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1	Introduction
In this paper we discuss DRX enhancements for the following power saving objective in Rel-18 XR WID [1]:
	Specify the enhancements related to power saving:
-	DRX support of XR frame rates corresponding to non-integer periodicities (through at least semi-static mechanisms e.g. RRC signalling) (RAN2).



[bookmark: _Ref178064866]2	Discussion on DRX Enhancements for XR
[bookmark: _Ref105678701]2.1 Signalling details of rational number DRX cycles

RAN2 #122 [2] made the following agreement:
	Define DRX cycle based on rational numbers. Inform RAN1/4 about this and ask them to indicate if this causes issues in their specifications. 



For this solution to support many rational cycles and thus be future-proof, it is useful to introduce two new integer parameters at RRC, e.g. drx-LongCycleDividend and drx-LongCycleDivisor. The rational DRX cycle value for Long DRX is then equal to drx-LongCycleDividend/drx-LongCycleDivisor. By supporting many integer values for each of these two parameters, it can be ensured that many rational cycle values are supported.
Furthermore, this solution would also support integer DRX cycles (by configuring drx-LongCycleDivisor=1). This means that the SFN wrap-around solution could be used also for legacy integer cycles, without the need to decouple DRX_SFN_COUNTER from configuring drx-NonIntegerLongCycle in the current MAC CR:
	The following UE variable is used for the DRX operation if drx-NonIntegerLongCycleStartOffset and/or drx-NonIntegerShortCycle is configured:
-	DRX_SFN_COUNTER: the counter that increments when SFN changes to 0. This counter can be implemented with a maximum value of 65536.




[bookmark: _Toc146837523]Introduce two new integer parameters at RRC (e.g., drx-LongCycleDividend and drx-LongCycleDivisor) to support rational number DRX cycles.

The ranges of integer values for these two new parameters need to ensure that current and future rational XR traffic periodicities are supported. Let us consider the example fps values from [3]:
120 fps  periodicity 8.33 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={25, 3}
90 fps  periodicity 11.11 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={100, 9} 
72 fps  periodicity 13.88 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={125, 9} 
60 fps  periodicity 16.66 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={50, 3} 
45 fps  periodicity 22.22 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={200, 9} 
30 fps  periodicity 33.33 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={100, 3} 
15 fps  periodicity 66.66 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={200, 3}.

Other video examples from SA4 [4] are:
120000/1001 fps (119.88 fps)  periodicity 8.3417 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 120}
60000/1001 fps (59.94 fps)  periodicity 16.6833 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 60}
30000/1001 fps (29.97 fps)  periodicity 33.3666 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 30}
24 fps  periodicity 41.66 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={125, 3}
24000/1001 fps (23.97 fps)  periodicity 41.7083 ms  {drx-LongCycleDividend, drx-LongCycleDivisor}={1001, 24}
Therefore, the two new parameters {drx-LongCycleDividend, drx-LongCycleDivisor} need to support at least the range of values from the examples above. 

[bookmark: _Toc146837524]The maximum value supported for drx-LongCycleDividend and drx-LongCycleDivisor should be at least 1001 ms and 120, respectively.

For the minimum value of drx-LongCycleDividend, we propose to support the current minimum value for Short DRX, i.e. 2 ms, to ensure that many cycle values can be configured. Regarding the minimum supported value for drx-LongCycleDivisor, it is obvious that “0” does not make sense from a mathematical perspective, so we propose to start from value “1”. 
[bookmark: _Toc146837525]The minimum value supported for drx-LongCycleDividend and drx-LongCycleDivisor should be 2 ms and 1, respectively.

2.2 DRX formula and other related MAC changes

RAN2 #123 [5] made the following agreements regarding the DRX formula:
	The maximum value of the counter (NSFN) is 2^16 = 65536. 
8. 	Network sets DRX reference SFN (drx-ReferenceSFN) to either 0 or 512, in the same way as in Rel-16 IIoT.
9. 	Use the following option (option A): both the counter NSFN and the DRX reference SFN drx-ReferenceSFN are added to the DRX formula. NSFN is initialized to 0. 
CB XR (Thursday) (1) – Correction to above agreements 
Chair: Offline, it was noticed that since indexing starts from zero, the maximum counter value should be 2^16-1 = 65535 instead. Therefore, the agreement is modified accordingly
The maximum value of the counter (NSFN) is 2^16 – 1 = 65535.



