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1 Introduction

The current working assumption regarding UE power saving in LTE is that discontinuous reception shall be employed for RRC_CONNECTED operation. Recent contributions have proposed solutions for supporting one or several levels of DRX together with schemes controlling the signaling for configuration and activation, transition criteria’s and general UE behavior both at the high and low level of abstraction. This contribution discusses some of the high level aspects and proposes some basic principals for continuation.

2 General Considerations
The basic assumption is that the UE DRX control scheme is essentially a set of clearly defined rules for when UEs shall be able to receive downlink control signaling on L1/L2 and scheduled transmissions on DL-SCH. As the amount of power saving increases with increased portion of inactivity it is sensible to set rules that match different traffic requirements as well as different scheduling strategies. Clearly a single or a set of a few fixed levels of DRX would be simple but suboptimal in many cases. It would be beneficial to find simple and clear rules that encompass a range of DRX solutions that include the majority of traffic (utilization/activity) scenarios while at the same time minimizing signaling overhead. In addition, it is critical that the modification of the currently valid UE DRX cycle happens quickly adopting the DRX to changing traffic/packet inter-arrival patterns. The key requirements can be summarized as follows:

( DRX should maximize the possible power saving for the UE.
( DRX should not limit the scheduling strategies (degree of freedom) and system performance. 

The level of DRX should mainly depend on the differences in Radio Bearers characteristics and associated delay constraints. This means for instance that a UE with inactivity in UL and DL which is kept RRC_CONNECTED should have a DRX level different from a UE with Radio Bearers that has a predictable periodical reoccurrence of transmissions, e.g. VoIP. That is: 
( DRX should include more than a single level of DRX while minimizing signaling overhead and control delay.
( DRX should be based on Radio Bearer delay constraints and traffic (activity) characteristics.
3 Control Signaling and Options for DRX Operation

Depending on how predictable the traffic arrival rate is, and based on the QoS requirements associated with the radio bearer, it is possible that the network configures a single DRX interval for the UE to use; assuming that the DRX configuration is per UE, not per radio bearer. Additionally, in order to preserve RAN control, the eNB should control any changes and transitions in the DRX cycles by explicit signaling. However, if DRX cycles are changed frequently this could lead to a large signaling overhead and control delay. Naturally, all control information should be kept at a minimum, why relevant optimizations are favorable.

In order to decrease the overall signaling overhead and control delay, the RRC signaling at Radio Bearer Setup could include more than one DRX level and subsequent signaling in e.g. MAC would indicate a DRX level change/transition within that configuration. While MAC signaling normally gives a low signaling delay (e.g. 1 bit in header), it may increase relative overhead over the radio interface assuming the usage of dedicated L1/2 control bits. The “minimalist” option would be that RRC provides the basic rules for DRX as well as timers and parameters, and the UE could be mandated to autonomously transit between DRX levels. 

Note that intuitively, from the UE’s perspective, at any one point in time, there is a single timer which currently bounds the interval during which the UE can actually do discontinuous reception (in a two level case this would be the “nearest end” of the currently valid first and second level cycles). Therefore, theoretically, the same dynamics should be possible to achieve with one level cycle than what is possible with two levels. Therefore, a two-level/multilevel approach could in a sense be encompassed in a single DRX level with dynamically varying DRX cycles and parameters.

3.1 Signaling comparison

There has been discussion on different options discussed above on how DRX cycle can be configured and how transitions are controlled.

In summary transition between DRX levels can be handled either by explicit signaling or implicitly by timers monitoring user/radio bearer activity in UE and NodeB: 

Figure 1 distinguishes between three general signaling principles:

•
Option 1 (left) applies to the case when two-level DRX cycles are used. In this option, the eNB uses RRC signaling at bearer setup to configure the DRX parameters (notably the cycle length of two DRX levels). The transitions between levels of DRX is either controlled by MAC while the UE is in non-sleeping mode or optionally the UE is allowed to change to longer DRX periods autonomously depending on the data arrival rate and configuration.

•
Option 2 (middle) uses one-level DRX cycle. Here only RRC signaling is used. This is the simplest option and it entails that the UE receives a complete DRX configuration at DRX occasions.

