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1 Introduction
In 3GPP RAN1 #49 meeting, the following way forward was agreed for CCE-to-RE mapping [1]. 
· CCE-to-RE mapping should allow for interference randomization.
· Interleaving of groups of k QPSK symbols from CCEs.
· k = 4 (current assumption, 6 or 8 is FFS)
· Common interleaving.
· Cell-specific shift

· l = multiple of k
· Other cell-specific randomization mechanisms FFS.
· Map to n OFDM symbols, start in frequency domain.
· Interleaver designed such that a CCE spans n OFDM symbols.
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Figure 1. Way Forward for CCE-to-RE mapping
Each downlink control channel consists of one or more CCEs, and all CCEs to be transmitted in a subframe are mapped to physical REs through the procedure shown in Figure 1. When CCEs are mapped to the physical REs, the physical RE positions for DL RS are excluded, but the exact mapping method for ACK/NACK and CCFI on the physical REs should be further clarified. Therefore, in this contribution, the mapping of CCFI and ACK/NACK is not addressed and their physical RE positions are not considered. As provided in the way forward, a cell-specific interleaving mechanism supporting inter-cell interference randomization should be further clarified even though a combination of cell- common interleaving and cell-specific shift is currently a baseline. In this contribution, we focus on the design of cell-specific interleaving which can provide sufficient inter-cell interference randomization performance with low complexity. In the following sections, design criteria of cell-specific interleaving are analyzed, and then, our proposal of cell-specific interleaving for CCE-to-RE mapping is described in detail. In order to investigate the potential of our proposal especially in terms of inter-cell interference randomization, the distribution performance of the proposed interleaver for inter-cell CCE overlapping is numerically evaluated and compared with a candidate of cell-common interleaving plus cell-specific shift.
2 Design Criteria of Cell-specific Interleaving
Followings are some design criteria should be considered in design of cell-specific interleaving for CCE-to-RE mapping.
· Mapping to Time & Frequency Domain 
In interleaver design for CCE-to-RE mapping, one interleaved CCE should be transmitted in all n OFDM symbols used for control signalling to maximize coverage and also to allow power balancing between control channels. And one interleaved CCE should be span over the entire system bandwidth for frequency diversity.
· Inter-cell Interference Randomization Performance  
Only a few cases of CCE aggregation (it actually means AMC levels) for UEs with various channel geometry in a cell are considered to support a target decoding performance, and various types of control channels with different error requirements are multiplexed in time/frequency resources. Therefore, a transmit power control scheme for PDCCH is necessary for efficient resource utilization, which actually means that the transmit power for each CCE in a subframe can vary. When we also consider cell-by-cell control channel load is most likely to be different, an efficient inter-cell interference randomization mechanism on CCE interleaving is definitely required. In order to provide a sufficient interference randomization performance, cell-specific RE group-level permutation pattern should be defined to guarantee a given level of degree-of-freedom for interference randomization. However, a cell-specific shift followed by cell-common interleaving can not provide any cell-specific RE group permutation, which results in a poor interference randomization performance. A kind of cell-specific shift and/or permutation within CCE interleaving is essentially required if we expect reasonable performance gain from interference randomization on CCE-to-RE mapping. Based on this design criterion, we propose a cell-specific interleaver providing interference randomization as well as a certain level of time/frequency diversity in the following section.
· Interleaving Complexity 
Complexity of a CCE-to-RE mapping interleaver should be minimized as much as possible under the condition of guaranteeing a certain level of performance gain on cell-specific interleaving described above.
3 Proposed Cell-specific Interleaving
In this section, a simple cell-specific interleaving method of our proposed column-wise shift & permutation based interleaver (CSPI) is introduced to satisfy the consideration points in section 2. 
The whole CSPI operation is briefly classified as three steps as follows. 

· Step 1 – All CCEs in a subframe are sequentially input to the block interleaver. 

· Step 2 – Cell-specific interleaving of CSPI is performed.

· Step 3 – The interleaved CCEs are mapped to the physical REs.
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Figure 2.  An example of CCE-to-RE mapping
According to the way forward, cell-specific interleaving and RE mapping should be performed with the granularity of k QPSK modulated symbols to support Tx diversity scheme. The terminologies of REG and PREG in Figure 2 (for the case of k=4) are RE group and physical RE group, respectively, and each REG and PREG contains k QPSK modulated symbols. 