Based on these agreements, the maximum value of the counter is 65535. However, this is not captured properly in the draft MAC running CR for XR [6]:
	The following UE variable is used for the DRX operation if drx-NonIntegerLongCycleStartOffset and/or drx-NonIntegerShortCycle is configured:
- DRX_SFN_COUNTER: the counter that increments when SFN changes to 0. This counter can be implemented with a maximum value of 65536.



[bookmark: _Toc146837526]Introduce in the MAC specifications the definition “DRX_SFN_COUNTER: the counter that increments when SFN changes to 0. This counter can be implemented with a maximum value of 65535.”


Furthermore, the draft MAC running CR for XR [6] proposed the following updated formula for Long DRX:
	
[(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number] modulo (drx-NonIntegerLongCycle) = [(drx-TimeReferenceSFN × 10) + drx-StartOffset] modulo (drx-NonIntegerLongCycle)



We believe there are several issues with this formula and we discuss them below.
Issue 1
The formula above does not properly support rational DRX cycle values, since the “floor” operation is missing. In Table 1 we show an example for video traffic with generation rate 60 fps and no jitter, where we set drx-NonIntegerLongCycle=1000/60 ms, drx-TimeReferenceSFN=0, drx-StartOffset=0. The DRX cycles start at 0 and 50 ms are thus too sparse compared to the traffic periodicity of 16.66 ms. The DRX cycle starting times that are missing and are needed to align with all traffic arrivals in the considered interval are marked in red.
Table 1 Problem with formula without floor operation
	Time moment [ms]
	SFN
	subframe
	(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number]
	Formula left side
	Formula right side
	DRX cycle start (formula left side = formula right side)

	0
	0
	0
	0
	0
	0
	start

	1
	0
	1
	1
	1
	0
	-

	2
	0
	2
	2
	2
	0
	-

	3
	0
	3
	3
	3
	0
	-

	…

	16
	1
	6
	16
	16
	0
	-

	17
	1
	7
	17
	0.3333
	0
	-

	18
	1
	8
	18
	1.3333
	0
	-

	…

	33
	3
	3
	33
	16.3333
	0
	-

	34
	3
	4
	34
	0.6666
	0
	-

	35
	3
	5
	35
	1.6666
	0
	-

	…

	49
	4
	9
	49
	15.6666
	0
	-

	50
	5
	0
	50
	0
	0
	start

	51
	5
	1
	51
	0.9999
	0
	-


 
By incorporating the floor operation as proposed by several companies throughout the RAN2 discussions, the updated formula with the floor operation is:
floor([(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number] modulo (drx-NonIntegerLongCycle)) = floor([(drx-TimeReferenceSFN × 10) + drx-StartOffset] modulo (drx-NonIntegerLongCycle)).
In Table 2 we show the same example as in Table 1, where we apply the DRX formula updated with the floor operation. The DRX cycles start as expected to be aligned with the traffic periodicity, namely at 0, 17, 30, 34, and 50 ms. 
[bookmark: _Toc146837527]Include the floor operation in the DRX formula.

Table 2 Problem with formula without floor operation
	Time moment [ms]
	SFN
	subframe
	(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number]
	Formula left side
	Formula right side
	DRX cycle start (formula left side = formula right side)

