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1 Introduction

At RAN1 #49, downlink control channel element (CCE) to resource elements (RE) mapping for the PDCCH was discussed. In the way forward it was agreed that CCE to RE mapping should allow for interference randomization by using cell specific interleaving [1]. It is further agreed that cell specific interleaving is operated on symbol groups of four QPSK symbols to support SFBC based transmit diversity and that the mapping of the interleaved symbols to REs is performed first in the frequency domain direction and then in the time domain direction. A CCE should span the entire bandwidth and all the available OFDM symbols to benefit from sufficient frequency diversity and interference randomization. 
It was also concluded that preference should be given to schemes that support interference coordination on control signalling without adding complexity. Any coordination scheme for control signalling should be transparent to the UE operation. It has been shown in [2],[3],[4],[5],[7] that this can be achieved by CCE grouping. 
The purpose of this contribution is to give a systematic framework and design requirements on the interleaver used in the CCE to RE mapping to fulfill the agreement in the way forward document [1].  We also show that the PBRI interleaver, suggested in [4], has undesirable interference randomization properties and we give an interleaver example that does not have this drawback, while having the same interleaver properties. 
Basic definitions are first described in Section 2. Then the design requirements on the interleaver to fulfill the CCE interference randomization and CCE frequency diversity are described in Section 3. Finally, we analyze the current and a new interleaver proposal in Section 4.
Basic definitions
To obtain a framework for systematic interleaver design for CCE to RE mapping, we introduce some basic definitions in the section.

In addition to the agreed working assumption, several companies has used the concept of CCE groups [4],[5],[7] to allow for interference coordination between cells. We follow this approach also in this contribution. The idea is that a group of 
[image: image1.wmf]CCE

M

 CCEs are concatenated into a CCE group and a CCE group is mapped onto multiple sub-bands [4],[7], here denoted control sub-bands, where the TX power can be different in different control sub-bands in order to implement interference coordination [7], see Figure 1.  The selection of the control sub-bands can also be tied to the cell ID as in [4]. The number 
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 depends on the system bandwidth, the number of TX antennas and the number of OFDM symbols, n, for control signalling. 
If the PDCCH to resource element description in [6] is modified to include the concept of CCE grouping, we get the following CCE to RE mapping description: The 
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symbols in a CCE group are denoted with the sequence 
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 and are permuted in groups of four symbols, which we here denote a symbol group for convenience. The permutation is performed using a single interleaver, common to all cells, to obtain the sequence
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. In order to achieve interference randomization between neighbouring cells, a cell specific cyclic shift is applied to the output sequence
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 to obtain the sequence 
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. The cell specific cyclic shift is determined by the cell ID and is a multiple of 4 to preserve the integrity of the symbol groups.
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Figure 1 Mapping of G CCE groups to the available REs in the respective control Sub-bands. The mapping is performed over the first n OFDM symbols in the sub frame.
In order to have a systematic interleaver design, we proceed by considering the symbol groups as the basic units of the interleaver and the cyclic shift. Enumerate the symbol groups after CCE concatenation and introduce the corresponding symbol group sequences
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. Also introduce the number of symbol groups per CCE as 
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The interleaver is described using the permutation sequence, 
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and a cell specific cyclic shift d is applied as
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Note that the cyclic shift of the output sequence can equivalently be described as a cyclic shift of the permutation sequence 
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, or equivalently 
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, is then mapped to consecutive REs not reserved for other purposes, first in frequency domain over the control sub-bands belonging to the CCE group and then in time domain over n OFDM symbols. Since the symbol groups belonging to a CCE are interleaved and a cyclic shift has been applied, these symbol groups are now distributed over the whole bandwidth, if the interleaver is designed properly.  
For  a systematic interleaver design in the next section, we need the following sequence,
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which describes how well the symbol groups from each CCE are distributed in the output sequence after the interleaver. Equal elements in this sequence means that the symbol groups belong to the same CCE. The sequence 
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 is therefore useful in analyzing the frequency diversity properties and interference randomization of a certain CCE. In the next section, we concentrate on the design criteria for the common interleaver
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Design requirements on interleaver
The concepts to be used in designing interleaver for the CCE to RE mapping are
· A certain control channel should not persistently collide with one and the same control channel in a neighbouring cell [5] to assure interference randomization.
· The full bandwidth should be exploited to achieve frequency diversity [1].  
The first concept can be described as the following requirement
1. The sequence 
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in (3) should have low Hamming correlations
 with the sequences 
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 where d is the cell specific cyclic shift and a is an integer in the interval 
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Requirement 1 imply that the symbols in a certain CCE in a cell should have a low number of hits (low Hamming correlation) with the symbols of an arbitrary CCE (controlled by the parameter a) in a neighboring cell (obtained by cyclic shifts d) to give an interference randomization property of the CCE. 
The second concept implies that a CCE should be distributed over the whole bandwidth which can be described as the requirement:
2. Equal elements in 
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 should be separated with a large distance. Since the interleaving distance is used for frequency diversity properties, it should be measured on the physical resource grid after mapping CCEs to REs. Note that when n>1, the sequence 
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 is folded over multiple OFDM symbols which must be considered when calculating the distance. 
Interleaver performance
To evaluate the interleaver performance, we analyze the Hamming correlation of the sequence 
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 and the interleaving distance spectrum and for the two requirements in section 3 respectively.  The interleaver distance spectrum is obtained as follows: After mapping the symbol groups to the REs not reserved to other purposes in the n first OFDM symbols, we find all distances between symbols belonging to the same CCE. Distances are measured in units of control sub-bands of width 180 kHz and we assume that symbol groups residing in the same control sub-band has zero distance separation. 
The collection of distances from all CCEs are used to generate the distance spectrum for the particular interleaver. Note that the interleaver distance spectrum depends on the number of TX antennas, value of n and system bandwidth. 
In [4], a detailed design for the interleaver was given as the Pruned Bit-Reversal Interleaver (PBRI). It was claimed in [4] that PBRI provides maximum distance in the output sequence; however, according to requirement 2 in the previous section, interleaver distances for frequency diversity should be measured using 
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 on the time-frequency grid after mapping CCEs to REs. So the PBRI design is not evaluated according to requirement 1 nor does it address requirement 2 in the design. 
In this contribution we show an example interleaver which turns out to have better Hamming correlation properties than the PBRI sequence while preserving the distance properties of PBRI. We assumed that a CCE group consists of M=8 CCEs and that the number of QPSK symbols per CCE is 36 and 44 for the 5 and 10 MHz bandwidths respectively. This gives the corresponding lengths K·M of the interleaver sequences as 72 and 88 respectively.  

