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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.

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 CCE-to-RE mapping rule. As provided in the way forward, interleaving operation which results in cell-specific interleaving should be designed for inter-cell interference randomization. A combination of cell-common interleaving with cell-specific shift and other cell-specific interleaving mechanism can be considered as interleaver candidates for PDCCH mapping. Time and frequency domain mapping as well as inter-cell interference randomization should be satisfied with the interleaving operation used in CCE-to-RE mapping procedure.  
In this contribution, we focus on the design of interleaving operation which can provide sufficient inter-cell interference randomization performance, and fulfill the condition of time/frequency domain mapping. In the following sections, first of all, design criteria of interleaving operation for CCE-to-RE mapping are briefly described, and then, we give an account of two interleaving proposals which can be categorized as cell-common interleaving plus cell-specific shift and cell-specific interleaving, respectively. In terms of three performance measures shown in Section 2, the performance of our proposed interleaving methods is evaluated and compared.
2 Design Criteria of Interleaving Operation
Followings are some design criteria should be considered in design of interleaving operation for CCE-to-RE mapping.
· Mapping onto n OFDM Symbols (or Mapping to Time Domain) 
In interleaver design for CCE-to-RE mapping, it was agreed that one interleaved CCE should be transmitted in all n OFDM symbols used for control signalling to maximize coverage and also to allow power balancing. Fair (proportionally to the amount of available REs for PDCCH in each OFDM symbol) distribution of each PDCCH over n OFDM symbols is an important requirement of PDCCH interleaver for easy TxP scheduling for PDCCHs. In this contribution, the distribution of REGs of CCEs in each n OFDM symbol is shown to look into the time domain mapping characteristic.
· Frequency Diversity 
As noted in the way forward, one interleaved CCE should be distributed over the entire system bandwidth to get a certain level of frequency diversity gain. It is also sure that the frequency diversity capability should be even for CCEs transmitted in a subframe. Considering that the physical RE positions of PCFICH and PHICH are not exactly decided, the PDF of the interleaving distance [2] is introduced as an indirect performance measure for frequency diversity property.
· 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 without any assistance of HARQ. Moreover, various types of control channels with different error requirements may be multiplexed in time/frequency resources. Therefore, a transmit power control scheme for PDCCH is very 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 investigate the potential of our proposals in terms of inter-cell interference randomization, the performance of Hamming correlation [2] is evaluated in this contribution.
3 Interleaving Operation
In RAN 1 #49, it was agreed that cell-common interleaving with cell-specific shift can be used for PDCCH interleaving as a base line, and other cell-specific randomization mechanisms remain FFS. In our technical sense, an interleaving operation which is less complex and fully satisfies three design criteria in Section 2 should be chosen for CCE-to-RE mapping. 
In this section, as a kind of cell-common interleaving with cell-specific shift, a column-wise random reordering interleaving (CRRI) is introduced, and then, as an alternative cell-specific interleaving with simplicity, column-wise shift & permutation based interleaving (CSPI) [3] is also explained. Both interleaving operations are designed to satisfy the consideration points in section 2. 
Figure 1 shows the overall procedure of CCE-to-RE mapping using CRRI and CSPI. 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 1 (for the case of k=4) are defined as RE group and physical RE group, respectively, and each REG and PREG contains k QPSK modulated symbols. 
Both interleaving operations of CRRI and CSPI are briefly classified as three steps as follows.
· Step  1 – All CCEs in a subframe are sequentially input to the block interleaver. 
All CCEs in a subframe are input to the CRRI/CSPI in a row-wise manner. The CRRI/CSPI 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 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, PCFICH
 and PHICH
. 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.
· Step 2 – Interleaving operation (including the following cell-specific shift in case of CRRI cell-common interleaving) is performed according to the interleaver scheme.
Interleaving operation is performed according to the interleaver scheme. In case of CRRI, cell-common column-wise random reordering is performed, and then, the whole interleaved REGs are shifted with a given cell-specific offset. And, in case of CSPI, cell-specific intra-column shifting and inter-column permutation is sequentially performed. Interleaving operation of CRRI and CSPI are explained in Subsection 3.1 and 3.2 in detail.
· Step 3 – The interleaved CCEs are mapped to the physical REs.
Interleaved CCEs are mapped to the physical REs. REGs in the CSPI and CRRI are read out in a column-wise manner and mapped to PREGs sequentially from 1st OFDM symbol to nth OFDM symbol. 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 CRRI and CSPI operation through step 1, 2 and 3, REGs in a CCE are distributed over the entire system bandwidth and n OFDM symbols with the cell-specific manner.
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Figure 1.  An example of CCE-to-RE mapping
3.1 CRRI 

