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1 Introduction
DRX during connected mode is a desired functionality to reduce the UE power consumption. For NB-IoT the following assumptions have so far been made and are captured in [1]:
X.4.2.4
DRX in connected mode

DRX in connected mode is supported, but only one DRX cycle, i.e. "long DRX" is supported. Further signalling optimization is not precluded.

It is beneficial to enable DRX also for short connections, as early as possible.

On the NB-IoT adhoc meeting the contribution [2] was discussed but no conclusion could be reached and the following was captured:

· Postpone the change to inactivity timer to next meeting
At the same meeting two other connected mode DRX proposals were treated [3][4] and an email discussion was initiated and the report can be found here [5]. 

This contribution discusses selective parts of [2] with additional clarifications on the proposals. It proposes simplifications/optimizations that can be made for NB-IoT on the drx-InactivityTimer. This is done with the purpose of getting a low UE power consumption and a flexible system that can handle several different NB-IoT use cases and different load in a NB-IoT cell. The same solution can be applied regardless of if solution 2 or solution 18 is used by a UE.
2 Discussion
In legacy LTE and eMTC the start criterion of the HARQ-RTT-Timer and the drx-InactivityTimer is based on the reception of the PDCCH. One of the reasons for this in LTE is that the transmission time is always 1 ms
 for PDCCH/PDSCH/PUSCH so the timing is deterministic regardless of what TB-size that is transmitted. In eMTC variable transmission times have been introduced (based on repetitions) so changes to the start criterion of the HARQ-RTT-Timer is needed and proposed in [2] to be done after the transmission of the PDSCH/PUSCH. This is indicated in figure 1-2 below. 

Figure 1 shows the case when there is one HARQ retransmission in the downlink when using the eMTC DRX timers applied to NB-IoT. As can be seen, the timers HARQ-RTT-Timer/drx-RetransmissionTimer are used for handling the re-transmission and the latter timer is cancelled when the re-transmission is received.
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Figure 1. Legacy LTE DRX behaviour for one DL HARQ re-transmission

Compared to legacy LTE the uplink HARQ for eMTC (and LAA) has been changed from synchronous to asynchronous. In the RAN2 email discussion on “MAC open issues” [7] the details of the uplink asynchronous HARQ and DRX for eMTC were discussed. Although not yet agreed a likely outcome of this email discussion is to introduce something similar as the HARQ-RTT-Timer/drx-RetransmissionTimer also for the uplink due to the change to asynchronous HARQ. This was also the assumption from most companies in [5]. Figure 2 shows the case when there is a HARQ retransmission in the uplink with assumed new timers indicated by a star (*). Similar to the downlink case the timer is cancelled when the UE detects that a re-transmission is scheduled. 
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Figure 2. Legacy LTE DRX timers applied for one UL HARQ re-transmission 
In the [5] most companies agreed as part of Question 1 to how the legacy timers would be applied to NB-IoT and this is reflected in figure 1-2. Thus, this is used as a baseline for further discussion on potential changes to the DRX related timers for NB-IoT. 

Consider the following example for NB-IoT. For a certain coverage level, e.g. 154 dB, assume you get a transmission rate of ~5 kbps for an in-band deployment. Then the transmission time (with no HARQ re-transmissions) would be 160 ms for a TB-size=800 bits and 7 ms for a TB-size=32 bits. Assume that these are the max/min transport block sizes that are supported in NB-IoT. Then the semi-static parameter drx-InactivityTimer should probably be set to a value at least larger than the max TB-size, e.g. 180 ms. This is needed if continues transmission of one SDU with larger size than the max TB should be possible (provided that there is no HARQ re-transmissions). Figure 3 below illustrates the transmission time of the max/min TB sizes from this example. 
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Figure 3. Transmission time example for NB-IoT of max/min TBS at the bit rate of ~5 kbps
Setting this timer to only a slightly larger value than 1 transmission time would of course cause a problem if there is a re-transmission as the UE would enter “long DRX” directly after the successful reception of the re-transmission. Several different use cases will exist for NB-IoT and it will for some of them not be possible to detect exactly when a transfer has finished. To avoid long UE “Active Time” the drxInactivityTimer should be set to a small value relative to the time after the transmission finished.

