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1	Introduction
In previous RAN2 meetings [1] [2] [4] [8], RAN2 discussed the enhancement of XR-specific capacity improvement and reached some progress.
In this contribution, we will further discuss the following four issues related to MAC enhancements based on the agreements and objectives of the WI:
· Design of BSR MAC CE: how to report remaining time associated with BS. 
· Design of BS table: how to design the new BS table(s) to achieve the target quantization error;
· Trigger of BSR: how to trigger the BSR contains the remaining time;
· LCP restriction: how to perform LCH selection.
2 Discussion
2.1 Design of BSR MAC CE
While designing the BSR MAC CE, one should consider XR traffic characteristics, in particular the fact that for UL AR traffic the PSDB is larger than the periodicity. In consequence, a LCH may buffer more than one data burst with different remaining PSDBs at the same time. If the UE reported only a single value of the remaining time per LCG, it would be impossible for the network to identify the exact data volume related to this remaining time. As a result, the network would not be able to schedule appropriate resources for transmission, which would affect the service performance of the UE and the network capacity. This can be seen more clearly based on the example presented in Figure 1: 
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Figure 1: Data bursts with different reaming times buffered at the UE
Assuming that the UE reports only a single, more stringent value of remaining time (i.e., 10 ms) at time T1 while the indicated data volume contains both data burst 1 and data burst 2, the network does not know the data volume information associated with the remaining time. Hence there are two choices:
1) The network schedules resources smaller than indicated in the BSR and then provides another grant for the remaining data whenever possible. In this case, there is no guarantee that data burst 1 is successfully completed within the time of the remaining PDB.
2) Alternatively, the network may schedule sufficient resources to accommodate both the data burst 1 and data burst 2 before time T2. This would also be non-optimal, since there is still a lot of delay budget left for data burst 2 which does not need to be transmitted urgently. However, since the network does not know this information, it needs to schedule more resources than the UE actually needs. This in consequence may lead to other users being deprioritized due to lack of sufficient resources to accommodate all traffic in time.
Observation 1: Reporting only a single value of remaining time per LCG when there are multiple data bursts with different remaining times in a LCG is not sufficient for the gNB to perform efficient traffic scheduling. 
Therefore, it should be possible to report multiple remaining time values for a single LCG. There are two ways to achieve this: 
1. Design a BSR MAC CE which includes the remaining time information together with the associated data volume(s). 
2. Specify a separate MAC CE indicating the remaining time value(s) only. Additionally, an association between the BSR MAC CE and the remaining time MAC CE would have to be specified. 
The pros and cons of these options are briefly summarized in Table 1.
Table 1. Summary of data volume and associated remaining time in the same or separate MAC CEs
	Options
	Option 1
	Option 2

	Descriptions
	Data volume and remaining time in the same MAC CE
	Data volume and remaining time in the separate MAC CEs

	Specification Impacts
	Low
· One new MAC CE format
	High
· Two new MAC CE formats (meaning also two LCID values would be used up);
· Need to define how to associate the remaining time with the data volume reported in another MAC CE.

	Signalling overhead
	Low (we assume no explicit value of remaining time is signalled but rather some thresholds/range and in this case 2~4 bits is sufficient for remaining time indication)
	Since the remaining time is reported in a separate MAC CE, the overhead will be higher. It can be even higher in case explicit value of remaining time would be reported.


Thus, we propose RAN2 to define one new BSR MAC CE format indicating the data volume together with its associated remaining time.
Proposal 1: Define a new BSR MAC CE format indicating the data volume together with its associated remaining time. 
Since the UL AR traffic periodicity is smaller than the PSDB, a LCH may buffer more than one data burst with different remaining PSDBs at the same time. Furthermore, each LCG may contain more than one LCH. Therefore, one LCG may contain data with different remaining times and in this case, the UE should be able to report multiple BS values and associated remaining times in a single BSR MAC CE.
Proposal 2: UE should be able to report multiple BS values and their associated remaining times in a single BSR MAC CE when there is data with different remaining times within the same LCG. 
RAN2 has agreed also the following with respect to BSR tables design and BSR reporting:
	Network can configure which BSR table(s) an LCG is eligible to use. UE determines which BSR table (i.e. legacy or something else) the LCG should use. FFS details of this determination (e.g. based on buffer size) and how network knows which BSR table each LCG uses.


