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Summary
In order to ease an efficient, low latency implementation, the QPP turbo code internal interleaver has been introduced to allow easy implementation of parallelization of the turbo decoder. In order to be able to fully parallelize processing, it is essential that most of the processing steps of the coding chain (ideally all) are parallelizable as well.
This contribution shows that the existing Rel-99/Rel-5 rate matching algorithm which we propose to be used for LTE in [1] is already well suited for parallel implementation.
Inner Loop of Rate Matching Algorithm 

For convenience, the inner loop of the rate matching algorithm from [2], Chapter 4.2.7.5 “Rate matching pattern determination”, is reproduced below for the case of puncturing (repetition is similar and therefore does not need to be discussed explicitly). Xi denotes the number of bits to be processed and the parameters eini, eminus, and eplus are selected to derive a suitable puncturing pattern and redundancy version.  

e = eini


-- initial error between current and desired puncturing ratio 

m = 1


-- index of current bit

do while m <= Xi
e = e – eminus 


-- update error

if e <= 0 then


-- check if bit number m should be punctured

set bit xi,m to ( where (({0, 1}

e = e + eplus
-- update error

end if

m = m + 1



--  next bit

end do

Parallelization of Inner Loop of Rate Matching Algorithm 

Parallelization requires that several entities can work independently on different parts of the input data and produce different parts of the output data as shown in figure 1 below. The following subsections describe a number of ways in which parallelism can be achieved with the inner loop of the rate matching algorithm.
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Figure 1: Serial (left) and parallel (right) processing of Rate Matching
Bit Sequence Class Parallelism

One obvious candidate for parallelism is to separate the different classes of bits (systematic, parity 1 and parity 2) in parallel rather than sequentially. Further, it may be desirable to have an own RM process for each parallel turbo decoder that runs in a pipelined fashion with then the first decoding half iteration, providing the required parity1 and systematic bits just in time for decoding. In this way the RM process runs in parallel to decoding and does not cause additional latency. For the second half iteration the parity 2 bits are processed similarly.
Sub-Sequence Parallelism

Furthermore, and more substantially, each individual RM stage can be further subdivided to any desired degree of parallelism. The standard rate matching algorithm can be used unmodified for each of the parallel processes by setting a starting value for the parameter e. e is updated in an iterative way in the algorithm because iterative updates are more efficient. For a parallel implementation it is possible to calculate the starting value to be used for the sub block also in a non iterative way as shown below. 
Let us assume that one process is selected to start processing the input bits starting from bit M. We then simply calculate m = M and e = (eini – (M – 1) eminus – 1) mod eplus + 1
The number of bits that have been punctured from the first M – 1 bits will then be PM= (1+ (M – 1) eminus – eini) div eplus, in other words, the first bit to be output from this process will become bit number M – PM in the output stream. In this way all the necessary parameters and the positions of input and output data are defined that are necessary for that process. 

Obviously the corresponding procedure in the receiver i.e. de rate matching can be parallelized as well because it is basically just the mirror process. Repetition and the corresponding receiver algorithm can be parallelized as well because they use the same rate matching algorithm to determine the pattern but the selected bits are repeated rather than punctured.
Sub-Sequence Parallelism, Dithering Proposal Aspects

According to the proposal in [3] dithering will be used for some specific coding rates. This is achieved by using two values for eminus, for the first Xseg1 bits the value eminus1, and afterwards the value eminus2. Then, if M > Xseg1 the starting value for e is calculated as e = (eini – Xseg1 eminus1 – (M – Xseg1 – 1) eminus2 – 1) mod eplus + 1, and PM = (1 + Xseg1 eminus1 + (M – Xseg1 – 1) eminus2 – eini) div eplus. So also the dithered puncturing algorithm can be parallelized easily. 
Code Block Processing
Finally, it is worth noting that, according to the recent decision, LTE rate matching is to be performed per code block, contrary to UTRAN where per transport block processing is in place. This favours pipelined implementation, where each processing unit is dedicated to a single code block at a time. When the code blocks are subdivided further to sub code blocks for parallel implementation, as is possible for the QPP interleaver, there is also an incentive for further parallelizing the RM also on sub code block level as a design option in LTE.

Conclusion

We have shown that the existing rate matching algorithm as used in [2] and proposed to be used for LTE as well in [1] can be easily parallelized to any desired degree of parallelism. Consequently, it is an excellent choice to enable an efficient low latency implementation of the LTE coding chain together with the QPP interleaver.
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