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Time Interleaving across TBs
In this contribution, we describe a method to extract time-diversity gains for the transmitted transport blocks. The aspect of time diversity harnessing for broadcast transmissions was brought up in [1], where it was correctly pointed out that physical-layer time interleaving provides significant performance benefits—especially for the high-mobility use cases that this numerology targets to serve. However, the solution proposed in [1] would require anywhere between x to x increase in the LLR buffer memory of the receiver. Indeed, in [1], it was proposed to only apply such a solution for low values of system bandwidth, thereby depriving the systems deployed at higher bandwidths of the (significant) time-diversity gains achievable.
Observation 1: The method of inter-TB time interleaving proposed in [1] requires between x and x of the LLR buffer memory at the UE compared to non-interleaved transmission. 
Our method, proposed in this contribution, provides time-diversity for each transport block without any increase in the LLR buffer memory at the receiver. The key to our approach is the use of a “HARQ-like” transmission approach, wherein we generate  “redundancy versions” of each of  TBs and interleave these across a time unit of subframes. To maintain throughput parity with non-interleaved transmission, our TBS is now scaled according to —the number of redundancy versions that we use for each TB. With this approach, we can use the HARQ memory (which is currently not used for an MBMS dedicated carrier) to store the LLRs corresponding to each redundancy version and decode after all  redundancy versions for a TB have been received.
Observation 2: A “HARQ-like” transmission technique, where  redundancy versions of  TBs are interleaved across a contiguous block of  subframes provides time-diversity without increase in LLR buffer memory.
A key idea in our approach is the method by which we generate the redundancy versions: since we are dealing with large TBSs (after scaling), the coding rate in a given subframe becomes quite large—approximately increasing by a factor of ; as a result, using the legacy definition of redundancy versions results in several systematic bits being punctured for every codeblock in the transport block. To mitigate this problem, we propose to use what we term “continuous RVs”—at a high level, this means that the starting pointer (in the circular buffer storing the channel coded bits for each codeblock) of  is obtained by incrementing the ending pointer for  by one. We will explain this idea further in the contribution.
Observation 3: Use of legacy redundancy versions for the HARQ-based time interleaving results in systematic bits of individual codeblocks not being transmitted, leading to degraded performance. This problem is mitigated by using a new “continuous” definition of RVs, wherein the starting pointer for  in the circular buffer of coded bits is obtained by incrementing the ending pointer of  by 1.
Further, due to a large (scaled by ) TBS, the number of codeblocks in a TB also increases by a factor of . This has the potential to cause codeblock localization in frequency, as described in our allied contribution on the long CP numerology for broadcast [2]. As a result, we require a tone-level frequency interleaver at each OFDM symbol to spread out the codeblocks in frequency.
Observation 4: Transmitting  RVs for each TB requires the scaling of the TBS by a factor of , which results in an increase in the number of codeblocks in each TB by a factor of . A tone-level frequency interleaver at each OFDM symbol is thereby required to distribute these codeblocks evenly across the system bandwidth. 
To summarize, our design of HARQ-like time interleaving of transport blocks proceeds in the following steps:
· Determine
· The number of redundancy versions  (indicated by ) that are to be used to transmit each TB
· The number of TBs  that are to be interleaved across time
· For each TB 
· Scale the TBS (approximately) by a factor  and generate the  RVs for the TB
· Map (post tone-level interleaving) the  RVs to the  subframes (within the chunk of  subframes) designated for the TB, based on the subframe interleaving pattern