In our proposed CRRI scheme, cell-common interleaving as Step 2 operation is composed of column-by-column intra-column random reordering, and then, cell-specific shifting is made for the whole interleaved REGs. Figure 2 represents the basic concept of intra-column random reordering. Intra-column random reordering means that the row addresses are changed randomly within each column, which actually provides inter-cell interference randomization capability maintaining time-domain mapping requirement and frequency diversity property. And, the reason why CRRI performs random reordering in column-wise manner is to guarantee a sufficient number of available cell-specific shifts larger than the row size. If same random reordering pattern is used in all columns, the number of available cell-specific shifts is restricted to the number of row of the block interleaver. The conceptual expression for CRRI can be expressed as follows;
· Cell-common intra-column random reordering

· Address of interleaver after intra-column shift (r’,c’) defined from column-wise random sequence RS(j)
· RS(j) = {pi,j},   i = 0, 1, ..., R-1,   j = 0, 1, ..., C-1, pi,j= 0, 1, …, R-1
· (r’, c’) = (pr,c, c)

· where, r’, r = 0, 1, …, R-1, c = 0, 1, …,C-1

If some kind of optimization is necessary, an optimal sequence based implementation approach can be introduced. The exemplary interleaving sequence implementing CRRI is suggested in the Annex. A for the case of 5MHz system bandwidth and n=2, 3.
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Figure 2. Example of intra-column random reordering

3.2 CSPI

Cell-specific interleaving is performed by our proposed CSPI scheme [2] which 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 of Oshift and Operm in a cell can be derived from cell-specific information which is represented in this contribution as shift offset, SOshift, without any additional explicit signaling. Details of intra-column shift and inter-column permutation using Oshift and Operm is described below. Cell-specific intra-column shift ensures that only one REG of all CCEs in a subframe can be located within a fixed bandwidth R, thus certain degree of frequency diversity and time domain distribution can be fulfilled. In addition, cell-specific intra-column shift can generate R of cell-specific CCE-to-RE mapping pattern. Since the number of available cell-specific CCE-to-RE mapping patterns which are generated by intra-column shift is limited to R (this value is actually the same as the number of row in the block interleaver), we introduce cell-specific inter-column permutation to provide a sufficient number of available cell-specific mapping patterns. If small numbers of cell-specific shift (≤R) are enough as the number of available CCE-to-RE mapping patterns, inter-column permutation can be ruled out for simplicity. Figure 3 represents the basic concept of intra-column shift and inter-column permutation for CSPI. 

· Cell-specific intra-column shift

· Oshift = SOshift % 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

The conceptual procedure of our proposed CSPI scheme described in this section can be simply implemented by a virtual interleaving manner without the use of additional memory. Details of memory addressing routine on virtual interleaving for CSPI are provided in Annex. B.
4 Performance Comparison

In order to investigate the potential of our proposals from the view point of the design criteria discussed in section 2, three performance measures are applied. In terms of inter-cell interference randomization, the Hamming correlation [2] is evaluated, and the distribution of REGs of CCEs in each n OFDM symbol is analyzed to show the time domain mapping characteristic. In addition, the interleaving distance [2] is suggested to show frequency diversity property. These three performance results of CRRI, CSPI, PBRI [6], and full random interleaver are provided when a full loading situation and relevant parameters shown in Table 2 are assumed. 

