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1. Introduction 
For LTE-A, carrier aggregation is being discussed as a means of increasing the bandwidth and therefore the achievable data rates.  Carrier aggregation results in several challenges from a UE implementation perspective.  Some of these challenges are unavoidable, for example the need to buffer and process bandwidths as large as 100 MHz.  Carrier aggregation also imposes challenges in the UE power consumption since the multiple transceiver components corresponding to multiple carriers need to be enabled. Depending on the radio architecture, some transceiver components may always be turned on as long as the UE needs to monitor at least one component carrier while other transceiver components may only be turned on when the monitoring of a component carrier is enabled.
Discontinuous Reception (DRX) has been introduced in LTE Rel-8 to reduce the UE power consumption, by defining a specific period of time when the UE does not need to monitor the PDCCH. The DRX operation for UEs in connected state, defined in TS 36.321, is such that when the traffic activity is low or when there is no data in the eNB or UE buffer, the UE can go into DRX mode. Periodic short and long DRX cycles are defined to allow the UE to ‘wake up’ and monitor the PDCCH for new data traffic. There is a trade-off between the UE power efficiency and QoS. The longer the duration of the short/long DRX cycles, the better the power saving, at the expense of potential delay experienced by new data packets arriving at the eNB buffer. Depending on specific applications, the delay may or may not be an issue. For example, FTP download and web browsing are much more tolerant in terms of latency compared to VoIP, video streaming, etc.
With the introduction of carrier aggregation for LTE-A, the DRX operation has to be extended to multiple carriers in such a way that the UE power saving can still be optimized for a certain targeted QoS and end-user experience. This paper discusses several options of DRX operation for carrier aggregation.
2. DRX for Carrier Aggregation
For efficient power management, the UE should have the minimum number of component carriers for which it needs to receive signals while still meeting the traffic demand and QoS. Since upper layer traffic is multiplexed across multiple carriers, it is the eNB scheduler’s decision to determine on which carrier an encoder packet should be transmitted. In general, when there is low traffic volume for a UE, only one carrier should be assigned to the UE, to reduce unnecessary power consumption due to receiving signals on multiple component carriers. As traffic volume increases, additional component carriers can be assigned to the UE. If DRX operation is configured for the UE, the UE will only go into DRX when there is no data scheduled over-the-air for the UE (e.g. for the case of no or insufficient data in the buffer). In that case, only one of the component carriers (e.g., the anchor carrier) needs to remain allocated or active while the other component carriers can be de-allocated or de-activated. When the UE exits from DRX, i.e. when the UE enters Active time on the anchor carrier, the anchor carrier can be turned on first and the other carriers can be allocated on as needed basis.
There are different ways to operate DRX for carrier aggregation. Some approaches were discussed in [1] and [2]. In this paper, we further explore various options and the pros/cons associated with each of them.
2.1. Option 1
Different sets of DRX parameters are configured for the different component carriers assigned to the UE. The DRX cycles and On Duration of different component carriers may not align with one another. This is shown in Figure 1 below. Although this option provides very flexible DRX configurations for different component carriers, there is added complexity at the UE to maintain different states/timers for different carriers. There is also no clear benefit of having completely independent DRX cycles and timers between carriers since, as discussed earlier, upper layer traffic is multiplexed across carriers and the number of component carriers on which a UE should enable signal reception should be based on traffic demand. Depending on the DRX parameters on different component carriers, the UE may have to be ‘on’ most of the time if the On Duration of the different component carriers do not or have minimum overlap in time.
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Figure 1 Independent DRX parameters are configured for component carriers #1 and #2

