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1	Introduction
In RAN plenary meeting #83 one of the TSC topics agreed to be addressed as a part of the WID on “Support of NR Industrial Internet of Things (IoT)” [1] is:
· Address support for TSC message periodicities with non-integer multiple of NR supported CG/SPS periodicities, as captured in TR 38.825, section 6.5.2. [RAN2, RAN1].
The issue of non-integer multiples of TSC traffic periodicities of CG/SPS periodicities is described in more detail in Table 6.5.2-1 of TR 38.825 [2], as copied below.
	No.
	TSN traffic characteristic
	Description
	Potential solutions and enhancements

	4
	TSN message periodicities with non-integer multiple of NR supported periodicities
	In TSN use cases, the periodicity of data packets which are sent depends on application and in majority of the cases, it is not possible to modify it. There may be use cases where periodicity values are not multiple of NR slot or symbol period, which are used to configure CG/SPS periodicity. The severity of this issue depends on the traffic's latency requirement and the frequency of misalignment occurrences.
	The following solutions could potentially help in resolving or mitigating the issue:
-	Adjustment of SPS/CG resource by RRC reconfiguration (as per current specification)
[bookmark: _Hlk944152]-	Usage of short SPS/CG periodicities and/or multiple SPS/CG configurations and/or combination thereof (for SPS, support for shorter periodicities than those available in Rel-15 may be required)
-	More efficient adjustment of SPS/CG resource timing in the UE as compared to RRC reconfiguration, e.g. based on network configuration or dynamic network signaling and which could be based on knowledge of TSN traffic pattern
-	Applying de-jittering buffer at the edges of 5G system



With respect to this objective, RAN2 has agreed the following:
	· R2 assumes that the maximum number of active SPS configurations for a given BWP of a serving cell in the specification is 8 or 16 (FFS).
· R2 assumes short SPS/CG periodicities and/or multiple SPS/CG configurations and/or combination thereof could be used to mitigate the periodicity misalignment between the TSN periodicity and CG/SPS periodicity. Other solutions not precluded, e.g. to address resource consumption. 
· Will support “short” SPS periodicities, at least down to 0.5ms
· Ask R1 on feasibility, and additionally the feasibility to go down to even lower values, e.g. 2 symb.  



