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1
Introduction
E-UTRAN Carrier Aggregation and DRX functionality is currently under discussion [e.g. 7-9]. [10] captures the latest agreements concerning DRX functinlity when CA is configured. As pointed out in our earlier paper [8] we would like to discuss the requirements for the UE to monitor Pcell and activated Scells in order to highlight how the different options influence the UE power consumption, and especially how they influence the possibilities for UE to enable power savings when CA is configured. Also we will in this paper take a look at how the MAC CE command can be used for enabling power savings and the impact from MAC CE command delays.
2
Background
As a baseline the DRX is defined in order to enable UE power savings during RRC Connected mode when there is low or no active data flow between UE and eNB.

Current agreement covers:
‘In CA, whenever a UE is configured with only one CC, Rel-8/9 DRX applies. In other cases, the same DRX operation applies to all configured and activated CCs (i.e. identical active time for PDCCH monitoring). When in active time, any CC may always schedule PDSCH on any other configured and activated CC (further restrictions FFS).

To enable reasonable UE battery consumption when CA is configured, a CC activation/deactivation mechanism for DL SCCs is introduced (i.e. activation/deactivation does not apply to the PCC). When a downlink SCC is not active, the UE does not need to receive the corresponding PDCCH or PDSCH, nor is it required to perform CQI measurements. Conversely, when a downlink SCC is active, the UE shall receive PDSCH and PDCCH (if present), and is expected to be able to perform CQI measurements. In the uplink however, a UE is always required to be able to transmit on PUSCH on any configured uplink CC when scheduled on the corresponding PDCCH (i.e. there is no explicit activation of uplink CCs).
The activation/deactivation mechanism is based on the combination of a MAC control element and deactivation timers. The MAC control element carries a bitmap for the activation and deactivation of SCCs: a bit set to 1 denotes activation of the corresponding DL SCC, while a bit set to 0 respectively denotes deactivation. With the bitmap, DL SCCs can be activated and deactivated individually, and a single activation/deactivation command can activate/deactivate a subset of the configured DL SCCs. One deactivation timer is maintained per DL SCC but one common value is configured per UE by RRC. The deactivation timer of DL SCCn is started or restarted when:

-
DL SCCn is activated;

-
PDCCH on DL SCCn indicates a grant for uplink or downlink transmission.

SCCs added to the set of configured CCs are initially “deactivated”.’
Additionally the agreement on HARQ operations has influence on the way we see DRX operations for CA. As the HARQ processes are per CC it seems logical that this should be reflected also in the DRX rules concerning CA.
We addressed this in [8] and concluded in that paper: Only one set of DRX parameters common for all CCs are sent to UE. Each CC has separate independently running drx-InActivityTimer and drx-RetransmissionTimer.

3
DRX for CA – different options
Looking at different options on how to apply the DRX for CA such that UE power saving possibilities are maintained at a reasonable good and user friendly level, while at the same ensuring that the user does not experience excessive delay in data flow. By setting the DRX parameters such that they match the ongoing data flow it is possible to both enable UE savings in RRC Connected mode without noticeable degradation of transmission delay or performance.

