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1 Introduction

This document describes a novel block-type inter-block permutation turbo code (B-IBPTC) which applies a network-oriented inter-block permutation method [1] to enhance the Rel’6 turbo coding [2] throughput and latency. The contribution R1-062155 [3] analyzes worst case throughput and latency for the Rel’6 turbo coding. In the considered case, 16 APP decoders running at 100 MHz are used to achieve 100 Mbps decoding throughput. However, since the Rel’6 turbo coding does not support parallel processing due to the memory contention, either lengthened latency dissatisfying 100Mbps throughput or high complexity circuit occurs.
To solve the aforementioned issues, the contribution R1-061131 [1] proposes a simple inter-block permutation algorithm to enhance the throughput. The solution can co-exist with all existing turbo codes and enhance the error rate performance without changing the existing convolutional code and the APP decoder of Rel’6 turbo coding. No extra memory for temporary storage is required. The network-oriented design further resolves stringent network issue of decoder. Longer codeword length demand mentioned in Motorola’s contribution R1-060021 [5] and the low rate turbo coding enhancement technology in Fujitsu’s contribution R1-060562 [7] are viable. Furthermore, the Rel’6 turbo coding error floor can be further improved.
The features of B-IBPTC are summarized as following:

1. Backward compatible
2. TS 25.212 v7.1.0 H-ARQ [4] rate matching algorithm re-usable
3. No extra memory storage required

4. Simple and feasible high throughput decoder network
5. Flexible decoder architecture

6. Almost regular interleaving

7. Few interleaver parameters
8. Long codeword length easily extendable
2 Encoding and network-oriented interleaving
2.1 Encoding

B-IBPTC applies inter-block permutation to inter-connect multiple block-interleaved sequences. These pre-permuted and post-permuted sequences are separated by tail-biting encoding. The individual encoding provides high encoding throughput capability and better distance property. Tail-biting encoding reduces redundant bits of convolutional codes and saves the power expanse.
The backward compatible B-IBPTC encoder is plotted in Figure 1. Compared to the traditional turbo coding encoder, only the block-type inter-block permutation interleaver (B-IBPI) is different. The joint design of the Rel’6 turbo coding interleaver and B-IBPI is trivial, which will be detailed in the following sub-section. Furthermore, TS 25.212 v7.1.0 H-ARQ rate matching algorithm is reusable due to the same convolutional code. Thus, B-IBPTC is highly backward compatible to the Rel’6 turbo coding.
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Fig. 1: B-IBPTC encoder.
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Fig. 2: An example of the B-IBPI with 4 blocks.

2.2 Network-oriented block-type inter-block permutation interleaver
B-IBPI is composed of two-stage interleaving: block and inter-block permutation. The first stage applies the same block permutation rule on symbol sequences in all blocks. The second stage applies periodic inter-block permutation to swap the block permuted sequences in all blocks. Figure 2 shows a two stages B-IBPI example. At first stage, all sequences in each block are permuted by one rule. At the second stage, the permuted symbols are periodically swapped with the symbols in other blocks. The same block permutation rule for all sequences at the first stage and the swapping operation at the second stage promises the contention-free property in the memory access [5]. Thus, the parallel processing is easily achievable using the designed interleaver.
Both the permutation and swapping can be implemented through the network switching, which interconnects the memory and processors. The proposed inter-block permutation algorithm promises a feasible low complexity network, which determines the density of ASIC implementation. The designed permutation and the exclusive OR swapping is equivalent to the butterfly network. The butterfly network switching avoids routing congestion and reduces the driving power in the ASIC implementation. A synthesized example is shown in next section. 
Table 1 shows the aforementioned inter-block permutation algorithm, where P is the number of inter-connected blocks; L is the block length; D(m,K) is the symbol at the mth position of the Kth block. I is an array storing the IBP sequence with length P; ^ is exclusive OR operation.

Table 1: The exemplary B-IBP algorithm.

