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1 Introduction
In LTE systems, the first n OFDM symbols in a subframe are used for transmissions of DL control channels such as PCFICH, PHICH, and PDCCH. It has been agreed that control channel mapping operates on mini-CCEs which are the consecutive 4 REs excluding RS. How to map each control channel to mini-CCE is currently open and should be defined.
i. PCFICH mapping

We suggest PCFICH-to-RE mapping rules for both single antenna [1] and multiple antennas [2]: For the cells with single antenna, the REs reserved for the RS corresponding to the second antenna port are used for PCFICH mapping.  For the cells with multiple antennas, PCFICH spends 4 mini-CCEs on the first OFDM symbol. Particular locations of PCFICH REs or PCFICH mini-CCEs should be cell-specific for interference randomization.
ii. PHICH mapping

The remaining mini-CCEs except PCFICH mini-CCEs will be used for PHICH mapping. A group of 4 PHICHs are CDMed and repeated 3 times, i.e. 3 mini-CCEs are consumed by the group of 4 PHICHs. The amount of resources spent for PHICH depends on the number of active HARQ UEs in UL. PHICH mapping should be independent of CCFI since false-alarm probability of ACK/NACK should be much lower than the missing probability of CCFI.
iii. PDCCH mapping

A PDCCH is mapped to one ore more CCEs and a CCE is constructed by gathering M mini-CCEs. Therefore, PDCCH mapping is the problem of CCE mapping. Some of mini-CCEs are used for PHICH and/or PCFICH mapping and they cannot be used for CCE mapping, i.e. CCEs should be mapped to the remaining mini-CCEs except PHICH and/or PCFICH mini-CCEs. Since the amount of resources spent for PHICH changes semi-statistically, a UE can figure out CCE mapping and finally PDCCH mapping.
All the control channels should exploit frequency diversity as much as possible. It is recommended to distribute the mini-CCEs constructing a control channel over the entire band. Moreover, interference randomization should be taken in to account in defining the mapping rule. This document presents how to map PHICH and PDCCH to mini-CCEs.
2 Resource indexing and mapping
Mini-CCE was introduced as the minimum unit of control channels resources. Mini-CCEs are located in 2-dimensional space (time and frequency). Once some of the mini-CCEs are selected for a particular control channel, we will select some of mini-CCEs out of the remaining mini-CCEs to map another control channel and to exploit frequency diversity as well. With 2-dimensional index of mini-CCEs, it is complicated to define mapping and interleaving.
2.1 Numbering of mini-CCEs
For convenient addressing the mini-CCEs, we propose “time-first” numbering of mini-CCEs. Figures 1~5 show how the mini-CCEs are numbered according to the proposed numbering rule for various configurations. This numbering rule leads to the following property:
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where i and j are the indexes of mini-CCE and fi denotes the index of the first subcarrier of the i-th mini-CCE. Relying on the above property, a large separation in mini-CCE indexes implies a large separation in the frequency domain. This makes the problem of defining mapping and interleaving rules easier.
For further discussion on the proposed mini-CCE numbering rule, let us look at Figure 1. Figure 1 shows how the mini-CCEs are numbered when the first 3 OFDM symbols in a subframe are used for control channels transmissions (n=3) and 4 antenna ports are defined (P=4). Here, a mini-CCE block is introduced which spans over 12 REs. Note that the width of mini-CCE block is identical to that of PRB. If the index of a mini-CCE block is identified, then the indexes of the mini-CCEs placed in the mini-CCE block are easily calculated. Moreover, we can easily figure out which OFDM symbol a particular mini-CCE belongs to:

· Mini-CCEs #(7k) and #(7k+4) are located on the first OFDM symbol.

· Mini-CCEs #(7k+1) and #(7k+5) are located on the second OFDM symbol.

· Mini-CCEs #(7k+2), #(7k+3), and #(7k+6) are located on the third OFDM symbol.