In [10] RAN1 replied to the questions asked by RAN2 on the feasibility of support multiple SPS configurations and shorter SPS periodicities. RAN1 confirmed periodicities of down to slot level are feasible (hence, e.g., 1 ms for SCS of 15 kHz or 0.5 ms for SCS of 30 kHz) and recommended support of up to 8 simultaneously active SPS configurations. For UL, RAN1 agreed to support up to 12 simultaneously active CG configurations.
While the agreed periodicities and configurations are a good starting point to handle TSC flows with arbitrary periodicities, we discuss in this contribution if a dedicated solution can further enhance the performance (alignment latency, efficiency, signalling overhead). We compare solutions to handle TSC flows with arbitrary TSC periodicities that are not aligned with CG/SPS periodicities in NR. We consider that these solutions should be capable of handling cases where: 
· The TSC flow periodicity is not among supported CG/SPS periodicities.
· The TSC flow periodicity is a non-integer multiple of a TDD period, e.g., 0.625ms.
The discussion is also considering the agreements reached so far and indications from different companies for introduction of new periodicities in email discussion on CG/SPS for TSC [11]. 
2	Motivation
Support for arbitrary TSC periodicities that are not aligned with NR CG/SPS periodicities is not straightforward, in particular when the objective is to provide high efficiency (signalling and spectral) together with a minimal misalignment with arbitrary TSC period. The challenge is only amplified when also considering mismatch with NR TDD periods. 
High spectral and signalling efficiency has been a key motivation for the introduction of SPS/CG as they have been considered to provide a good match for periodic traffic flows. However, this efficiency is challenged when it comes to deterministic traffic flows which have periodicities which are not an integer multiple of a supported NR CG/SPS periodicity. This is further challenged with targeting a minimized misalignment which means that the waiting time i.e. peak alignment delay of CG/SPS occurrence is kept as low as possible. Currently agreed methods involve using either a lower CG/SPS periodicity, or resorting to use multiple CG/SPS configurations for a single TSC flow. The implications of the former solution are manageable in UL as the resource usage can be restricted by LCH restrictions, but in DL the result is wasted radio resources and UE monitoring capabilities as SPS PDSCH skipping and implicit HARQ-ACK NACK is currently not supported. The implications from the latter solution is that the number of TSC flows which can be supported is limited. Solution that does not have similar trade-off should be investigated. 
Observation 1: The support of arbitrary TSC periodicities with the use of multiple CG/SPS configurations or using a lower SPS/CG periodicity either limits the number of TSC flows supported per UE or implies wasted monitoring opportunities for the UE.  
[bookmark: _Hlk21022897][bookmark: _Hlk19794208]Proposal 1: Solutions capable of enhancing the system efficiency for serving wide range of arbitrary TSC periodicities with minimal alignment delay should be investigated. 
3	Analysis for potential solutions
3.1	Categorizing potential solutions
Multiple solutions to efficiently handle TSC message periodicities with non-integer multiples of NR supported CG/SPS or TDD periodicities have already been put on the table, for example in [4,5,6,7,8,9]. The proposed solutions can be grouped into three categories:
A. Solutions based on cyclic shifting of CG/SPS configuration. 
B. Solutions based on selecting appropriate resources from CG/SPS configuration.
C. Solutions based on multiple CG/SPS configurations.
3.1.1 Solutions based on shifting of SPS/CG resource
Solutions in Category A are based on shifting i.e. advancing or delaying [8, 9] of CG/SPS resource to meet with the arbitrary TSC service periodicity. Difference in proposed concepts [8] and [9] is that the latter exploits shifting pattern (M/N) to better meet with different arbitrary periodicities while the former has limited flexibility to support arbitrary periodicities with a shift at every N occurrence (1/N). In this document these two proposals are merged, since [8] is seen as a subset of [9]. This option is described in further details in the following subsection.
3.1.1.1 Cyclic SPS/CG shifting 
This paragraph gives an exemplary overview for a possible SPS/CG shifting rule with a cyclic shifting pattern to match with arbitrary periodicity for TSC with minimal alignment delay (the delay from the TSC traffic flow arrival to the RAN, until it is served in the RAN). The realizations of arbitrary TSC periodicity in the examples applies Rel-15 SPS/CG periodicities, but also possible new SPS/CG periodicities e.g., as integer multiples of a symbol period [11]. Arbitrary periodicities of A) 104 Hz and B) 13 ms are used as examples of non-integer and integer multiple of SPS/CG periodicities, respectively. In the examples, arbitrary values are chosen for SCS and TDD period of 120kHz and 0.5ms, respectively. The rule includes the following: 
· In case of TDD only, supported periodicities are further restricted to integer multiple of ul-DL-TransmissionPeriodicity e.g., 0.5ms to avoid UL/DL issues. 
· Slot boundary violation issues can be avoided by avoiding shifting with sub slot periods. 
· Basic SPS/CG periodicity is the nearest supported periodicity related to the Arbitrary Periodicity, as seen in formula below. E.g. if TSC periodicity is 104 Hz or 13 ms, then the periodicity is 10ms for both examples.  

· Shifting step is searched among supported CG/SPS periodicities (that are in case of TDD integer multiple of TDD period) and polarity is determined according to formulas below: E.g., shifting step is -0.5ms and +5ms for examples A and B, respectively.   

[bookmark: _Hlk20982994]
· Cyclic shifting pattern for reoccurrences with the least delay is determined according to formula below, where the starting occurrence matches with the target periodicity without any alignment delay. Formula keeps the alignment delay in each reoccurrence less than shifting step size.  E.g. shifting pattern is [0  1  1  1  0  1  1  1  0  1  1  1  1] (M/N = 10/13) and [1 1 0 1 0] (M/N 3/5) for examples A and B. The same is put in the equation below, where need for shifting is evaluated for each occurrence of N while M is incremented for each shift:  


SPS/CG shifting requires signalling of a set of parameters using, e.g. RRC. Two potential options are presented in Table 1.  
Table 1 Signalling options for Category A
	Option
	Configured parameters
	Pros / Cons

	A1
	· Arbitrary periodicity
· Shift
· N (cyclic length)
· M (number of shifts per cyclic length)  
	+ Compact 
− UE determines shifting occurrences