We provide more details on each of the above steps in the following subsections.
Distinctions between MTCH, MCCH and MSI
The interleaving technique described in this contribution should only apply to PMCH symbols carrying broadcast data—i.e., across MBSFN subframes associated with the multicast traffic channel MTCH. The MCCH and MSI subframes would typically have a lower MCS than MTCH, wherein the transmission may be decodable even in the absence of time-diversity harnessing. Moreover, it is prudent to not add latency to MCCH and MSI decoding, since control and scheduling information may need to acquired faster to receive the broadcast data.
Proposal 1: Use time-interleaved TB transmission for TBs including only MTCH. This implies that only MBSFN subframes associated with MTCH transmission will be counted towards mapping the redundancy versions of the interleaved TBs.
Generating scaled transport blocks
As discussed above, when  RVs are transmitted for each TB, the TBS must scale by approximately  to maintain the same overall throughput. We propose to perform the scaling like what has been agreed for the long CP numerology.
Proposal 2: Determine TBS’ for a TB when  RVs are transmitted for the TB according to the following steps

1. Reuse the modulation and TBS index table in TS 36.213 and according to the signaled IMCS, obtain  
2. Reuse the transport block size table in TS 36.213 and according to the obtained , obtain the corresponding TBS
3. Calculate the used TBS’ as , where the round operation maps  to the closest TBS in the legacy transport block size tables
a. In case two TBSs are at the same distance of , the larger TBS is chosen

Generating “continuous” redundancy versions of a TB
The redundancy version for current LTE systems is based on the following equation in TS 36.212:

Essentially, this equation determines the pointer form which the UE starts reading from the circular buffer and is approximately separated by .
There are two main drawbacks of reusing the legacy RV definition:
1) There are only 4 redundancy versions defined in LTE, this would reduce the interleaving depth to 
2) For most cases, using the legacy RV would not allow for transmitting a large portion of the systematic bits, since the coding rate for the initial few subframes may be greater than one. This leads to significant performance degradation and cancels out the gains obtained due to time diversity.

An alternative to using RVs would be to use cross-subframe encoding (like e.g. used in NB-IoT), but this has the issue that, after a frequency-first mapping, a given codeblock will only be transmitted in a single subframe, even though the TB is transmitted over multiple subframes. Therefore, we propose an alternative method based on continuous RVs.
In general, we want the coded bits from  to be start right after (in the circular buffer) the coded bits from . For a given codeblock, the number of coded bits transmitted in a subframe is given by the parameter  in TS 36.212, so we propose to advance the circular buffer by  between redundancy versions. Note that, unlike dynamic PDSCH, in MBMS transmission the MCS and number of REs is constant across subframes, so every subframe would have the same rate matching parameters (. Thus, the continuous redundancy version is determined by

Where . A couple of observations on this equation:
- In some cases, different codeblocks may have a different number of rate matched bits (i.e., the parameter E may be different for different CBs). In order to keep  constant across codeblocks, we increase the pointer by the minimum E across codeblocks.
- Advancing  will lead, in most cases, to some small overlap between redundancy versions, since the pointer  refers to an address in the circular buffer with NULLS, so getting E coded bits requires to advance the pointer by E+N (where N is the number of nulls). This could be solved by taking into account the nulls when increasing the pointer , by using j (variable defined in the rate matching loop in TS 36.212), but this would increase the complexity of the UE. In most cases, the percentage of overlap is minimal.
- The number of redundancy versions can be increased from 4 to any arbitrary number, thus allowing for interleaving depths greater than 4.
Proposal 3: For HARQ-based time interleaving, , where  is the pointer to the circular buffer defined in TS 36.212, and .
Tone-level interleaving for OFDM symbols
As discussed before, with the scaled TBSs, the number of codeblocks in a TB increases substantially, thereby requiring a tone-level interleaving of the OFDM symbols. 
With similar reasoning as in [2], it is important to maintain compatibility with the notion of legacy PRB-level tone-interleaving. Hence, we propose to interleave the tones in sub-blocks of size  tones (or modulation symbols), where the value of  is depends on the RS pattern use. For the  RS pattern agreed for this numerology, in a given OFDM symbol, there is one RS tone in every  tones—i.e.,  RS tone per “legacy PRB size. This results in  data tones per legacy PRB—i.e., for this case, the sub-clock size is  tones (or modulation symbols)
Proposal 4: For the numerology with  CP, specify tone-level interleaving with a granularity of  tones
· For the RS pattern with , value of .