	0
	0
	0
	0
	0
	0
	start

	1
	0
	1
	1
	1
	0
	-

	2
	0
	2
	2
	2
	0
	-

	3
	0
	3
	3
	3
	0
	-

	…

	16
	1
	6
	16
	16
	0
	-

	17
	1
	7
	17
	0
	0
	start

	18
	1
	8
	18
	1
	0
	-

	…

	33
	3
	3
	33
	16
	0
	-

	34
	3
	4
	34
	0
	0
	start

	35
	3
	5
	35
	1
	0
	-

	…

	49
	4
	9
	49
	15
	0
	-

	50
	5
	0
	50
	0
	0
	start

	51
	5
	1
	51
	0
	0
	unwanted start


 
However, in MATLAB we also observed an additional unwanted DRX cycle starting at 51 ms. This occurs due to the precision used by default by MATLAB for the variable “formula left side”. By default, this variable is of type double, thus having 64-bit double-precision floating-point values. We observed in Table 1 that for DRX_SFN_COUNTER=0, SFN=5, subframe number = 1, and drx-NonIntegerLongCycle=1000/60 we obtained:
formula left side 
= [(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number] modulo (drx-NonIntegerLongCycle)
= [51] modulo (1000/60) = 0.9999...
If we further apply the floor operation as in Table 2, floor(formula left side) = floor(0.9999...)=0.
This issue can be solved by using the vpa() function which estimates a variable-precision floating point value with at least 32 significant digits. Namely, in our example, for time moment 51 ms, floor(vpa(formula left side)) = floor(1)=1. Thus, it depends on the implementation whether a rounding error results in an additional unwanted DRX cycle.

[bookmark: _Toc146837522]Implementation-based rounding errors of the DRX formula with floor operation may result in additional unwanted DRX cycles.
[bookmark: _Toc146837528]Address implementation issues causing rounding errors that result in unwanted DRX cycles.

Issue 2
The purpose of the SFN wrap-around solution is to avoid the misalignment between DRX at the NW and at the UE, when the network sends the DRX configuration shortly before an SFN wrap-around (NW initializes DRX_SFN_COUNTER=0 before wrap-around), but the UE receives it after the wrap-around due to, e.g., retransmissions (UE initializes DRX_SFN_COUNTER=0 after wrap-around). 
According to the agreements in RAN2 #123 above, the DRX reference SFN (i.e., drx-TimeReferenceSFN) was added to the DRX formula. The purpose was to allow the UE to always initialize DRX_SFN_COUNTER (as denoted in the MAC CR) to 0 when it receives the DRX configuration from the network, regardless of the SFN in which the UE receives the DRX configuration (before or after the SFN wrap-around). The solution captured in the MAC CR is illustrated in Figue 1.  
[image: ]
Figure 1 Illustration of the solution for the SFN wrap-around problem from the MAC CR

Based on this solution, after the SFN wrap-around, the DRX cycles at the network (DRX_SFN_COUNTER=1) and at the UE side (DRX_SFN_COUNTER=0) should be synchronized. In Table 3 we show the result of the DRX formula at the network and UE side, for drx-NonIntegerLongCycle=1000/60 ms, and drx-StartOffset=0. We assume the UE receives the DRX configuration in the first subframe after the SFN wrap-around. At the UE side drx-TimeReferenceSFN=512, whereas at the NW side we assume two cases drx-TimeReferenceSFN={0, 512}. 
Table 3
	SFN
	
	Network side
	
	UE side

	
	
	DRX_SFN_COUNTER
	(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number
	DRX cycle start

	
	DRX_SFN_COUNTER
	(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number
	DRX cycle start
(drx-TimeReferenceSFN=512)

	
	
	
	
	drx-TimeReferenceSFN=512
	drx-TimeReferenceSFN=0
	
	
	
	

	1023
	
	0
	10234
	-
	start
	
	
	
	

	1023
	
	0
	10235
	-
	-
	
	
	
	

	1023
	
	0
	10236
	-
	-
	
	
	
	

	1023
	
	0
	10237
	start
	-
	
	
	
	

	1023
	
	0
	10238
	-
	-
	
	
	
	

	1023
	
	0
	10239
	-
	-
	
	
	
	

