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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 was previously proposed as illustrated in Figure 1 ‎[1]
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‎[2].
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Figure 1: Basic CCE processing structure for interference randomization.
As described in ‎[3], a number of issues have been agreed upon regarding the PHICH, PCFICH and PDCCH.  Included in these are:  
· PCFICH resources are always reserved regardless of PHICH duration;
· PCFICH is handled outside of the interleaver for control channel mapping.  
It is also noted that two possibilities exist for PHICH mapping, as noted below 
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 ‎[4]).
Alternative 2
In this approach, the PHICH are part of the interleaving process, thus solving the ’chicken-and-egg’ problem ‎[4] of Alternative 1.
In this alternative, the 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.

Due to the attractiveness of avoiding the ’chicken-and-egg’ problem, Alternative 2 is preferred.  However, some issues remain on mapping and interleaving the PHICH + PDCCH per-symbol, and these issues are considered in this document.
2. Proposed CCE-to-RE Processing
The mini-CCEs are numbered per OFDM symbol according to the number of reference symbols present due to the deployed antenna configuration.   In ‎[4] it is noted that the number of mini-CCEs may be different between the OFDM symbols.  This is shown by example in Figure 2a, where the red tiles represent the PCFICH, grey tiles represent reference symbols, blue tiles represent the PHICH+PDCCH elements, and white tiles are unused for either PDFICH, PHICH, or PDCCH.  The first (topmost) OFDM symbol contains 6 mini-CCEs, while the remaining two OFDM symbols contain 9 mini-CCEs each.

From this figure, it becomes even more apparent that the unused mini-CCEs should be interleaved together with the PHICH and PDCCH as this ensures full use of the spectrum.  A desirable transmission mapping is shown in Figure 2b, where now the unused mini-CCEs are spread across frequency.
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Figure 2 : Examples of mapped mini-CCEs.  (white blocks indicate unused REs).
2.1. Interleaving scope

As noted above in Figure 2b, desired transmission do not have unused mini-CCEs lined up in frequency on different OFDM symbols.  This also applies to mini-CCEs from the same CCE group in order to attain good frequency diversity.  Thus, the permutation should be somehow different on each OFDM symbol.  A second consideration is with respect to interference randomization between cells on a per-symbol basis.

With the above consideration in mind, a CCE processing structure is shown in Figure 3 that accommodates frequency diversity and per-symbol interference randomization. Prior to interleaving, the CCEs are distributed to the different interleaver (for example, in case of 3 OFDM symbols, CCE 1, 4, 7, … sent to the first interleaver, 2, 5, 8 to the second interleaver, 3, 6, 9, … to the third interleaver until each interleaver is “filled”).  The key items to this approach are:
· The interleaver design must be flexible in terms of different bandwidth configurations;

· Unused mini-CCEs are incorporated into the per-symbol interleaver design;

· A family of mini-CCE permutation patterns is used with one interleaving pattern chosen per OFDM symbol;

· The family of permutation patterns has good auto-correlation properties so that a cell-specific cyclic shift results in good interference randomization properties;

· The family of permutation patterns has good cross-correlation properties so that good frequency diversity is obtained over the one to three OFDM symbols. This is an important requirement for ‘approach 2’ to provide good performance.
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Figure 3 : Proposed CCE processing structure for frequency diversity and per-symbol interference randomization.
2.2. Generic interleaving design for flexible bandwidth and configurations
One such set of sequences with the properties described above is the hyperbolic congruence sequences described in ‎[6].  This set of sequences can be generated by the following rule
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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. 

Other families of permutation sequences that show both good auto- and cross-correlation properties are those based on extended quadratic congruences ‎[7] and cubic congruences ‎[8], however the hyperbolic congruences sequences are generic, have both the best performance of the three, and have a simple implementation. We note that the Costas sequences used in ‎[9] have good auto-correlation properties, but do not guarantee good cross-correlation properties.  While the Costas sequences can be used with different cyclic shifts (or different Costas patterns) for each OFDM symbol, more effort is required to identify those shifts (or those patterns) that result in both good frequency diversity and good interference randomization for different length sequences.  In effect, some planning of which cyclic shift patterns (or which sequences) to use becomes more critical with Costas sequences. In ‎[10] some simulation results for hyperbolic congruences sequences are provided.

3. Conclusion

Alternative 2 is the preferred choice to avoid the ‘chicken and egg’ issue with respect to PHICH mapping.  With this approach, per-symbol interleavers are required to ensure both frequency diversity and interference randomization of the PHICH and PDCCH.  By using a family of interleavers with both good auto- and cross-correlation properties, the same CCE processing structure can be used as before, but now on a per-symbol basis.  It is proposed to adopt Alternative 2 together with the proposed per-symbol CCE processing structure as the basis for the CCE-to-RE mapping.
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