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1. Introduction

A new Rel. 13 Work Item on RAN Enhancements for Extended DRX in LTE has been approved [1] with work in RAN2 starting in RAN2#90. The objectives are as follows [1]:

-
Extend idle mode DRX cycles in order to provide at least an order of magnitude power savings for UEs in idle mode; and

-
Extend connected mode DRX cycles in order to enable additional power savings beyond what is currently possible for UEs in connected mode

In this contribution, we consider the main design principles that should be taken into account in extended DRX (eDRX) design. We also propose RAN enhancements that take such principles into account and provide further analysis on the overall impacts.   
2. Discussion

2.1. Principles of eDRX operation
It is widely expected that supporting an exponential growth in the number of MTC devices will be a key challenge for LTE going forward. An important use-case for MTC are low cost devices with limited battery capabilities and with infrequent data activity, such as sensors and metering devices. For such devices, maximizing the battery lifetime is crucial since the cost of replacing the battery and on-site maintenance of millions of devices would be prohibitive.  
Observation 1: For a broad class of MTC devices, power is the most critical resource to be optimized, which in many cases determines the lifetime of the device.
The current DRX mechanism in LTE enables battery savings by configuration of a periodic wake-up time interval (the DRX cycle) which is at most 2.56s (for idle and connected modes). Hence, the current DRX is not well tailored to UEs that only need to wake-up infrequently (e.g. every few or tens of minutes).
Principle 1: Achieving an order of magnitude power savings in idle mode requires a significant extension the supported DRX cycles in LTE, well beyond the current limit of 256 radio frames (2.56s). 
As mentioned earlier, an important aspect of eDRX operation is support for low cost devices. Besides the power limitation, low cost devices also have hardware limitations that should be kept in mind when introducing eDRX enhancements. In particular, extended deep sleep times could cause the UE’s internal clock to gradually drift out of sync with cell. Note that in Rel 12 PSM, this issue was addressed by always requiring the UE to re-establish a connection after exiting the PSM state, which incurs a significant power and signalling overhead when MT data is infrequent. Such approach should be avoided in the Rel 13 eDRX solution.   
Principle 2: The Rel 13 eDRX solution should allow the UE to maintain or recover time synchronization with the serving cell without incurring additional signaling or power overhead. 
A final key issue for eDRX operation is radio resource efficiency. With the potential dramatic increase in the number of MTC devices, it is important for radio resources (paging occasions) to be efficiently shared and managed across all the devices. Such management should allow for significant increase in the paging capacity (in terms of devices that can be paged) for the same amount of radio resources as legacy DRX. 
Principle 3: eDRX should enable significant increase in paging radio resource capacity.

2.2. eDRX enhancements for idle mode
As already concluded during Rel 12 (in TR 37.869), eDRX in idle mode will have an impact on the paging procedure when the eDRX cycle is beyond 1024 radio frames. In the following, we propose enhancements in order support eDRX in idle mode while satisfying the principles outlined in Section 2.1.

2.2.1. SFN extension
The current SFN range in LTE (1024 radio frames) constitutes a fundamental limitation for eDRX since SFN is used to index paging frames (PFs)[2]. Thus, the UE treats PFs separated by multiples of 1024 frames as corresponding to the same paging resource, which introduces extra wake-up time. 
In order to allow differentiation and configuration of paging resources beyond 1024 frames, we propose to introduce the notion of a hyper-SFN (H-SFN) for eDRX operation. An H-SFN corresponds to cycle of 1024 radio frames, from SFN0 to SFN1023. Figure 1 illustrates the Hyper SFN structure and its relation with the SFN, assuming a total of 256 H-SFNs in the example.

Similar to the SFN, the H-SFN is broadcast in system information (e.g in SIB1), but has no impact on legacy UEs. Broadcasting the H-SFN allows the eDRX UEs to maintain synchronization to the serving cell even if its clock drifts by several seconds. It also allows configuration of new eDRX paging resources (as further explained in the next section).

Since our goal for eDRX is to extend cycles at least up to ~10minutes, an H-SFN comprising of 6-8bits seems sufficient (corresponding to a time range of approximately 11-44 minutes).
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Figure 1: Hyper SFN and relation to the regular SFN in LTE
Proposal 1: Introduce a Hyper SFN counter corresponding to a cycle of 1024 radio frames and is broadcast in system information.
2.2.2. Configuration of eDRX cycle and paging resources
Once H-SFN is defined, it is possible to configure paging resources that occur with periodicity longer than 10.24s. We propose that the same principles as the legacy paging are applied, i.e:

· eDRX paging resources are uniformly distributed in time

· A eDRX UE identifies its paging resource based on its IMSI;
· The eDRX cycle (T_eDRX) for the UE is configurable by NAS 