PCFICH should be mapped to the mini-CCEs on the first OFDM symbol. If PHICH is supposed to be on the first OFDM symbol, then we need to select mini-CCEs on the first OFDM symbol for PHICH mapping. With the proposed numbering rule, we can order the mini-CCEs in one-dimension and select mini-CCEs on a particular OFDM symbol.
Figure 2 illustrates mini-CCE numbering in case of n=3 and P=2. Since the REs for RS of antenna ports 2 and 3 are not reserved but used for control channel symbols transmissions, 8 mini-CCEs are available within a mini-CCE block. Even when single antenna port is defined, the REs reserved for RS of antenna port 1 are not used for control channel symbols transmissions. Therefore there is no difference in mini-CCE numbering between the configurations of P=1 and P=2. 

Figures 3 and 4 show mini-CCE numbering in case of n=2 and Figure 5 shows mini-CCE numbering in case of n=1.
A similar scheme based on mini-CCE block, referred to as “frequency-first” numbering of mini-CCEs, was mentioned on the e-mail reflector. Even though it also enables efficient 1-dimensional indexing of mini-CCEs, it does not always guarantee the property given in (1). 
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Figure 1: Mini-CCE numbering in case of n=3 and P = 4
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Figure 2: Mini-CCE numbering in case of n=3 and P = 2 (or 1)
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Figure 3: Mini-CCE numbering in case of n=2 and P = 4
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Figure 4: Mini-CCE numbering in case of n=2 and P = 2 (or 1)
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Figure 5: Mini-CCE numbering in case of n=1
2.2 Control channel mapping
Once mini-CCEs are numbered, control channel mapping is determined in the following order:
1) Selecting the PCFICH mini-CCEs on the fist OFDM symbol and mapping PCFICH to them

2) Excluding the PCFICH mini-CCEs, selecting the PHICH mini-CCEs out of the remaining ones, and mapping PHICHs to them

3) Excluding the PHICH mini-CCEs and mapping CCE to the remaining mini-CCEs

Figure 6 shows an example of control channel mapping when n=3, P=4, and PHICHs are transmitted only on the first OFDM symbol. As discussed above, mini-CCEs are numbered in a time-first manner. The mini-CCEs on the first OFDM symbol are selected and arranged. Among them, 4 mini-CCEs with sufficiently large separations in the mini-CCE index are chosen for PCFICH mapping. Detailed selection and mapping rule is discussed in [2]. Note that the procedure of PCFICH mini-CCE selection is not needed in case of P=1 if PCFICH mapping rule presented in [1] is adopted. In Figure 6, mini-CCEs #7, #18, #28, and #39 are selected for PCFICH mapping. Excluding the PCFICH mini-CCEs, the remaining mini-CCEs on the first OFDM symbol are rearranged in order of mini-CCE indexes. A group of 4 PHICHs requires 3 mini-CCEs for PHICH mapping. Mini-CCEs #0, #14, and #32 are selected for PHICHs 0~3 and mini-CCEs #4, #21, and #35 are selected for PHICHs 4~7. To exploit frequency diversity, PHICH mini-CCEs should be selected with sufficient large separations in the mini-CCE index. Zone-based hoping presented in [1] is a strong solution for PHICH mini-CCE selection and it enables interference randomization as well. Excluding both PCFICH and PHICH mini-CCEs, the remaining mini-CCEs are rearranged in order of mini-CCE indexes and they are used for CCE mapping. 
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Figure 6: An example of control channel mapping when PHICHs are transmitted on the first OFDM symbol
Figure 7 shows another example of control channel mapping when n=3, P=4, and PHICHs are transmitted over 3 OFDM symbols. One mini-CCE should be selected per OFDM symbol for PHICH mapping in this case. The selected PHICH mini-CCEs should be separated with sufficiently large distances in the frequency domain.

