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[bookmark: _Toc116995841]Introduction
This paper presents Nokia’s views on measurements without gaps in Rel 18. 

[bookmark: _Toc116995842]Discussion
[bookmark: _Toc116995848]This paper will focus on the last remaining open item, DRX periods colliding with interruptions.

Interruptions with DRX ON
In the last RAN4 meeting, the following was open regarding DRX [1]
	Issue 1-4-1: Interruption caused when DRX is configured larger than 320ms
· Proposals
· Option 1: No interruption is expected when DRX is configured larger than 320ms on the serving cell.
· Option 2: Interruption is allowed, and it is according to Tcycle,i.
· Option 3: No interruption is expected during DRX activity time, including DRX ON duration extended by inactivity-timer after each PDCCH reception.
· Agreement: 
· RAN4 discusses interruption requirements for cases when DRX is configured in the maintenance part of the work item.




In this paper we will discuss the impact of interruptions colliding with different periods in the defined DRX operation.

During DRX operation, there are 4 defined periods:
1. Drx-LongCycle: Maximum time between the UE monitoring PDCCH during DRX.
2. On-duration: the period the UE is monitoring PDCCH during DRX operation
3. DRX-InactivityTimer: Every time a device is scheduled during On-Duration, the DRX-InactivityTimer is started during which the UE continues to monitor PDCCH. Every time the UE is scheduled, the timer is restarted.
4. Drx-ShortCycle: If the device is scheduled in the On-duration, the device will again schedule an On-duration period after a Drx-ShortCycle instead waiting for the next Drx-LongCycle occasion. The Drx-ShortCycle is an integer part of the Drx-LongCycle.

Of these periods, interruptions colliding with On-duration or DRX-InactivityTimer may cause the UE to miss out on a PDCCH scheduling the UE for uplink and/or downlink resources, which are then wasted and causing a potential delay before the UE again monitors PDCCH of either the long or short DRX cycle.

[bookmark: _Toc159060490]An interruption during the On-duration or while the DRX-InactivityTimer is running may cause the UE to miss out on PDCCH scheduling of uplink and/or downlink resources.
[bookmark: _Toc159060491]Missing a PDCCH will waste the scheduled resources from a NW perspective and cause a delay in data transfer of up to the Drx-LongCycle.

The time values for the periods can be seen in Table 1.

	-- ASN1START
-- TAG-DRX-CONFIG-START

DRX-Config ::=                      SEQUENCE {
    drx-onDurationTimer                 CHOICE {
                                            subMilliSeconds INTEGER (1..31),
                                            milliSeconds    ENUMERATED {
                                                ms1, ms2, ms3, ms4, ms5, ms6, ms8, ms10, ms20, ms30, ms40, ms50, ms60,
                                                ms80, ms100, ms200, ms300, ms400, ms500, ms600, ms800, ms1000, ms1200,
                                                ms1600, spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1 }
                                            },
    drx-InactivityTimer                 ENUMERATED {
                                            ms0, ms1, ms2, ms3, ms4, ms5, ms6, ms8, ms10, ms20, ms30, ms40, ms50, ms60, ms80,
                                            ms100, ms200, ms300, ms500, ms750, ms1280, ms1920, ms2560, spare9, spare8,
                                            spare7, spare6, spare5, spare4, spare3, spare2, spare1},
    drx-HARQ-RTT-TimerDL                INTEGER (0..56),
    drx-HARQ-RTT-TimerUL                INTEGER (0..56),
    drx-RetransmissionTimerDL           ENUMERATED {
                                            sl0, sl1, sl2, sl4, sl6, sl8, sl16, sl24, sl33, sl40, sl64, sl80, sl96, sl112, sl128,
                                            sl160, sl320, spare15, spare14, spare13, spare12, spare11, spare10, spare9,
                                            spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1},
    drx-RetransmissionTimerUL           ENUMERATED {
                                            sl0, sl1, sl2, sl4, sl6, sl8, sl16, sl24, sl33, sl40, sl64, sl80, sl96, sl112, sl128,
                                            sl160, sl320, spare15, spare14, spare13, spare12, spare11, spare10, spare9,
                                            spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1 },
    drx-LongCycleStartOffset            CHOICE {
        ms10                                INTEGER(0..9),
        ms20                                INTEGER(0..19),
        ms32                                INTEGER(0..31),
        ms40                                INTEGER(0..39),
        ms60                                INTEGER(0..59),
        ms64                                INTEGER(0..63),
        ms70                                INTEGER(0..69),
        ms80                                INTEGER(0..79),
        ms128                               INTEGER(0..127),
        ms160                               INTEGER(0..159),
        ms256                               INTEGER(0..255),
        ms320                               INTEGER(0..319),
        ms512                               INTEGER(0..511),
        ms640                               INTEGER(0..639),
        ms1024                              INTEGER(0..1023),
        ms1280                              INTEGER(0..1279),
        ms2048                              INTEGER(0..2047),
        ms2560                              INTEGER(0..2559),
        ms5120                              INTEGER(0..5119),
        ms10240                             INTEGER(0..10239)
    },
    shortDRX                            SEQUENCE {
        drx-ShortCycle                      ENUMERATED  {
                                                ms2, ms3, ms4, ms5, ms6, ms7, ms8, ms10, ms14, ms16, ms20, ms30, ms32,
                                                ms35, ms40, ms64, ms80, ms128, ms160, ms256, ms320, ms512, ms640, spare9,
                                                spare8, spare7, spare6, spare5, spare4, spare3, spare2, spare1 },
        drx-ShortCycleTimer                 INTEGER (1..16)
    }                                                                                                           OPTIONAL,   -- Need R
    drx-SlotOffset                      INTEGER (0..31)
}