	10 for K=0 to P-1
20    {  for i=0 to i=P-1
20         { m=i 

30             if ( K^I[i] < K )

40             while (m < L)
50                {   swap D(m,K) and D(m,K^I[i])
60                   set m=m+P   }   }   }


In addition to butterfly network, other types of network, such as high radix butterfly network, splitting network, Delta network, Omega network, Benez network, and etc are also applicable. Furthermore, these high speed network configurations without the complex computation are also applicable for the Rel’6 turbo coding. The joint design cost for both the Rel’6 turbo coding interleaver and B-IBPI is almost zero. These networks simplify the decoder complexity and further enhance the throughput performance. If the required number of processors is few, downsizing or folding the network simply reduces the complexity. On the other hand, as the high throughput is necessary, inter-connecting the more blocks or expanding the network scale enhances the throughput. Therefore, high performance and low cost decoder are both easily achievable by applying this network-oriented design.
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Fig. 3: (a) A 4x4 butterfly interleaving network; (b) The folded network.
Figure 3 (a) demonstrates a 4x4 butterfly network example which realizes the four-block inter-block permutation in Fig. 2. Denote the direct and the oblique switching by “0” and “1” respectively. The notation “00”, “10”, “01” and “11” can be used for the network control, where the first bit determines the upper butterfly switching and the second bit determines for the lower butterfly switching. We can use this control signal for the inter-block permutation in Figure 2. At the first position “00” is applied; at the second position “10” is applied; at the third position “01” is applied; at the fourth position “11” is applied; at the fifth position “00” is reapplied. Only two bits are required for the network control.
Figure 3 (a) implies that the network-oriented design also simplifies the interleaver control storage. Take the larger 32x32 butterfly network as an example. The network requires 5 bits to configure the network, where one bit controls one row. Because the periodic inter-block permutation algorithm is applied, only 160 bits are required for the interleaver control, i.e. 5 bits x 32 kinds of network configurations. In fact, the control sequence can be generated by shift register which further reduces storage. The network can combine with many kinds of short block length interleaver and therefore the overall memory requirement is reduced.

Furthermore, the butterfly network can be simplified through folding the network. As shown in Figure 3 (b), block 1/2 and 3/4 are combined together and the edge is shared with each other. The APP decoder, memory and its controller can be shared with the adjacent blocks. Therefore, the hardware implementation cost can be further reduced.

2.3 The block permutation
This subsection further discusses block permutation in the B-IBPI. The permutation influences distance property. Well-designed block permutation enhances the error floor performance. If the permutation also considers the contention-free property the throughput capability and complexity reduction can be improved. In the following, we discuss the three kinds of block permutation.
2.3.1 Rel’6 turbo coding interleaver
Rel’6 turbo coding interleaver can be directly applied as block interleaver and no extra block permutation implementation cost required. However, the interleaver does not consider the contention-free property and therefore it requires more complexity cost as a higher throughput is required. By the way, the distance property is not good. Co-designing with inter-block permutation improves performance for long length but the performance can be better.
2.3.2 Double prime interleaver
Double prime intra-block interleaver constructs by two prime interleavers and supports parallel memory accessing. The permutation function for even block length L is characterized by six parameters 
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 as shown in eqn. (1). p is a relative prime to L/2. s is a constant shift. 
[image: image5.wmf]x

êú

ëû

 is the integer of x. Due to assumption of p, there exists exactly one inverse mapping function as eqn. (1) with similar six parameters 
[image: image6.wmf](,)

ps

))

 and these parameters satisfy above constraints.
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The interleaver is almost regular and easily implemented by one adder and shifter. The de-interleaver can apply the same circuit. Double prime interleaver with well-searched parameters outperforms the interleaver in Rel’6 turbo coding. No more than 80 pairs to achieve the LTE data length requirement and the memory cost is low.
3 A practical synthesized example
In this section, we demonstrate a high throughput B-IBPTC decoder. Table 2 shows the parameters: 0.13μm ASIC process; 1/2 code rate; 4096 bits data length. The decoder possesses 32 APP decoders, and thus the butterfly network with 32x32 is applied. The synthesized throughput is 1Gbps @ 8 iterations. The core area is 17.808 mm2, where memory only occupies 3.328 mm2 and chip density is 90%.
· The chip density approaches 90% because the network-oriented interleaver resolves the routing congestion.

· If only 125Mbps is required, no more than 1.81mm2 required for the APP decoders.

· The same encoder as the Rel’6 turbo coding applied leads no extra memory required, which is described in contribution R1-061738 [8].
· The decoder consumes 508mW @ 1Gbps, which can be further saved as the stopping technology and simple APP processors are applied.