In legacy LTE and eMTC it is not possible to change the start criterion of the drx-InactivityTimer due to the support of multiple HARQ processes. However, for NB-IoT there is only 1 HARQ process per direction so a change to the start criterion can be done to get a more deterministic behavior and enable the possibility to always set the timer to a low value. By changing the start criterion it is possible to make the value independent on the transmission time and coverage level.
In Figure 4 below we apply the same concept to the drx-InactivityTimer as was done to the HARQ-RTT-Timer in eMTC as described above. That is, the start criterion is moved to after the last reception of the NB-PDSCH. One benefit with this is that the timer value is completely de-coupled from the transmission time. Another benefit is that it will be straight forward for the eNB to select a small value and that the same value can be applied regardless of what coverage level the UE is in. This is illustrated in the figure below. Note that in this figure the HARQ-RTT-Timer is not shown.
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Figure 4. Change of the start criterion of the drx-InactivityTimer to after the reception of NB-PDSCH. 
Similarly for the UL this could be changed to after the transmission of the NB-PUSCH finished and this is shown in the figure below.
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Figure 5. Change of the start criterion of the drx-InactivityTimer to after the transmission of NB-PUSCH.
Due to the reasons above we propose the following.

Proposal 1 The start criterion for the drx-InactivityTimer is changed compared to eMTC to be after the transmission of the NB-PDSCH or the NB-PUSCH for a downlink assignment and an uplink grant respectively.
To be able to set the drx-InactivityTimer to a small value and make it independent of the number of potential HARQ re-transmissions there is a need to re-start the timer after every successful reception of a downlink assignment or an uplink grant. 
Successful NB-PDCCH reception will always be followed by an uplink transmission: 
· SRB/DRB data (in case of an UL grant) or 
· HARQ feedback (in case of a DL assignment). 
If it is assumed (as is proposed in [6]) that a UE should not be required to monitor the NB-PDCCH after being scheduled until after the transmission then additional changes to the start criterion of the drx-InactivityTimer could be made. The timer should then be stopped at every successful reception of NB-PDCCH and be started after the end of the uplink transmission that was triggered by the NB-PDCCH. This reduces the UE “Active Time” in connected mode especially if the time gap in-between NB-PDCCH/NB-PDSCH/NB-PUSCH is long.
Observation 1 Stopping the drx-InactivityTimer at successful reception of a scheduling message on NB-PDCCH and starting it after the resulting uplink transmission (DRB/SRB or HARQ feedback) enables the UE to reduce NB-PDCCH monitoring time and thus power consumption. 
This modified scheme is shown in Figure 6 below where one re-transmission in each direction is shown.
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Figure 6. DRX operation when stop/start criterion is changed for the drx-InactivityTimer
Proposal 2 The start criterion for the drx-InactivityTimer should be after the NB-PUSCH transmission of the HARQ feedback or the DRB/SRB data for a downlink assignment and an uplink grant respectively.
Proposal 3 The stop criterion for the drx-InactivityTimer should be when a downlink assignment or an uplink grant is received. 

Many of the NB-IoT use cases do not have simultaneous
 uplink/downlink traffic and instead most use cases rely on a request-response type of traffic pattern where an IP packet is sent in one direction followed by a response in the other (potentially repeated according to the same pattern a few times for some use cases). This traffic pattern is also true for the L3 (NAS/RRC) signaling procedures. 

In addition, since there is only one HARQ process per direction there will be at least one HARQ RTT in-between transmissions
. As a consequence, after HARQ feedback or SRB/DRB data has been transmitted in the uplink by a UE there will not be any NB-PDCCH activity during at least one HARQ round trip time. During this time a NB-IoT UE should be allowed to not monitor the NB-PDCCH so the drx-InactivityTimer should then not be running. Thus, another change to the drx-InactivityTimer handling would be to not start it until an offset value after the uplink transmission. This change decreases the “Active Time” in the UE and thus reduces the power consumption. 