Table 2. Parameters for performance evaluation of cell-specific interleaving 
	Parameters
	Values

	System bandwidth
	5MHz

	k
	4

	n
	1, 2, 3

	Num. of Tx. Ant
	4

	Num. of REs per CCE
	36RE

	Num. of REs for PCFICH
	16REs in 1st OFDM symbol

	Num. of REs for PHICH [5]
	84REs in 1st OFDM symbol


* Full loaded cells are assumed – 16 CCEs for n=3, 8 CCEs for n=2, 2 CCEs for n=1

4.1 Inter-cell Interference Randomization Performance
The Hamming auto-correlation [2] is evaluated for the inter-cell interference randomization performance comparison. Figure 4 and 5 show the Hamming auto-correlation for a given difference of cell-specific shifts (CRRI, PBRI, and full random) or a given difference of cell-specific offsets (CSPI) in the case that the values for all CCE indices are averaged, and n=3, 2, respectively. It can be seen that the PBRI shows very large peaks in the auto-correlation function. It directly implies that there is a large number of overlapping REGs between CCEs in different cells with corresponding cyclic shifts, which is significantly undesirable from the inter-cell interference randomization point of view. 

[image: image5.emf]Interference Randomization [n=3]

0

10

20

30

40

50

60

70

0 20 40 60 80 100 120 140

cyclic shift

Hamming auto-correlation

PBRI CRRI Full random CSPI


Figure 4. Hamming auto-correlation in case of n=3
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Figure 5. Hamming auto-correlation in case of n=2

From these results, it is also definitely shown that the CSPI and CRRI scheme significantly outperform the PBRI scheme in terms of the inter-cell interference randomization performance. In CRRI and 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 and intra-column random reordering of CRRI with a given cell-specific shift ensure the order of REGs mapped to PREG is cell-specifically changed at every R PREGs. And the full random interleaver can provide the best interference randomization performance due to its characteristics of full randomness for the whole PREG range.
4.2 CCE Distribution over n OFDM Symbol

As discussed in section 2, one interleaved CCE should be transmitted in all n OFDM symbols used for PDCCH transmission. In this section, the distribution of REGs in n OFDM symbol is investigated to compare time domain mapping property of each interleaving operation. Figure 6-10 shows the PDF of the number of REGs transmitted in i-th OFDM symbol with n=2, 3. Absolute value in these figures means the average value of the number of REGs can be transmitted in each OFDM symbol. This value is proportional to the number of available REs in each OFDM symbol.
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Figure 6. PDF in case of n=3, 1st OFDM symbol            Figure 7. PDF in case of n=3, 2nd OFDM symbol
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Figure 8. PDF in case of n=3, 3rd OFDM symbol
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Figure 9. PDF in case of n=2, 1st OFDM symbol          Figure 10. PDF in case of n=3, 2nd OFDM symbol

For the PDCCH coverage and Tx power scheduling, at least 1 REG should be transmitted in each OFDM symbol, and fair (proportionally to the amount of available REs for PDCCH in each OFDM symbol) distribution of each PDCCH over n OFDM symbols may be regarded as an important requirement. From the results, it is shown that the full random interleaver is hard to satisfy these time domain mapping requirements, e.g., about 20% of CCEs cannot map their REGs onto 1st OFDM symbol in case of n=3.  PBRI shows similar distribution with CRRI and CSPI, but in case of n=3, about 2% of CCEs cannot map their REGs onto 1st OFDM symbol. As seen in Figure 6-10, CRRI 
and CSPI satisfy the time domain mapping requirements discussed in section 2.

