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Simplification of the interleaving algorihm of subclause 9.6.2
It was found and consistently confirmed through computer simulation that the Turbo-Like Interleaving (TLI) algorithm described in sub-clause 9.6.2 is equivalent to a simple regular distribution, based on a constant  stepping of the increment value  on a  circular ring of K elements. Once this is achieved and that all the different K elements  (k=0, …, (K-1) have been found in the interleaved pattern for the given stepping increment (not all increments allow the single placement of all the elements contained in the input vector and those increments are discarded), then the ring is cut open to result in a linear permutated sequence. The first element on the left of the linear permutated sequence is called the offset.
The permutation rule is as follows:
for k = 0 : (K-1)

         OUT_index(k)= L(k)= mod(k*Increment+Offset,K);

end
The choice of the increment constitutes the first optimization step. Although this is the main optimization parameter in the process, the exact place where the break occurs on the circular ring produces a specific number of occurrences of adjacencies between different sets of indices and the offset selected to start the linear permutation can be selected to minimize the number of close-in adjacencies.  Since the number of possible increments is limited to 1 to K-1 and the number of offsets is limited to 0 to K-1, this allows for a finite number of possibilities and an exhaustive and relatively simple searching process resulting in the best interleaving pattern for each value of K.

The strength of an interleaving process is based on the fact that the distance between the close-in elements at the input of the interleaver (small Δk) should correspond to as large as possible distance at the output of the interleaver (i.e., large ΔL=|L(k+Δk) - L(k)|) while the distance between largely separated elements at the input of the interleaver (large Δk)could allow for a correspondingly smaller distance at the output of the interleaver (smaller ΔL). For example, two adjacent numbers in the input sequence that end up separated by 5 numbers (1+5=6) is equivalent to two numbers separated by 5 numbers in the input sequence and ending up adjacent in the permutated sequence (5+1=6). Those at medium distance in the original sequence can also be at medium distance in the permutated sequence, all this to allow for a proper independence between each elements to reduce the effect of correlation on the signal received from the transmission channel.
The parameter that encompasses these three constraints is the sum of the separations pre- and post-permutation, called ‘Spreading Depth’ = |ΔL|+|Δk|). The optimization criterion is then the maximization of the minimum Spreading Depth value for all possible k, Δk and corresponding ΔL. A simple recursive algorithm can be run to find the best pattern for each carrier range for the carrier interleaving and for each block size for bit interleaving.
Note that the sequence permutation is currently accomplished on the input sequence of the interleaver in the TLI algorithm and that the Standard specifies in subclause 9.6.2 that ;

“After the interleaving, the value at index L(k) in the input sequence is relocated to index k in the

output sequence (OUT_index). In other words, index L(k) in the input sequence  (IN_index) corresponds to index k ( k = 0, … ,K-1) in the output sequence  (OUT_index).”

This was done as a second step in the process as follows:

for n=0 : (K-1)
    OUT_index(L(n)) = n;
end
With the newly proposed  and simpler algorithm, these two steps have been  merged into one so that L(k) directly represents the transmitted sequence (OUT_index). The above inversion process can then be applied to the permutation sequence used at the receiver to de-interleave the signal.
Carrier interleaving

