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The transport block size (TBS), code block size (CBS), base-graph choice, and segmentation are all related items governed by the RAN1 agreements. These agreements are listed in this section. The agreements are numbered to facilitate referencing.
It was agreed to have two LDPC base-graphs in NR [1]. Base-graph 2 will be used when: the code block length is <= 3840 and the code rate is <= 0.67 [3], the code block length is <= 308 and all rates [4], and when the initial transmission rate is <= 0.25 [4]. For all other cases, Base-graph 1 is used.
Agreement 1:
· Base graph #1 is used for the initial transmission and subsequent re-transmissions of the same TB when
· CBS > X or code rate of the initial transmission > Y
· Base graph #2 is used for the initial transmission and subsequent re-transmissions of the same TB when
· CBS <= X and code rate of the initial transmission <= Y

Agreement 2: 
· X=3840
· Y=0.67

Agreement 3: 
For block lengths K≤308:
· BG2 is used for all code rates

Agreement 4: 
· For initial transmissions with code rate Rinit > 1/4, BG2 is not used when TBS>3824 
· If the FFS on UE capabilities w.r.t. support of both BGs is resolved such that it is possible that a UE does not support BG1, then the above bullet only applies if the UE supports BG1. 
· BG2 is used for initial transmissions with code rate Rinit <= ¼ for all TBS supported at that code rate
· For BG2 with TBSs larger than 3824, the TB is segmented into CBs no larger than 3840


The length of the TB-level CRC was agreed to be LTB,CRC=24 bits for large TBs [2] and 16 bits for TBs of length 3824 bits or less [3]:
Agreement 5:
· Number of bits for TB-level CRC is: LTB,CRC =24 bits, at least for TBs larger than a threshold (e.g. around 512 bits)

Agreement 6: 
· LTB-CRC = 16 for TBs smaller than or equal to 3824 bits 

A TB larger than the maximum code block length (KCB) – LTB,CRC is segmented into multiple code blocks [2], with each CB having a CRC of length LCB,CRC=24 bits [3]:
Agreement 7:
· For TB of size TBS > KCB,max – LTB,CRC, the TB is segmented into multiple CBs

Agreement 8:
· If a TB is segmented into 2 or more CBs after CB segmentation,
· CB-level CRC is applied, i.e., CRC bits are attached to each code block individually (as in LTE)
Agreement 9: 
· LCB-CRC = 24 bits

The code blocks after segmentation have equal sizes [1].
Agreement 10:
· Equal code block size after segmentation

The TBS determination procedure is to ensure that no padding bits are needed when segmenting if BG1 is used, and should strive to accomplish the same when BG2 is used [4].
Agreement 11: 
· TBS determination for all code rates shall ensure that no zero padding is necessary with BG1 segmentation; TBS determination shall also strive to achieve no zero padding also with BG2 segmentation; any special cases are only permitted for BG2. 
· If needed for BG2 segmentation, zero padding is added during segmentation, with the padding being placed at the beginning of the first code block prior to CB-CRC calculation; padding bits are transmitted. 

Finally, the TBS should be byte aligned and byte-alignment of CBS is to be studied [4]
Agreement 12: 
· TBSs are byte-aligned
FFS: Byte- or something-alignment of CB sizes. 
Byte-aligned CBS reduces implementation complexity by simplifying memory access, especially during retransmission. Therefore, it is a desirable feature in a TBS determination scheme.
From these agreements it can be observed that the base-graph selection depends on the TBS. However, segmentation, and in turn TBS because TBS must be an integer multiple of the code block length at least for BG1, depends on the selected base graph and the associated Kcb. Such circular dependencies complicate and couple base-graph and TBS determination.
Observation 1: There are circular dependencies between TBS, CBS, and BG determination.
In this contribution, we propose a base-graph and TBS determination procedure free of cyclic dependencies and meeting all the RAN1 agreements. In addition, the proposed procedure results in byte-aligned code blocks, guarantees no padding when BG2 is used, and has a negligible overhead for most TB sizes. The starting point of the procedure is the intermediate number of information bits as agreed to in [4]
Agreements:
· Calculate an “intermediate” number of information bits  where 
·  is the number of layers, 
·  is the modulation order, obtained from the MCS index
·  is the code rate, obtained from the MCS index
·  is number of resource elements
·  = Y * #PRBs_scheduled 
Base-graph and TBS Determination Procedure
This section discusses how the base-graph and TBS are determined. The procedure results in output that is in agreement with the RAN1 decisions, as well as having byte-aligned CBs and removing the need for padding with BG2. The compatibility of the resulting TBS and base-graph with the RAN1 agreements is discussed in detail in Section 3.
To simplify notation, the intermediate number of information is denoted . The number of resource elements, , is calculated as discussed in [5]. This value will be used in place of TBS to determine base-graph, the length of the TB CRC, and the number and size of code blocks to segment to if needed. The basic BG and TBS determination procedure is presented in its entirety next, followed by step-by-step explanation. A modified version the facilitates TBS reuse during retransmission is presented in Section 4.