Observation 2 In many use cases there is no need for a UE to monitor the NB-PDCCH until some time after the end of the uplink transmission. Thus, the start of the drx-InactivityTimer should be made at an offset value after the uplink transmission (of DRB/SRB or HARQ feedback) to enable the UE to reduce the NB-PDCCH monitoring time and thus reduce power consumption. 

Proposal 4 The start criterion of the drx-InactivityTimer should be set to an offset after the uplink transmission to enable further power consumption reductions for the UE. 
This addition to the DRX handling is shown in Figure 7 below.
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Figure 7. DRX operation when the start criterion for drx-InactivityTimer includes an offset 

Having an offset value that can be dynamic and UE specific will further reduce the power consumption as the eNB can assign offset values to each UE depending on the cell load to let them get more DRX opportunities instead of decoding the NB-PDCCH when it is blocked by transmission to another UE. 
Figure 8 below shows a very simplified example of this when comparing the proposal with/without an offset value when three UEs need to be scheduled at the same time in the downlink. As can be seen the “Active Time” is decreased in this scenario by having an offset value per UE letting it have more DRX opportunity. Note that this in a normal scenario the downlink might be blocked by also UL grants, RAR transmissions and paging and there will also be different transmission times needed etc. 
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Figure 8. An example of scheduling of several UEs in a NB-IoT cell and their “Active Time”
The value of the offset depends as described above on the roundtrip time, the cell load and also on the physical layer design of the NB-PDCCH, e.g. time alignments and how the NB-PDCCH and NB-PDSCH is multiplexed. The eNB knows at every scheduling occasion and when a new RRC connection is set-up/resumed the status of all connected users and the overall buffer status per UE so it can efficiently assign suitable offset values. For example if the cell is not loaded a value close to zero could be used to minimize the time the UE will be in connected mode but if there are a lot more active UEs a larger value could be used in order to time multiplex the UEs in a better way and at the same time provide efficient DRX opportunities for all UEs in the cell. We believe that the offset value could even be made variable depending on the physical layer design. However, if it is semi-static or dynamically signaled/indicated as part of the DCI should be left for future discussions

Proposal 5 RAN2 should consider making the drxRetransmissionTimer offset either semi-static or dynamic.
3 Conclusion

In section 2 we made the following observations:
Observation 1
Stopping the drx-InactivityTimer at successful reception of a scheduling message on NB-PDCCH and starting it after the resulting uplink transmission (DRB/SRB or HARQ feedback) enables the UE to reduce NB-PDCCH monitoring time and thus power consumption.
Observation 2
In many use cases there is no need for a UE to monitor the NB-PDCCH until some time after the end of the uplink transmission. Thus, the start of the drx-InactivityTimer should be made at an offset value after the uplink transmission (of DRB/SRB or HARQ feedback) to enable the UE to reduce the NB-PDCCH monitoring time and thus reduce power consumption.


Based on the discussion in section 2 we propose the following:
Proposal 1
The start criterion for the drx-InactivityTimer is changed compared to eMTC to be after the transmission of the NB-PDSCH or the NB-PUSCH for a downlink assignment and an uplink grant respectively.
Proposal 2
The start criterion for the drx-InactivityTimer should be after the NB-PUSCH transmission of the HARQ feedback or the DRB/SRB data for a downlink assignment and an uplink grant respectively.
Proposal 3
The stop criterion for the drx-InactivityTimer should be when a downlink assignment or an uplink grant is received.
Proposal 4
The start criterion of the drx-InactivityTimer should be set to an offset after the uplink transmission to enable further power consumption reductions for the UE.
Proposal 5
RAN2 should consider making the drxRetransmissionTimer offset either semi-static or dynamic.
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� UL TTI bundling of 4 ms is also supported in legacy LTE but this is not relevant for this discussion.


� Multiple applications and/or IP sockets transferring data at the same time in the same UE


� due to HARQ feedback transmission time and eNB processing time 
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