	A2
	· Arbitrary periodicity
· Shift
· N (cyclic length)
· M (number of shifts per cyclic length)
· Shifting pattern (bitmap)
	+ Complete cyclic CG/SPS shifting configuration 
− Possible overhead due to bitmap



Based on the configured parameters as provided in Table 1, the configured grant or SPS occasion determination formulas in MAC would be affected. Aa an example for Type 2 CG, the following formula should be applied to determine a symbol where the CG occasion occurs (in red, changes with respect to current formula are shown):
[(SFN × numberOfSlotsPerFrame × numberOfSymbolsPerSlot) + (slot number in the frame × numberOfSymbolsPerSlot) + symbol number in the slot] =
[(SFNstart time × numberOfSlotsPerFrame × numberOfSymbolsPerSlot + slotstart time × numberOfSymbolsPerSlot + symbolstart time) + N × periodicity + M x Shift] modulo (1024 × numberOfSlotsPerFrame × numberOfSymbolsPerSlot), for all N >= 0 and 0 <= M <= N, where M is incremented for each reoccurrence of shifting, where shifting reoccurs for period N when:
, 
And where sign of Shift is sgn(ArbitraryPeriodicity[ms] – Periodicity[ms])

Alternatively, i.e. with option A2 from Table 1. The reoccurence of shifting may be indicate with a configured bitmap,I .e. by a binary shifting pattern with length of Shift_M, where shifting is indicated by ‘1’.). In this case, the shifting pattern is repeated cyclically with period of Shift_N × periodicity + Shift_M × Shift, where SFNstart time, slotstart time, and symbolstart time are the SFN, slot, and symbol, respectively, of the transmission opportunity of PUSCH where the configured uplink grant is aligned with the arrival of data burst with arbitrary periodicity.
3.1.2 Solutions based on selection from configured SPS/CG allocations
Solutions in Category B and C are based on selection of appropriate SPS/CG resource from a set of configured resources to better meet with the arbitrary TSC service periodicity. The selection may be based on rule to select next available resource after arrival of TSC message [4,7] (Option B1) or selection is given to UE as cyclic bitmap as proposed in [4,6] (Option B2). In general, configured resources have a higher SPS/CG periodicity than TSC periodicity. 
As an example, with the same 104Hz or 13ms TSC periodicity as used for category A, category B or C needs to configure SPS/CG resources with 0.5ms SPS/CG granularity and select 13 or occurrences out of 250 or configured SPS/CG resources, for the same alignment delay as with category A. In this case an “overbooking ratio” equals to 250/13. Category B may re-use over-booked resources if it relies on deterministic timing behaviour from UEs and that e.g. jitter would not cause any uncontrolled collisions. 
3.2	Comparison criteria
This section defines a set of KPIs, which are then used as criteria to compare the proposed solutions.
3.2.1 Performance
For a proposed solution to efficiently handle arbitrary TSC periodicities, it should cope with wide range of arbitrary TSC service periodicities ranging, e.g., 0.5ms -100ms or 10/s - 2000/s defined as in time or frequency, respectively.  At the same time signalling overhead should be kept minimal with mitigation for general constraints, e.g. on slot boundaries, TDD switching between UL and DL and multiplexing of multiple TSC users / flows. The peak alignment delay of SPS/CG should target to be not more than 50% of TSC periodicity. 
The set of performance and criteria we will use for the analysis are the following:
· Flexibility and efficiency to support arbitrary periodicities with low alignment delay (3.3.1)
· Single-flow signalling overhead, including the reconfiguration message and reconfiguration periodicity (3.3.2)
· Mitigation of resource constraints, e.g.: slot boundaries, TDD, multiplexing (3.3.3)
The peak alignment delay is selected as the main KPI to be optimized in order to have the common reference point for comparison.
3.2.2 Complexity
For a proposed solution to efficiently handle arbitrary TSC periodicities, it should be unambiguous and simple, i.e., the complexity of implementing the scheme should be low, for both the device and the network. The estimated effort to get the solution standardized should meet with R16 timeframe. 
The set complexity criteria we will use for the analysis are the following:
· Device complexity of supporting this solution (3.3.4)
· Scheduler complexity when the scheme is used to serve multiple TSC flows (3.3.5)
· Effort of standardizing the solution in the R16 framework (3.3.6)
3.3	Evaluation and comparison
The proposed solutions are first evaluated per criteria and eventually the outcome is compared in Table 1.
3.3.1 Flexibility to support arbitrary periodicities with high resource efficiency
Solutions in Category A provide inherently very high resource efficiency and can support wide range of TSC service periodicities given in message time interval or frequency. The peak alignment delay is limited to the shifting step size. Figures below illustrate relative peak alignment delay (Figures 1, 2) and length of shifting pattern (Figures 3, 4) for TSC periodicities of 2Hz - 2kHz with increment of 1Hz with 30kHz SCS for FDD and in case of TDD with ul-DL-TransmissionPeriodicity of 0.5ms. 