In the following we have illustrated the UE activitity based on the current agreed DRX for CA functionality. Here the impact of having Inactivity Timer on one CC requiring active time on all CCs: even though some CCs are not used for scheduling they are anyway required to be monitored by UE. This is also the case e.g. when only small amount of data has to exchanged between UE and eNB. This solution might lead to very simple specification but as a side effect it has negative effect on UE power consumption and user experience as it forces activity among all activated CCs even in those cases where only one CC is in use for actual scheduling.
General settings for all use cases illustrated here are: onDuration of 5 TTI, Inactivity Timer is 10 TTI, Long DRX is 40 TTI, drxRetransmissionTimer is 5 TTI. Same ‘scheduling’ example is used in all figures.
Below figures illustrates in ‘Activated/De-activated’ line the state of the CC. ‘Usage/Implicit de-act’ indicates whether there is new transmission (T), re-transmission (R) or no scheduling (empty) as well as the Implicit De-activation timer count is included (applicable only on SCCs). ‘Inactivity Timer’ shows the inactivity timer count and ‘Active Time’ shows which TTIs are regarded as being actively monitored. ‘ack/nak’ line indicates ack/nak status of transmission. RX On shows when the UE RX for the CC is active in TTI.
3.1 Common active time
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Figure 1: Common Active Time DRX applied across all CCs
As can be seen from this example is that if the Active Time is same for any activated CC this will result in all activated SCCs and PCC will be applying same Active time rules. As monitoring due to HARQ re-transmissions is also part of active time and any new transmission on any activated CC will trigger re-start of inactivity timer (and thereby extension of overall Active time) we see that this approach will severely limit the options and possibilities for UE to enable power savings on any non-scheduled CCs.
3.2
Explicit De-activation using MAC CE
Next example shows how the eNB, by active use of the MAC CE activation/deactivation message, can allow enabling of UE power saving when a CC is no longer needed for scheduling. It is here assumed that the eNB will transmit the MAC CE deactivation message on the CC to be deactivated in the last DL message when buffer is empty.
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Figure 2: Use of MAC CE deactivation message for enabling UE power saving
This approach looks initially attractive for enabling good UE power savings in line with - or even better than the Per CC DRX approach.  As can be seen this example uses the MAC CE deactivation message rather aggressively as it is sent in the last DL message on each CC when the buffer is empty (and takes effect after 3 TTI). This means that the CC enters deactivated state where the UE no longer perform CQI measurements nor does it monitor the PDCCH. If the CC is needed again at a later point for scheduling it needs to be activated. Activation of a CC can only happen through already activated CC and will include a given activation delay (here assumed to be 10 TTI based on [9] with some added time for settling). Besides this delay – then due to the expected lower measurements accuracy and due to missing CQI measurements - some activation time delay are assumed to be added for enabling UE to perform CQI measurements if these are to be used by eNB scheduler or even indicating if given CC is actually still available.
In this example we have used 10 TTI activation delay. This activation delay should be considered when discussing enabling UE power saving by use of MAC CE deactivation command and how this will affect the delay in using the explicit MAC CE deactivation command. As the reaction time between last data transmission and sending the MAC CE deactivation command increases so will the will the impact on UE power consumption in terms of increased power consumption if CCs are kept in monitoring state.
Taking above into considerations it could be questioned whether the use of MAC deactivation command in such aggressive manner as illustrated in figure 2 is in practise possible. Additionally when discussing aggressive use of explicit deactivation for enabling UE power savings this approach also introduces a couple of other maybe simple questions: What happens if UE receives new data after deactivation message has been received but not yet applied in UE. What happens if UE receives new data during drxRetransmissionTimer while awaiting HARQ retransmissions – does this lead to activation of CC again? These two questions are related to TTIs illustrated with Black in Figure 2.
Alternative illustration using deactivation from PCC when buffer is empty (assuming PCC for UE is configured as the one with best performance and therefore used as primary scheduling choise. SCCs are used when a bulk of data arrives in eNB buffer).
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Figure 3: Use of MAC CE deactivation message for enabling UE power saving
As can be seen the power saving opportunities have been greatly decreased.

3.3
Per CC DRX (common onDuration)
This is what we propose in [8] where we have independent Active time and drx-RetransmissionTimer. Basically using R8/9 DRX procedure independent on each CC. In this example we will apply the UE DRX parameters in a per CC manner. I.e. UE will have one set of DRX parameters but they will be apllied per CC using same rules as in R8/9 per CC. In this case the implicit deactivation timer has been configured as rather large value.
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Figure 4: Per CC DRX - applied using same rules as DRX in R8/9
This example shows that there is a significant improvement in the possibilities for the UE to apply power savings as compared to current agreement. When a CC is not actively used for scheduling by eNB the UE can apply DRX per CC in similar way as defined for DRX in R8/9 in single CC. Hereby the UE can enable power saving on activated but non-scheduled CCs even if scheduling is happening on one other CC.
As we can see from this example it does not introduce new open issues concerning what the UE behaviour would be if it receives new data after receiving MAC CE deactivation message.

