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1. Introduction

This contribution addresses the issue of rate matching for LTE control channels, initiated in [2], [6].
2. Algorithm Description
The control channel coding is realized using a rate 1/3 tail-biting convolutional code (TB-CC) with constraint length K = 7, as proposed in [1]. It is further assumed in this contribution that the mother code rate 1/3 TB-CC applies the optimal distance spectra (ODS) polynomials [133,171,165] proposed in [2].
A desirable feature of the rate 1/3 ODS code is that the well known rate 1/2 ODS code [3] with polynomials [133, 171] is nested in the code. This provides an easy way of puncturing from rate 1/3 to rate 1/2: if the effective code rate Reff ≥ 1/2, then the coded bit sequence corresponding to polynomial [165] is punctured out first. Figure 1 illustrates a rate 1/3 convolutional encoder with the ODS polynomials. 
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Figure 1: Rate 1/3 convolutional coder.
This contribution considers three RM algorithms for convolutional coding that are illustrated in Figure 2 (after removal of P2). The RM methods are A) Rel-99 RM [4], B) the circular buffer (CB) approach with sub-block based interleaving [5] and C) the odd-even bit ordering of sub-blocks [2], with and without interleaving of the odd/even components of the subblocks. The constant Nc refers to the number of bits that the physical channel can transmit. 
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Figure 2: Rate matching schemes are A) Rel-99, B) Circular Buffer (CB) with sub-block interleaving, and C) Odd-even bit-ordering of sub-blocks for a rate 1/2 convolutional code. 

Rel-99
This rate matching scheme is familiar from 3GPP TS 25.212, where the algorithm is described in detail in Section 4.2.7.5 “Rate matching pattern determination”. The bit streams P0 and P1 are multiplexed (Section 4.2.7.3.1), see Figure 2, and the sequence [x1,…, xNc] is the output after bit collection (Section 4.2.7.3.2) after RM. The actual RM pattern can be obtained in different ways. Below it is presented a shorter formulation (from [7]) that addresses both puncturing and repetition. It is identical to the original RM algorithm with initialisation eini = eplus-1 that we found to perform better with TB-CC. 

e = eini = 1

-- initial error between current and desired puncturing ratio
eplus = 2*Xi

-- Xi denotes the number of bits before RM
eminus = 2*abs(Xi -  Nc)

-- eplus, eminus and eini are from [3GPP TS 25.212]
m = 1
-- index of current bit

do while m <= Xi 

e = e – eminus
-- update error


do while e <= 0
-- check if and how often bit number m should be sent



select bit xm for transmission


e = e + eplus
-- update error


end do


m = m + 1
-- next bit

end do

The amount of puncturing/repetition is determined by the relation of the parameters eplus and eminus. In the inner loop a bit is selected for transmission if e <= 0. In this way puncturing, ordinary transmission and any number of repetitions can be realised, depending on the value of e when entering the inner loop. If e > 0 the bit is not selected at all, in other words, the bit is punctured. If -eplus < e <= 0, the bit is selected exactly once, in other words, the bit is neither punctured nor repeated. If e <= -eplus, the bit is selected more than once, in other words, the bit is repeated.
Circular Buffer with Interleaving
The circular buffer RM with sub-block based interleaving was presented in [5] for a tailed code K = 9 and in [6] for a tail-biting K = 7 code. The basic principle is presented in Figure 2. The parity bit sequences P0 and P1 corresponding to sub-blocks 0 and 1 are first separately interleaved. After this the bits are multiplexed bit-by-bit as: [P0‘(1),P1’(1), P0‘(2),P1’(2), …, P0‘(BL),P1’(BL)], where BL is the block length. The interleaver construction is described in detail in [5],[6].
In our simulations we obtained the best performances of the CB approach using interleaver parameters 0 = 0 (=row index offset) for sub-block 0 and 1 = ceil(2M/3) for sub-block 1 (and 2=ceil(2M+1/3) for sub-block 2) that were recommended in [6] for the mother code rate 1/3. This way we were able to obtain the performance results about the same order or even better (for rate 3/4) than in [6].
Odd-Even Bit-Ordering

