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1 Introduction
Circular buffer based rate matching schemes have been proposed for LTE [2-6] because of its simplicity and good performance. A harmonized design [7] is proposed based on the previous contributions.
In [8], an example of implementation, namely “virtual circular buffer” (Refer to [8] for details), is illustrated and a proposal is made to insert dummy bits into the circular buffer, and optimize redundancy version definition based on that implementation. 

In this contribution, we provide analysis on some implementation aspects of the circular buffer rate matching. We show that the circular buffer design in [7] allows other examples of implementation that are more efficient than the “virtual circular buffer” implementation. We also show that the “virtual circular buffer” implementation as in [8] can be easily accommodated with the way circular buffer is defined in [7].
2 Circular buffer rate matching
The TX operation of a circular buffer rate matching is shown in Figure 1. There are three bit streams for each code block at the turbo encoder output, namely, the systematic bit stream S, the first parity stream P1, and the second parity stream P2. The rate matching consists of the following steps:

1. Each of the three streams is interleaved separately by a sub-block interleaver. 
2. The interleaved systematic bits are written into the buffer in sequence, with the first bit of the interleaved systematic bit stream at the beginning of the buffer. 
3. The interleaved P1 and P2 streams are interlaced bit by bit. The interleaved and interlaced parity bit streams is written into the buffer in sequence, with the first bit of the stream next to the last bit of the interleaved systematic bit stream.
4. Eight redundancy versions (RV) are defined, each of which specifies a starting bit index in the buffer. The transmitter chooses one RV for each HARQ transmission. The transmitter reads a block of coded bits from the buffer, starting from the bit index specified by a chosen RV. If the end of the buffer is reached and more coded bits are needed for transmission, the transmitter wraps around and continues at the beginning of the buffer, hence the term of “circular buffer”. 
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Figure 1. Circular buffer rate matching
The sub-block interleaver is similar to the channel interleaver (2nd interleaving of 2nd stage rate matching) in Release 6. It is a row-column interleaver with the number of columns C = 32. Define K as the code block size, including information bits and tail bits. In other words, K = X + 4 where X is the number of information bits in each code block. The number of rows of the sub-block interleaver is specified as R = (K/32( . The operation of the interleaver can be described as follows:

· Starting from the 0-th row and the 0-th column, write in row by row, i.e., increase column index first.
· Fill up the R(C rectangle with dummy bits, if needed. The number of dummy bits Y = R(C – K.
· Permute the column with the following pattern

· 0, 16, 8, 24, 4, 20, 12, 28, 2, 18, 10, 26, 6, 22, 14, 30, 1, 17, 9, 25, 5, 21, 13, 29, 3, 19, 11, 27, 7, 23, 15, 31

· Starting from the 0-th row and the 0-th column, read out column by column, i.e., increase row index first.
Eight redundancy versions are defined in the circular buffer. With the index of the first bit in the circular buffer being 0, the starting position of redundancy version i is set at ((6(i+1)(K/16(, i = 0, 1, …, 7. Again, K = X+4 is the code block size, including both information bits and tail bits. 
When RV = 0 is used, 1/16 of systematic bit puncturing is achieved, if the code bit selection does not reach the end of the circular buffer and wrap around. It is recommended that RV = 0 should be used for the first transmission if the code rate of the first transmission is higher than 0.7. Otherwise, RV = 7 should be used. By doing so, systematic bit puncturing can be achieved for high code rate transmissions. 
3 An example of implementation for circular buffer rate matching

In this example of implementation – physical circular buffer, we implement the bit collection, sub-block interleaving in one step. As the coded bits are generated from the turbo encoder, the addresses of these bits in the circular buffer are calculated and these bits are put directly into the circular buffer. If re-encoding approach is preferred instead of buffering of the coded bits, the bit selection can also be implemented in this step. In that case, the circular buffer also serves as the input buffer for channel interleaver. Further optimization to include the channel interleaver into this step can also be implemented, if desired. The example is shown in Figure 2.