We denote by  the number of data tones that are used for transmission of PMCH symbols in an MBSFN scenario. Note that  will be different for different values of system bandwidth. We define the modulation symbolsprior to tone-interleaving as , where .
We first group  into sub-blocks consisting of  tones each. We represent this grouped vector as  . Note that for certain values of systems bandwidth the last few elements of , termed , will not be part of . Next, we perform interleaving according to the principles outlined in subclause 5.1.4.1.1 of TS 36.212. In particular:
1. The number of rows of the sub-block interleaver , the number of codeblocks for the configured TBS
2. The number of columns of the sub-block interleaver  is given by the minimum integer  satisfying 
3.  may then be appended with  elements, as required—the ensuing vector  will now contain exactly  elements.
4. The elements of  are then written into the  matrix row-by-row, with  in column 0 of row 0.
5. Obtain  by reading the elements of the above  matrix column-by-column.

Proposal 5: For the numerology with  CP, perform tone-level interleaving as per the following steps
· Group the modulation symbols  into sub-blocks ot  tones each to obtain a vector    and  denotes the last elements of  not part of .
· Perform interleaving of the vector according to the principles of subclause 5.1.4.1.1 of TS 36.212:
· The number of rows of the sub-block interleaver, , the number of codeblocks for the configured TBS; the number of columns  is the minimum integer satisfying 
· Append  with  elements, as required to obtain 
· Write the elements of the appended vector into the -matrix row-by-row, with  in column 0 of row 0.
· Obtain  by reading the elements of the above -matrix column-by-column, excluding the .
· Map consecutively to the  data tones, starting with the lowest tone index
· Map  consecutively to the remaining tones.

Interleaved transmission of redundancy versions
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Figure 1: Interleaved transmission of redundancy versions of transport blocks across subframes


TB-to-Subframe Mapping
The subframes to which the RVs of each TB are to be mapped is governed by an interleaving pattern across a chunk of  subframes.
Figure 1 provides a schematic depiction of the transmission timeline across  subframes with our HARQ-like time interleaving scheme. In the depiction in Figure 1, the interleaving pattern is periodic, i.e., the RVs of  are spaced apart by  subframes. This simple pattern ensures that similar time diversity is provided to each of the  TBs.
We formalize this TB-to-subframe mapping in the following proposal:
Proposal 6: Across a set of  consecutive subframes carrying MTCH only, the TB mapped to subframe  is given by . The values of  are configurable.
Ordering of RVs across chunks
It is important to spread out the systematic bits of each codeblock within the TB as far apart in time as possible. As a result, even with legacy HARQ retransmissions, legacy RVs are used in the order , since  and  contain the bulk of systematic bits of the codeblocks. Even with our definition of continuous RVs in Section 1.2, this principle holds true. Different from legacy, depending on the value of , more RVs than  and  may carry systematic bits of the codeblocks. In the following proposal, we propose the ordering of RVs across “chunks” of  subframes for .
Proposal 7: For each TB, map RVs to  subframes designated for the TB within the chunk of  consecutive subframes as:
· For ,  in sequence
· For  in sequence

