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1 Introduction

In [1] and [2], way forward agreements for the control channel element to resource element (CCE to RE) mapping can be found. These agreements imply that a cell specific interleaver obtained by a cell specific cyclic shift after interleaving using a cell common interleaver should be used for the CCE to RE mapping and also that a CCE should span all n symbols configured for PDCCH. It was further agreed to allocate REs for PCFICH and (semi-statically) for PHICH, then perform interleaving of PDCCHs and mapping the interleaver output to the remaining REs.
The working assumptions means that the length of the interleaver for the CCE must be generic enough to accommodate dependencies on several parameters such as number of transmit antennas, the number n of OFDM symbols for the PDCCH, the system bandwidth and the number of ACK/NACK channels in PHICH. 

A remaining issue is thus to specify the cell common part of the interleaver for the CCE to RE mapping and this is the purpose of this contribution. We compare the current proposals by numerical analysis in this contribution and give a recommendation for decision. 
2 Interleaver requirements

The requirements [3] on the interleaver and mapping are
1. A certain control channel should not persistently collide with one and the same control channel in a neighbouring cell to assure interference randomization [4].
2. The full bandwidth should be exploited to achieve frequency diversity [1].  
3. A certain control channel should exploit all n symbols for coverage and power balancing. 

Since a PDCCH can be allocated to a single CCE, requirement 1 implies that a single CCE should not persistently collide with one and the same CCE in a neighboring cell. Requirement 2 and 3 imply that each CCE should be distributed over the whole system bandwidth and over the n symbols. 
3 CCE to RE mapping and interleaver description
The interleaver operates on the entities of mini-CCEs. That is, if the total size of all CCEs is 
[image: image1.wmf]M

 QPSK symbols, the interleaver length is 
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 since each mini-CCE contains 4 QPSK symbols. Denote the mini-CCE sequence from the concatenated CCEs, i.e. all PDCCHs as 
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 and introduce the interleaver sequence
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to get the interleaved sequence of mini-CCEs as
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Finally, before mapping, a cell specific cyclic shift
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 is applied to the sequence of mini-CCEs 
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3.1 Costas sequence 
A Costas sequence generated using the Welch construction [5] was used in [3] as the basis for the interleaver
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. The motivation for using Costas sequences is its simplicity in description and near optimal performance when it comes to interference randomization. A Costas sequence generated using the Welch construction method has a very simple and short analytic description and it has very low sidelobes in its two dimensional periodic Hamming autocorrelation function. This ensures that collisions between a CCE in one cell and the same CCE in another cell is avoided as much as possible, i.e. it is randomized. This is in line with the requirements in Section 2. Furthermore, using a Costas sequence gives good diversity properties since each CCE becomes distributed in frequency and time.
The Costas interleaver is obtained as follows: Assume that we wish to generate the interleaver
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where 
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is the smallest prime number larger than L and 
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 is the smallest primitive element of 
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, then the interleaver is directly obtained as
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If 
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, then the interleaver needs to be shortened to the correct length 
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. A shorter sequence can easily be obtained iteratively by in each iteration use the last element of the sequence 
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 to replace the largest element in the sequence 
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. An exception occurs if the largest element is the last element, in case it is just removed from the sequence. The sequence is thus in each iteration shortened by one element. This shortening algorithm maintain most of the desirable properties of a Costas sequence structure of the interleaver since only the replaced elements are affected. 

When the different occurring interleaver lengths has been settled in RAN1, the corresponding prime number 
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 and primitive element 
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 can be tabulated for each length 
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3.2 PBRI 

Using the pruned bit reversal interleaver (PBRI) for 
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 was proposed in [6]. The interleaver 
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 is obtained as using an iterative algorithm as follows 
1. Determine the PBRI parameter 
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2. Initialize counters 
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 to 0.  

3. Define 
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 as the bit-reversed value of 
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4. If 
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5. Increment the counter 
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6. If (
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3.3 CRRI 
The column wise random reordering interleaver (CRRI) has been proposed in [7] and is described as follows:

The CRRI is modeled as an R x C rectangular interleaver, where R is the maximum number of CCEs can be accommodated in a subframe, and C is the number of mini-CCEs in a CCE. All CCEs in a subframe are input to the R x C matrix in a row-wise manner. Interleaving operation is performed according to a prescribed interleaver scheme where cell-common column-wise random reordering of the R x C matrix is performed. Intra-column random reordering means that the row addresses are changed randomly within each column. The interleaved sequence is read out from the R x C column wise. 
The conceptual expression for CRRI can be expressed as follows: the address of interleaver after intra-column shift 
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In a specification of the CRRI, the pseudo random reordering of row addresses for each column, i.e. the coefficients 
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needs to be stored for each possible size of the R x C interleaver, that is for all possible lengths L of an interleaver sequence.
3.4 QPP 