It was then agreed that multiple BSR tables can be configured for a single LCG. However, we have not yet discussed how many tables can be configured. From our point of view, requiring the UE to select from too many BSR tables each time the BSR is to be reported, would significantly impact the UE complexity. It would be also unclear whether the new BS ranges of the new tables can overlap and if so, how the UE chooses which one to use. Furthermore, a signaling overhead related to BSR table indication would increase as well. We also think that the network can simply choose the BSR table which best fits the expected traffic pattern of the UE. Hence, to simplify UE implementation and reduce signaling overhead, we believe the network should configure at most one new BSR table per LCG. Then the UE needs to only determine whether to use the new BSR table or legacy one based on the buffer size and the BS value range of the new table, i.e. in case the BS value is not within the range of the new table, the UE would utilize legacy BSR table. This way, each BS value for an LCG requires only one bit to indicate whether the new BSR table or the legacy table is used.
Proposal 3: UE should have at most one new BSR table configured per LCG. The UE determines whether to use the new table or the legacy table based on the buffer size and the new table’s range, i.e. new BSR table is used in case BS value falls within its range, otherwise UE uses legacy BSR table.
Given that different LCGs may use different BSR tables, and some LCGs may use the legacy BSR table, then having different BS field lengths for different LCGs would make the format of the new BSR MAC CE much more complicated. Therefore, the number of code points of new BSR tables should be common and the same as for legacy BSR table. Since the main goal is to reduce the quantization error, we believe we should utilize 8-bit long index, as in the case of Long BSR format.
Proposal 4: The length of index in the new BSR tables should be the same as Long BSR format, i.e. 8 bits.
An exemplary format of the MAC CE aligned with the above proposals is depicted in Figure 2. 
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Figure 2. Example of new BSR MAC CE
The fields of the MAC CE can be shortly described as follows:
· LCG ID – indicates the ID of the LCG for which the BSR is reported. Instead of explicit LCG ID, we can have a bitmap of LCGs present in a certain BSR similar as we currently have for Long BSR format.
· Remaining time: it is a bitmap where each bit is set to 1 if the BSR for the corresponding remaining time index is reported. It is set to 0 if there is no data with the corresponding remaining time index.
· Table index: it is a bitmap where each bit indicates the BSR table (i.e., new BSR table or legacy table) used for each BSR value.
· BSR0 to BSR3: each BSR value corresponds to a certain remaining time index for which the bit in the “remaining time” field was set to 1. Therefore, depending on how many bits were set to “1” in the remaining time field, the MAC CE may contain from one up to four BSR values (assuming remaining time bitmap has a length of four bits, as in the example) per LCG. Each BSR value can be indicated by 1 index or 2 indexes, if 2 indexes used, then BSR value field can be extended to more than 1 Octet.
When it comes to remaining time determination and signalling, our views are as follows:
1. Considering that the remaining PSDB (i.e. “remaining time”) of a data burst is PSDB of the data burst minus buffered time of the data burst, the PDCP discard timer of the data burst can be directly used as the remaining PSDB (i.e. “remaining time”) of the data burst.
2. There is no need to signal an explicit value of the remaining time in the BSR MAC CE to limit the overhead. The remaining time should be then signalled with an index which corresponds to a certain remaining time threshold pre-configured by the network.
Proposal 5: The current value of the PDCP discard timer of a data burst is used for the remaining time determination of the data burst.
Proposal 6: The remaining time is signalled with an index which corresponds to a certain remaining time threshold pre-configured by the network
2.2 Design of BS table
According to the agreement in previous RAN2 meeting [1] [2] [4] [8], RAN2 has agreed to introduce new BS table(s) to reduce the quantisation error. According to the table 5.1.1.1-1 of 3GPP TR 38.838 [5] shown below, the packet size of XR service is determined by the data rate and frame rate, and follows the truncated Gaussian distribution.
	Table 5.1.1.1-1: Statistical parameters for packet size following truncated Gaussian distribution
	Parameter
	unit
	Baseline values for evaluation
	Optional values for evaluation for single eye buffer

