 
3) “Anchor-carrier”-specific wake occasions, other CCs have independent PDCCH monitoring [5]
In this alternative, the Non-“anchor carriers” have a PDCCH monitoring activity based on explicit/implicit start/stop signaled from the “anchor carrier”. Non-“anchor carriers” may not be synchronized wrt PDCCH monitoring.
4) “Anchor carrier”-specific DRX only [4]
In this alternative, DRX is applicable to only one CC and other CCs rely on L1 (de)activation.
5) UE-specific DRX cycle operation with CC-specific DRX HARQ operation [3]
In this alternative, the DRX operation is broken into the DRX cycle operation and the DRX HARQ operation; i.e. the UE maintains synchronization between the active CCs for the DRX Cycle but the PDCCH monitoring activity may differ between carriers outside the synchronized DRX on-duration.

More specifically, the following DRX parameters would be UE-specific and govern PDCCH monitoring for all active CCs for which PDCCH is configured:
· DRX On-duration timer;
· DRX Offset;
· Cycle length;
· Active DRX cycle (Long / Short).
The following DRX parameters would be CC-specific and govern PDCCH monitoring per CC, for all active CCs for which PDCCH is configured:

· HARQ RRT timer;

· DRX Retransmission timer;

· DRX Inactivity timer;

Note that the “anchor carrier” mentioned above could correspond to the “special carrier” but it could also be any other component carrier providing a PDCCH.
2.3.2.2 Considerations on DRX operation

Activation of configured CCs relates to how fast the instantaneous data rate can be adapted. Fast activation and deactivation of configured CCs will also contribute to improved battery performance [1]. Given the possibility for the network to activate a configured CC only when needed to achieve reasonable battery performance, it may be sufficient to agree on a solution for DRX in carrier aggregation based on least overall complexity, with as much commonality as possible to Rel-8 specifications for DRX.
Given the assumption on CC (de)activation, our view is that alternative 1 can be agreed as the baseline working assumption for DRX with carrier aggregation for LTE-A.

Additional improvements could be considered later if significant benefits can be showed.

Proposal 2: DRX operation is UE-specific (as per alternative 1 above).

3 Other Considerations
3.1.1 MAC DRX CE with carrier aggregation
When the UE receives the MAC DRX CE in Rel-8, the UE stops the onDurationTimer and the shortDRX-Cycle timers. Would RAN2 agree on CC-specific components for DRX operation, consideration would be needed for the MAC DRX CE and how it impacts the above timers.
However, assuming proposal 2 above can be agreed, handling of the MAC DRX CE becomes straightforward and requires no modification compared to Rel-8 DRX behavior.
3.1.2 Handling of Inter-CC assignments

As agreed by RAN1, there is a PDCCH format which may be sent on one CC and provide assignments or grants for a transmission on another CC. Would RAN2 agree on CC-specific components for DRX operation, consideration would be needed for this special PDCCH format and how it impacts the different timers; either:

· the reception of such PDCCH format always tied to the CC it is received in; or

· the PDCCH is handled as if received in the target CC.
However, assuming proposal 2 above can be agreed, handling of this special PDCCH format becomes straightforward and requires no modification compared to Rel-8 DRX behavior.
3.1.3 Carriers with no configured PDCCH

It may be possible for the network to configure a carrier with no PDCCH; this is a consequence on the agreement on the definition of a PDCCH format that can carry an assignment for a different CC that the CC in which the PDCCH is received. Since DRX govern when the UE monitors PDCCH, DRX is no applicable to such CC and nothing special is needed.

4 Conclusion
For DRX and CA, based on the assumption that activation and deactivation of the set of configured CCs can be fast and accurate timing-wise (e.g. using PDCCH signaling) as argued in [1], our view is that it may be sufficient to have the same DRX configuration and the same DRX operation for all active CCs.

In addition, our view at this time is that there is no strong motivation to treat different carriers in a different manner wrt DRX (e.g. no need for the “anchor carrier” concept for DRX, or CC-specific DRX behavior) unless significant benefits can be shown. Finally, we think that there are no special considerations for carriers operating without PDCCH wrt battery consumption.
It is proposed that RAN2 discusses each alternative described above, and agree to the following:
Proposal 1:
DRX configuration is UE-specific, i.e. Rel-8 RRC signaling for DRX can be reused.
Proposal 2:
DRX operation is UE-specific (as per alternative 1 above).
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