[bookmark: _Ref155695493]Table 1: DRX-config taken from R17. As observed, the on-duration can be quite short, whereas the inactivity timer cannot be sub-millisecond.

In RAN4#109, it was identified that DRX configuration should be also considered for the interruption ratio. When DRX is configured the measurement cycles of the UE are typically extended for power saving, where the UE is not expected to measure every SMTC occasion in the case of DRX is configured. In that case the UE can choose one or more SMTC occasions for performing measurements within the DRX cycle, which are not necessarily aligned with the DRX ON duration of the DRX cycle. It is also possible that the SMTC configuration is such that the DRX ON duration is never overlapping with the SMTC. The DRX duration may also be as short as 1 ms, and if we consider the interruption length values that are under discussion, any interruption during the DRX ON would have high impact on the UE throughput performance. DRX ON duration can be as short as 1/32 ms.
 
[bookmark: _Toc135079728][bookmark: _Toc142683790][bookmark: _Toc149940130][bookmark: _Toc159060492]drx-onDurationTimer can be as small as 1/32 ms
[bookmark: _Toc135079729][bookmark: _Toc142683791][bookmark: _Toc149940131][bookmark: _Toc159060493]Interruption lengths of 0.25 to 1 ms during short DRX ON duration would have extremely large impact on UE throughput, since it could cover the whole DRX ON duration. 

[image: ]
[bookmark: _Ref155774345]Figure 1: Example of every Drx-ShortCycle being scheduled.
Figure 1 shows one example of DRX behavior. In this figure the UE is configured with the Drx-LongCycle and Drx-ShortCycle. The UE is always required to be available during the DRX ON duration due to the long cycle, but the ON durations on Drx-ShortCycles are only activated if the UE receives PDCCH in the last DRX ON duration. As can be seen in Figure 1, every Drx-ShortCycle can be scheduled and therefore, the reminder of the document will assume Drx-ShortCycle, if configured, and else Drx-LongCycle for the discussion. This is of course only valid if the Drx-LongCycle is >= than 4 times the minimum of the Drx-ShortCycle, meaning Drx-LongCycle larger or equal to 8ms.

In this case, if the On-duration is configured at 1ms, there will be 1ms left between potential On-duration periods. This is exactly enough for an interruption.

[bookmark: _Toc159060494]As every Drx-ShortCycle may be scheduled, this is assumed to be the base of the reminder of the discussion for DRX cycles if the DRX-LongCycle is above 8ms, if configured, else Drx-LongCycle is assumed.

[image: ]
Figure 2 Diagram representing DRX with ON duration, inactivity timer, long and short DRX cycle times.

When DRX is configured, every time the UE is scheduled during the DRX ON period, the active part of the DRX cycle is extended by the DRX inactivity timer. Safeguarding the DRX ON duration, together with the extensions due to the inactivity timer from interruptions can avoid extremely long latencies. 

If the UE causes an interruption during the DRX ON period it could miss the PDCCH transmission. If an interruption, which is not a scheduling restriction period on the NW side, is colliding with a PDCCH occasion, especially during long DRX cycles, the device will lose the opportunity for UL and DL grants. If the PDCCH occasion is the only PDCCH occasion during the on-period of the long DRX period, the device is not reachable until next on-period of the DRX configuration, which will result in a long latency for retransmission of data. 

