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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.

This contribution discusses what parts of the connected mode DRX from legacy LTE and eMTC that are re-used and proposes simplifications/optimizations that can be made for NB-IoT. 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. The same solution can be applied regardless of if solution 2 or solution 18 is used by a UE.
The contribution starts with discussing the legacy behavior and then makes observations and proposals on how it should work for NB-IoT.
2 Discussion
The functionality for connected mode DRX in legacy LTE and eMTC are based on the following parameters (excluding the short DRX parameters):

· onDurationTimer 

· drxStartOffset (signaled as longDRX-CycleStartOffset in 36.331)

· longDRX-Cycle (signaled as longDRX-CycleStartOffset in 36.331)
· drx-InactivityTimer 

· HARQ-RTT-Timer
· drx-RetransmissionTimer

The first three parameters can be re-used as is for NB-IoT except for the value ranges that need to be looked into further. The two last parameters are related to how the HARQ operation works. The drx-InactivityTimer parameter is used to control when the UE enters DRX after inactivity (unless a MAC CE is signaled) so the handling of this parameter will mainly be discussed in this contribution. As it is already decided to support only one HARQ process per direction and if half-duplex operation for the UE is assumed changes/simplifications to these three last parameters could be discussed and made even if the details of the HARQ operations are not fully decided yet. 
Observation 1 Due to the NB-IoT UE transmission/reception capabilities being half-duplex and having only one HARQ process per direction the handling of the DRX in-activity timer and the HARQ re-transmission timers for the connected mode DRX could be changed/simplified.

Proposal 1 The legacy parameters drxStartOffset, longDRX-Cycle and OnDurationTimer shall be re-used as is for connected mode DRX with value ranges suitable for NB-IoT.

In the rest of this document it is assumed that the high level concept for HARQ operations for NB-IoT is similar to eMTC and as presented in [2][3][4][5]. To summarize, the following is assumed:

· Downlink/uplink data is scheduled by a message on the downlink control channel NB-PDCCH.

· Downlink/uplink data is transmitted on the shared channels NB-PDSCH and NB-PUSCH respectively.

· HARQ feedback is transmitted on the channels NB-PDCCH/NB-PUSCH
.

· Asynchronous HARQ is used in both downlink and uplink.

In the upcoming figures the DRX operations are explained by applying these HARQ assumptions and different color coding is used to show the different NB-IoT physical channels. Note that the time durations of the transmissions and the offsets in-between transmissions shown in the figures below are not 1 ms and can vary in length. The figures are used to illustrate what is transmitted (control/data) on the different channels, in what order, the different channel/transmission offsets and what timers that run. 
In Figure 1 we have used the legacy behavior for the DRX operation with the drx-InactivityTimer and applied it to NB-IoT. The timer is started every time there is a new transmission scheduled either in the UL or the DL on the NB-PDCCH. In this case the downlink transmission is successful and no further data is scheduled so the UE goes into DRX sleep at timer expiry. In this figure and in subsequent figures the “*Timer” means that either the OnDurationTimer or drx-InactivityTimer is running. 
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Figure 1. Legacy LTE DRX behavior with drx-InactivityTimer

Figure 2 shows the case when there is one HARQ retransmission in the downlink when using the legacy DRX timers in NB-IoT. As can be seen the timers HARQ-RTT-Timer/drx-RetransmissionTimer are used for this and the latter is cancelled when the re-transmission is received.
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Figure 2. 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. Currently there is an ongoing RAN2 email discussion on “MAC open issues” [4] where the details of the uplink asynchronous HARQ and DRX for eMTC are discussed. As a likely outcome of this email discussion it is assumed here that there is probably a need to introduce something similar as the HARQ-RTT-Timer/drx-RetransmissionTimer also for the uplink due to the change to asynchronous HARQ. For the discussion on NB-IoT it is assumed that such timers will be needed when discussing the legacy base for DRX below. 
Thus, in Figure 3 we show 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. Note that we call it the drx-RetransmissionTimer even if it is not really a “Retransmission Timer” as the UE does not know the result of the transmission. Maybe a more proper name would have been to call it a HARQ-FeedbackWindowTimer.
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Figure 3. Legacy LTE DRX timers applied for one UL HARQ re-transmission 
As has been showed in the previous pictures the legacy DRX timers could be used also for NB-IoT. 
This legacy scheme was developed with Mobile Broadband use cases in mind that include multiple HARQ processes in both directions and full duplex operations (except for TDD of course). For these use cases (except for VoLTE) the UE power consumption with regards to being awake a few extra sub-frames here and there is not a problem. However, for NB-IoT it is very important that the UE active time (i.e. when monitoring NB-PDCCH) is as small as possible also during connected mode for many of its use cases in order to get good UE battery lifetime. 
One problem with the legacy approach is how to set the value of the drx-InactivityTimer:

· a short value:  
This is good for the UE power consumption but will introduce additional latency in case there are DL HARQ re-transmissions since the timer has (probably) expired at the time the re-transmission finished and then new data must wait for the next OnDuration occasion. A drawback with introducing this additional latency is that the UE needs to be in connected mode during longer time. Additionally, longer time spent in connected mode (especially if long DRX cycles are also used) might lead to risk of larger channel variations and loss of synchronization.
· a long value 
This is not good for the UE power consumption but does not introduce additional latency so it will be possible to schedule the UE faster in order for it to enter idle mode faster.

One solution to the above problem would be to change drx-InactivityTimer so that it is re-started at every NB-PDCCH reception, i.e. regardless of if it is a new transmission or a re-transmission (both uplink and downlink). Then a short value of the drx-InactivityTimer could be used at the same time as no extra latency is introduced. If this is done then there is less need for the HARQ-RTT-Timer/drx-RetransmissionTimer as only one timer could be used to supervise both UL/DL re-transmissions and inactivity. This could be accomplished by configuring the drx-RetransmissionTimer to zero and this is assumed to be done in the rest of the discussion around drx-InactivityTimer in this document below. 
Observation 2 If the criterion for starting/re-starting the timer drx-InactivityTimer is changed there is a less need for having a drx-RetransmissionTimer and it could be configured to zero.
The change of the re-start criterion of the drx-InactivityTimer compared to legacy LTE behavior is illustrated in Figure 4 below where the DL/UL cases of one re-transmission (from Figure 2 & Figure 3) are shown. As can be seen the drx-InactivityTimer is re-started at the reception of any DCI on the NB-PDCCH.  
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Figure 4.  DRX operation when the start/re-start criterion is changed for the drx-InactivityTimer and the HARQ specific timers are set to zero
A successful NB-PDCCH reception in the UE in NB-IoT will always be followed by an uplink transmission. This contains either 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 [3]) that a UE is not required to monitor the NB-PDCCH after being scheduled until after the transmission then additional changes to the start/re-start 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 message. This will enable the UE to be able to turn off its receiver (and potentially enter sleep mode) during more time occasions in connected mode especially if the time gaps in-between NB-PDCCH/NB-PDSCH/NB-PUSCH are long. This modified scheme is shown in Figure 5 below.
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Figure 5. DRX operation when stop/start criterion is changed for the drx-InactivityTimer
Observation 3 Stopping the drx-InactivityTimer at successful reception of anything on NB-PDCCH and starting it after the resulting uplink transmission (of DRB/SRB or HARQ feedback) enables the UE to reduce NB-PDCCH monitoring time and thus power consumption. 

Proposal 2 Due to Observation 3, the start and stop criterion for the drx-InactivityTimer is changed for NB-IoT UEs to control connected mode DRX.
Proposal 3 The start criterion of drx-InactivityTimer should be changed to after the NB-PUSCH transmission of the HARQ ACK or the DRB/SRB data for a downlink assignment and an uplink grant respectively.
Proposal 4 The stop criterion of drx-InactivityTimer should be changed to when a downlink assignment or an uplink grant is received. 