The Hamming autocorrelation of the sequence 
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 using the parameter 
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 are shown in Figures 2-3 below and the corresponding interleaving sequences are given in the Appendix. It can be seen that the PBRI has very large peaks in the autocorrelation function which directly implies that there is a large number of hits between CCEs in cells with corresponding to these cyclic shift, which is highly undesirable from interference randomization point of view. 
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Figure 2 For evaluation of the collision rate of symbol groups in a CCE with symbol groups in the same CCE in a neighbouring cell, the Hamming autocorrelation (
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) is shown for PBRI and a new interleaver with a sequence length of 72.
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Figure 3 For evaluation of the collision rate of symbol groups in a CCE with symbol groups in the same CCE in a neighbouring cell, the Hamming autocorrelation (
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) is shown for PBRI and a new interleaver with a sequence length of 88.
The corresponding interleaver distance spectra are shown in Figures 4-5 below to evaluate the frequency diversity performance. It can be seen that the two interleavers have about the same distribution of a CCE over the control sub bands. 
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Figure 4 For evaluation of the frequency diversity of a CCE, the plot shows the Probability Distribution Function of the distance between any two symbol groups from the same CCE. The PBRI sequence and a new interleaver with a sequence length of 72 are shown. The bandwidth is 5 MHz, 2 TX antennas are assumed, n=2 and two CCE groups are used.
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Figure 5 For evaluation of the frequency diversity of a CCE, the plot shows the Probability Distribution Function of the distance between any two symbol groups from the same CCE. The PBRI sequence and a new interleaver with a sequence length of 88 are shown. The bandwidth is 10 MHz, 2 TX antennas are assumed, n=2 and four CCE groups are used.
In addition, the averaged number of control sub-bands that a CCE is mapped to is listed in the Table 1 below.