Each step of the proposed cell-specific interleaving method will be explained in Subsections 3.1 to 3.3.
3.1 Step 1 – Input to Interleaver 

In Step 1, all CCEs in a subframe are input to the CSPI in a row-wise manner. The CSPI is 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 REGs in a CCE. The values of R and C are transparently determined according to the system bandwidth and the number of REs for DL RS and CCFI (These values can be also depending upon the number of DL ACK/NACK channels but its effect is not considered because this channel should be further clarified.).  If R∙C is less than the number of useful REGs (# of useful REs / k), then the number of row R is increased by 1 to distribute the position of the unused PREGs toward n OFDM symbols and the whole system bandwidth. 
3.2 Step 2 – Cell-specific Interleaving

In Step 2, cell-specific interleaving is performed for inter-cell interference randomization by our proposed CSPI scheme which simply consists of a cell-specific intra-column shift and a cell-specific inter-column permutation. Cell-specific factor for intra-column shift and inter-column permutation are defined as Oshift, Operm, respectively, and the value generation of Oshift and Operm in a cell can be derived from Cell ID without any additional explicit signaling. Details of intra-column shift and inter-column permutation using Oshift and Operm is described below. Figure 3 shows the concept of cell-specific intra-column shift and inter-column permutation. 

· Cell-specific intra-column shift

· Oshift = Cell ID % R
· Address of interleaver after intra-column shift

· (r’, c’) = ((r + Oshift ∙ c) % R , c)
· where, r = 0, 1, …, R-1, c = 0, 1, …,C-1

· Cell-specific inter-column permutation

· Operm = 
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· Changed column index after inter-column permutation

· (r’, c’) = (r, (c ∙ P + Operm) % C )
· where, c = 0, 1, …,C-1, P = relative prime number with C
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Figure 3. Example of intra-column shift and inter-column permutation

3.3 Step 3 – Physical RE mapping

In Step 3, interleaved CCEs are mapped to the physical REs. REGs in the CSPI are read out in a column-wise manner and mapped to PREGs sequentially. In this procedure, (R∙C - # of useful REGs) REGs are pruned based on the address of interleaver in case of the number of row of the interleaver is increased in step 1. As a result of cell-specific CSPI operation described above, REGs in a CCE are distributed over the whole system bandwidth and n OFDM symbols with the cell-specific manner, and inter-cell interference randomization is achieved.

3.4 Virtual Interleaving of CSPI
The conceptual procedure of our proposed CSPI shceme described in Subsections 3.1 to 3.3 can be simply implemented by a virtual interleaving manner without the use of additional memory. 
When REGs are mapped to PREGs through a cell-specific CSPI, interleaved REGs are mapped to PREGs denoted as PREG (0) to PREG (# of useful REGs-1) whose time-domain order is from 1st OFDM symbol to n-th OFDM symbol. Virtual interleaving for the CSPI scheme can be described using the index of PREG (j) as follows;
j = 0
For ( i = 0 ;  i< R∙C;  i ++ )

{

Q = {α ∙ Operm + (C- α)∙
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Temp = { ( (i % R) + R(1 + C) - Oshift ∙ Q ) % R}∙ C  + Q
If  ( Temp < # of useful REGs )

{


PREG (j) = Temp


j ++ 

}

        }

, where α is a parameter of which value is determined as a specific value dependent upon a pair of C and P. Parameter values used in above formula are transparently obtained according to the system bandwidth, CCFI (# of OFDM symbols for PDCCH) and Cell ID. 

4 Performance Comparison
In order to investigate the inter-cell interference randomization performance of the proposed CSPI scheme, we introduce three performance measures as follows;

· Number of cell-specific CCE-to-RE mapping patterns 

· 
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: Number of REGs of a CCE in a cell overlapped with a CCE in other cells

· 
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: Number of REGs of a CCE in a cell maximally overlapped with a CCE in other cells
In terms of the performance measures described above, the performance of the CSPI scheme is numerically evaluated and is compared with that of the PBRI scheme [2] as a candidate of cell-common interleaving plus cell-specific shift. 
4.1 Number of Cell-specific CCE-to-RE mapping patterns
The number of cell-specific CCE-to-RE mapping patterns actually means the number of cells which have unique mapping patterns each other in multi-cell situation. In the case of PBRI, the number of cell-specific CCE-to-RE mapping patterns is determined by the number of cell-specific shifts (the number of useful REGs). On the other hand, in the case of CSPI, the number of cell-specific mapping patterns is the number of Oshift(=R) multiplied by the number of Operm (=C). Table 1 represents the number of cell-specific CCE-to-RE mapping patterns provided by PBRI and CSPI, respectively when it is assumed that the system bandwidth is 5MHz, the number of REs of CCE is 36 and k is 4.
Table 1. Number of shifts of interleavers

	n
	PBRI

(# of useful REGs)
	CSPI
(R x C)

	1
	46
	54

	2
	96
	99

	3
	171
	171


* # of useful REGs = (# of useful REs / k)    # of useful REs = (# of physical REs) – (# of DL RS REs ) – (# of CCFI REs)
* Amount of REs for ACK/NACK transmission is not considered