	Mean: M
	byte
	R×1e6 / F / 8
	R×1e6 / F / 8

	STD
	byte
	10.5% of M
	3 % of M

	Max
	byte
	150% of M
	109% of M

	Min
	byte
	50% of M
	91% of M

	R: data rate of the flow in Mbps.
F: frame generation rate of the flow in fps.
Note that the mean and STD apply before truncation applies.
Note that the value of R, F depend on application.





A decision on how to distribute the code points for a new BSR table is related to the target quantization error. Technically, the ideal quantization error shall be able to avoid any resource wasting caused by inaccurate BSR. Typically, one physical resource block is able to carry about 100 bytes for uplink, assuming MCS is 20 and rank is 1. This means as long as the BSR quantization error is smaller than 100 bytes, no more than one PRB will be wasted. So ideally, linear distribution with step size smaller than 100 bytes shall be used for the new BSR tables. 
Observation 2: Ideally, the target BSR quantization error shall be less than 100 bytes, to minimize the resource wastage.
To achieve such quantization error, a linear code points distribution with a step size of 100 bytes should be supported.
Proposal 7: New BSR tables should be designed with at least: linear distribution of code points and step size of 100 bytes. 
Considering that different XR services with different data rates and/or frame rates will have different ranges of data volume, multiple buffer size tables may be needed. There are two types of solutions to define multiple buffer size tables to be discussed.
Pre-specified BS tables: Specify multiple new BS tables in specifications. Network can configure which BSR table(s) an LCG is eligible to use. UE determines which BSR table (i.e. legacy or something else) the LCG should use, and indicates which BS table is selected for use to the network via BSR MAC CE or MAC sub-header.
Generated BS tables: UE generates a new BS table according to some parameters, such as the number of steps and the maximum/minimum values. Those parameters can be configured by the gNB or pre-specified.
Alt 1: UE dynamically generates a new BS table according to the configured parameters from the gNB and reports one index to indicate the BS value associated with the new table. However, it is difficult for the network to configure UE with proper parameters because it cannot know the traffic information beforehand. If we assume that the network can derive the traffic information from, for example, the statistics reported by UE, it can also work but have more spec impact;
Alt 2: UE uses two indexes to indicate the buffer size where a first index refers to a legacy BSR table to indicate a rough buffer size while the second index indicates more precise buffer size. This can be seen as UE generating a 2nd-level BS table under the legacy BS tables shown in Figure 1. The UE firstly uses an index according to the current BS table, i.e., Table 6.1.3.1-1 or Table 6.1.3.1-2 of TS 38.321, to indicate a range of the buffer size. In addition to the index in the current BSR table, the UE uses another index of a new buffer size table, to indicate the buffer size more precisely. The 2nd-level tables values can be easily derived according to the bit width of the additional index by dividing the original BS range into several small ranges evenly, hence the 2nd-level tables do not have to be hardcoded in the specifications. For example, if the buffer size is 2000000 bytes, UE will use the index 195 of Table 6.1.3.1-2 firstly, which indicates the BS value is between 1989774 and 2118933. Furthermore, the UE uses an additional index 0 of the newly defined buffer size table, which indicates the BS value is between 1989774 and 2022064. From these two indexes, network can get a more accurate buffer size information and alleviate the quantisation error. Actually, the maximal quantisation error of the current long BS table is about 6.5%, if the additional index occupies 2 bits, the error will be reduced to 1.5%. If 8 bits are used, then the error will be less than 0.1%. Another advantage of this two-index solution is that the additional index can be optional. UE can report the additional index only when the quantisation error exceeds the pre-configured or pre-specified threshold e.g. x% or x bytes. 
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 Figure 1: two indexes solution

