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Introduction
UE battery life is a critical component of overall user satisfaction. It is therefore essential that LTE procedures defined to improve power savings - such as DRX - indeed achieve this goal efficiently and without forcing the UE to unnecessarily waste battery power. It has been noted that an important scenario resulting in battery inefficiency for DRX is during uplink retransmissions [1][2]. In this contribution, we propose enhancements to address this scenario and provide estimates of the resulting power savings. 
2
Improving DRX battery savings in uplink  
The main cause for power savings inefficiency in the uplink is the current  requirement for the UE to regularly monitor the PDCCH for an uplink HARQ process for the maximum number of  HARQ transmissions. As specified in TS 36.321[3], this is required regardless of the HARQ process termination at eNB.  Hence, even if the first HARQ transmission is successful and the eNB has thus no intention of scheduling a retransmission, the UE still has to continue monitoring the PDCCH. 
This behaviour is particularly detrimental for delay-sensitive applications requiring relatively short DRX cycles, such as VoIP. Let’s consider a typical system operating at 1st transmission BLER of 10% in uplink. Assuming DRX cycle and SPS periodicity of 40ms, an OnDuration of 1ms and a maximum of 5 transmissions, the UE monitors PDCCH for a total of 6ms during the DRX cycle. On the other hand, if PDCCH monitoring were not required upon ACK reception, the UE would only need to monitor PDCCH during 2.1ms on average – achieving almost 3x reduction in the UE’s active time during the cycle. 
There is therefore a clear need to improve the efficiency of the DRX operation in uplink. However, the following aspects need to be considered when the UE interrupts PDCCH monitoring upon ACK reception:

a) Adaptive retransmissions:  HARQ ACK may be signalled along with an adaptive retransmission grant on PDCCH. In this case, the UE should follow the current procedure and continue to monitor the PDCCH for possible retransmissions.    

b) Handling of measurement gaps: If the HARQ feedback occurs on a subframe configured for a measurement gap, UE assumes HARQ ACK. The UE should also follow the current procedure in this case and continue to monitor the PDCCH.
Since NAK/ACK errors have very low probability in LTE by design, the only possible error case in the above is in (a) when the UE receives an ACK, but misses the PDCCH. This is a relatively rare scenario which can be further mitigated by the network.  For example, the network can avoid frequent adaptive retransmissions for UEs at the edge of the cell. 
In this paper, possible DRX enhancement mechanisms are proposed to address the above issues, as described next.
2.1 MAC-signaling based solution 
New dedicated MAC signaling can be introduced to indicate to the UE that it may stop PDCCH monitoring activity upon ACK reception. The advantage of such approach is to give the network better control of which UEs may follow the enhanced DRX procedure, based for example on the traffic type or radio conditions.
Alternative 1: Introduce a new MAC CE for enhanced DRX operation. If configured by this MAC CE, UE shall flush the HARQ buffer upon reception of ACK for an uplink HARQ process,  provided that: (i) an uplink grant for retransmission was not received in the same TTI; and (ii) the HARQ ACK occurred in a TTI not configured as a measurement gap
2.2 Non-signaling based solutions 

If the introduction of new MAC signalling is not desired, DRX enhancements may be achieved by modifying the DRX procedure at the UE. The following alternative retains the same battery savings as in alternative 1, without requiring the MAC signalling configuration. 
Alternative 2: The UE shall flush the HARQ buffer upon reception of ACK for an uplink HARQ process,  provided that: (i)an uplink grant for retransmission was not received in the same TTI as the HARQ ACK; and (ii) the HARQ ACK occurred in a TTI not configured as a measurement gap.

The above alternative removes some flexibility on the network to schedule adaptive retransmissions. In order to retain part of that flexibility while sacrificing some battery savings, a third approach may be considered:
Alternative 3: The UE shall flush the HARQ buffer for a suspended HARQ process provided that: (i) an uplink grant for retransmission is not received for the next retransmission opportunity following the suspension; and (ii) the HARQ ACK suspension occurred in a TTI not configured as a measurement gap.

3
Battery savings performance

In this section, we provide UE power savings estimates for the proposed approaches based on lab measurements . We consider a UE with VoIP traffic and 50% voice activity. The DRX parameters are: (i) DRX cycle =40ms; (ii) On Duration = 2ms; (iii) Inactivity timer= 2ms. The configured maxHARQ-tx is 5. 
The results are summarized in Table 1. It can be observed that Alternatives 1 and 2 provide similar performance and up to 18% gain in power savings for VoIP. One can expect this gain to directly translate into improved talk-time and better user experience. Alternative 3, on the other hand, while still providing non-negligible gains of 12%, does not perform as well as Alternatives 1 and 2. 

Table 1. UE battery savings with DRX enhancements

	Enhancement
	Description
	Battery Power Savings

	Rel-8/10 (baseline)
	Wake-up every 8ms until maxHARQ-tx
	0% (baseline)

	Alternative 1/ Alternative 2
	Sleep after HARQ ACK
	18%

	Alternative 3
	Wake-up once after HARQ ACK
	12%


4
Conclusions

In this contribution, we discuss and demonstrate DRX enhancements to enable significant power savings at the UE. The following alternatives are considered:  
Alternative 1: Introduce a new MAC CE for enhanced DRX operation. If configured by this MAC CE, UE shall flush the HARQ buffer upon reception of ACK for an uplink HARQ process,  provided that: (i) an uplink grant for retransmission was not received in the same TTI; and (ii) the HARQ ACK occurred in a TTI not configured as a measurement gap.
Alternative 2: The UE shall flush the HARQ buffer upon reception of ACK for an uplink HARQ process,  provided that: (i) an uplink grant for retransmission was not received in the same TTI as the HARQ ACK; and (ii) the HARQ ACK occurred in a TTI not configured as a measurement gap.
Alternative 3: The UE shall flush the HARQ buffer for a suspended HARQ process provided that: (i) an uplink grant for retransmission is not received for the next retransmission opportunity following the suspension; and (ii) the HARQ ACK suspension occurred in a TTI not configured as a measurement gap.

Based on our analysis and performance evaluation,  Alternative 1 is the preferred solution.
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