Capability to support integer multiple of 1ms periodicities up to 640ms with Category A is shown in Figure 5.     
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Figures 1,2 - Relative alignment delay vs TSC period [Hz] for FDD (left)  and TDD (right) with underlaying Rel15 periodicities.
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[bookmark: _Hlk19519780]Figures 3,4 - Length of bit pattern vs. TSC periodicity for category A (left) and category B (right)
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Figures 5, 6 – Relative alignment delay vs. TSC periodicity for 1, 2, 3, …,640ms (left) Overbooking ratio for periodicities 1-100ms with limits of 8 and 16 multiple CG configuration as horizontal lines
Observation 2: Cyclic shifting based on Rel-15 periodicities can support arbitrary periodicities with reasonable alignment delay.  
[bookmark: _Hlk19794354]Observation 3: Cyclic shifting can also synthesize CG periodicities of integer multiple e.g. 0.125 ms slot period with relying on Rel-15 periodicities. 
Solutions in Category B and C need multiple resources configured/overprovisioned for enabling selection. In general, configured resources shall have higher density (SPS/CG periodicity) than arbitrary TSC periodicity. Resulting peak alignment delay is less or equal to resource density or configured underlying SPS/CG periodicity. To achieve as low alignment delay as with option A as shown in figures 1 and 2, Solutions in category B and C will need resources configured with period that is equal to shifting offset of option A. E.g., with 104Hz TSC periodicity used as an example in 3.1.2 the overbooking ratio is 250/13 (≈19). The following figure presents the ratio between configured and used resources, i.e. “overbooking ratio”.  Overbooking ratio seems to exceed 100 i.e. only less than 1% of configured resources are used. 
The overbooking ratio indicates also how many multiple CG/SPS configurations are needed with option C. This is illustrated in figure 6, that also shows limits of 8 or 16 multiple CG/SPS configurations.  
[image: ][image: ]
Figures 7, 8 - Overbooking ratio vs. TSC periodicity with category B for FDD (left) and TDD (right)
Observation 4: Overbooking ratio in category B and C  may exceed 100, i.e. up to as many multiple CG/SPS configurations would be needed.
Observation 5: For cyclic shifting bit pattern the length of pattern in bits does not depend on underlying SPS/CG periodicity. 
3.3.2 Signalling overheadsSignalling overhead in category A very small to small depending on signalling as can be seen in table 1. SPS/CG configuration is normally signalled at start of SPS/CG only once. 
Observation 6: Signalling option for cyclic shifting that avoids transmitting possibly lengthy bitmap seems to be the best option for signalling. 
Signalling overhead in category B and C is larger than in A due to need for multiple resources configured. Overbooking ratio may exceed 100, that reflects the need for multiple CG/SPS configurations. Option B2 needs to transmit also bitmap for selection of appropriate resource.  Bitmap can be made for cyclic use, but then the length varies according to requested arbitrary periodicity and needs to be multiplied with overbooking ratio when compared with option A. 
Observation 7: Option B2 produces bitmap, which length is overbooking ratio times longer than in option A2.   
3.3.3 Mitigation of resource constraints
In category A, the mitigation of TDD UL/DL constraints can be made by selecting the basic periodicity and shifting step as N x dl_UL_TransmissionPeriodicity, where N is positive integer.  For example, dl_UL_TransmissionPeriodicity of 0.5ms applies to all NR numerologies. Violation of slot and SFN boundaries can be avoided similarly.
In category A, multiplexing UEs applying the same TSC periodicity can be done in time domain with a time offset between users. UEs with different non multiple periodicity can be multiplexed in frequency domain. 
In category B mitigation can be like option A, meaning that all configured resources are not violating slot or TDD boundaries. 
3.3.4 Device complexity
The complexity in UE to implement category A is low, because of clear cyclic rule with least branching and straightforward mitigation of resource constraints can be applied. 
In option B1 UE needs to implement rule for skipping and selecting appropriate resources from configured one. Applicability of each resource needs to be evaluated possibly in turn.  
3.3.5 Scheduler complexity
In category A scheduler needs to employ a rule to obtain cyclic shifting parameters, that can be signalled to UE with different options as shown in table 1.
In option B the scheduler needs to determine raster of resources with enough density and with length of bit pattern so long that repeating it cyclically would fully match with requested service periodicity and not colliding with other users.  
In case of multiple TSC UEs both time and frequency domain multiplexing are needed to meet requested capacity. This applies to both options. Option B2 with bitmap, may yield slightly more flexibility to avoid resource collision between different UEs.
3.3.6 Effort of standardizing the solution in the R16 framework
PHY
Category A HARQ-ACK codebook construction algorithm needs to account for SPS allocations shifting if slot boundary is violated, but it can be avoided as shown earlier.
Category B will benefit of ACK/NACK skipping for unused SPS allocations, if not han	dled by MAC. 
MAC
In category A, MAC needs to be extended with SPS/CG shifting (re)occurrences. Resource constraints are managed by NW, thus UE can just exploit given configuration. 
Categories B and C need to mitigate overbooking related overhead to ensure efficient operation. 
RRC
For category A, at least TSC periodicity and the starting time information elements are needed. Further information elements are optional. 
For category B, at least TSC periodicity and the starting time information elements are needed. Further parameters are optional, e.g. bitmap needs to be signalled for option B2.
3.4 Comparison
Table 2. Summary comparison of the proposed solutions.
	KPI criteria
	Solution A
Cyclic shifting
	Solution B
Selection from multiplied periodicity
	Solution C
Selection from multiple configurations