	0
	
	1
	10240
	-
	-
	
	0
	0
	-

	0
	
	1
	10241
	-
	-
	
	0
	1
	-

	0
	
	1
	10242
	-
	-
	
	0
	2
	-

	0
	
	1
	10243
	-
	-
	
	0
	3
	start

	0
	
	1
	10244
	-
	-
	
	0
	4
	-

	0
	
	1
	10245
	-
	-
	
	0
	5
	-

	0
	
	1
	10246
	-
	-
	
	0
	6
	-

	0
	
	1
	10247
	-
	-
	
	0
	7
	-

	0
	
	1
	10248
	-
	-
	
	0
	8
	-

	0
	
	1
	10249
	-
	-
	
	0
	9
	-

	0
	
	1
	10250
	-
	start
	
	0
	10
	-

	0
	
	1
	10251
	-
	-
	
	0
	11
	-

	0
	
	1
	10252
	-
	-
	
	0
	12
	-

	0
	
	1
	10253
	-
	-
	
	0
	13
	-

	0
	
	1
	10254
	start
	-
	
	0
	14
	-



We observe that the start of the DRX cycle at the UE side is not aligned with the network side, regardless of whether drx-TimeReferenceSFN is assumed 0 or 512 at the network side. Thus, the formula does not work as intended and we propose to remove the DRX reference SFN (drx-TimeReferenceSFN) from the DRX formula. Instead, procedural text can be introduced in the MAC specifications to describe the following:
· If drx-TimeReferenceSFN =512
· If the UE receives the DRX configuration in an SFN within [0, 512), the UE initializes DRX_SFN_COUNTER=1;
· Otherwise, the UE initializes DRX_SFN_COUNTER=0.

[bookmark: _Toc146837529]Do not add the DRX reference SFN (i.e., drx-TimeReferenceSFN) to the DRX formula.

Furthermore, we take into account our Proposal 1 to represent the rational DRX cycles by two integer parameters and we propose to update the Long DRX formula by replacing “drx-NonIntegerLongCycle” with “drx-LongCycleDividend/drx-LongCycleDivisor”. This modification avoids the need to define “drx-NonIntegerLongCycle=drx-LongCycleDividend/drx-LongCycleDivisor” in the specifications and thus reduces the number of needed specification changes. 
[bookmark: _Toc146837530]Introduce “drx-LongCycleDividend/drx-LongCycleDivisor” instead of “drx-NonIntegerLongCycle” in the DRX formula.

By combining Proposals 6 and 7, the resulting formula is:
floor([(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number] modulo (drx- LongCycleDividend/drx-LongCycleDivisor)) = drx-StartOffset.

[bookmark: _Toc146837531]Enhance the Long DRX formula based on rational cycle values as: floor([(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number] modulo (drx- LongCycleDividend/drx-LongCycleDivisor)) = drx-StartOffset. 

Note that the Short DRX formula could be modified in a similar way. In this case, two new parameters (e.g., drx-ShortCycleDividend and drx-ShortCycleDivisor) would have to be introduced at RRC also for Short DRX. Nonetheless, for alignment with the periodicity of a traffic flow, enhancing only the Long DRX formula seems to be sufficient, especially if many values are supported for drx-LongCycleDividend and drx-LongCycleDivisor. Furthermore, modifying the Short DRX formula to introduce rational cycles may result in further conflicts with the requirement that the configured Long DRX cycle must be a multiple of the Short DRX cycle, if Short DRX is configured.

[bookmark: _Toc146837532]RAN2 to discuss whether enhancing the Short DRX formula is needed, considering that for every Short DRX cycle there must be a Long DRX cycle, which is a multiple of the Short cycle.
Conclusion
In the previous sections we made the following observations: 
Observation 1	Implementation-based rounding errors of the DRX formula with floor operation may result in additional unwanted DRX cycles.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Introduce two new integer parameters at RRC (e.g., drx-LongCycleDividend and drx-LongCycleDivisor) to support rational number DRX cycles.
Proposal 2	The maximum value supported for drx-LongCycleDividend and drx-LongCycleDivisor should be at least 1001 ms and 120, respectively.
Proposal 3	The minimum value supported for drx-LongCycleDividend and drx-LongCycleDivisor should be 2 ms and 1, respectively.
Proposal 4	Introduce in the MAC specifications the definition “DRX_SFN_COUNTER: the counter that increments when SFN changes to 0. This counter can be implemented with a maximum value of 65535.”
Proposal 5	Include the floor operation in the DRX formula.
Proposal 6	Address implementation issues causing rounding errors that result in unwanted DRX cycles.
Proposal 7	Do not add the DRX reference SFN (i.e., drx-TimeReferenceSFN) to the DRX formula.
Proposal 8	Introduce “drx-LongCycleDividend/drx-LongCycleDivisor” instead of “drx-NonIntegerLongCycle” in the DRX formula.
Proposal 9	Enhance the Long DRX formula based on rational cycle values as: floor([(DRX_SFN_COUNTER × 10240) + (SFN × 10) + subframe number] modulo (drx- LongCycleDividend/drx-LongCycleDivisor)) = drx-StartOffset.
Proposal 10	RAN2 to discuss whether enhancing the Short DRX formula is needed, considering that for every Short DRX cycle there must be a Long DRX cycle, which is a multiple of the Short cycle.
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