1. Let 
2. Let  be the rate back-off offset. 
3. .
4. BG2 (is chosen when  or  or ; otherwise, BG1  is chosen.
5.  if ; otherwise, .
6. No segmentation () when ; otherwise, the TB is segmented into more than one CB (.
7. .

There are three regions where BG2 is used instead of BG1:
1. When the code rate is . 
· This is a simple check: 
2. When the code rate  and the CBS is . However, neither the CBS, nor the final TBS is known at this stage. Therefore,  is used instead. This case corresponds to a small TB without segmentation since segmentation is only used with BG2 when , a case that is already checked separately. For small TBs, the length of the TB-level CRC is 16 bits.
· The condition checked is: .
3. When the CBS is . The CBS is not precisely known at this stage either. Since this is a small TB, the TB-level CRC is 16 bits long and the CBS = TBS+16. Since TBS is byte-aligned, the CBS must be byte-aligned in this case as well (general CBS byte-alignment will be addressed later). The largest CBS that is byte-aligned and satisfies the condition is 304 with a TBS of 288.
· The condition checked is: .
The base-graph determination procedure can be summarized as:
BG2 (is chosen when  or  or ;
otherwise, BG1  is chosen.
The length of the TB-level CRC depends on the not yet precisely-known TBS, therefore,  is used to determine the TB-level CRC length.
 if ; 
otherwise, .
Once the base-graph and TB-level CRC length are decided, it can be determined whether segmentation is applied (using  instead of TBS) and, in turn, whether a 24-bit CB-level CRC is attached to every code block
No segmentation () when ;
 otherwise, the TB is segmented into more than one CB (.
The number of code blocks the TB is segmented into, comprehensive of the no-segmentation case, is

The byte-aligned code block length is

The final TB size is

Without the intermediate values , the TBS is

[bookmark: _Ref498628004]Compatibility with RAN1 Agreements
[bookmark: _Ref498639255]Segmentation
In the proposed procedure, segmentation does not occur and  if . Substituting these values into the proposed TBS code block count equation  yields . The TBS calculation equation yields  and . Since both values of  (8448 and 3840) are divisible by 8, therefore: . Finally,  when no segmentation is applied according to the proposed procedure. This agrees with the segmentation rules in Agreements 4 and 7.
Observation 2: the proposed procedure satisfies the segmentation conditions in the agreements.
[bookmark: _Ref498641756]CRC Lengths
The length of the TB CRC is 16 in the proposed scheme when . Since the segmentation agreements are already satisfied as discussed in Section 3.1, it is assumed that the number of code blocks is 1 when . The TBS calculation becomes . Finally, , satisfying Agreement 6.
Since the length of the CB-level CRC is a direct result of the whether segmentation is applied or not, it can be observed that the proposed procedure correctly sets the CRC-level CRC length, satisfying Agreements 8 and 9.
Observation 3: the proposed procedure yields the correct TB-level and CB-level CRC lengths.
Base-graph Determination
The rate portion in the BG2 selection can be directly checked from the MCS entry. Since the case where BG2 is chosen for  is independent of the TBS, it is solely checked via code rate in the MCS entry and is satisfied in the proposed scheme (Agreement 4).
The CBS check in the case  is the equivalent to checking whether the TB is small with a 16-bit TB-level CRC, which the procedure is shown to perform correctly in Section 3.2. Therefore, the proposed procedure satisfied Agreement 1 and 2.
The final case for choosing BG2 is defined in the RAN1 agreement as . This equivalent to . Since the TBS must be byte-aligned, the largest TBS that satisfies is constraint is 288. It can be verified using a similar method to that in Section 3.2 that the proposed constraint  leads to a final TBS that satisfies the constraint in Agreement 3.
Observation 4: the proposed procedure yields the correct base-graph choice in accordance with RAN1 agreements. 
Other Properties
· The CBS is explicitly byte-aligned. Therefore:
· For a small TB, the TBS = CBS - 16, which is also byte aligned (Agreement 12).
· For a large TB, the TBS is an integer multiple of the CBS - 24, which is also byte aligned (Agreement 12).