* k = 4, 4Tx DL RS for n=2, 3 and 16REs for CCFI transmission is considered
As seen in Table 1, the number of the cell-specific mapping patterns of CSPI is provided for single value of P which is a relative prime number with C. However, the number of P value can be multiple dependent upon the value of C. For example, the number of P value is 5 (P = 2, 4, 5, 7, 8) in case of C = 9. If multiple P values are used in a cell, the number of cell-specific mapping patterns of CSPI can be expanded.
4.2 PDF and CDF for 
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In this section, the PDF and CDF results for 
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 of the CSPI and PBRI scheme are provided when a full loading situation and relevant parameters shown in Table 2 are assumed. In the performance evaluation, the CCE-to-RE mapping of CCFI and DL ACK/NACK channel is not considered as mentioned in section 1, and RS shifting/hopping is not considered because the exact procedures for them should be further clarified.
Table 2. Parameters for performance evaluation of cell-specific interleaving 

	Parameters
	Values

	System bandwidth
	5MHz

	# of REs per CCE
	36RE

	k
	4

	n 
	1, 2, 3

	# of cell-specific shifts (Nshift)
	Values in table 1


* Full loaded cells are assumed – 19 CCEs for n=3,  11 CCEs for n=2,  5 CCEs for n=1
Figures 4-9 show the PDF and CDF of 
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 for the PBRI and CSPI schemes for all the possible number of cell-specific shift. From the view point of inter-cell interference randomization, it is more beneficial that the statistical number of REGs in a CCE overlapped by a CCE in other cells is as less as possible because it means the physical mapping positions for REGs within a CCE is well distributed over the REG mapping positions of CCEs in other cells. Therefore, from the PDF and CDF of 
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 in the graphs, it is definitely sure that CSPI provide the better interference randomization performance than PBRI regardless of the number of used OFDM symbols (n) for PDCCH transmission.
In general, inter-cell interference randomization effect is necessary when only small numbers of CCEs in a cell have very high transmit power. Therefore, the distribution for the number of overlapping REGs when the CCE is highly overlapped with a specific CCE in the other cell also should be considered. Figures 10-15 show the PDF and CDF of  
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 for the PBRI and CSPI schemes for all the possible number of cell-specific shift. From these results, it is definitely shown that the CSPI scheme significantly outperforms the PBRI scheme in terms of the inter-cell interference randomization performance. In CSPI, row-wise writing & column-wise reading ensures that 1 REG of all CCEs in a cell are always existed within R PREGs. Cell-specific intra-column shift and inter-column permutation of CSPI ensures the order of REGs mapped to PREG is cell-specifically changed within R PREGs. However, PBRI as well as other cell-common interleaving + cell-specific shift scheme cannot guarantee these CSPI’s characteristics. This is the reason why inter-cell interference randomization performance of cell-common interleaving + cell-specific shift is degraded.
5 Conclusion 

In this contribution, the CSPI scheme is proposed to provide inter-cell interference randomization capability with low complexity on CCE-to-RE mapping. The virtual interleaving formula of CSPI for simple implementation is introduced, and the numerical results for the CSPI scheme as well as the PBRI scheme are provided to investigate the inter-cell interference randomization performance. Based on the inter-cell interference randomization performance of the CSPI scheme and its simple implantation without any significant complexity, we propose this scheme to be applied as cell-specific interleaver on CCE-to-RE mapping.
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Figure 6. PDF and CDF of 
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Figure 8. PDF and CDF of 
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Figure 10. PDF and CDF of 
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Figure 12. PDF and CDF of 
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Results in cell-specific interleaving





Main interleaving function





Address adjustment for pruning








_1243847970.vsd
텍스트�

…


…


…


…


�

�

C


R


…


…


…


…


…


…


�

�

C


R


…


…


…


…


…


…


�

�

C


R


…


…


Intra-column shift


Inter-column permutation


…


�

�

C


R


…


…


…


…


…



_1243897635.vsd
텍스트�

타원을 선택하고
 입력합니다. 컨트롤 핸들로 타원의 너비와 높이를 변경합니다.�

REG 0


REG 1


REG i-1


…


�

CCE 0


REG i


REG i+1


REG 2i-1


…


�

CCE 1


REG (N-1)i


REG (N-1)i+1


REG Ni-1


…


�

CCE N-1


…


�

Interleaver
(Cell-specific interleaving)


Data channel


�

k symbol
RE group


k symbol
PREG (0)


……


……


……


�

�

�

k symbol
PREG (1)


�

�

…



_1243931350.unknown

_1243931389.unknown

_1243862085.unknown

_1243837299.unknown

