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1 Introduction
Power efficiency has a key role in providing good end-user satisfaction. Thus it is important to evaluate the current DRX mechanism and ensure that it works well with different services. In [1], we propose that the UE is required to monitor PDCCH only for a limited time when SR is triggered. In this contribution, we discuss another enhancement. The enhancement is related to PDCCH monitoring due to adaptive retransmission grants.
2 Discussion
2.1 Background
In current DRX operation, the UE is active for receiving adaptive UL retransmission grants until the corresponding HARQ buffer is flushed. The UE is active even after a positive HARQ acknowledgement, HARQ ACK, is received by the UE as a response to an uplink transmission. See the following description from Section 5.7 of TS 36.321 [2]:
When a DRX cycle is configured, the Active Time includes the time while: 

-
onDurationTimer or drx-InactivityTimer or drx-RetransmissionTimer or mac-ContentionResolutionTimer (as described in subclause 5.1.5 [2]) is running; or

-
a Scheduling Request is sent on PUCCH and is pending (as described in subclause 5.4.4 [2]); or

-
an uplink grant for a pending HARQ retransmission can occur and there is data in the corresponding HARQ buffer; or
-
…

There are some reasons why it is beneficial to monitor PDCCH even an HARQ ACK is received:

1. There might be NACK-to-ACK errors in the HARQ feedback. The network can find this error from detecting missing UL retransmission and let that trigger a new retransmission one HARQ RTT later. 
2. The network may suspend the UL retransmission with a HARQ ACK. This could be done, e.g., when radio resources need to be allocated for another UE having higher priority traffic (e.g. Msg3).

However, it is also important to consider power efficiency of the current approach. In some scenarios, PDCCH monitoring due to retransmission grants forms the major part of the DRX Active time. Let us assume the following example: There is a voice conversation ongoing (one speaker is silent). The VoIP packets are transmitted in uplink direction every 20 ms. The UE is scheduled with a Semi-Persistent grant every 20 ms as well. At the minimum, the UE needs to be active 1 ms for UL transmission and n ms for adaptive retransmission grants, where n corresponds to the maximum number of UL HARQ retransmissions. In a typical case, n is 4. This means that if the UE receives a HARQ ACK already for the initial UL transmission, it needs to be active for another 3 ms, which results in a 300% increase in power consumption as compared to the case where the UE can go to sleep after receiving an ACK. 

The current Rel-8/10 DRX behavior is depicted in Figures 1 and 2 for SPS resource intervals of 40 ms and 20 ms, respectively. It can be seen that for each SPS resource, the UE is active during 4 ms.
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Figure 1. Rel-8/10 DRX behaviour with an SPS interval of 40 ms.  DRX parameters: OnDurationTimer = 1 ms, drx-InactivityTimer = 1 ms, DRX Cycle = 40 ms, DRX offset = 8.
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Figure 2. Rel-8/10 DRX behaviour with an SPS interval of 20 ms.  DRX parameters: OnDurationTimer = 1 ms, drx-InactivityTimer = 1 ms, DRX Cycle = 40 ms, DRX offset = 8.
2.2 Optimized DRX
If the UE does not need to monitor PDCCH for adaptive retransmission grants when it has received a HARQ ACK, power consumption is greatly reduced. This is depicted in Figure 3 and Figure 4 for SPS periods of 40 ms and 20 ms, respectively. For 40 ms SPS period, DRX active time is reduced by 75% and for 20 ms period, it is reduced by 80%.
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Figure 3. Optimized DRX behaviour with an SPS interval of 40 ms.  DRX parameters: OnDurationTimer = 1 ms, drx-InactivityTimer = 1 ms, DRX Cycle = 40 ms, DRX offset = 8.
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Figure 4. Optimized DRX behaviour with an SPS interval of 20 ms.  DRX parameters: OnDurationTimer = 1 ms, drx-InactivityTimer = 1 ms, DRX Cycle = 40 ms, DRX offset = 8

2.3 Solutions

The power consumption due to adaptive retransmission grants can be reduced in multiple ways. Here are some alternatives listed:
1. After receiving HARQ ACK, the UE does not need to monitor PDCCH due to adaptive retransmission grants. This new behavior is controlled by the network with a RRC configuration.
2. After receiving HARQ ACK, the UE does not need to monitor PDCCH due to adaptive retransmission grants. This new behaviour is controlled semi-statically by a MAC CE.

3. The UE is required to monitor PDCCH for adaptive retransmission grants except if explicitly indicated either by a specific grant or a MAC CE that further grants are not expected for this HARQ process.
From specification point of view, the first solution is the simplest one, since only RRC level signaling is needed. On the other hand, the solution does not provide any mechanism for the network to adaptively suspend UL retransmissions. The solution is also prone to data loss if a NACK-to-ACK error occurs since the UE does not monitor PDCCH after receiving HARQ ACK. However, the relaxed PDCCH monitoring can be configured only for those bearers for which data loss with small probability is acceptable. 