Proposal 5 If the drx-InactivityTimer expires the UE does not need to monitor the NB-PDCCH until the next OnDuration occasion.
The majority of the NB-IoT use cases does not include 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. 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 could be allowed to not monitor the NB-PDCCH. Thus, another change to the drx-InactivityTimer handling would be to not start it until an offset value after the uplink transmission. This addition to the DRX handling is shown in Figure 6 below.
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Figure 6. DRX operation when the start criterion for drx-InactivityTimer includes an offset 

Observation 4 In most use cases there is no need for a UE to monitor the NB-PDCCH until at least one roundtrip 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 NB-PDCCH monitoring time. 

The value of this offset depends as described above on the roundtrip time but 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 value may even be variable depending on the physical layer design and the coverage class of the UE. Further, if it is semi-static or dynamically signaled/indicated is left for future discussions.
Proposal 6 The start criterion of the drx-InactivityTimer could be set to at least a roundtrip time after the uplink transmission but the details is left FFS until more details are available from RAN1 on the downlink NB-PDCCH/PDSCH design. 

In legacy LTE the connected mode DRX parameters are part of the IE DRX-Config in the MAC-MainConfig. This is signaled to the UE as part of the radioResourceConfigDedicated that is contained in RrcConnectionSetup and RrcConnectionReestablish, i.e. in Msg4. For solution 18 it is assumed that the DRX-Config also could be included in RrcConnectionResume if the DRX-parameters need to be changed at resume. 
Thus, for NB-IoT the legacy signaling can be re-used and the connected mode DRX should be applied in the UE directly after reception of Msg4. 
Proposal 7 Semi-static connected mode DRX parameters for NB-IoT is included as part of RrcConnectionReestablish, RrcConnectionSetup, RrcConnectionResume, i.e. as part of Msg4.

Proposal 8 The semi-static connected mode DRX parameters shall be applied directly when received in the UE.

3 Conclusion

In section 2 we made the following observations:
Observation 1
Due to the NB-IoT UE transmission/reception capabilities being half-duplex and having only one HARQ process per direction the handling of the DRX in-activity timer and the HARQ re-transmission timers for the connected mode DRX could be changed/simplified.
Observation 2
If the criterion for starting/re-starting the timer drx-InactivityTimer is changed there is a less need for having a drx-RetransmissionTimer and it could be configured to zero.
Observation 3
Stopping the drx-InactivityTimer at successful reception of anything on NB-PDCCH and starting it after the resulting uplink transmission (of DRB/SRB or HARQ feedback) enables the UE to reduce NB-PDCCH monitoring time and thus power consumption.
Observation 4
In most use cases there is no need for a UE to monitor the NB-PDCCH until at least one roundtrip 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 NB-PDCCH monitoring time.


Based on the discussion in section 2 we propose the following:
Proposal 1
The legacy parameters drxStartOffset, longDRX-Cycle and OnDurationTimer shall be re-used as is for connected mode DRX with value ranges suitable for NB-IoT.
Proposal 2
Due to Observation 3, the start and stop criterion for the drx-InactivityTimer is changed for NB-IoT UEs to control connected mode DRX.
Proposal 3
The start criterion of drx-InactivityTimer should be changed to after the NB-PUSCH transmission of the HARQ ACK or the DRB/SRB data for a downlink assignment and an uplink grant respectively.
Proposal 4
The stop criterion of drx-InactivityTimer should be changed to when a downlink assignment or an uplink grant is received.
Proposal 5
If the drx-InactivityTimer expires the UE does not need to monitor the NB-PDCCH until the next OnDuration occasion.
Proposal 6
The start criterion of the drx-InactivityTimer could be set to at least a roundtrip time after the uplink transmission but the details is left FFS until more details are available from RAN1 on the downlink NB-PDCCH/PDSCH design.
Proposal 7
Semi-static connected mode DRX parameters for NB-IoT is included as part of RrcConnectionReestablish, RrcConnectionSetup, RrcConnectionResume, i.e. as part of Msg4.
Proposal 8
The semi-static connected mode DRX parameters shall be applied directly when received in the UE.
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� The uplink resource for HARQ feedback is assumed to be sent as part of the downlink assignment on NB-PDCCH.


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