4.3 Frequency Diversity

For evaluation of the frequency diversity of a CCE, the PDF of the distance between any two REGs from the same CCE is examined. Actual frequency distance cannot be evaluated at current stage due to the fact that there is no agreement for the PRE positions of PCFICH and PHICH in RAN 1. Figure 11 and 12 show the frequency diversity property of each interleaver in case of n=2, 3, respectively. Higher PDF probability for large distance means that a CCE is capable to be scattered well in frequency region after CCE-to-RE mapping, which is the desirable aspect for frequency diversity. 
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Figure 9. PDF in case of n=2 
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Figure 10. PDF in case of n=3
CRRI and CSPI show significantly better PDF performance than PBRI and full random interleaver in terms of frequency distance because their basic operation of row-wise writing & column-wise reading ensures the existence of 1 REG of each CCE in a cell within R PREGs. 
5 Conclusion 

In this contribution, CRRI as a case of cell-common interleaving plus cell-specific shift and CSPI as an alternative case of simple cell-specific interleaving are introduced and explained, respectively. And then, the performance of these interleaving methods is compared with that of full random interleaver and PBRI in terms of three performance measures for design criteria in Section 2. Full random interleaving provides the best interference randomization performance. However, this interleaving cannot satisfy time domain mapping requirements in the way forward and provides no good frequency diversity property. PBRI shows very similar time domain distribution with CRRI and CSPI but provides poor interference randomization performance and frequency diversity property. Both CRRI and CSPI provide reasonable interference randomization performance and good frequency diversity and satisfy time domain requirement as well. These two interleaving method are supposed to be less complex with using table-based approach or virtual interleaving. Based on the performance results in Section 4, we propose to apply one out of CRRI and CSPI as an interleaving method for CCE-to-RE mapping.
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Annex. A
The interleaving sequence of CRRI used for the performance evaluation in this contribution is presented in this contribution is in Table 3. 
Table 3. Optimal interleaving sequence of CRRI
	Interleaver
	Interleaving sequence

	CRRI
	n=3 (sequence length is 144)
{5, 29, 50, 51, 72, 88, 112, 130, 143, 15, 23, 43, 59, 82, 99, 107, 131, 147, 11, 27, 40, 61, 80, 100, 110, 123, 140, 16, 26, 44, 65, 78, 95, 105, 127, 145, 8, 21, 42, 66, 83, 87, 104, 120, 134, 3, 25, 45, 58, 69, 90, 103, 126, 149, 9, 32, 46, 67, 79, 98, 102, 118, 136, 13, 30, 49, 53, 75, 97, 114, 121, 144, 6, 17, 35, 56, 77, 101, 106, 124, 142, 1, 19, 37, 60, 74, 96, 116, 128, 139, 0, 24, 38, 57, 81, 91, 109, 133, 146, 4, 28, 34, 54, 76, 85, 108, 129, 135, 7, 31, 48, 62, 73, 89, 113, 119, 137, 12, 33, 47, 55, 71, 92, 117, 122, 138, 2, 20, 36, 52, 70, 94, 115, 125, 141, 10, 18, 39, 63, 68, 86, 111, 132, 148}

n=2 (sequence length is 72)

{7, 12, 23, 28, 40, 50, 52, 63, 67, 4, 15, 26, 29, 41, 46, 57, 62, 70, 8, 13, 22, 30, 38, 49, 51, 66, 69, 2, 11, 19, 32, 39, 44, 54, 61, 68, 6, 10, 24, 27, 42, 43, 56, 59, 71, 0, 9, 25, 31, 35, 47, 58, 64, 73, 5, 17, 20, 33, 36, 45, 53, 60, 74, 3, 16, 18, 34, 37, 48, 55, 65, 72}




Annex. B
Virtual interleaving of CSPI with very low complexity is provided in this section. 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. The output position index j of PREG derived from an input sequence index i of REG can be described as a function implementing CSPI as follows;

j  = { ( (i % R) + R(1 + C) - Oshift ∙ Q ) % R}∙ C  + Q ,     i, j = 0, 1, …, (R(C-1)
Q = {α ∙ Operm + (C- α)∙
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, 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 a given cell-specific shift offset.
Results in cell-specific interleaving














� It was agreed that the number of REs for PCFICH transmission is 16REs, and PCFICH is transmitted only in 1st OFDM symbol.


� In this contribution, it is assumed that the number of REs for PHICH transmission is 84RE assuming SF=4, 3x Rep, and UL VRB implicit mapping. [4][5]


� In this performance evaluation, interleaving sequence listed in Annex. A is used. This is optimal sequence which satisfies the design criterion of CRRI. 
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