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1 Introduction
The presented contribution discusses three candidates of DRX operation in carrier aggregation proposed in the RAN2#66 meeting: 1) identical DRX operation, 2) independent DRX operation and 3) anchor carrier based DRX operation. We further merge three proposals into the fourth candidate: 4) staggered indentical DRX operation. We further evlaute the DRX behavior based on the carrier types dicussed in RAN2 #67. The pros and cons of these four candidates are discussed. Based on these observation, we suggest two way forwards to optimize the performance of DRX operation over in carrier aggregation.
2 DRX in carrier aggregation
2.1 Identical DRX operation
In [1], it was suggested that DRX configuration should be identical for all the component carriers (CCs). Each CC has the same configuration of active time and DRX cycle. Figure 1 illustrates a simple example of identical DRX operation.

[image: image1.emf]DRX 

Configuration

CC1

CC2

CC3

Time

Identical

: active time in DRX

 Figure 1: Illustration of identical DRX operation.
Intuitively, this DRX operation only requires one configuration message for all CCs. On the UE side, it only requires only one timer and minimizes the complexity. The procedure of the current specification in Rel-8 can also be reused, and thus no additional procedure is required. With the identical configurations over CCs, the UE listens to the PDCCHs over CCs at the same time, and thus it is capable of simultaneously receiving huge amount of data. 
Identical DRX operation has two drawbacks: longer reponse time and higher power consumption. Since all the CCs are activated at the same time, the essential issue for this operation is the response time. The eNB can only wake up the UE at the some certain time instances. However, considering a worst scenario where DL data arrival at the sleeping duration of all the CCs, the eNB has to wait until the on duration of the next DRX cycle to wake up the UE receiving data. Obviously, this operation is prolonged the response time to the data transmissions and also lack of the flexibility for the traffic. On the other hand, under the sparse traffic condition, the UE may not always require to listen to all the CCs at the time. Turning on the unnecessary CCs has no benefit for improving response time but only wastes energy.
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 Figure 2: Illustration of identical DRX operation incorporating different carrier types.
If we further take definition of carrier type, backward compatible carrier (BCC), non-backward compatible carrier (NBCC) and extension carrier (EC), identical DRX may complicates complete operation. In Figure 2, we consider there are three carriers composed of two cells and one EC. If we do not restrict the carrier type, these two cells can indicate the resource on itself and the associated EC. CC1 and CC2 may compete the resource on CC3, EC; eNB has to take this situation into account and UE also has to expect traffic from either one of both cells. In order to simplify this situation, we may assign the EC hung to NBCC only and this simplifies the scheduling and the UE operation.
2.2 Independent DRX operation

In [2], it was suggested that each CC shall perform independent DRX operation. The CC has its owned DRX configuration of active time and DRX cycle. Figure 3 demonstrates a simple example of independent DRX operation.
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 Figure 3: Illustration of independent DRX operation.
Unlike the identical DRX operation, each CC requires its own DRX configuration, in which the parameters may be partly or totally different from the other CCs. Such independent DRX operation enables the eNB or the UE transmiting data on the CC having better channel condition. At the same time, since the sleeping duration when the UE does not have to listen to the PDCCH is relative short, the response upon the data arrival is relative fast compared to the identical DRX operation. The eNB may transmit PDCCH on any activated CC for the data receptions or transmissions. At last, this DRX operation also implies the potential to utilize a simple hardware architecture or the possibility of receive diversity in the UE.
However, independent configuration requires larger configuration message and more timers to maintain multiple DRX sleep operations. Since each CC has its owned DRX configuration with partly or totally different parameters, the configuration message may be enlarged. In addition, the format of RRC configuration message in the current Rel-8 specification is required to be changed accordingly. On the other hand, because each CC may be activated at the different time instance, the eNB needs extra procedure to enable the UE activating other CCs for the huge amount data transmissions. It may require a sophisticated scheduling algorithm to accordingly activate the CCs to save power consumption. At last, from the implementation viewpoint, the UE may require more timers for all the configured CCs, and thus the software complexity of UE may be increased.
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 Figure 4: Illustration of independent DRX operation incorporating different carrier types.
If we further consider carrier type, independent DRX may cause idle time on extension carrier; it either wastes radio resource or complicates scheduling. In Figure 4, we consider there are three carriers composed of BCC, NBCC and EC. The NBCC can indicate the radio resource to the EC. However, if the on duration on EC is not aligned with that on NBCC, NBCC can not indicate the resource or the radio resource is wasted on the EC due to lack of PDCCH. Based on our current agreement, idependent DRX operation does suit current LTE-A.
2.3 Anchor carrier based DRX operation
In [3], it was suggested that only one of the configured CCs perfoms the DRX operation and the others stay in sleeping duration. Upon the huge data arrival, the eNB may use a dedicated control signaling to notify the UE activating other CCs.
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 Figure 5: Illustration of anchor carrier based DRX operation.