•
Option 3 (right) uses a one-level DRX cycle. RRC is used at bearer setup to configure a default DRX behavior and MAC is used to dynamically adjust DRX parameters (either send UE to sleep earlier if there is no data to transmit or change DRX interval for the UE). This option similarly to option 2 requires a larger amount of signaling than Option 1 (assuming the same number of DRX parameter reconfigurations).
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Figure 1 Signaling options for DRX control

The explicit transition shown in options 2 and 3 was having the NodeB indicating either by RRC or MAC signaling that the UE shall move to DRX or between different DRX cycle lengths (i.e. a level within the signaled DRX configuration). To avoid misalignment between UE and NodeB as to whether DRX is on or not and to which level, the UE would need to acknowledge this command using for example ARQ ACK. As the goal is a very fast transition to DRX after completed UL transmission, the amount of transitions to and from DRX can be expected to be significant; possibly also increasing signaling load. Thus, it would indicate that this scheme would have a relatively high level of signaling overhead and control delay. The benefit of explicit transition is that it provides a reliable switch to DRX mode and between DRX levels. 

Pro: Reliable switch to and between DRX mode/levels

Con: Increased signaling load and control delay. 

Implicit transition is triggered by inactivity timers in UE and network. A robust solution alternative is to monitor the number of DRX cycles that no activity is present in either uplink or downlink. The DRX cycle and starting point relative to system frame number (SFN) would then be signaled at e.g. RB setup. A drawback of implicit transition to DRX is that missed transmissions may bring UE and eNodeB into different DRX modes or DRX cycle lengths.
Pro: No or little overhead from transitions between DRX modes

Con: Risk of misalignment between UE and NodeB of current DRX mode

3.2 Summary

The inter-arrival time between packets can vary on different time scales and may be difficult to predict from a scheduling point of view. Depending on the specific application, user behavior and many other factors, the time between two scheduling instances can vary between the millisecond level up to several seconds or more. Also, once a packet is ready for transmission, the delay requirement until it must be scheduled can vary between wide ranges of values. While it is desirable that the UE enters DRX and stays there when there is no scheduled data, it may be required to leave DRX as soon as there is data to transmit. The combination of these considerations to some extent necessitates dynamic control of the DRX cycle length.

Conclusively a DRX scheme that incorporates dynamical DRX cycle lengths while minimizing signaling overhead at reasonable complexity would be the preferred solution. A DRX configuration like option 1, as briefly described above, thus provide the most attractive DRX solution. Including MAC signaling (e.g. MAC Control PDU) for transitions between configured DRX levels would decrease complexity and should be the starting point. 

In an accompanying contribution a proposal for semi dynamical DRX scheme is described. In this semi-dynamic scheme it is allowed for the UE to adjust its DRX cycle within the lower and upper limit that is controlled by the RAN. Thus, this scheme allows the UE to set its DRX according to the traffic pattern without requiring frequent signaling. The details of this scheme are presented in [2].
4 DRX Interval and UL Synchronization

UL Synchronized UEs will use normal operation i.e. either allocated resources or UE uses scheduling request. If out of UL synchronization, the UE will be required to use random access procedure. Since the procedure does not carry any data, the UE may get a limited grant and need to request more resources to continue transmitting. This will increase UE power consumption while signaling and latency will be longer compared to the UL synchronized state. Wherever the requirement of having DRX cycles just for allowing for a UEs to be RRC CONNECTED but UL unsynchronized is not considered as a main benefit considering UE power saving.

5 HARQ Retransmissions

In case of retransmissions, even though DRX for the UE is configured, the UE should continue transmission (since DRX is only addressing power savings).

6 Conclusion and Proposal

A brief analysis of different aspects of UE DRX was presented. It is proposed that the UE DRX entails:

· Configuration by RRC at Radio Bearer setup. The configuration should include up to two levels of DRX. Each level implies a set of valid DRX cycle length values.
· Transition between these levels (the sets of valid DRX values) is controlled by MAC, preferably by MAC control PDU.

· Implicit Transition between the valid DRX values within a RRC configuration set is mandated autonomously for a UE. 
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