This Spreading Depth can be further explained and illustrated in the updated Table 200  shown below for the downstream carrier interleaving {K,p,q,j}={1440,32,2,3} and the vector inversion explained above, or its equivalent {K,increment, offset}={1440,1153,672}. Note that the values in Table 200 have been decreased by 1 compared t its original version in the Standard so that the range covered goes from 0 to K-1 to be consistent with the notation used in these relevant sections.
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Table 200--Interleaving patterns for subchannels
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It was found that  in this case, the minimum Spreading Depth is 10 and this can be confirmed looking at this Table 200 by the fact that the numbers in the ‘Output index’ columns for which the values are distant of 5 (i.e., 5th adjacent in the input pattern, examples 672 and 677, 98 and 103, etc.) are located at a distance of 5 in the output sequence: Spreading Depth= 5 +5=10. During the exhaustive search process, it was found that this Spreading Depth of 10 occurs 1430 times in the input/output sequences. This is illustrated in Table 1 below for K equals 1440 for the carrier interleaving process using the old algorithm (column 2).
This means that if a frequency selective dip in the spectrum is larger than 10 times the carrier separation (10* 3.32 = 33.2 kHz), the reception of the signal would not be as protected by the forward error correction (FEC) because the errors would no longer be as randomized and the decoding would no longer be able to correct as many errors since burst errors would start to appear. The echo responsible for this 33.2 kHz or larger dip would be delayed by at most 30µs and produced by a difference in propagation distance of 5 km or less. Such signal reflections would affect the performance of the FEC in the receiver.  This multipath vulnerability needs to be reduced as much as possible by making sure that the Spreading Depth in subcarrier interleaving is maximized.

Table 1: Spreading Depth histogram for K= 1440 for carrier and bit interleaving using the old and new algorithms
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 The TLI and the vector inversion process were performed on all interleaving parameters for the downstream and upstream subcarrier mapping allocations given in Table 202 as well as for the bit interleaving patterns of Table 203. The Increment and Offset values were also found with the new algorithm for the corresponding interleaved pattern obtained by the TLI algorithm and the results appear in Table 2 and 3 below. Note that in Table 203, there are two patterns for K= 1056 and 2112 that were found to be erroneous entries and corresponding interleaved patterns could not be produced. Proper ‘Increment, Offset’ replacements are proposed below.

Due to the exhaustive nature of the search possible with the new simpler algorithm, better performance in terms of ‘Minimum Spreading Depth’ could be found in all cases as shown in Table 2. The 6th and 7th columns give the Increment and Offset parameters from the new simpler interleaving algorithm corresponding to the initial TLI parameters whereas the 9th and 10th columns on the right show the optimum parameters found by exhaustive search with the new algorithm for the same sequence length (K).

The 8th column and 11th columns indicate the minimum Spreading Depth resulting from each set of parameters. As can be seen, the rather poor Spreading Depth of 10 given by the original subcarrier interleaving sequence for K= 1440 could be improved to 52 (occurring 1389 times in the output sequence, see Table 1). This gives an advantage of 5.2 times shorter RF reflection distances before the received signal becomes affected by burst errors (going from 5 km propagation distance difference to less than 500 m. As can be seen, improvement can be obtained in all 5 cases of carrier interleaving. As a result, this provides a much better de-correlation performance for the received signal from channel multipath impairments. For example, 5.2 times wider spreading can correspond to some 7 dB improvement on the FEC robustness in the case of subcarrier interleaving in the downstream.
Table 2: Relative performance of the original and the new interleaving algorithm for carrier interleaving
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Bit interleaving
The same process as above was carried out for the 34 coded data bit block sizes included in Table 203 of the Standard. As can be seen from Table 3 below, improvement in minimum Spreading Depth can be obtained for all block sizes by using the Increment and Offset parameters obtained by exhaustive search using the new interleaving algorithm. It is to be noted that two of the proposed sets of Kpqj parameters could not produce output interleaved sequences that would include all input indexes. For these block sizes also, the new algorithm was able to find optimum interleaved sequences. These are proposed as replacement for the missing ones.

Table 3: Relative performance of the original and the new interleaving algorithm for carrier interleaving
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Proposed modifications to Draft 2 of the IEEE Std 802.22TM- 2011
Modify the text of subclause 9.6.2 as follows:

9.6.2
Interleaving algorithm 

The interleaving algorithm uses two parameters (Increment and Offset) to generate a permutation rule L(k). The values of these two parameters are within the range of the interleaving block size indicated by K. ‘Increment’ denotes the jump in value between two adjacent interleaved indices and ‘Offset’ denotes the initial index of the interleaved pattern.