Table 1, The averaged number of control sub-bands that a CCE is mapped to

	Sequence  length
	72  (for 5MHz )
	88  (for 10MHz )

	PBRI
	5.8
	6.5

	New interleaver
	6.4
	7.9


Higher probability for large control sub-band distance and larger averaged number of control sub-band a CCE mapped in mean that a CCE will be more scattered in lager frequency region after interleaving, and it is desirable for frequency diversity.  From the Figure 4-5 and Table 1 above, it can be seen that both PBRI and new interleaver can satisfy the requirement of frequency diversity for CCE mapping.  However, all values of n, number of TX antennas and  system bandwidths must be checked before agreeing on the final interleaver design. 
Conclusion
In this contribution, we describe two criteria for the cell common interleaver to ensure frequency diversity of each CCE and interference randomization between CCEs. We further show that the PBRI sequence suggested in [4] has poor interference randomization properties. 
We showed by two examples that it is possible to find interleaver sequences for the CCE to RE mapping with more robust interference randomization properties while having adequate distance properties for frequency diversity. The exact interleaver design and description is FFS.

We propose that the two interleaver design criteria are adopted by RAN1 to find robust interleavers with good performance for the CCE to RE mappings.
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Appendix
The permutation sequences of PBRI interleaver and the new interleaver presented in this contribution are shown below.

	Interleaver
	Permutation sequence

	PBRI
	5 MHz (sequence length is 72)
{0, 64 ,32, 16, 48,  8, 40, 24, 56, 4, 68, 36, 20, 52, 12, 44, 28, 60, 2, 66, 34, 18, 50, 10, 42, 26, 58,  6, 70, 38, 22, 54, 14, 46, 30, 62, 1, 65, 33, 17, 49,  9, 41, 25, 57,  5, 69, 37, 21, 53, 13, 45, 29, 61,  3, 67, 35, 19, 51, 11, 43, 27, 59,  7, 71, 39, 23, 55, 15, 47, 31, 63}

10 MHz  (sequence length is 88)
{ 0, 64, 32, 16, 80, 48,  8, 72, 40, 24, 56,  4, 68, 36, 20, 84, 52, 12, 76, 44, 28, 60,  2, 66, 34, 18, 82, 50, 10, 74, 42, 26, 58,  6, 70, 38, 22, 86, 54, 14, 78, 46, 30, 62,  1, 65, 33, 17, 81, 49,  9, 73, 41, 25, 57,  5, 69, 37, 21, 85, 53, 13, 77, 45, 29, 61,  3, 67, 35, 19, 83, 51, 11, 75, 43, 27, 59,  7, 71, 39, 23, 87, 55, 15, 79, 47, 31, 63}



	New interleaver
	5MHz

{9, 27,  0, 10, 11, 45, 54,  1, 18, 55, 63, 19, 12, 20, 28, 64, 36, 37, 56, 38, 21, 39, 46, 57,  2, 65, 29, 66, 40, 67, 13, 41,  3, 58, 59, 47,  4, 60, 14,  5,  6, 42, 30, 15, 68, 31, 22, 69,  7, 70, 61, 23, 48, 49, 32, 50, 71, 51, 43, 33, 16, 24, 62, 25, 52, 26,  8, 53, 17, 34, 35, 44}
10MHz

{11, 33, 44, 34, 22,  0, 45, 23,  1, 12, 55, 46, 47, 35, 77, 36,  2, 56, 78, 48, 57,  3, 24, 79, 37, 38, 13, 39, 14, 66, 58, 40, 25, 59,  4, 60, 41, 80,  5, 42,  6, 26, 27, 81,  7, 67, 61, 68, 82, 15, 62, 83, 16,  8, 49, 63, 64, 69, 28, 70, 17, 50, 29, 65, 51, 18, 84, 30, 71, 72,  9, 73, 10, 43, 52, 74, 85, 53, 19, 54, 75, 31, 20, 76, 21, 86, 87, 32}
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� The un-normalized Hamming correlation between two sequences X={x(j)} and Y={y(j)} of length q, over a given alphabet A, is defined as follows: � EMBED Equation.3  ���  where � EMBED Equation.3  ���


where all operations among the position indices are performed modulo-q.
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