Performance Evaluation
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Figure 2: Performance of time-interleaving (120 kmph)      Figure 3: Performance of time-interleaving (250 kmph)
In Figure 2 and Figure 3, we present the performance of our proposed HARQ-like time interleaving scheme for UE speeds of  kmph and  kmph respectively. In all cases we assume a total of 16 parallel HARQ processes (m=16), which is the minimum buffer requirement for a UE supporting 4-layer transmission in unicast (8 HARQ processes, 2 TBs per HARQ process). We observe from both the figures that the gains from our approach over non-interleaved transmission can be upwards of  dB at target BLERs of interest. Further, we see that the performance of a TBS with throughput  bits/sec/Hz with interleaving, performs as well as a TBS with throughput  bits/sec/Hz without time interleaving at a BLER of . This represents a  increase in spectral efficiency.
As an extra note, the proposed interleaving design provides an interleaving depth of ms, which is 112ms for 8 RVs, and 48ms for 4 RVs.
Observation 5: RV-based time interleaving of transport blocks proposed in this contribution can provide up to  spectral efficiency gain over non-interleaved transmission. 
Proposal 8: Specify RV-based inter-TB time interleaving for the broadcast numerology with CP, as described in this contribution.
Summary of Proposals
Observation 1: The method of inter-TB time interleaving proposed in [1] requires between x and x of the LLR buffer memory at the UE compared to non-interleaved transmission. 
Observation 2: A “HARQ-like” transmission technique, where  redundancy versions of  TBs are interleaved across a contiguous block of  subframes provides time-diversity without increase in LLR buffer memory.
Observation 3: Use of legacy redundancy versions for the HARQ-based time interleaving results in systematic bits of individual codeblocks not being transmitted, leading to degraded performance. This problem is mitigated by using a new “continuous” definition of RVs, wherein the starting pointer for  in the circular buffer of coded bits is obtained by incrementing the ending pointer of  by 1.
Observation 4: Transmitting  RVs for each TB requires the scaling of the TBS by a factor of , which results in an increase in the number of codeblocks in each TB by a factor of . A tone-level frequency interleaver at each OFDM symbol is thereby required to distribute these codeblocks evenly across the system bandwidth. 
Proposal 1: Use time-interleaved TB transmission only MTCH. This implies that only MBSFN subframes associated with MTCH transmission will be counted towards mapping the redundancy versions of the interleaved TBs.
Proposal 2: Determine TBS’ for a TB when  RVs are transmitted for the TB according to the following steps

4. Reuse the modulation and TBS index table in TS 36.213 and according to the signaled IMCS, obtain  
5. Reuse the transport block size table in TS 36.213 and according to the obtained , obtain the corresponding TBS
6. Calculate the used TBS’ as , where the round operation maps  to the closest TBS in the legacy transport block size tables
a. In case two TBSs are at the same distance of , the larger TBS is chosen

Proposal 3: For HARQ-based time interleaving, , where  is the pointer to the circular buffer defined in TS 36.212, and .
Proposal 4: For the numerology with  CP, specify tone-level interleaving with a granularity of  tones
· For the RS pattern with , value of .

Proposal 5: For the numerology with  CP, perform tone-level interleaving as per the following steps
· Group the modulation symbols  into sub-blocks ot  tones each to obtain a vector    and  denotes the last elements of  not part of .
· Perform interleaving of the vector according to the principles of subclause 5.1.4.1.1 of TS 36.212:
· The number of rows of the sub-block interleaver, , the number of codeblocks for the configured TBS; the number of columns  is the minimum integer satisfying 
· Append  with  elements, as required to obtain 
· Write the elements of the appended vector into the -matrix row-by-row, with  in column 0 of row 0.
· [bookmark: _GoBack]Obtain  by reading the elements of the above -matrix column-by-column, excluding the .
· Map consecutively to the  data tones, starting with the lowest tone index
· Map  consecutively to the remaining tones.

Proposal 6: Across a set of  consecutive subframes, the TB mapped to subframe  is given by . The values of  are configurable.
Proposal 7: For each TB, map RVs to  subframes designated for the TB within the chunk of  consecutive subframes as:
· For ,  in sequence
· For  in sequence

Observation 5: RV-based time interleaving of transport blocks proposed in this contribution can provide up to  spectral efficiency gain over non-interleaved transmission. 
Proposal 8: Specify RV-based inter-TB time interleaving for the broadcast numerology with CP, as described in this contribution.
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