The Quadratic Permutation Polynomial (QPP)  interleaver is obtained as follows [8]:

First find the sequence 
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Interleavers with length
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should satisfy some conditions given in [9]. Note that this imply that QPP interleavers of an arbitrary length L is not available and sequence shortening is required, just as for the Costas sequence in Section 3.1. 
Therefore, if 
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is obtained from shortening of 
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, e.g. using pruning of the largest elements.
4 Performance analysis
In this section, the four interleaver proposals from Section 3 are compared. The methodology used for the comparison is based on the requirements in Section 2. We analyze the interference randomization using the method of Hamming correlation [3] of the sequence 
We also measure the frequency diversity and time diversity of each interleaver cells after the CCEs, PCFICH, and PHICH are actually mapped to the REs. Finally we measure the collision statistics between a given CCE in a cell to an arbitrary CCE in an adjacent cell. Since adjacent cells map the PCFICH and PHICH on to different subcarriers (depending on cell ID) and may use different number of OFDM symbols for control (i.e. n) and different number of antenna ports, we make an analysis where different and random cellID are selected and random values of n and number of antenna ports to obtain realistic results of intracell interference randomization.
4.1 Methodology

To analyse frequency diversity, we obtain the statistics for the number of RB groups (RBG) that the mini-CCEs from each CCE are distributed in. A RB group is defined as two adjacent RBs. Since the bandwidth of one RBG is comparable to the channel coherent bandwidth, the more RBGs a CCE is distributed over gives better frequency diversity performance for this CCE.

To analyze time diversity, we count the number of OFDM symbols that one CCE is mapped to.
To analyze inter-cell interference randomization, two methods has been used. In [3], and also in [7]  it has been discussed that to fulfil the requirement 1 in Section 2, the sequence 
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where C is the number of mini-CCEs in one CCE. The sequence 
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 contains the indices of CCEs and can be viewed as a CCE permutation and distribution sequence. The low Hamming auto-correlation of 
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 means fewer collisions between the mini-CCEs belonging to a CCE with same index in two neighboring cells. The low Hamming correlation between 
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 means a low collision probability between a mini-CCE from a CCE with index q in one cell and a mini-CCE from a CCE with index q-a mod R in an neighbouring cell, where q is an arbitrary CCE index and 
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The RE positions for CCE mapping is changed according to the parameters of n (PCFICH), number of antenna ports and the number of PHICH. This cause the interleaver sequence lengths and mapping to generally be different in neighboring cells. So we also analyze the interleaver performance for randomization considering different CCE mapping parameters with the hit number statistics that one mini-CCE from a CCE collides with any mini-CCE in one CCE in the other cell. 
The parameters for interleaver performance analysis are listed in the following two tables.
Table 1.  CCE mapping parameters
	Parameters
	Values

	System bandwidth
	10MHz

	# REs per mini-CCE
	4

	# mini-CCEs per CCE
	11

	# REs for PCFICH
	16 (in 1st OFDM symbol)

	# REs for PHICH
	96 (in 1st OFDM symbol)

	# OFDM symbols for PDCCH
	1,2 or 3

	# antenna ports
	2 or 4


Table 2. Interleaver parameters

	CCE mapping parameters
	n=1
	n=2
	n=3

	
	1,2 Tx
	4 Tx
	1,2 Tx
	4 Tx
	1,2 Tx
	4 Tx

	# CCE
	6
	6
	20
	15
	33
	29

	Interleaver length
	66
	66
	220
	165
	363
	319


4.2 Results
In this section, we compare the performances of the Costas, PBRI, CRRI and QPP interleaver sequence using the methods described above. 
The frequency diversity performance is shown in Figure 1. It can be seen that all interleavers can satisfy the requirement of frequency diversity for CCE mapping. Each CCE contain 11 mini-CCE and they are mapped on to between 7 and 11 different RB groups, which is believed to give sufficient frequency diversity
. 
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Figure 1 For evaluation of the frequency diversity , the plots show the Probability Distribution Function of the number of RBGs a CCE is distributed in. The sequence length is 363. The bandwidth is 10MHz, 2 TX antennas are assumed, n=3
The time diversity performance is shown in Figure 2. It can be seen from the results that the four interleavers have the same time diversity performance and fulfil the requirement that all the CCEs are mapped in all the available OFDM symbols.
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Figure 2 For evaluation of the time diversity of a CCE, the plots show the number of OFDM symbols a CCE is distributed in.  The bandwidth is 10MHz, 4 TX antennas are assumed, n=1,2,3.