	Flexibility and Efficiency
	High
	Medium
	Medium

	Signalling overhead (RRC and MAC)
	Low
	Medium (B1)
Medium (B2)
	High

	Mitigation of resource constraints
	OK
	OK
	OK

	UE complexity
	Low
	Low
	Low

	Scheduler complexity
	Medium
	Medium (B1)
High (B2)
	High

	Standardization effort
	Medium
	Medium
	Medium



Observation 8: Overall complexity is about in similar level for all evaluated concepts. 
Observation 9: Cyclic shifting of SPS/CG resource seems to have the best fit with given the KPIs.  
Based on the above analysis and observations, we therefore have the following proposal:
Proposal 2: Cyclic SPS/CG shifting should be used as basis for further work on support for arbitrary TSC periodicities. 
4	Conclusion   
During comparison of solution proposals to support arbitrary TSC periodicities the following observations have been made.
Observation 1: The support of arbitrary TSC periodicities with the use of multiple CG/SPS configurations or overprovisioned SPS/CG periodicity have crucial trade-off between efficiency and alignment delay - both are important objectives.  
Observation 2: Cyclic shifting based on Rel15 periodicities can support arbitrary periodicities with reasonable alignment delay. 
Observation 3: Cyclic shifting can also synthesize CG periodicities of integer multiple e.g. 0.125ms slot period with relying on Rel15 periodicities. 
Observation 4: Overbooking ratio in category B and C may exceed 100, i.e. up to as many multiple CG/SPS configurations would be needed.
Observation 5: For cyclic shifting bit pattern the length of pattern in bits does not depend on underlying SPS/CG periodicity. 
Observation 6: Signalling option for cyclic shifting that avoids transmitting possibly lengthy bitmap seems to be the best option for signalling. 
Observation 7: Option B2 produces bitmap, which length is overbooking ratio times longer than in option A2.   
Observation 8: Overall complexity is about in similar level for all evaluated concepts. 
Observation 9: Cyclic shifting of SPS/CG resource seems to have the best fit with given the KPIs.  Based on the above analysis and observations, we therefore have the following proposals:
Proposal 1: Solutions capable of enhancing the system efficiency for serving wide range of arbitrary TSC periodicities with minimal alignment delay should be investigated. 
Proposal 2: Cyclic SPS/CG shifting should be used as basis for further work on support for arbitrary TSC periodicities. 
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