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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. Control channel mapping operates on resource-element quadruplets (REQ) which are the consecutive 4 REs excluding RS. RAN1 has reached the agreement on how to map PCFICH and PDCCHs to REQs and the remaining open issue is PHICH mapping. In this document, we will discuss the following issues on PHICH mapping:

i. PHICH mapping independent from PCFICH mapping

ii. Time-shifted mapping for extended PHICH durations

iii. Multiplexing of PHICH groups

iv. PHICH mapping in MBSFN subframes

Agreements on the PHICH structure reached so far are summarized as follows:
· Multiple PHICHs are CDMed. (Spreading factors are 4 and 2 for normal CP and extended CP, respectively)

· A PHICH group is repeated. (Repetition factor is 3.)

· Configurations of PHICH such as amount and duration are signalled on PBCH.
2 PHICH mapping for the normal PHICH duration
All the control channels should exploit frequency diversity as much as possible. It is recommended to distribute the REQs constructing a control channel over the entire band. This requirement is very important in PHICH mapping since a PHICH is transmitted on 3 REQs. Following 2 different methods have been discussed for PHICH mapping:

· Method A: Independent mapping from PCFICH mapping
· Method B: Relative mapping to PCFICH mapping

While Method A selects the REQs for a PHICH group among unused REQs, (i.e. after determining 4 REQs for PCFICH separated by 1/4 of the system bandwidth, the remaining REQs on the first OFDM symbol not allocated to PCFICH are treated as candidates of REQs for PHICH.) Method B specifies the PHICH mapping relative to the PCFICH mapping. Since the PCFICH and a PHICH consist of different numbers of REQs and PCFICH mapping was optimized for itself, Method B is not an efficient way in PHICH mapping. On the other hand, PHICH mapping based on Method A can be optimized to exploit frequency diversity.
Figure 1 show the performance comparison between Methods A and B. Simulations were performed with the following parameters:
Table 1. Simulation parameters
	System bandwidth
	10MHz

	Antenna configuration
	Single TX & Dual  RX antennas

	Channel models
	TU & Veh-B 

	Velocity
	3km/h

	PHICH duration
	1
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Figure 1: Performance comparison between Methods A and B
In Method A, PHICH mapping was done by numbering the unused REQs on the first OFDM symbol from 0 up to N-1 and then by mapping a PHICH group to REQs spaced by N/3 REQs. In method B, 3 REQs are first selected from 4 REQs chosen for the PCFICH then frequency-shifted REQs are selected for a PHICH group where the shift values depend on the PHICH group index.
As shown in Figure 1, Method A outperforms Method B and the gain of Method A over Method B is about 0.5dB. This gain comes from frequency diversity since Method A distributes the REQs of a PHICH group better than Method B. According to the observations above, PHICH mapping independent from PCFICH mapping is recommended.
Figure 2 shows an example of control channel mapping in case of n=3, P=4, and nPHICH=1, where n, P, and nPHICH denote the number of OFDM symbols used for control channels transmissions, the number of antenna ports, and PHICH duration. REQs are numbered in a time-first manner as already agreed in RAN1. First, the REQs on the first OFDM symbol are selected and arranged. Among them, 4 REQs separated by 1/4 of the system bandwidth are chosen for PCFICH mapping. Note that the procedure of PCFICH REQ selection is not needed in case of P=1 if PCFICH mapping rule presented in [1] is adopted. In Figure 2, REQs #7, #18, #28, and #39 are selected for PCFICH mapping. Excluding the PCFICH REQs, the remaining REQs on the first OFDM symbol are rearranged in order of REQ indexes. A PHICH group requires 3 REQs for PHICH mapping. REQs #0, #14, and #32 are selected for PHICH group 0 and REQs #4, #21, and #35 are selected for PHICH group 1. The remaining REQs not allocated to both PCFICH and PHICHs are rearranged in order of REQ indexes and they are used for PDCCH mapping.
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Figure 2: An example of control channel mapping (n=3, P=4, nPHICH=1)

3 PHICH mapping for the extended PHICH duration
When the PHICH duration is configured to be normal, the problem is how to place PHICH symbols in the frequency domain since the REQs of all the PHICH groups are only on the first OFDM symbol. On the other hand, if the extended PHICH is configured, it should be solved in not only frequency domain but also time domain. Note that when the PHICH duration is extended, nPHICH=3 in non-MBSFN subframes while nPHICH=2 in MBSFN subframes.

