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1. Introduction

For the mapping of control channels to resource elements, a structure based on concatenating all control channel elements, followed by permutation (interleaving) of groups of four QPSK symbols, cell-specific shifting and mapping to REs is the working assumption. Regarding the interleaving process and how to handle the resource allocated to PHIHC, two approached have been discussed

Alternative 1
PHICH resources are reserved outside the interleaver, and in this case there is a need to define the resources to use.  One problem that occurs is in identifying the amount of PHICH resources (i.e. the ’chicken-and-egg’ problem).
Alternative 2
In this approach ‎[9], the PHICH are part of the interleaving process, thus solving the ’chicken-and-egg’ problem  of Alternative 1. PHICH and PDCCH are grouped and segmented into n OFDM symbols according to “time first” indexing, and interleaving is performed per OFDM symbol.  Options exist regarding the signaling of the PHICH number and duration.

In this paper, a possible candidate for interleaving design is studied. Although the discussion focuses on alterantive 1, the desigbn is also applicable to alternative 2 ‎[10]. Furthermore, the design is generic as in principle different interleaving patterns could be generated in different cells if desirable. The chicken-and-egg problem is not further discussed herein; selecting alternative 1 requires this problem to be properly addressed first.
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Figure 1: Basic CCE processing structure for interference randomization.

2. Interleaver Selection
Several interleaver requirements and proposals are discussed in [3].  The Costas sequences have good auto-correlation properties, but do not guarantee good cross-correlation properties. Although the auto-correlation is an important criterion for selecting the interleaver, the auto-correlation alone does not provide any insight in the behavior when different cells use interleaver of different length. 
One set of sequences with good cross-correlation and auto-correlation properties is the hyperbolic congruence sequences described in ‎[4].  This set of sequences can be generated by the following rule
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 is prime.  A different value of 
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 is chosen for each OFDM symbol where 
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 can either be fixed or derived from the cell ID.  Note, shorter permutation patterns can be generated by truncating a pattern based on the prime number 
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 by removing the largest indices until the desired size is achieved.  With this approach, both the auto-correlation and cross-correlation have a maximum of two hits, thus providing both good frequency diversity and good interference randomization performance.  In this approach, only one cell-specific shift is required and the same shift is applied to all OFDM symbols.
 

3. Performance Analysis

We first compare the interference randomization performance of the proposal to the example scenarios described in [7]. To ease the comparison, the same set of parameters as in [7] has been used although slightly different parameters might be used in the final design. For the two cases considered, the number of mini-CCEs transmitted is 72 and 88 in 5 MHz and 10 MHz, respectively.  In addition, the unused mini-CCEs available for further interference randomization improvement are included in the interleavers.  In the second part of the analysis, the frequency diversity advantages of the proposal are evaluated based on probability distribution of frequency separation of the mini-CCEs belonging to a CCE.

3.1. Interference Randomization Property

3.1.1 Case with 5MHz, 2 TX antennas, n=2 OFDM symbols, PCFICH, PHICH, 8 CCEs

In the first case, the 72 mini-CCEs are transmitted over the first two OFDM symbols, as described above in ‎[1].  According to the proposed numbering scheme, PCFICH occupies the mini-CCEs numbered {1, 41, 76, 116}, while the PHICH occupies the mini-CCEs numbered {2, 51, 117}.  Removing these from the mini-CCEs left for potential PDCCH use, the proposed approach is applied to the remaining 113 mini-CCEs (which can be renumbered to leave out those mini-CCEs belonging to the PHICH and PCFICH).  The resulting performance is shown in Figure 2 for the 5 MHz bandwidth case.  Shown in the figure are the collision distance when the parameter α = 0 (see [7]), and for the mean collision distance where the mean is taken over the parameter α.  Results are shown for the hyperbolic congruence and Costas interleavers.  The results are roughly the same for both interleavers, and show no high peaks in either case. The mean collision distance is 5.7 for both, and compares favorably to the mean collision distance of the approach without including the unused mini-CCEs, which has a mean collision distance equal to 9. 
Shown in Figure 3 is the Hamming cross-correlation between all pairs of sequences corresponding to this scenario.   As seem from this figure the cross-correlation values are similar to the auto-correlation values shown in Figure 2, and provides good interference randomization if different sequences are used.
3.1.2 Case with 10MHz, 2 TX antennas, n=2 OFDM symbols, PCFICH, PHICH, 16 CCEs

Figure 4 shows the second 10 MHz case where the first and second OFDM symbols are used to transmit the 176 mini-CCEs.   The PCFICH occupies the mini-CCEs numbered {1, 81, 166, 246}, while the PHICH occupies the mini-CCEs numbered {2, 122, 247}.  Removing these from the potential mini-CCEs left for PDCCH use leaves 243 mini-CCEs available for applying the interleaving pattern.  The result shown has a mean collision distance of 8 (compared to 11 for the approach in [7]).  Again, results are provided for the Costas and hyperbolic congruence interleavers.  If the number of mini-CCEs belonging to the PHICH becomes larger, enough so that two OFDM symbols is required to transmit the PDCCH, PHICH and PCFICH, then the potential for a greater reduction of the interference collision rate becomes larger.
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Figure 2: Evaluation of the collision rate of mini-CCEs in a CCE with the mini-CCEs in the same CCE in a neighboring cell, the Hamming auto-correlation is shown (for α = 0, and the mean over all α) for the proposed hyperbolic congruence interleaver with a sequence length of 113 available mini-CCEs.
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Figure 3: Evaluation of the cross-correlation between pairs of sequences for the example scenario shown in Figure 2.
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Figure 4: Evaluation of the collision rate of mini-CCEs in a CCE with the mini-CCEs in the same CCE in a neighboring cell, the Hamming auto-correlation is shown (for α = 0, and the mean over all α) for the proposed hyperbolic congruences interleaver with a sequence length of 243 available mini-CCEs.

3.2. Frequency Diversity Property

Figure 5 to Figure 6 show the PDFs of the difference in the number of resource blocks between pairs of mini-CCEs from the same CCE for the configuration from Figure 2 and Figure 4.  Results are presented for both the Costas and the hyperbolic congruence interleavers.  The mini-CCEs ordering is according to resource block order as described in ‎[1], and this performance is expected to be similar to time-ordering, resulting in good frequency diversity properties.  Note that, as clearly shown in the figure, mini-CCEs from the same CCE are mapped to the same resource block with low probability.
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Figure 5: Evaluation of the frequency diversity for the example scenario shown in Figure 2.  Shown is the PDF of the difference between all pairs of mini-CCEs from the same CCE in terms of resource block difference.
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Figure 6: Evaluation of the frequency diversity for the example scenario shown in Figure 4.  Shown is the PDF of the difference between all pairs of mini-CCEs from the same CCE in terms of resource block difference.
4. Conclusion

Hyperbolic sequences have been studied and it is shown that the performance is similar to the Costas sequences. The proposed interleaver can be used in both alternative 1 (both with cell-specific and cell-common interleaving) as an alternative to the QPP interleaver ‎[1] as well as in alternative 2 ‎[10]. It is proposed to adopt hyperbolic congruence sequences for the CCE-to-RE mapping.
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� Other families of permutation sequences that show both good auto- and cross-correlation properties are those based on extended quadratic congruences [5] and cubic congruences [6], however the hyperbolic congruences sequences are generic, have both the best performance of the three, and have a simple implementation
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