2.2. Option 2

Full DRX parameters are only configured on one component carrier (e.g. the anchor carrier). Additional component carriers are allocated, through signalling from the eNB, on an as needed basis during the Active time of the anchor carrier. This is shown in Figure 2 below. This option allows the UE to only receive signals on the anchor carrier when there is low traffic demand, while having the flexibility to enable additional component carriers when traffic demand increases. 
Within option 2, there can be different ways to determine when a UE should stop receiving signals on an allocated ‘non-anchor’ component carrier. One option is that the UE should continue to receive signals on an allocated ‘non-anchor’ component carrier during the Active time of the anchor carrier. Another option is to have a separate drxInactivityTimer configured for each ‘non-anchor’ component carrier. If there is no PDSCH transmission to the UE on a ‘non-anchor’ component carrier, for duration longer than the configured drxInactivityTimer, the UE will stop receiving signals on that ‘non-anchor’ component carrier. Another option is that the eNB sends explicit signalling to the UE to instruct the UE to stop receiving signals on a component carrier. The implicit methods (i.e. without explicit signalling from the eNB) reduce signalling overhead while the explicit method can provide better UE power saving due to faster response time. The explicit method allows the eNB to stop the UE from receiving signals from a component carrier when the eNB has decided that it will not schedule PDSCH transmission to the UE on that component carrier.
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 Figure 2 Rel-8 DRX parameters are configured for the anchor carrier. Additional component carriers are ‘activated’ by signaling from the eNB.
2.3. Option 3

Full DRX parameters are only configured on one component carrier (e.g. the anchor carrier). Additional component carriers are allocated to the UE a priori by the eNB. The UE starts receiving signals on the anchor carrier and the allocated component carriers at the start of the On Duration on the anchor carrier. This is shown in Figure 3. This option allows the eNB to schedule PDSCH transmissions to the UE on multiple component carriers at the start of the DRX cycles. This is suitable for low delay tolerant applications where the traffic arrival pattern is somewhat deterministic and aligns with the boundary of the DRX cycles. The drawback of this option is that the UE may unnecessarily have to receive signals on multiple component carriers, thus reducing the power efficiency. To have a better trade-off between UE power efficiency and QoS, an ‘allocation duration’ can be defined for a ‘non-anchor’ component carrier such that within this duration, the UE starts receiving signal on the component carrier at the start of the On duration on the anchor carrier. After the ‘allocation duration’ expires, the ‘non-anchor’ component carrier is considered de-allocated.
Similar to option 2, there are different ways to determine when a UE should stop receiving signals on an allocated ‘non-anchor’ component carrier. It can be implicit by aligning with the Active time on the anchor carrier, or by configuring a separate drxInactivityTimer and/or onDurationTimer for each component carrier. It can also be explicit through signalling from the eNB.
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 Figure 3 Rel-8 DRX parameters are configured for the anchor carrier. Additional allocated component carriers are enabled at the start of the On Duration of the anchor carrier.
3. Carrier Configuration for DRX
As discussed above, the eNB can configure DRX parameters on one or multiple component carriers assigned to the UE. In options 2 and 3, one of the component carriers (e.g. the anchor carrier) is configured with full DRX parameters while other component carriers’ DRX operations are tied to that of the anchor carrier. Certain DRX parameters (e.g. drxInactivityTimer, drxRetransmissionTimer) can also be configured for those other component carriers.

At any particular time or sub-frame, the UE receives signals on one or more component carriers depending on the Active time on those component carriers. From a UE perspective, it needs to keep track of the following:
· The DRX operation of the component carriers where DRX is configured

· At any subframe, the set of component carriers from which the UE needs to receive signals (i.e. during Active time of the carriers) for potential PDSCH (and possibly PDCCH depending on RAN1 decision) transmissions, and DL channel measurement.
4. Conclusions
In this paper, we discussed various options for DRX operation with carrier aggregation. Option 1 allows the most flexible configuration of independent DRX operation on different component carriers, at the expense of UE complexity and power efficiency. In options 2 and 3, the DRX operation on a ‘non-anchor’ component carrier is tied to that of the anchor carrier while still allowing some flexibility in the Active time of the ‘non-anchor’ component carrier based on traffic activity on the carrier. Option 2 further allows the allocation of additional component carriers to the UE on an as needed basis during the Active time of the anchor carrier.
It is proposed that RAN2 agrees on the following:

Proposal: A UE shall support DRX operation on multiple component carriers. One of the component carriers assigned to the UE is configured with full DRX parameters. The DRX for the other component carriers shall operate in conjunction with this carrier.
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