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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 CCE-to-RE mapping.
In the following sections, first of all, design criteria of interleaving operation for CCE-to-RE mapping are described, and then, we give an account of a cell-specific interleaver which consists of cell-common interleaving with cell-specific input parameters. The performance of our proposed interleaver and four candidates of cell-common interleaver with cell-specific shift is evaluated and compared in terms of performance measures representing design criteria in Section 2.
2 Design Criteria of Interleaving Operation
Followings are three 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. It is expected that power balancing between sub-carriers is necessary to guarantee high received SINR at sufficiently low BLER for correct decoding in addition to the CCE aggregation. And also, time domain mapping condition should be satisfied to maximize the resources for power control and to minimize the impact of power balancing as noted in [2]. 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 and full flexibility in power assignment. One of the main purposes of the time domain mapping condition is to ensure even power distribution over the OFDM symbols used for control signalling. If even distribution of all CCEs of a PDCCH over n OFDM symbols is not guaranteed, it obviously results in poor utilization of the Node B power. To avoid this undesirable situation, one CCE should be transmitted in all n OFDM symbols used for control signalling. In this contribution, the distribution of mini-CCEs of CCEs in each 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 frequency diversity gain. It is certain that PDCCH should have frequency diversity gain as much as possible due to the fact that PDCCH has to meet target decoding performance without HARQ. Considering that the physical RE positions of PCFICH and PHICH are not exactly decided, the PDF of the interleaving distance 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 [3] 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, a cell-specific interleaving, column-wise shift & permutation based interleaving (CSPI) [4], which consists of cell-common interleaving algorithm with cell-specific input parameter is explained.  CSPI operation is designed to satisfy the consideration points noted in section 2. 
3.1 Overall Procedure of CCE-to-RE Mapping Using CSPI
Figure 1 illustrates the overall procedure of CCE-to-RE mapping using CSPI. According to the way forward, cell-specific interleaving and RE mapping should be performed with the granularity of k QPSK modulated symbols (mini-CCE) to support Tx diversity scheme. 
CCE-to-RE mapping using CSPI is briefly classified as the following three steps.
· Step  1 – All CCEs in a subframe are sequentially input to the block interleaver. 
All CCEs in a subframe are input to the CSPI in a row-wise manner. The 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 mini-CCEs in a CCE. The values of R and C are transparently determined according to the system bandwidth and the number of REs occupied by DL RS, PCFICH
 and PHICH
. If R∙C is less than the number of useful mini-CCEs in a subframe, then the number of row R is increased by 1 to distribute the position of the unused physical mini-CCEs toward n OFDM symbols and the whole system bandwidth.
· Step 2 – Interleaving operation is performed. 
For interleaving operation, cell-specific intra-column shifting and inter-column permutation is sequentially performed. Interleaving operation of CSPI are explained in Subsection 3.2 in detail.
· Step 3 – The interleaved CCEs are mapped to the physical REs.
Interleaved CCEs are mapped to the physical REs. Mini-CCEs in the CSPI is read out in a column-wise manner and mapped to physical mini-CCEs sequentially from 1st OFDM symbol to nth OFDM symbol. In this procedure, (R∙C - # of useful mini-CCEs) mini-CCEs 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 CSPI operation through step 1, 2 and 3, mini-CCEs 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
3.2 Details of CSPI Operation and Implementation
Cell-specific interleaving is performed by our proposed CSPI scheme [4] 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 a cell-specific information which is represented as shift offset SOshift without any additional explicit signaling (e.g., the values of SOshift can be derived from cell-ID and eNB-ID). Details of intra-column shift and inter-column permutation using Oshift and Operm is described below. Cell-specific column-wise shift ensures that only one mini-CCE of each CCE in a subframe can be located within fixed numbers of physical mini-CCEs 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. And, this virtual interleaving can be expressed as a simple closed form as follows:
When mini-CCEs are mapped to physical mini-CCEs through CSPI, interleaved mini-CCEs are mapped to physical mini-CCE(0) to physical mini-CCE(# of useful physical mini-CCE-1) whose time-domain order is from 1st OFDM symbol to n-th OFDM symbol. The output position index s_i of physical mini-CCE derived from an input mini-CCE index i can be described as a function implementing CSPI as follows;

s_i = { ( (i % R) + R(1 + C) - Oshift ∙ Q ) % R}∙ C  + Q ,     i = 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. Thus, CSPI scheme has bandwidth agnostic property and we can use CSPI regardless of the system bandwidth. 
One important feature of CSPI scheme is that a unified operation and expression for CSPI can be applied regardless of the system bandwidth, the number of OFDM symbols for PDCCH transmission, and the number of available REs for PDCCH.