An interesting property of “time-first” numbering is that we can indicate the mini-CCEs on the same frequency region but on different OFDM symbols by adding or subtracting the indexes. Let m be the index of a mini-CCE on the first OFDM symbol, then m+1 and m+2 indicate the mini-CCEs on the second and third OFDM symbols, respectively. 
Based on the property, mini-CCEs indexed by #A, #B and #C are selected out of the mini-CCEs on the first OFDM symbol except PCFICH mini-CCEs, and a group of PHICHs 0~3 are mapped to the mini-CCEs #A, #(B+1), and #(C+2), which are on the first, second, and third OFDM symbols, respectively. The mini-CCEs {#(A+1), #(B+2), #C} and {#(A+2), #B, #(C+1)} also occupy the same frequency regions and can be used to map additional groups of PHICHs 4~7 and PHICHs 8~11.
This PHICH mapping scheme is illustrated in Figure 7. The mini-CCEs indexed by #4, #21 and #35 are selected out of the mini-CCEs on the first OFDM symbol except PCFICH mini-CCEs #7, #19, #28, and #39. By adding the indexes by {0,1,2}, the mini-CCEs #4, #42, and #36 are selected for mapping PHICHs 0~3. Moreover, PHICHs 4~7 use the mini-CCEs #5, #23, and #35 which are derived by adding {1,2,0}.
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Figure 7: An example of control channel mapping when PHICHs are transmitted over 3 OFDM symbols

3 CCE-to-RE Interleaving
The remaining issue of control channel mapping is how to define CCE mapping, i.e. CCE-to-RE interleaving. During Kobe meeting, RAN1 reached an agreement to define a cell common CCE-to-RE interleaver and to apply cell-specific cyclic shift, where the shift value can be derived from the cell ID [3]. Since the interleaver operates on mini-CCEs, it should explain to which mini-CCE a group of 4 PDCCH modulation symbols is mapped. Pruned bit-reversal interleaver (PBRI) would be a good candidate to address this CCE-to-RE mapping since it provides maximum distance between adjacent symbol groups as well as adaptability to various sizes. PBRI algorithm generates a permutation y = PBRI(i, M) of a sequence of {0, 1, …, M-1} of size M where y is the output mini-CCE index corresponding to the input symbol group index i. The original mini-CCE indexes count the mini-CCEs used for PCFICH and PHICH mapping. Not to indicate the PCFICH/PHICH mini-CCEs, the remaining mini-CCEs are renumbered in order of the original indexes. The PBRI is defined as follows: 
1) Determine the PBRI parameter, n, where n is the smallest integer such that M ≤2n. 
2) Initialize counters i and j to 0.  
3) Define x as the bit-reversed value of j using an n-bit binary representation. For example, if n = 4 and j = 3, then x = 12. 
4) If x < M, set PBRI(i, M) to x and increase i by 1.
5) Increment the counter j.
6) If (i < M) go to 3.
4 Summary
In this document, we discussed a couple of open issues on DL control channel mapping such as mini-CCE numbering, PHICH-to-RE mapping, and CCE-to-RE interleaving. The proposal is summarized as follows:

· “Time-first” mini-CCE numbering enables efficient 1-dimaional indexing of mini-CCEs. Using the proposed numbering scheme, we can take advantage of the property that a large separation in mini-CCE indexes implies a large separation in the frequency domain. Therefore, selection of mini-CCEs with sufficiently large separations can be easily described even when an arbitrary number of mini-CCEs are excluded for mapping of other channels.
· Once PCFICH mini-CCEs are chosen, the remaining mini-CCEs on the first OFDM symbol are arranged in order of the indexes. 3 mini-CCEs out of the remaining ones are first chosen and they are used for PHICH mapping if PHICH is transmitted only on the first OFDM symbol. On the other hand, if PHICH are to be on 3 OFDM symbols, a mini-CCE per OFDM symbol is selected for PHICH mapping, whose indexes are obtained by increasing the indexes of the selected mini-CCEs on the first OFDM symbol by {0,1,2}, {1,2,0}, or {2,0,1}.
· The remaining mini-CCEs other than the ones selected for PCFICH and PHICH mapping are then used for PDCCH mapping. The remaining ones are renumbered not to indicate PCFICH/PHICH mini-CCEs. PBRI is suggested as CCE-to-RE interleaver.
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