Observation 5: the proposed procedure yields byte-aligned CBSs.
Observation 6: the proposed procedure yields byte-aligned TBSs.

· The  is an integer multiple of the CBS for the base-graph to be used (either BG1 or BG2). Therefore:
· The TB, including the TB CRC, can be segmented into code blocks of equal size (Agreement 10).
· No zero padding is needed when segmenting a TB with BG1 (Agreement 11).
· No zero padding is needed when segmenting a TB with BG2 (desired in Agreement 11).

Observation 7: the proposed procedure guarantees that the TB can be segmented in code blocks of equal size.
Observation 8: the proposed procedure guarantees no padding when segmenting with BG1.
Observation 9: the proposed procedure guarantees no padding when segmenting with BG2.
[bookmark: _Ref499617311]Maintaining TBS During Retransmission
In [6], the intermediate number of information bits is quantized to a set value using the following operation:


This quantization reduces the number of available TB sizes and facilitates maintaining the same TBS during retransmission when some parameters change. A quantization mechanism is also applied when calculating  to achieve the same goal [4]:
Agreement:
· When determining  (number of REs) within a slot
· Determine X =  12* #OFDM_symbols_scheduled – Xd – Xoh 
· Xd = #REs_for_DMRS_per_PRB in the scheduled duration
· Xoh = accounts for overhead from CSI-RS, CORESET, etc. One value for UL, one for DL.
· Xoh is semi-statically determined
· Quantize X into one of a predefined set of values, resulting in Y
· [8] values
· Should allow for reasonable accuracy for all transmission durations
· May depend on the number of scheduled symbols
· FFS: floor, ceiling or some other quantization
· Note: quantization may not be needed
· FFS: Quantization step should ensure the same TB size can be obtained between transmission and retransmission, irrespective of the number of layers used for the retransmission. otherwise Xd has to be independent of the number of layers
· Obtain the actual TB size from the intermediate number of information bits according to the channel coding decisions

In this section, we apply both quantization methods and show that most TBS values can be achieved using a large number of explicit MCS entries.
We use the X quantization values {6,12,18,36,72,108,144} proposed in [5] and the 256-QAM MCS table with uniform special-efficiency spacing proposed in [7]. To generate the results, the PRB allocation is swept in the range . From Figure 1, it can be observed that the proposed scheme with both quantization steps provides sufficient flexibility for the scheduler to maintain TBS during retransmission.
[image: ][image: ]
[bookmark: _Ref499619811]Figure 1 Number of explicit MCS entries available to achieve a given TBS
Observation 10: The proposed scheme with  and  quantization provides sufficient flexibility for the schedule to maintain TBS during retransmission.
Proposal 1: Adopt the following base-graph and TBS determination procedure:
1. Let , where 
2. 
3. Let  be the rate back-off offset. 
4. .
5. BG2 (is chosen when  or  or ; otherwise, BG1  is chosen.
6.  if ; otherwise, .
7. No segmentation () when ; otherwise, the TB is segmented into more than one CB (.
8. .