Similar to the identical DRX operation, only one DRX configuration is required, and the corresponding configuration messages in the current Rel-8 specification are not required to be changed. On the other hand, since the activated CCs may be dynamically controlled, it is fast to configure extra bandwidth upon huge amount of data arrival. In addition, because the UE only monitors the PDCCH on the anchor CC, this operation can greatly save UE’s energy from listening on other CCs. Only when the high bandwidth scenario is configured, the UE requires monitoring the PDCCH on other CCs.
The anchor carrier based DRX operation introduces two issues: physical layer impairment and load balancing. The control signals may be transmitted only on the anchor CC. If the channel condition of the anchor CC is not poor to support, the eNB may not easy to wake up the UE and an extra procedure is required to be define for such error handling. In addition, the load balance among CCs is also required to take into consideration to avoid allocating too many UEs on the same CC. It may block transmission of some UEs when traffic of huge number of UEs comes at the same time. This situation may be even worse if the physical layer impairment is taken into account. The eNB may frequently redirect UEs accessing on different anchor carrier to ensure the high success probability of control signal reception. At last, the anchor carrier based operation has to introduce a totally new procedure for UE to dynamically receive the PDCCH on the other CCs.
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Figure 6: Illustration of anchor based DRX operation incorporating different carrier types.
If we take carrier types into accout, anchor based DRX is more proper. The NBCC can indicate the radio resource on the EC and there is no concern on the wasted radio resource. The only concern would be the BCC. Can we allow the NBCC indicate the radio resource on the BCC? Do we prefer the BCC and NBCC are aligned?
2.4 Staggered DRX operation

In [4], it was suggested to merge these three proposals and enjoy all advantages of these three proposals. Staggered identical DRX operation is a merged proposal to enjoy advantages of these three proposals. Figure 7 illustrates an example the associated operation. The staggered DRX maintains identical DRX parameters among different CCs except for the starting time.
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 Figure 7: Illustration of staggered identical DRX operation.
The staggered DRX operation has the advantages of both identical DRX and indenpednent DRX operations. The staggered DRX operation only defers the on duration by a fix time and the DRX cycle is the same among all CCs. Therefore, a single timer is maintained and the complexity of staggered DRX operation is almost the same as that of identical DRX operation. Since a fix time delay is imposed, less response time can be expected and it is key advantage of idependent DRX operation. In conclusion, the time delay reduces the response time comparing to identical DRX operation but maintains almost the same complexity to identical complexity.
The staggered DRX operation automatically balances traffic load among CCs and avoids channel impairment on a sigle carrier comparing to anchor based DRX operation. The staggered DRX operation still maintains the on duration identical among all CCs and it avoids expected traffic congestion comparing to anchor based DRX operation. Since all CCs are reached within one DRX cycle, there would be less possibility that the reception performance trapped on one CC.
Staggered DRX operation further provides reception flexibility to increase transmission rate. In [5], it was raised that multiple antennas can enhance transmission performance and release the constraint of PA design. On the other hand, larger received pwoer can be achieved on the staggered DRX operation. The staggered DRX operation interleaved the reception time among different CCs. As the traffic increases, higher MCS can be used to increase transmission rate if we apply non-used antennas to receive signal. The reception performance could be further enhanced in terms of received power on the contray to the number of aggregated carriers.
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 Figure 8: Illustration of staggered identical DRX operation incorporating different carrier types.
When we incorporate carrier type into consideration, the staggered DRX operation naturally suits the carrier aggregaton scenario. The NBCC still indicates the radio resource on the EC. For the BCC, it can operate alone with a fix time delay to the NBCC; it reduces the reponse time to the NBCC.

2.5 Comparison of three candidates

According to the discussion in the aforementioned sub-sections, the pros and cons for each DRX operation are summarized in Table 1.
	
	Pros
	Cons
	Notes

	Identical DRX operation
	· Easy to control CCs to listen and to transmit huge amount of data

· Few DRX re-/configuration messages required
	· Waste energy for sparse traffic

· Inflexible timing configuration over CCs
· Long response time upon data arrival
	· It is not clear whether the extension of active among CCs is identical or independent.
· Response time may be reduced if the active time of DRX on each CC is staggered.

	Independent DRX operation
	· Flexible timing configuration over CCs
· Short response time upon few data arrival
· Support simple and low-cost hardware architecture or provide receiver antenna diversity
	· Require more configuration messages

· More timers required to be implemented in UE
· Complex scheduling required for the activation of CCs
	· Configuration messages and times may be reduced if group configuration is applied.

	Anchor carrier based DRX operation
	· Dynamically control required the number of activated CCs

· Short response time upon huge data arrival

· Power saving by activating necessary CCs
	· Load balancing among CCs required

· Excess control signaling required to be defined

· Easily susceptible to channel condition
	· Detail control signal and procedure is required to be designed.
· Load balance or channel impact may be allievated if anchor carrier may be hopped over CCs.

	Staggered identical DRX operation
	· Easy to control CCs to listen and to transmit huge amount of data

· Few DRX re-/configuration messages required
· Short response time upon few data arrival
· Support simple and low-cost hardware architecture or provide receiver antenna diversity

· Power saving by activating necessary CCs
	· Frequent anchor carrier switch
· Inflexible timing configuration over CCs
	


Table 1: Comparison of three DRX operations.
We suggest two ways forward for us to select our DRX operation. 
Proposal 1: The on duration of the EC should be aligned with the NBCC.

Proposal 2: The NBCC or BCC can be staggered by a fix time to reduce the response time.

2.6 Current staus in IEEE 802.16m

IEEE 802.16m concurrently defines the sleep mode for multi-carrier. In [6], it is suggested that a control signaling through primary carrier to disable the operation of secondary carrier. It is very similar to the anchor based DRX operation. The only difference is that the current agreement applies PDCCH to indicate the resource on the EC but the 16m considers a MAC (RRC) message to de-activate the secondary carrier.
3 Conclusion 
Here, we suggest two ways forward.

Proposal 1: The on duration of the EC should be aligned with the NBCC.

Proposal 2: The NBCC or BCC can be staggered by a fix time to reduce the response time.
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