The second solution is more dynamic since with MAC CE, it is possible to dynamically change the PDCCH monitoring mode and thus suspend UL retransmissions when needed. The example scenario is depicted in Figure 5. First the UE monitors PDCCH normally as in Rel-10. The semi-statistically configured operation mode is depicted with a dashed line. Then, the UE receives a MAC CE activating the new operation mode allowing additional sleeping. In that mode, the UE does not monitor PDCCH due to adaptive retransmission grants after receiving HARQ ACK. In subframe 48, the network wants to suspend UL retransmission after initial transmission. Suspension is done by sending HARQ ACK similar to Release 10.  In addition, a MAC control element is sent to the UE which deactivates the new behavior, i.e., indicates that sleeping for adaptive retransmission grants is not allowed anymore. Because the UE is active for adaptive retransmission grants, after one or multiple HARQ RTTs, an adaptive retransmission can be scheduled. 
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Figure 5. Optimized DRX behaviour with an SPS interval of 20 ms.  DRX parameters: OnDurationTimer = 1 ms, drx-InactivityTimer = 1 ms, DRX Cycle = 40 ms, DRX offset = 8

Finally, the third solution with an explicit indication is the most flexible approach since dynamic suspension of an UL retransmission is possible. Because signaling of a grant or MAC CE is more robust than a HARQ ACK, data loss due to a NACK-to-ACK error is minimized. However, the drawback of this solution is increased PDCCH load since an additional PDCCH assignment is needed for each UL transmission to allow the UE sleep. Thus, we consider that the second solution to be more efficient. 
Proposal 1 After receiving HARQ ACK, the UE does not need to monitor PDCCH due to adaptive retransmission grants. 

Proposal 2 Allowing sleeping after HARQ ACK is controlled semi-statically by a new MAC CE.
Currently, PDCCH monitoring for adaptive retransmission grants is tied to the HARQ buffer status. Until the HARQ buffer is flushed, the UE shall monitor PDCCH for adaptive retransmission grants. For all three alternatives listed above it is possible to either 1) flush the corresponding HARQ buffer when the indication (HARQ ACK/grant/MAC CE) is received or 2) keep the data in the HARQ buffer but stop monitoring PDCCH. It is better to keep the data in the HARQ buffer since after a NACK-to-ACK error, retransmission can be scheduled some HARQ RTTs later when the UE is in Active Time again e.g. due to OnDurationTimer.  
Proposal 3 HARQ buffer shall not be flushed, even when PDCCH is not monitored for adaptive retransmission grants.

2.4 Impact of L1/L2 control message errors

In this subsection, we shortly discuss potential error cases introduced with the new MAC CE and solutions for overcome those error cases. 
1. NACK-to-ACK error on PHICH as response to UL transmission. In normal operation, the network can detect missing UL transmission and can trigger adaptive retransmission one HARQ RTT later. However, with power optimized operation mode controlled by a MAC CE, this is not possible. However, as mentioned earlier in this contribution, a retransmission can be scheduled some HARQ RTTs later, assuming that the DRX cycle is dividable by the HARQ RTT.

2. NACK-to-ACK error on PUCCH as a response to the DL transmission carrying the new MAC CE.  In this case, the DRX operation mode is not synchronized between the UE and the eNB. If the UE missed the MAC CE allowing sleeping, then it is unnecessarily active even data is not expected. This error can be minimized by repeating MAC CEs a few times. If the UE missed the MAC CE disabling sleeping, it does not monitor PDCCH even it should. The network can detect unsynchronized behaviour from missing UL retransmissions and correct it. 
The first error type is more common than the second one. A typical design target for PUCCH robustness is to ensure that NACK-to-ACK error does not reach a probability of 10^-3. If the HARQ error rate is 10%, the probability of data loss due to NACK-to-ACK error is then 10^-4.
We can conclude that although error cases can occur, they should be rather rare and solvable by the network.
2.5 Other usage scenarios
In this contribution, new behaviour for DRX is introduced to save terminal power. The enhancement is useful especially for VoIP traffic. However, there are also some other usage scenarios and optimization objectives for which this modification is useful. 

For example, in the IDC Work Item, a DRX mechanism is used as a TDM-based solution to solve interference problems due to coexistence of multiple radios in the same device. With DRX mechanisms, unscheduled gaps are created. Those gaps can be used for transmission and reception in the ISM radio. It is preferable that those gaps are predictable and DRX Active time is not extended dynamically. 

The solution presented in this contribution is beneficial also for the IDC scenario. When the UE is not required to stay active for adaptive retransmission grants when a retransmission is not expected, this time can be utilized in ISM side. This increases the total throughput of two radios in the same device.
3 Conclusion
In this contribution, we observe that UE power consumption is not optimized for small data transmissions (e.g. VoIP packets) because the UE needs to be active for adaptive retransmission grants. We propose the following solutions to improve power efficiency:
Proposal 4 After receiving HARQ ACK, the UE does not need to monitor PDCCH due to adaptive retransmission grants.
Proposal 5 Allowing sleeping after HARQ ACK is controlled semi-statically by a new MAC CE
Proposal 6 HARQ buffer shall not be flushed, even when PDCCH is not monitored for adaptive retransmission grants.
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