4 Performance Comparison

In order to investigate the potential of our proposal 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 [3] is evaluated, and the distribution of mini-CCEs of CCEs in each n OFDM symbol is analyzed to show the time domain mapping characteristic. In addition, the interleaving distance [3] is suggested to show frequency diversity property. The performance results of the proposed CSPI and four comparative interleavers of PBRI [7], QPP interleaver [8], Costas sequence [9] and full random interleaver are provided when a full loading situation and system 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 [3] is evaluated for performance comparison in terns of the inter-cell interference randomization. Figure 4 and 5 show the Hamming auto-correlation for a given difference of cell-specific shifts (PBRI, QPP, Costas sequencem, and full random) or a given difference of cell-specific offsets (CSPI) in the case of n=3, 2, respectively. It can be seen that the PBRI and QPP intereaver show very large periodic peaks in the auto-correlation function. It directly implies that there is a large number of overlapping mini-CCEs between CCEs in different cells with corresponding cyclic shifts (i.e. cell-specific shifts), which is significantly undesirable from the inter-cell interference randomization point of view. 
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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 outperform the PBRI scheme and QPP interleaver in terms of the inter-cell interference randomization performance. In CSPI, row-wise writing & column-wise reading ensures that 1 mini-CCE of all CCEs are always existed within R physical mini-CCEs. Cell-specific intra-column shift and inter-column permutation of CSPI ensures the order of mini-CCEs mapped to physical mini-CCEs is cell-specifically changed at every R physical mini-CCEs. And it is also shown that the full random interleaver and Costas sequence interleaver can provide the best interference randomization performance due to its characteristics of full randomness for the whole physical mini-CCE 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 mini-CCEs in each OFDM symbol is investigated to compare time domain mapping property. Figure 6-10 shows the PDF of the number of mini-CCEs transmitted over each OFDM symbol with n=2, 3. The reference value in these figures (represented by a green bar) means the average number of mini-CCEs can be transmitted in each OFDM symbol. This reference value is proportional to the number of available REs in each OFDM symbol considering DL RS, PCFICH and PHICH. For the PDCCH coverage, at least 1 mini-CCE should be transmitted in each OFDM symbol. Furthermore, 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 for easy Tx power scheduling and full flexibility in power assignment.
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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=2, 2nd OFDM symbol

From the results, it is shown that the full random interleaver, QPP, and Costas sequence interleavers are hard to satisfy these time domain mapping requirements, e.g., about 20%, 18%, 16% of CCEs cannot map their mini-CCEs onto 1st OFDM symbol in case of n=3 when we apply full random interleaver, Costas sequence interleaver, and QPP interleaver, respectively. Costas sequence shows very good interference randomization performance, but time domain mapping condition is not fulfilled. PBRI shows similar distribution with CSPI, but in case of n=3, about 2% of CCEs cannot map their mini-CCEs onto 1st OFDM symbol. It is shown that QPP interleaver has similar distribution with PBRI in case of n=2. However, about 14% of CCEs cannot map their mini-CCEs onto 1st OFDM symbol and overall distribution property is very similar with full random interleaver in case of n=3. As seen in Figure 6-10, CSPI satisfies the time domain mapping requirements discussed in section 2. And also, mini-CCE distribution of CSPI is very close to the absolute value. This means that the number of mini-CCEs transmitted in each OFDM symbol is proportionally fair to the amount of available REs in each OFDM symbol. In case of uneven number of REs in OFDM symbols for PDCCH transmission, careful consideration for this requirement should be needed when we design the interleaver for CCE-to-RE mapping.
4.3 Frequency Diversity

For evaluation of the frequency diversity of a CCE, the PDF of the distance between any two mini-CCEs 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 physical RE 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
CSPI shows significantly better PDF performance than Costas sequence, QPP, 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 mini-CCE of each CCE in a cell within R physical mini-CCEs. 
5 Conclusion 
Based on our analysis, we strongly recommend that the interleaver for CCE-to-RE mapping should satisfy following three conditions;
1. Output of interleaving should provide reasonable inter-cell interference randomization performance.
2. Interleaved mini-CCEs of each PDCCH should be transmitted in all n OFDM symbols. The number of mini-CCEs transmitted in each OFDM symbol should be proportionally fair to the amount of available REs for PDCCH transmission in each OFDM symbol.
3. Each PDCCH should occupy the whole system bandwidth for frequency diversity gain.
In this contribution, CSPI as a simple cell-specific interleaving are introduced and explained. And then, the performance of these interleaving methods is compared with that of full random interleaver, QPP interleaver, Costas sequence interleaver, and PBRI in terms of three performance measures discussed in Section 2. Based on the performance results in Section 4, the following characteristics of the proposed CSPI and two comparative interleavers are obtained:

· Full random interleaving and Costas sequence provide the best interference randomization performance. However, this interleaving cannot satisfy time domain mapping requirements and provides poor frequency diversity property. 
· QPP interleaver shows no good performance characteristic in terms of interference randomization and frequency diversity, and can not satisfy time domain mapping requirements

· PBRI shows very similar time domain distribution with CSPI but provides poor interference randomization performance and frequency diversity property. 
· When compared with other CCE-to-RE interleaver candidates, CSPI provides reasonable interference randomization performance and good frequency diversity, and also satisfies time domain requirement as well. It is quite beneficial that CSPI is supposed to be less complex through virtual interleaving using a simple closed-form equation. Moreover, one important feature of CSPI is that a unified operation and expression can be applied regardless of the system bandwidth, the number of OFDM symbols for PDCCH transmission, and the number of available REs for PDCCH.
Considering the performance for three design criteria described in Section 2 and the less-complex design feature, we guess that the proposed CSPI can be adopted as an interleaver for CCE-to-RE mapping. 
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� 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 considering SF=4, 3 repetition, and UL VRB implicit mapping. [5][6]





_1248726724.unknown

_1252579591.vsd
텍스트�

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

Mini-CCE


Mini-CCE


Mini-CCE


…


�

CCE 0


Mini-CCE


Mini-CCE


Mini-CCE


…


�

CCE 1


Mini-CCE


Mini-CCE


Mini-CCE


…


�

CCE N-1


…


�

Interleaving Operation
(result in cell-specific interleaving)


Data channel


�

Physical
Mini-CCE(0)


……


……


……


�

�

�

Physical
Mini-CCE(1)


�

�

…



_1243847970.vsd
텍스트�

…


…


…


…


�

�

C


R


…


…


…


…


…


…


�

�

C


R


…


…


…


…


…


…


�

�

C


R


…


…


Intra-column shift


Inter-column permutation


…


�

�

C


R


…


…


…


…


…



_1243862085.unknown