The Hamming auto-correlation and Hamming correlation performance is shown in Figure 3~6 below. It can be seen that the PBRI and the QPP interleavers have very large peaks in the auto-correlation function and correlation function which implies that there is a large number of hits between CCEs in two cells with a mutual cyclic shift difference corresponding to the cyclic shifts with peaks in Figure 3. This is a highly undesirable property of PBRI from interference randomization point of view.
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Figure 3. Hamming auto-correlation of PBRI, Costas, CRRI and QPP interleavers with a sequence length of 165 and a=0. The bandwidth is 10MHz, 4 TX antennas are assumed, n=2.
In Figure 4-6, the Hamming autocorrelation can be seen as a function of both cyclic delay and value shift a. The results show that PBRI has undesirable interference randomization properties whereas CRRI and Costas show good properties (low autocorrelation).
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Figure 4. Hamming correlation of PBRI  type interleaver with a sequence length of 165. The bandwidth is 10MHz, 4 TX antennas are assumed, n=2.
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Figure 5. Hamming correlation of Costas type interleaver  with a sequence length of 165. The bandwidth is 10MHz, 4 TX antennas are assumed, n=2
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Figure 6. Hamming correlation of CRRI  type interleaver with a sequence length of 165. The bandwidth is 10MHz, 4 TX antennas are assumed, n=2.
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Figure 7. Hamming correlation of QPP  type interleaver with a sequence length of 165. The bandwidth is 10MHz, 4 TX antennas are assumed, n=2.

The randomization performance for different CCE mapping parameters (n, antenna ports, #PHICH) in adjacent cells is shown in Figure 8 and 9. The cell ID of two cells are randomly selected and the CCE mapping parameters are randomly changed in each subframe (to gather statistics). In Figure 7, the CCE mapping parameters of two cells are always same. In Figure 8, the CCE mapping parameters of two cells are changed independently. From the results, it can be seen that Costas and CRRI interleavers have similar randomization performance and are significantly better than PBRI interleaver since they have a higher probability of fewer hits. 
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Figure 8 For evaluation of the randomization, the plots show CDF of the number of hits that the mini-CCES from one CCE collides with any mini-CCE belonging to one and the same CCEs in the other cells. The CCE mapping parameters are randomly changed in each subframe and the same parameters in two cells are assumed. The bandwidth is 10MHz.
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Figure 9 For evaluation of the randomization, the plots show CDF of the number of hits that the mini-CCES from one CCE collides with any mini-CCE belonging to one and the same CCEs in the other cells. The CCE mapping parameters are randomly changed in each subframe and independent parameters in two cells are assumed. The bandwidth is 10MHz.
5 Conclusion
The four proposed interleavers for CCE to RE mapping have been analyzed. They all fulfil the requirement that a CCE should be mapped to all n OFDM symbols used for the PDCCH. They also show similar frequency diversity performance. When it comes to interference randomization, the CRRI and Costas interleaver have the same performance but the PBRI and QPP performances are much worse. 
We propose to adopt the Costas method for generating the interleaver sequence for the CCE to RE mapping. It has a shorter and simpler description and implementation than the CRRI. Also, RAN1 avoid further discussion about selection of the sequences 
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� It should be compared to V-PRB for PDSCH which is mapped to only two or three different RB. 





_1251117019.unknown

_1251632383.unknown

_1251804502.unknown

_1252754248.unknown

_1252754794.unknown

_1252756090.unknown

_1252756113.unknown

_1252756172.unknown

_1252756062.unknown

_1252755316.unknown

_1252754784.unknown

_1252754287.unknown

_1251805500.unknown

_1252754127.unknown

_1251805540.unknown

_1251805351.unknown

_1251632609.unknown

_1251635770.unknown

_1251804384.unknown

_1251635090.unknown

_1251632510.unknown

_1251632551.unknown

_1251632532.unknown

_1251632424.unknown

_1251630996.unknown

_1251631059.unknown

_1251631274.unknown

_1251632347.unknown

_1251632376.unknown

_1251632314.unknown

_1251631088.unknown

_1251631107.unknown

_1251631068.unknown

_1251631014.unknown

_1251631031.unknown

_1251630863.unknown

_1251630947.unknown

_1251630974.unknown

_1251630930.unknown

_1251630896.unknown

_1251629605.unknown

_1251630405.unknown

_1251630839.unknown

_1251629451.unknown

_1251111786.unknown

_1251112765.unknown

_1251112797.unknown

_1251114424.unknown

_1251114680.unknown

_1251114399.unknown

_1251112582.unknown

_1251112685.unknown

_1251112719.unknown

_1251111894.unknown

_1251111593.unknown

_1251111725.unknown

_1251111638.unknown

_1251111720.unknown

_1251111351.unknown

_1251111462.unknown

_1251111578.unknown

_1251111328.unknown

_1243403014.unknown