The effect of missing PDSCH is not as severe as missing PDCCH due to an interruption. If the UE receives PDCCH it will be aware the extension of the activity timer and could receive the retransmission. If the UE misses the reception of PDCCH due to an interruption, it will not be aware that the DRX ON is extended due to the DX inactivity timer, and might miss data retransmissions. Additionally, since the DRX cycle can be configured as multiples of the SMTC perdiodicity, it is possible that in some more extreme cases the UE will systematically place an interruption on top of the DRX ON duration. That could even cause that one DL grant would be delayed for several DRX cycles. 


[image: ]
[bookmark: _Ref159054634]Figure 3 Example of impact of interruptions during DRX ON with SMTC periodicity configured with same periodicity as DRX cycle.

Figure 3 shows one example of the impact of interruptions during DRX ON. In this example the SMTC and DRX have the same periodicity, and the DRX ON is located at a position where the UE is systematically causing interruptions during DRX ON. If there would be no interruptions, the UE would be able to receive data during or shortly after the first DRX ON, which means that the data latency would be about 1 DRX cycle in wort case. Here the UE loses the PDCCH scheduling the UE for DL grants in 2 consecutive DRX cycles. For each PDCCH lost on DRX ON, the network may attempt several PDSCH retransmissions during the DRX inactivity timer. As a result the total latency is increased from less than 1 DRX cycle to between 2 and 3 DRX cycles. Additionally, the network is also wasting its resources when the UE is not available. 

[bookmark: _Toc142683792][bookmark: _Toc149940132][bookmark: _Toc159060495]Interruptions on PDCCH on the DRX cycle can cause the UE to experience a further delay in UL and DL grants as long as the drx-LongCycle, which can be configured from 10 ms to 10 s.
[bookmark: _Toc142683793][bookmark: _Toc149940133][bookmark: _Toc159060496]The impact of interruption is more severe on PDCCH than for PDSCH during DRX activity time. 
If the minimum cycle length is configured to be small, there may not be sufficient time for interruptions between on-durations. In that case, the only option is to allow interruptions during DRX ON durations. 

However, if there is a sufficiently long DRX cycle length, the DRX ON duration should be protected against interruptions to reduce the likelihood of missed opportunities for UL and DL grants, causing further delay in data transfer, DL and UL.

Another concern is if the DRX ON duration is very long. As can be seen in Table 1, the DRX ON duration can be from sub-milliseconds to 1.6 seconds. That is a potential long time to have a second RF path enabled seen from a power consumption viewpoint.

Therefore, a compromise is suggested, that if the DRX ON duration is very long and if it is possible to place an interruption between first and last PDCCH in the DRX ON duration, interruptions are allowed to be placed within the DRX On duration.

[bookmark: _Toc159060497]RAN4 to consider rules of when interruptions are allowed with DRX depending on the DRX ON duration, and DRX cycle configuration. 
[bookmark: _Toc159060498]If the minimum cycle length (long and short DRX cycles) is longer than TBD ms and if the DRX ON duration is shorter than TBD ms and if it is not possible to place an interruption without affecting first and last PDCCH occasion in the DRX ON duration, it is not allowed to cause interruptions during DRX ON durations.
[bookmark: _Toc159060499]Interruptions may be allowed during DRX ON duration under the following conditions:
a. [bookmark: _Toc159060500]if DRX ON duration is larger than 10 ms, interruptions are allowed, except for the last slot containing PDCCH in the DRX ON duration.
b. [bookmark: _Toc159060501]If the minimum DRX cycle is smaller than 40 ms
i. [bookmark: _Toc159060502]Interruptions are allowed in the DRX ON duration
c. [bookmark: _Toc159060503]If the minimum DRX cycle is larger than or equal to 40 ms
i. [bookmark: _Toc159060504]Interruptions are not allowed in the DRX ON duration

The same considerations can be done for the inactivity periods following a grant. In case the inactivity periods hold more than one PDCCH occasion, then it is an option to consider whether a few of the PDCCH occasions can be protected from interruptions.

In , an example is shown how to fit interruptions during DRX inactivity timer periods. If certain PDCCH occasions are reserved during the DRX ON duration, there should be chances to utilize grants before the inactivity timer expires, thereby avoiding the delay in data transfer. In our view, protecting the last PDCCH occasion is a good approach, since this is the last chance for the network to extend the DRX ON duration by sending PDCCH. 