We compare the above solutions in Table 1. 
Table 1: Comparisons among solutions
	Solution
	Potential specification impacts
	Comparison

	
	
	Spec impact
	Quantisation error
	UE complexity
	Overhead

	Pre-defined BSR tables
	
Network configures which BSR table(s) is eligible to use. UE determines which BSR table the LCG should use, 
	· Specify multiple new BS tables in specification.
· Mechanism for network to indicate a BS table for use to UE.
· Mechanism for UE to select a BS table
· Mechanism for UE to indicates the selected BS table
	Normal
	Normal 
	Simple
	Normal

	Generated  BSR tables
	Alt 1: one index solution
	· Network configuration of the parameters for generating new BS table to the UE.
· Specify how to generate new BS table based on these parameters.
· To enable network to configure proper parameters, the UE may need to report the data/frame size statistics to the network.
	High
	High (if no statistics report)
or
Normal (statistics based)
	Complex
	Normal

	
	Alt 2: two indexes solution
	· Define a new BSR MAC CE format with two indexes (one pointing to the legacy BSR table and the other one pointing to a new table).
· Specify how to derive the actual BS value based on the additional index.
	Small
	Minor
	Simple
	Normal


In case the new BSR table uses an 8-bit BS field, it is limited to 256 rows. If we consider a typical XR traffic with 60Mbps data rate and 60fps frame rate, the frame size is 0.5Mbits~1.5Mbits according to RAN1’s modelling in TR 38.838. Using a 256-row BS table to cover the range of the frame size will lead to a quantization error of 1Mbits/256=500 bytes, which is much larger than the target level.
Furthermore, considering that different XR services with different data rates and/or frame rates will have different ranges of data volume, one new BS table is difficult to match with all XR services well. Even if the traffic pattern is known, the buffer can contain traffic from multiple LCHs and from different data bursts, making it impossible to come up with the proper BSR table. For the traffic patterns not considered by the new BS table, the quantization error is probably large.
Observation 3: New BS tables are limited to 256 rows which limits the range of the new BSR table if the target quantization error is to be achieved.
Observation 4: The quantization error may still exist since the new BS table cannot match with all XR services well.
Observation 5: Even if the traffic pattern is known, the buffer can contain traffic from multiple LCHs and from different data bursts, making it impossible to come up with the proper BSR table
From observation 2, 3 and 4, it can be seen that pre-defining new BS tables and dynamically using them can achieve limited performance on providing highly accurate BSR. It is also difficult to design the new tables since there are many traffic patterns and the target error level is not that clear. To avoid these issues, we think the best approach is to pre-define several BSR tables while still allowing the BSR value to be indicated with two index when the quantization error turns out to be too large. This leads us to propose the following:
Proposal 8: In order to alleviate the quantization error, RAN2 can consider the following approach:
1. Pre-define multiple buffer size tables in combination with network indicating which buffer size table the UE can use.
2. If the buffer size is not within a new table’s range, the UE uses an index referring to the legacy BSR table. 
3. For the large buffer size/large quantization error, the UE uses an additional index to indicate a more precise range of buffer size (within the “roughly” range indicated in step 2).
2.3 Triggering of BSR 
According to the current specification [6], BSR will be triggered by some specific events, see below:
	5.4.5	Buffer Status Reporting
……
A BSR shall be triggered if any of the following events occur for activated cell group:
-	UL data, for a logical channel which belongs to an LCG, becomes available to the MAC entity; and either
-	this UL data belongs to a logical channel with higher priority than the priority of any logical channel containing available UL data which belong to any LCG; or
-	none of the logical channels which belong to an LCG contains any available UL data.
	in which case the BSR is referred below to as 'Regular BSR';
-	UL resources are allocated and number of padding bits is equal to or larger than the size of the Buffer Status Report MAC CE plus its subheader, in which case the BSR is referred below to as 'Padding BSR';
-	retxBSR-Timer expires, and at least one of the logical channels which belong to an LCG contains UL data, in which case the BSR is referred below to as 'Regular BSR';
-	periodicBSR-Timer expires, in which case the BSR is referred below to as 'Periodic BSR'.
NOTE 1:	When Regular BSR triggering events occur for multiple logical channels simultaneously, each logical channel triggers one separate Regular BSR.