For both subcarrier interleaving and bit interleaving, the sequence [k=0, … , (K-1)] is interleaved to generate the sequence L(k). After interleaving, the value at index L(k) in the input data sequence coming from the constellation mapper is relocated to index k in the output data sequence going to the pilot inserter in the case of the subcarrier allocator. For the bit interleaver, the value at index L(k) in the input data sequence is relocated to index k in the output sequence going to the data encoder
The permutation rule is defined as follows (for k = 0 to K-1):


L(k)= mod(k*Increment+Offset,K)

(7)

The performance of the L(k) permutation rule is characterized by the interleaving spreading depth which corresponds to the sum of the distance between two permutated indices and the distance between their related un-permutated indices:
Spreading Depth = L|+|k|L kk)-L(k)| (k)|.
For any indices k and k+k in the input sequence, L represents the distance between the corresponding indices L(k) and L(k+k) in the  permutated sequence. The spreading depth needs to can then be calculated for all values of k and k+k.

The best interleaving parameters {Increment, Offset} are the ones that can maximize the minimum spreading depth and minimize the number of occurrences of the smaller spreading depths.
Option A  -
Modifications to keep the current sub-optimum permutations originally generated by the TLI algorithm but expressed in terms of the simplified ‘Increment and Offset’ algorithm

Modify the third paragraph of subclause 9.6.3 as follows:

The permutation rule L(k) used for the interleaving shall be as described in 1314H9.6.2 with the parameters {K,Increment, Offset}={1440,1153,672} (as specified in 1315HTable 202). Index L(k) in the constellation mapper output data sequence shall correspond to index k in the interleaved subcarrier sequence. For illustration, 1316HTable 200 shows the relationship between the constellation mapper output sequence and the interleaved sequence for subchannels 1, 2 and 3. In the table, the interleaved subcarrier sequence is the input; the constellation mapper output data sequence is the output.

In the indent ‘c)’, located towards the end of subclause 9.6.3, replace {K,p,q,j}={1440,32,2,3} by {K,Increment,Offset}={1440,1153,672}
Replace Table 200 to align the range of its values to {0 … K-1} to be consistent with the notation used in this subclause:
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Modify the sixth paragraph of subclause 9.6.4 as follows:

The permutation rule L(k) used for interleaving shall be as described in 1326H9.6.2 with the parameters {K, Increment, Offset}={1512,1123,478} (as specified in 1327HTable 202). Index L(k) in the constellation mapper output data sequence shall correspond to index k in the interleaved subcarrier sequence. 1328HTable 201 shows the relationship between the interleaver input sequence and the interleaved output subcarrier sequence for subchannels 7 and 8 with the pilot allocation shown for the first symbol of the upstream subframe. In the table, Pi represents the ith pilot value, Dj,k represents the kth data value in the group of 24 data values (obtained from the constellation mapper) allocated to subchannel j.
Replace Table 201 to align the range of its values to {0 … K-1} to be consistent with the notation used in this subclause:
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Modify the indent ‘5)’, located towards the end of subclause 9.6.4 as follows:

5) The 168 logical subcarriers assigned to the first 6 subchannels are interleaved using the algorithm described in subclause 9.6.2 with parameters {K,Increment,Offset}={168,137,148}.

Modify the indent ‘6)’, located towards the end of subclause 9.6.4 as follows:

6)
The 1512 assigned logical subcarriers are interleaved using the  algorithm described in subclause 9.6.2 with parameters {K,Increment,Offset}={1512,1123,478}.
Replace Table 202 to align with the new Increment and Offset parameters and insert the value for the Spreading Depth for each case of Interleaving Depth as an indication of the strength of the interleaving patterns as described in subclause 9.6.2:
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Replace Table 203 to align with the new Increment and Offset parameters and insert the value for the Spreading Depth for each case of Interleaving Depth as an indication of the strength of the interleaving patterns as described in subclause 9.6.2:
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Option B  -
Modifications to include the optimum permutations resulting from an exhaustive search using the simplified ‘Increment and Offset’ algorithm
Modify the third paragraph of subclause 9.6.3 as follows:

The permutation rule L(k) used for the interleaving shall be as described in 1314H9.6.2 with the parameters {K,Increment, Offset}={1440,437,153} (as specified in 1315HTable 202). Index L(k) in the constellation mapper output data sequence shall correspond to index k in the interleaved subcarrier sequence. For illustration, 1316HTable 200 shows the relationship between the constellation mapper output sequence and the interleaved sequence for subchannels 1, 2 and 3. In the table, the interleaved subcarrier sequence is the input; the constellation mapper output data sequence is the output.

In the indent ‘c)’, located towards the end of subclause 9.6.3, replace {K,p,q,j}={1440,32,2,3} by {K,Increment,Offset}={1440,437,153}
Replace Table 200 to align the range of its values to {0 … K-1} to be consistent with the notation used in this subclause and to align with the new set of ‘Increment and Offset’ for downstream subcarrier interleaving’:
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Table 200--Interleaving patterns for subchannels

1, 2 and 3 in the downstream

Input index

Output 
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Modify the sixth paragraph of subclause 9.6.4 as follows:

The permutation rule L(k) used for interleaving shall be as described in 1326H9.6.2 with the parameters {K, Increment, Offset}={1512,1231,1311} (as specified in 1327HTable 202). Index L(k) in the constellation mapper output data sequence shall correspond to index k in the interleaved subcarrier sequence. 1328HTable 201 shows the relationship between the interleaver input sequence and the interleaved output subcarrier sequence for subchannels 7 and 8 with the pilot allocation shown for the first symbol of the upstream subframe. In the table, Pi represents the ith pilot value, Dj,k represents the kth data value in the group of 24 data values (obtained from the constellation mapper) allocated to subchannel j.
Replace Table 201 to align the range of its values to {0 … K-1} to be consistent with the notation used in this subclause and to align with the new set of ‘Increment and Offset’ for upstream subcarrier interleaving’:
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Table 201--Example of interleaving patterns in the upstream
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Modify the indent ‘5)’, located towards the end of subclause 9.6.4 as follows:

5)
The 168 logical subcarriers assigned to the first 6 subchannels are interleaved using the  algorithm described in subclause 9.6.2 with parameters {K,Increment,Offset}={168,65,19}.
Modify the indent ‘6)’, located towards the end of subclause 9.6.4 as follows:

6)
The 1512 assigned logical subcarriers are interleaved using the algorithm described in subclause 9.6.2 with parameters {K,Increment,Offset}={1512,1231,1311}.
Replace Table 202 to align with the new Increment and Offset parameters and insert the value for the Spreading Depth for each case of Interleaving Depth as an indication of the strength of the interleaving patterns as described in subclause 9.6.2:
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Replace Table 203 to align with the new Increment and Offset parameters and insert the value for the Spreading Depth for each case of Interleaving Depth as an indication of the strength of the interleaving patterns as described in subclause 9.6.2:
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Abstract


In our work to create test vectors and testing an implementation for compliance to the base 802.22 standard, it was discovered that there are a number of errors in the parameters for carrier and bit interleaving and that, with a new simplified equivalent algorithm proposed as a replacement for the original one in sub-clause 9.6.2, better sets of interleaving parameters can be found through exhaustive search. This allows for better optimization of the processes for subcarrier and bit interleaving in the 802.22 Standard. It is proposed to modify the relevant sub-clauses (9.6.2, 9.6.3, 9.6.4 and 9.6.5) of the IEEE Std. 802.22TM-2011 to replace the existing TLI algorithm. It is also proposed to either keep the current proposed set of interleaving vectors (option A) or, better, improve the strength of subcarrier and bit interleaving by inscribing the optimum set of interleaving parameters obtained through this exhaustive search of the ‘Increment’ and ‘Offset’ parameters (option B).
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