[image: image2.emf]Turbo Encoder

Circular buffer

1

st

 Tx

2nd Tx

3rd Tx

One code block

2

nd

 Tx 1

st

 Tx


Figure 2. Physical circular buffer rate matching
To achieve the one-step circular buffer rate matching, a formula is needed to calculate the addresses in the circular buffer as coded bits are generated by the turbo encoder. For each bit stream, i.e., S, or P1, or P2, the formula is given as ((i) = (K/32((ci + ri - ((K/32((ci), where ri = (i/32(, ci = BRO(i mod 32), and (N(j), j = 0, 1, … 31 is defined as the number of dummy bits pruned before j. 
The function (N(j) defines the dummy bits distribution of a 32-bit BRO interleaving if the first N bits are coded bits and the last 32-N bits are dummy bits. Mathematically, 
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where I(s) is an indicator function. The value of I(s) equals to 1 if s is true and 0 otherwise. For the sub-block interleaver used in the circular buffer rate matching proposal, M = 32. The knowledge of this distribution is required for all PBRO implementation, in different forms. Note that for all available QPP sizes, N = 4, or 12, or 20, or 28. Implementation can choose to store a 32(4 table or calculating (N(j) on the fly, either of which requires negligible complexity. As an example, the table for (N(j) with N = 5 for a 8-bit BRO interleaver is shown in the following figure.
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Figure 3. (N(j) defines the dummy bits distribution
Additional address calculation needed to reflect other operations such as bit collection, and parity bit stream interlacing should be straightforward.
This implementation introduces no latency between turbo encoding and channel interleaving, and requires no additional buffering between the turbo encoder output and channel interleaver. If re-encoding is preferred, coded bits can be selected based on the calculated addresses. Compared with virtual circular buffer, physical circular buffer performs sub-block interleaving, dummy bits pruning and bit selection all in one-step. No additional pruning is needed after coded bits are generated and selected as in the virtual circular buffer approach. In addition, this implementation structure is flexible enough to accommodate both partial depadding and full depadding, while the virtual circular buffer does not allow depadding until the last stage when coded bits are read out of the circular buffer.
4 Address translation between physical circular buffer and virtual circular buffer

The starting position of the redundancy versions is defined as Ai = ((6(i+1)(K/16(, i = 0, 1, …, 7 in the circular buffer, where K = X+4 is the code block size, include the tail bits. If a physical circular buffer is implemented, the first bit of the i-th RV is PCB(Ai). Alternatively, in a virtual circular buffer implementation, the first bit of the (12(i+2)-th column has the address Bi = (K/32(((12(i+2), i = 0, 1, …, 7 without the dummy bit pruning. We define the following relationship that PCB(Ai + Di) = VCB(Bi). 

The value of Di is given in as a function of the code block size X and the RV in the following table

Table 1. Value of Di
	RV
	0
	1
	2
	3
	4
	5
	6
	7

	X=8(4m
	1
	1
	1
	2
	2
	1
	1
	2

	X=8((4m+1)
	1
	1
	1
	2
	2
	1
	3
	2

	X=8((4m+2)
	1
	1
	1
	3
	1
	2
	2
	3

	X=8((4m+3)
	1
	1
	1
	1
	1
	2
	2
	1


This table enables a virtual circular buffer implementation, with requires storage of maximum 32 values which can be either 1, 2, or 3. 

It is also noticed that for RV = 0, 1, 2, the second bit in the PCB will be the first bit of the (12(i+2)-th column of the VCB. For RV = 3, 4, 5, 6, 7, if Ai is even, the third bit in the PCB will be the first bit of the (12(i+2)-th column of the VCB; if Ai is odd, either the second or the fourth bit in the PCB will be the first bit of the (12(i+2)-th column of the VCB. This enables a simple hardware implementation of the table as well.
5 Conclusion
In this contribution, we give an example of physical circular buffer implementation. We suggest that dummy bits should be pruned right after sub-block interleaving without contaminate the circular buffer. We also show how virtual circular buffer can be implemented with the redundancy version defined on a circular buffer without dummy bits embedded.
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