Note that the PDB of UL AR traffic is larger than its periodicity, so when a new data burst arrives, the previous data burst may still exist in the LCH. As shown in Figure 2, when data burst 2 arrives, data burst 1 may still exist in the LCH. In this case, none of the trigger events listed above happens and there will be no BSR for data burst 2. The details are as follows:
· Regular BSR: since the previous data burst may still exist in the LCH, the Regular BSR will not be triggered.
· Periodic BSR: as shown in Figure 2, even if the timer length of periodicBSR-Timer can be set to the periodicity of XR traffic and assuming there is no jitter, Periodic BSR still does not work for data burst 2 since as long as there is a Padding BSR triggered between the two data bursts, the periodicBSR-Timer will be restarted.
· Padding BSR: since there is still data in the LCH, the Padding BSR may not be triggered.
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Figure 2: Exemplary BSR trigger events as per current specifications
In order to let the network know the data volume of a data burst as soon as possible, it would be beneficial to allow BSR to be triggered whenever a new data burst arrives at the UE. Alternatively, when the uplink jitter is negligible which is the case at least for some XR services, we can also consider to enhance the periodicBSR-Timer, for example, by avoiding periodicBSR-Timer to be restarted by other transmitted BSRs. 
In addition, considering that the UE may perform PDU set discarding for XR service, for example, timer based PDU set discarding, PDU loss triggered PDU set discarding or congestion triggered PDU set discarding, if the network cannot perceive the change of data volume in UE, the network may schedule excessive resources to the UE leading to a waste of resources. So, in order to let the network know the data volume in the UE in the case of PDU set discarding, we propose RAN2 to introduce the trigger of BSR when the data volume of discarded packets exceeds a threshold.
Proposal 9: The following BSR triggering enhancements should be introduced:
· trigger BSR when a new data burst arrives (alternatively: enhance the Periodic BSR by allowing the periodicBSR-Timer not to be restarted by other transmitted BSRs);
· trigger BSR when the data volume of discarded packets exceeds a threshold.
Moreover, when the remaining time of the buffered data is less than the pre-configured threshold, in order to request uplink scheduling in time, the UE should trigger a BSR with the remaining time to let the network know the data volume and remaining time information.
Proposal 10: UE should trigger the BSR with the remaining time when the remaining time is smaller than a pre-configured threshold.
2.4 LCP restriction
According to the current LCP mechanism, the UE will always preferentially transmit the data on LCH with higher priority. This may result in the UE being unable to transmit data on the LCH for XR service with a lower priority within the PSDB requirements. 
In order to solve the issue, UE needs to preferentially allocate resource for data with a small remaining time. The direct method is delay-aware LCP as descripted in [7], but in RAN2#121, RAN2 has decided not to support delay-aware LCP. However, in case we do not introduce some enhancement in this area, the usefulness of the remaining time reporting in the BSR becomes disputable. Even though the network knows how much data is buffered for each remaining time value, the gNB still needs to provide the UE with an UL grant accommodating all data buffered in the UE. Otherwise, the UE will simply map the data according to the priority which can result in urgent data still remaining in the UE’s buffer, and eventually getting lost. 
Observation 6: In case the UE is not able to prioritize urgent data during UL transmission, the usefulness and purpose of the remaining time reporting in the BSR is unclear.
In the previous discussions the companies were reluctant to modify the way the allocation of resources is performed during LCP procedure. We agree this is complex and would require complex changes to the UE implementations. However, there are simpler ways to address the issue and make the remaining time reporting in BSR useful. For example, an alternative method for this issue is to introduce a new LCP restriction related to the remaining time, as follows:
1) Network configures an “urgency threshold”, i.e. a threshold of the remaining time which is used to determine whether certain data is treated as “urgent” or not.
2) Network can include an urgency indication in DCI scheduling dynamic grant, or network can configure an urgency indication for configured grant.
3) After UE receives an UL grant with the urgency indication, UE can only select the LCH(s) which meet urgency condition, i.e., the LCH contains data for which the remaining time is below a threshold. Other LCHs cannot be mapped to such grant.
By using this method, UE can preferentially allocate resource for LCH(s) with a small remaining time while the specification and UE implementation impact is small compared to delay-aware LCP. So, we propose RAN2 to consider to introduce a new LCP restriction related to the remaining time.
Proposal 11: Introduce a new LCP restriction related to the remaining time of the data buffered in a certain LCH.
3	Conclusions
In this contribution, we discussed the three issues related to BSR for XR-specific capacity improvement. Based on our discussion, we conclude with the following observation and proposals:
For the design of BSR MAC CE:
Observation 1: Reporting only a single value of remaining time per LCG when there are multiple data bursts with different remaining times in a LCG is not sufficient for the gNB to perform efficient traffic scheduling. 
Proposal 1: Define a new BSR MAC CE format indicating the data volume together with its associated remaining time. 
Proposal 2: UE should be able to report multiple BS values and their associated remaining times in a single BSR MAC CE when there is data with different remaining times within the same LCG. 
Proposal 3: UE should have at most one new BSR table applicable per LCG. The UE determines whether to use the new table or the legacy table for each LCG based on the buffer size and the new table’s range, i.e. new BSR table is used in case BS value falls within its range, otherwise UE uses legacy BSR table.
Proposal 4: The length of index in the new BSR tables should be the same as Long BSR format, i.e. 8 bits.
Proposal 5: The current value of the PDCP discard timer of a data burst is used as the remaining PSDB (i.e. “remaining time”) of the data burst.
Proposal 6: The remaining time is signalled with an index which corresponds to a certain remaining time threshold pre-configured by the network
For the design of new BS tables:
Observation 2: Ideally, the target BSR quantization error shall be less than 100 bytes, to minimize the resource wastage.
Proposal 7: New BSR tables should be designed with at least: linear distribution of code points and step size of 100 bytes. 
Observation 3: New BS tables are limited to 256 rows which limits the range of the new BSR table if the target quantization error is to be achieved. 
Observation 4: The quantization error may still exist since the new BS table cannot match with all XR services well.
Observation 5: Even if the traffic pattern is known, the buffer can contain traffic from multiple LCHs and from different data bursts, making it impossible to come up with the proper BSR table
Proposal 8: In order to alleviate the quantization error, RAN2 can consider the following approach:
1. Pre-define multiple buffer size tables in combination with network indicating which buffer size table the UE can use.
2. If the buffer size is not within a new table’s range, the UE uses an index referring to the legacy BSR table. 
3. For the large buffer size/large quantization error, the UE uses an additional index to indicate a more precise range of buffer size (within the “roughly” range indicated in step 2).
For the trigger of BSR:
Proposal 9: The following BSR triggering enhancements should be introduced:
· trigger BSR when a new data burst arrives (alternatively: enhance the Periodic BSR by allowing the periodicBSR-Timer not to be restarted by other transmitted BSRs);
· trigger BSR when the data volume of discarded packets exceeds a threshold.
Proposal 10: UE should trigger the BSR with the remaining time when the remaining time is smaller than a pre-configured threshold.
For LCP restriction:
Observation 6: In case the UE is not able to prioritize urgent data during UL transmission, the usefulness and purpose of the remaining time reporting in the BSR is unclear.
Proposal 11: Introduce a new LCP restriction related to the remaining time of the data buffered in a certain LCH.
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