Overhead
The overhead as the relative increase in the effective rate compared to the nominal code from the MCS entry. The effective rate itself is defined as . In this section, the overhead and the impact of the rate back-off offset, , are studied.
The overhead is calculated for the following combinations of parameters. It should be noted that some combination would not normally be utilized by the scheduler, but are included for completeness.
·  in 1 RE steps.
· 
· 
·  in 0.01 steps.

Figure 2 shows the cumulative distribution function (CDF) of the overhead without any rate back-off factor (. It can be observed that all TBs with TBS > 8424 have overhead < 1%. Those with TBS > 1000 all have overhead < 2.5%. Once TBs with 40 <= TBS < 1000 are included, the increases significantly. This is expected since for such small TBs, the TB CRC constitutes a significant portion of the payload.
[image: ]
[bookmark: _Ref498689902]Figure 2 Overhead of the proposed scheme without rate back-off
When a back-off offset of 16 is introduced, the overhead decreases as shown in Figure 3. This is due to the back-off offset preventing some cases with small allocation and too high or too low rates.
[image: ]
[bookmark: _Ref498689907]Figure 3 Overhead of the proposed scheme with X = 16
Setting  to 24 further reduces the overhead as illustrated in Figure 4. In this case, all TBs have overhead <= 0.4%.
[image: ]
[bookmark: _Ref498689908]Figure 4 Overhead of the proposed scheme with X = 24
Observation 11: The rate back-off offset significantly reduces overhead.
Since a rate back-off offset leads to negligible overhead for all TBSs, the following is proposed:
Proposal 2: Use a rate back-off offset .
On Base-graph Signalling and Determination
According to the RAN1 agreements [1], a single base-graph is used for the initial and subsequent transmissions of a TB. In some cases, the MCS level or resource allocation can change during retransmission. This could cause ambiguity in base-graph selection when the DCI of the initial transmission is missed. One of the proposed solution is to explicitly signal the base-graph choice in DCI [4]. However, this increases DCI overhead and still requires defining the UE behaviour if the indicator bit is toggled during retransmission. Since the behaviour must be defined, and to avoid increasing DCI overhead, it is most efficient to implicitly determine the base-graph and to not require the UE to decode if base-graph determination procedure results in a base-graph change during retransmission.
Proposal 3: The base-graph is implicitly determined from MCS, resource allocation, and number of layers.
Proposal 4: The UE is not required to decode if the base-graph determination procedure indicates a change in base-graph during retransmission.
Conclusions
Observation 1: There are circular dependencies between TBS, CBS, and BG determination.
Observation 2: the proposed procedure satisfies the segmentation conditions in the agreements.
Observation 3: the proposed procedure yields the correct TB-level and CB-level CRC lengths.
Observation 4: the proposed procedure yields the correct base-graph choice in accordance with RAN1 agreements. 
Observation 5: the proposed procedure yields byte-aligned CBSs.
Observation 6: the proposed procedure yields byte-aligned TBSs.
Observation 7: the proposed procedure guarantees that the TB can be segmented in code blocks of equal size.
Observation 8: the proposed procedure guarantees no padding when segmenting with BG1.
Observation 9: the proposed procedure guarantees no padding when segmenting with BG2.
Observation 10: The proposed scheme with  and  quantization provides sufficient flexibility for the schedule to maintain TBS during retransmission.
Observation 11: The rate back-off offset significantly reduces overhead.
Proposal 1: Adopt the following base-graph and TBS determination procedure:
1. Let , where
2. 
3. Let  be the rate back-off offset. 
4. .
5. BG2 (is chosen when  or  or ; otherwise, BG1  is chosen.
6.  if ; otherwise, .
7. [bookmark: _GoBack]No segmentation () when ; otherwise, the TB is segmented into more than one CB (.
8. .

Proposal 2: Use a rate back-off offset .
Proposal 3: The base-graph is implicitly determined from MCS, resource allocation, and number of layers.
Proposal 4: The UE is not required to decode if the base-graph determination procedure indicates a change in base-graph during retransmission.
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