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1. Summary
In LTE, transport blocks (TBs) greater than 6144 bits in length are segmented into multiple smaller forward error correction (FEC) blocks [1]. In a 20 MHz deployment there may be 13,600 resource elements in a (short CP, n=2 control symbols) 1ms TTI, resulting (with 64QAM) in as many as 13 segments per TB. The rate matching, channel interleaving, and physical channel mapping functions all play a role in the receiver latency and efficient processing of these multi‑segment TBs.
To reduce receiver latency and enable efficient pipelining of receiver functions for multi‑segment TBs, this document makes the following recommendations.
1) Perform rate matching on a segment‑by‑segment basis.

2) Restrict the span of the channel interleaving to a segment.

3) Map each modulation symbol from bits from only one segment.
4) Map the segments in sequential order and frequency‑first onto the physical channel.
These recommendations should not be seen as advocating a particular rate-matching algorithm. Furthermore, a physical channel segmentation formula, based on these recommendations, is given.
2. Channel Coding Operations
A generic system diagram illustrating the main FEC functions and the physical channel mapping function is shown in Figure 1. Encoding can be pipelined, but decisions need to be made on rate matching, channel interleaving, and bit-to-symbol mapping (and the equivalent receiver operations). The recommendations for each operation are explained in the next sections, in the context of the single TB case. (Reduced latency is even more critical when decoding operations have to occur multiple times, such as MIMO detection with successive interference cancellation where a decoded stream is re‑encoded, re‑interleaved and re‑mapped to modulation symbols.).
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Figure 1. Generic system diagram illustrating the main FEC functions.

3. Channel Interleaving and Bit-to-Symbol Mapping
Channel de-interleaving can introduce significant latency as any processing step following the deinterleaver cannot commence until all log‑likelihood ratios (LLRs) produced by the symbol de-mapping pass through the deinterleaver. As a result, if the channel interleaving spans the TB, the entire TB must be received before decoding of the first segment can begin.

The timing of the receive processing when the channel interleaving spans the TB is shown in Figure 2.  In this case, the symbol de-mapping and de-interleaving are assumed to happen in parallel.  The figure shows that the receiver waits until the entire TB is de-mapped and de-interleaved before decoding of the TB begins.  The latency between de-mapping and decoding can be substantial for multi‑segment TBs.
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Figure 2. Timing of the receive processing when the channel interleaving spans the TB.
In contrast to Figure 2, Figure 3 depicts the timing of the receive processing when the channel interleaving only spans a segment.  The figure shows that the decoding of the TB can begin much earlier than when the channel interleaving spans the TB.  As shown, the de-mapping, de-interleaving, and decoding operations can be pipelined to significantly decrease the latency.
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Figure 3. Timing of the receive processing when the channel interleaving only spans a segment.
Therefore, in order to minimize the latency impact due to channel interleaving we recommend that LTE restrict the span of the channel interleaving to a segment. Restricting the interleaving span as recommended may result in less time or frequency diversity. However, for channel dependent scheduling with small frame durations (1ms), the loss of diversity is expected to be small, and well worth the benefits of pipelining the channel coding chain.

In addition, control of de‑mapping and de‑interleaving operations can be performed efficiently if the receiver can associate a distinct set of modulation symbols with each segment, implying that the code bits of the segments do not “mix” before mapping to modulation symbols. Therefore, we recommend that LTE map each modulation symbol from bits from only one segment. A by‑product of this recommendation is that the number of bits selected by the rate matching block for each segment must be 2, 4, or 6 depending on whether the modulation chosen for the TB is QPSK, 16‑QAM, or 64‑QAM, respectively.

4. Rate Matching

The role of rate matching in a communication system is to select a precise number of code bits to map into modulation symbols.  For instance, in the case of LTE, the number of selected code bits will be a multiple of 2, 4, or 6, depending on whether the modulation chosen for the TB is QPSK, 16‑QAM, or 64‑QAM, respectively.  As shown in Figure 1, the rate matching module generally feeds the channel interleaving block with the selected code bits.  Since above we recommended that the span of the channel interleaving be restricted to a segment, we further recommend that the rate matching block follow suit and perform rate matching on a segment‑by‑segment basis.  
This recommendation should not be seen as advocating a particular rate-matching algorithm.  In Figure 1 the order of the rate matching and channel interleaving blocks could be reversed, or a block with joint functionality could be defined (as in an automatic bit selection (ABS) scheme which includes an interleaving step).  Such possibilities do not alter our recommendation.
The following subsection explains how the output size of the rate matching is determined for each input encoded codeword segment.
4.1. A Formula for Physical Channel Segmentation

Physical channel segmentation is defined as the determination of the number of REs allocated to each (encoded) segment of a TB. Let NRB be the number of RBs assigned to a UE for a given TB.  Further, let NREi, 0 ≤ i ≤ NRB1, be the number of data‑bearing REs in the i‑th RB.  Lastly, let Nseg be the number of segments comprising the TB.  Then the total number of data‑bearing REs, NREtot, is 
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and the number of REs assigned to the j‑th segment, Mj, for 0 ≤ j ≤ Nseg1, is
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5. Impact of Physical Channel Mapping

The physical channel mapping procedure also affects the latency with which the receiver can start decoding the TB.  Similar to the channel interleaving, any symbol interleaving in the physical channel mapping introduces a receive latency.  If such interleaving spans the TB, it would “undo” the latency minimizing effect of restricting the channel interleaving to span a segment.  Therefore, we recommend that LTE exclude any symbol interleaving in the physical channel mapping and instead map the segments in sequential order and frequency‑first onto the physical channel.  Figure 4 provides a conceptual example of this recommendation.  The figure depicts a case where 3 resource blocks (RBs) are assigned to a UE and the first two OFDM symbols contain control signaling.  Modulation symbols are taken from the bit‑to‑symbol mapping block in the order they are produced (i.e., neither rearranging within a segment nor rearranging segments is allowed) and mapped frequency‑first onto the time‑frequency grid of REs.  Any REs allocated to other physical channels (e.g., REs allocated to the RS or SCH) are skipped during this mapping step.  Mapping to the physical channel in the manner of Figure 4, along with restricting the channel interleaving span to a segment, permits decoding the TB to begin at the earliest possible point in time.
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Figure 4. Conceptual physical channel mapping procedure.
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� An alternative with similar latency would be to define the physical channel mapping such that if a segment could entirely fit within a single OFDM symbol, that two segments could be interlaced. However, it is unclear that the additional complexity for this definition would result in any meaningful benefit for typical modes of operation.
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