[bookmark: _Toc159060505]If interruptions are placed such during inactivity timer periods that there are PDCCH occasions within the inactivity timer period after the interruption, there are possibilities to avoid the DRX cycle delays of data transfer.

[bookmark: _Toc159060506]Interruptions during inactivity time periods allowing both interruptions and PDCCH allocations shall be placed so that the last PDCCH occasion in the inactivity time is not-interrupted.

[image: ]
[bookmark: _Ref155858803]Figure 4: TDD example of location of UL, DL and PDCCH slots, including examples of DRX periods and interruptions. In the example, the DRX cycle length is 20ms, and the DRX on-duration and DRX in-activity timers are both 5ms. There are 4 PDCCH occasions per 2.5ms.
A summary of the proposals in this document is illustrated in Figure 5.


[image: ]
[bookmark: _Ref156460416]Figure 5: Summary of the proposals: Move interruptions colliding with on-duration, if start interruption colliding with drx-inactivity timer, move to position not colliding with last PDCCH occasion, if possible, if end interruption colliding with drx-inactivity timer, move to inactivity time and if not possible, collide with last drx-inactivity timer before on-duration.
Requirements with dual connectivity
The current requirements for interruptions due to measurements without gaps are captured in the NR Standalone clause in 38.133. It is not clear in the current state of the specification whether the interruption requirements also apply when the UE is configured with NR-DC, EN-DC, NE-DC. 

[bookmark: _Toc159060507]Latest spec version has interruption requirements are defined only for SA carrier aggregation scenario. 

[bookmark: _Toc159060508]Interruption requirements in 8.2.2.2.19 apply also for NR-DC, EN-DC, and NE-DC considering that operations in one cell group do not impact operations on another cell group. 
Conclusion
In the paper, the following Observations and Proposals were made:

Observation 1: An interruption during the On-duration or while the DRX-InactivityTimer is running may cause the UE to miss out on PDCCH scheduling of uplink and/or downlink resources.

Observation 2: Missing a PDCCH will waste the scheduled resources from a NW perspective and cause a delay in data transfer of up to the Drx-LongCycle.

Observation 3: drx-onDurationTimer can be as small as 1/32 ms

Observation 4: Interruption lengths of 0.25 to 1 ms during short DRX ON duration would have extremely large impact on UE throughput, since it could cover the whole DRX ON duration.

Observation 5: As every Drx-ShortCycle may be scheduled, this is assumed to be the base of the reminder of the discussion for DRX cycles if the DRX-LongCycle is above 8ms, if configured, else Drx-LongCycle is assumed.

Observation 6: Interruptions on PDCCH on the DRX cycle can cause the UE to experience a further delay in UL and DL grants as long as the drx-LongCycle, which can be configured from 10 ms to 10 s.

Observation 7: The impact of interruption is more severe on PDCCH than for PDSCH during DRX activity time.

Proposal 1: RAN4 to consider rules of when interruptions are allowed with DRX depending on the DRX ON duration, and DRX cycle configuration.

Proposal 2: If the minimum cycle length (long and short DRX cycles) is longer than TBD ms and if the DRX ON duration is shorter than TBD ms and if it is not possible to place an interruption without affecting first and last PDCCH occasion in the DRX ON duration, it s not allowed to cause interruptions during DRX ON durations.

Proposal 3: Interruptions may be allowed during DRX ON duration under the following conditions:
a.	if DRX ON duration is larger than 10 ms, interruptions are allowed, except for the first and last slot containing PDCCH in the DRX ON duration
b.	If the minimum DRX cycle is smaller than 40 ms
i.	Interruptions are not allowed in the DRX ON duration
c.	If the minimum DRX cycle is larger than or equal to 40 ms
i.	Interruptions are not allowed in the DRX ON duration

Observation 8: If interruptions are placed such during inactivity timer periods that there are PDCCH occasions within the inactivity timer period after the interruption, there are possibilities to avoid the DRX cycle delays of data transfer.

Proposal 4: Interruptions during inactivity time periods allowing both interruptions and PDCCH allocations shall be placed so that the last PDCCH occasion in the inactivity time is not-interrupted.

Observation 9: Latest spec version has interruption requirements are defined only for SA carrier aggregation scenario.

Proposal 5: Interruption requirements in 8.2.2.2.19 apply also for NR-DC, EN-DC, and NE-DC considering that operations in one cell group do not impact operations on another cell group.
[bookmark: _Toc116995849]
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