One potential drawback is the possible increase in complexity of the system. How big this possible complexity increase might be is worth analysing further before concluding on DRX for CA. Especially taking into account that the choise will have impact on the possibilities for UE to implement power saving algorithms and thereby also in the end on the user experience.
3.4
Short Implicit De-activation timer
In this example we look at how use of relatively short implicit deactivation timer can be applied for enabling UE power savings on CCs which are not actively used for scheduling. In this example we have used timer value of 40 TTI for the implicit deactivation timer. It is applied on top of the common active time DRX approach (illustrated in figure 1)
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Figure 5: Use of Short implicit deactivation timer for enabling UE power savings
Compared to using common active time across all activated CCs this approach does increase the UE power saving options. Also this approach removes the potential new open issues concerning what happens if UE receives new data after receiving the MAC CE deactivation command.
3.5
Per CC DRX with Implicit De-activation timer
In this last example we have combined the use of Per CC DRX and relatively short implicit deactivation timer. The implicit deactivation timer is chosen to 40 TTI (as in former example) and the rest of the DRX parameters are simlar to rest of examples.
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Figure 6: Combined Per CC DRX and use of short implicit deactivation timer
As can be seen from the example this combination enables good power saving possibilities on UE side while at the same time minimising the impact of the eNB scheduler flexibility. By prober settings of the DRX parameters applied per CC as well chosen value of the implicit deactivation timer it should be possible to reach a combined set of parameters that both fulfils the UE need for reducing power consumption whenever possible and keep the delays in the data flow low.
Additionally this approach does not introduce any new open items concerning reception of new data while having received deactivation message but instead ports the R8/9 DRX rules to carrier aggregation.
3.6
Discussion

Current agreement on DRX for Carrier Aggregation has large impact on UE power consumption and does limit the possibilities for UE to implement further power saving algorithms.

Several different approaches how UE power saving options potentially can be improved are illustrated in this paper. Main tools are network controlled use of explicit deactivation of CC when buffer is empty by use of MAC CE, use of short implicit deactivation timer and the use of per CC DRX. Combinations of approaches are of course possible as illustrated in last example (figure 6).
One of the main issues to address is how to balance the DRX for CA in such a way that UE power saving possibilities are maintained at a good and user friendly level, while at the same ensuring that the user does not experience excessive delay in data flow. All this while still not introducing too much complexity in the system and while keeping the network scheduling possibilities flexible.
Each of the proposed methods has pros and cons and what we feel is important is not to design DRX rules for CA which more or less directly removes or significantly restricts the possibillties for the UE to enable and implement good power saving options and algorithms. It should be designed such that there are options to configure DRX for CA such that even with CA it is possible to enable UE power savings.

From this paper and current discussion it is difficult to say which approach for DRX for CA is more right and which is more wrong as it very much depends on use case. We would like to investigate the issue a bit futher before making final decisions and removing UE power saving options for CA.
Based on current discussion though we would like to propose that HARQ related timers are independent between activated CCs. Main reason for proposing this is as described in [8] due to the fact that it has already been agreed that HARQ is managed on a per CC. Therefore it does not seem to add any benefit requiring the UE to keep all activated CCs active due to HARQ re-transmission on one CC.
Proposal 1: HARQ related timers are handled independently on a per CC basis.

4
Conclusion
In this paper we have taken a further detailed look at the possible ways of enabling UE power saving options possibilities in CA. We have looked at multiple alternatives to the current understanding of common activity amongst all activated CCs and shortly listed some initial pros and cons.
Based on this we feel that there are good and simple alternatives which should be considered against the current approach.
As a first step towards a more power saving DRX scheme for Carrier Aggregation we would like to propose:
Proposal 1: HARQ related timers are handled independently on a per CC basis
Proposal 2: Study in RAN2 about drawbacks and consequencies of common DRX scheme 
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