We propose to define a paging hyper-frame (PH) as the H-SFN that contains the eDRX UE’s paging message. The PH is computed based on the T_eDRX value and the UE’s IMSI. 
Figure 2 illustrates how paging hyper-frames can be configured. Within its PH, the UE locates its paging resource in a paging frame (PF) which in turn contains the UE’s paging occasion (PO).  The configuration of UE-specific PH allows for a significant paging capacity increase, as it enables grouping of UEs in different PHs. An 8-bit H-SFN can nominally increase paging capacity by 256 times, assuming only eDRX UEs are paged.
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Figure 2: Paging hyper-frame in eDRX
To reduce the probability of page misses in eDRX (which could result in several minutes of delay in page response time), the network can configure a number Nc of PFs for a UE that occur within a PH. The PFs are spaced by a normal DRX cycle and contain repetitions of the paging message for the UE. If the UE finds that its first PF after coming out of deep sleep has a poor channel quality, it can monitor the next PF within at most a few seconds of delay, thus ensuring minimal impact to the page response.
Proposal 2: Define a paging hyper-frame (PH) for the UE as the Hyper-SFN where UE monitors for paging.
Proposal 3: The eDRX cycle is negotiated at the NAS layer.
2.2.3. Mobility
Idle mode mobility is controlled by the UE via cell selection/re-selection procedures. When a UE moves to a different cell, it is desirable that the paging delay does not get significantly impacted due to possible change in the UE’s PH.
As shown in Figure 3, if the eDRX UE has different paging hyper-frames in different eNBs, there could result in significant delay in paging when the UE selects a different cell, particularly if the UE moves just before the PH occurrence.
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Figure 3: Paging in eDRX and mobility 
To address this scenario, we propose that (a) eNBs within the UE’s paging area are semi-synchronous within 1024 frames of each other; and (b) the UE’s PH is not dependent on the eNB, i.e, is solely derived from the configured eDRX NAS parameters and the UE’s IMSI.

The requirement (a) can be easily achieved if each eNB locally starts its H-SFN counter at a particular time of the day (e.g from the first SFN0 at midnight). It has the advantage of simplicity of implementation since it does not require tight subframe-level synchronization or coordination across eNBs. The requirement (b) ensures UE will always wake up at a common time window across all the eNBs, regardless of where it is camping on. Figure 4 illustrates the proposed mechanism. 
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Figure 4: Proposed semi-synchronous paging in eDRX with common PH
Proposal 4: The UE’s PH is derived from the NAS eDRX parameters and the UE’s IMSI and is independent of the eNB.
Proposal 5: Loose synchronization (within 10.24s) of H-SFN is applied for the eNBs in the UE’s paging area.
2.2.4. System Information update
Paging is used in LTE to provide system information update in a power efficient manner. Whenever system information is due to change, the eNB pages all the UE prior to the modification. The UE then starts acquiring the new system information from the next BCCH modification boundary. 
For eDRX it is proposed that the same mechanism is supported, since it would be very power inefficient for the UE to re-acquire system information at each wake-up. To ensure sufficient time to page eDRX UEs prior to a change in system information, extended BCCH modification periods can be defined.  
Proposal 6: System information update by paging indication is supported for eDRX UEs.
2.3. eDRX enhancements for connected mode

For connected mode UEs, the power consumption is generally higher than for idle UEs, due to the extra user plane and control plane procedures defined for connected mode UEs.  Furthermore, since mobility enhancements are out of scope of the work-item, the target battery savings gain is less ambitious.  
Considering that SFN extension is anyway important for eDRX in idle mode, we propose that the Hyper-SFN is also used to define extended DRX cycles in the MAC specification. UEs following the extended DRX cycle can be considered to be in a new “extended DRX” state, which does not impact the legacy DRX states (no DRX/long DRX/short DRX). This is illustrated in Figure 5. Transitions between states should also be defined such as: (a) introducing a new eDRX command; (b) defining an eDRX inactivity timer.
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Figure 5: Connected mode eDRX states 
Proposal 7: Define a new state in the MAC specification corresponding to the eDRX operation in connected mode.
3. Conclusion

In this contribution, we provided our views on the enhancements required for eDRX in LTE. We made the following proposals:
Proposal 1: Introduce a Hyper SFN counter corresponding to a cycle of 1024 radio frames and is broadcast in system information.
Proposal 2: Define a paging hyper-frame (PH) for the UE as the Hyper-SFN where UE monitors for paging.
Proposal 3: The eDRX cycle is negotiated at the NAS layer.
Proposal 4: The UE’s PH is derived from the NAS eDRX parameters and the UE’s IMSI and is independent of the eNB.

Proposal 5: Loose synchronization (within 10.24s) of H-SFN is applied for the eNBs in the UE’s paging area.
Proposal 6: System information update by paging indication is supported for eDRX UEs.
Proposal 7: Define a new state in the MAC specification corresponding to the eDRX operation in connected mode.
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