The odd-even bit ordering within sub-blocks (see Figure 2) was used in the performance results of [2]. According to [2] this should provide the optimal period-2 puncturing pattern for rate 2/3. The basic idea is as follows: puncture first the even-indexed bits of P2 = [165] and after this the odd-indexed bits of [165]. This is then continued similarly with parity sequence P1 = [171], finally the bits from P0 = [133] are never punctured.
In fact the performance of this approach should be very similar to Rel-99 RM with rate Reff = 2/3 because the stepping (bit selection of xm) of Rel-99 RM results in a similar puncturing pattern. A potential problem with the odd-even bit ordering is that the performance collapses right after Reff >= 2/3 because of the non-regular puncturing at the end (see Figure 3). A solution is the sub-block based interleaving at least for the “Odd-indexed P1’“ and “Even-indexed P1’“sub-blocks which is shown in the comparison of figures 7-9.
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Figure 3: Odd-Even Bit-Ordering RM with cutting from the end (for the effective code Reff = 2/3).

3. Simulation study
The performance of RM schemes was studied as a function of the packet length (in bits). The monitored quantity was the required Eb/N0 for BLER-targets of {10%, 1%, 0.1%}. The simulations assumed AWGN channel and BPSK modulation. Tail-biting decoding was used in the form of (single) circular trellis termination. The training length in the beginning and end of the circular buffer was 5*(K-1) = 30 bits. The circular training provides a more robust decoding in the presence of heavy puncturing and, on the other hand, with a short K = 7 code, the decoding complexity is comparable to the double decoding approach. 
The CB method performs very similarly to the results reported in [6] but in this study is inferior to Rel-99 RM in all considered cases. Rel-99 RM and the odd-even bit-ordering (shortly OE) RM are very close in performance for rate 2/3, perhaps OE is slightly better, but for other rates that do not perfectly fit the boundaries of odd-even division, a performance degradation is observed when no interleaving is employed. Once an interleaving of the odd-even sub-blocks is introduced, the performance degradation is resolved.
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Figure 4: Performance of RM schemes as a function of packet length for BLER-target of 10%.
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Figure 5: Performance of RM schemes as a function of packet length for BLER-target of 1%.
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Figure 6: Performance of RM schemes as a function of packet length for BLER-target of 0.1%.
In [8] an odd-even indexed interleaver with 32 columns is used; the column permutation is: [1, 17, 9, 25, 5, 21, 13, 29, 3, 19, 11, 27, 7, 23, 15, 31, 0, 16, 8, 24, 4, 20, 12, 28, 2, 18, 10, 26, 6, 22, 14, 30]. This is named as: CB-OE32 in the legend of the results. In [9] an even-odd indexed interleaver with 16 columns is proposed; the column permutation is: [2, 10, 6, 14, 4, 12, 8, 0, 3, 11, 7, 15, 5, 13, 9, 1]. This is named here as: CB-EO16. 
The results are presented in Figure 7 - Figure 9, where the performance difference between the RM schemes is very minor, especially for BLER-targets 10% and 1%. For BLER-target 0.1%, the CB-RM is slightly superior to Rel-99 for rate 2/3 whereas Rel-99 has the best overall performance for rate 3/4. 
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Figure 7: Performance of RM schemes as a function of packet length for BLER-target of 10%.
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Figure 8: Performance of RM schemes as a function of packet length for BLER-target of 1%.
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Figure 9: Performance of RM schemes as a function of packet length for BLER-target of 0.1%.

4. Conclusion
Rel-99 RM with regular puncturing along the parity bit sequences provides competitive performance over all expected packet lengths and the simulated code rates. Circular buffer with interleaving but no odd/even separation performs less well, whereas the performance of a modified circular buffer with odd-even sorting and interleaving is similar. 
Based on this study, our preference that Rel-99 RM is selected as the RM method for P-BCH and LTE control channels, as it is a simple and well understood algorithm and does not require additional sorting of odd/even bits via interleaving. 
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