· The APP decoder area can be further decreased by 2 [6,8] when the conventional technology applied. This example applies high cost technology to increase the operating frequency, which leads to increase the chip area. 
· Double prime interleaver is applied in this example and therefore the number of APP decoder is decreased by 2 to achieve 1 Gbps throughput.

Table 2: Parameters for the B-IBPTC decoder
	Design
	B-IBPTC Decoder

	Technology
	UMC 0.13um

	Data length
	4096 bits

	Codeword length
	8192 bits

	Core area
	17.808 mm2

	Memory area
	3.328 mm2

	Density
	90%

	Outer Frequency
	60 MHz

	Operating Frequency (Inside)
	265 MHz (worst case)

	Data rate (MS/s)
	1.06 Gbps@8 iterations

	Power
	508 mW @1.2V


4 Performance
This section provides the performance of the B-IBPTC. The recursive convolutional code used in the Rel’6 turbo coding [1] is applied in these simulations. The B-IBPTC applies tail-biting encoding for each block and the Rel’6 turbo coding applies tail-biting encoding for the entire data sequence. The Log MAP algorithm is applied. 8 iterations is considered. We use double prime interleaver and the Rel’6 turbo coding interleaver as the block permutation for the B-IBPTC. The inter-block permutation algorithm in Table 1 is used.
Figures 4-11 show code rate=1/3,1/2, 3/4 and 4/5 frame error rate (FER) performance at AWGN and flat Rayleigh fading channels respectively. Data length L=64, 128, 256, 512, 1024, 2048 and 4096 bits are applied in these cases. Two kinds of double prime interleaver are applied; 
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 for L=64 and 
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 for L=128. P=1, 2, 8, 16 and 32 are used in these examples. Both figures show that B-IBPTC applying double prime interleaver almost outperforms the Rel’6 turbo coding except for few cases at high rate. When the B-IBPTC applies the Rel’6 turbo coding interleaver, the performance degrades for short block length. Therefore we highly recommend double prime interleaver as the block permutation. This deserves FFS.
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Fig. 4: Code rate=1/3 frame error rate performance of various codeword lengths over AWGN channel.
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Fig. 5: Code rate=1/3 frame error rate performance of various codeword lengths over flat Rayleigh fading channel.
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Fig. 6: Code rate=1/2 frame error rate performance of various codeword lengths over AWGN channel.
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Fig. 7: Code rate=1/2 frame error rate performance of various codeword lengths over flat Rayleigh fading channel.
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Fig. 8: Code rate=3/4 frame error rate performance of various codeword lengths over AWGN channel.
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Fig. 9: Code rate=3/4 frame error rate performance of various codeword lengths over flat Rayleigh fading channel.
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Fig. 10: Code rate=4/5 frame error rate performance of various codeword lengths over AWGN channel.
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Fig. 11: Code rate=4/5 frame error rate performance of various codeword lengths over flat Rayleigh fading channel.
5 Other features
Lengthening codeword length is easy for B-IBPTC. Increasing the inter-block permuted blocks or block length lengthens the data length. The contribution R1-060021 [5] mentions that the maximum data length of Rel’6 turbo coding can not take half of IP package. This results in segmentation loss. B-IBPTC supports longer length.
The B-IBPTC suits the FPGA architecture or software defined radio (SDR). The network is easily reconfigurable and the network control signalling is simple. The double prime interleaver also suits the FPGA architecture. There are many FPGA solutions for the APP decoders. Therefore reconfigurable channel coding with a simple high throughput network and interleaver is easily achievable. 
6 Conclusions
The B-IBPTC is a low cost and backward compatible coding technology. High throughput and simple network computation architecture are both considered. Even further throughput enhancement is simply feasible. The permutation or swapping operation is simple and more than 5000 kinds of interleavers can be easily constructed. This suits programmable hardware architecture and for the future system enhancement.
At last, we summarize the features of B-IBPTC:
1. Backward compatibility;
2. Parallel encoding/decoding (low encoding/decoding latency capability);
3. Simple interleaver supporting contention-free in memory access;
4. Low network complexity while supporting parallel processing;
5. Flexible hardware architecture suits FPGA or SDR design;
6. Simple control signalling for coding processor and memory.
7. Less interleaver parameters;
8. Easily support longer data length
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