PHICH mapping for nPHICH=3 in non-MBSFN subframes

It is desirable to achieve identical frequency diversity gains between nPHICH=1 and nPHICH≠1. To fulfil this requirement, we propose a time-shift approach in determining the REQs for a PHICH group. The time-shift approach is to place the repetitions of a PHICH group onto the time-shifted REQs from the REQs selected for the PHICH group assuming the normal PHICH duration. Since the time-shifted REQs occupy the same frequency region that the original REQs do, identical frequency diversity gains are expected between time-shifted ones and the original ones.
An interesting property of time-first numbering is that we can indicate the REQs on the same frequency region but on different OFDM symbols by adding or subtracting the indexes. Let m be the index of a REQ on the first OFDM symbol, then m+1 and m+2 indicate the REQs on the second and third OFDM symbols, respectively. Figure 3 illustrates the how time-shift operations are carried out by adding the indexes of REQs. 

Figure 4 shows an example of PHICH mapping in case of n=3, P=4, and nPHICH=3. In this configuration, each repetition of a PHICH group is placed on different OFDM symbol. First, select 3 dummy REQs for a PHICH group on the first OFDM symbol. This selection follows the rule of Method A as discussed in Section 2. Then, we obtain the actual REQs for the PHICH group, which are on different OFDM symbols, by applying time-shifts {0,1,2} to the dummy REQs. 
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Figure 3. Time-shift approach (n=3, P=4)
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Figure 4. An example of PHICH mapping (n=3, P=4, nPHICH=3)
From the dummy REQs selected in the first step, 3 different PHICH groups can be multiplexed by applying different sets of time-shifts in case of nPHICH=3. A set is {0,1,2} as shown in Figure 4 and other sets are {1,2,0} and {2,0,1}. Figure 5 illustrates mapping of multiple PHICH groups. PHICH groups 0,1, and 2 use different sets of time-shifts {0,1,2}, {1,2,0} and {2,0,1}, respectively. In addition to multiplexing of PHICH groups with distinct time-shifts, it is also possible to multiplex PHICH groups using different sets of dummy REQs. Since multiplexing of the PHICH groups belonging to a group set is done by applying different sets of time-shifts to a set of dummy REQs, they are placed in the same frequency regions. On the other hand, PHICH groups belonging to different group sets occupy different frequency regions because their mapping is determined by different sets of dummy REQs.
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Figure 5. Mapping of multiple PHICH groups (n=3, P=4, nPHICH=3)
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Figure 6. An example of PHICH mapping (n=3, P=4, nPHICH=2)
PHICH mapping for nPHICH=2 in MBSFN subframes

When the extended PHICH duration is configured, PHICHs are mapped onto the first two OFDM symbols in MBSFN subframes. Note that equal power allocation to 3 repetitions of a PHICH will maximize the diversity gain. Also this lessens the receiver complexity otherwise the receiver needs to know and compensate different power allocations. In this regard, in order to avoid overloading power for PHICH on any OFDM symbols, PHICH mapping should be balanced between the two OFDM symbols. Considering the balance of both load and power allocated to a PHICH group between first and second OFDM symbols, a half of PHICH groups follow 1+2 mapping and the other half of PHICH groups follow 2+1 mapping, where ‘x+y mapping’ denotes the mapping rule that x REQs and y REQs are placed on the first and second OFDM symbols, respectively. This mapping enables the overall PHICH resources to be distributed evenly between the first two OFDM symbols. 

Figure 6 shows an example of PHICH mapping mapping in case of n=3, P=4, and nPHICH=2. PHICH groups 0 and 1 follow 2+1 mapping and 1+2 mapping, respectively by applying the sets of time-shifts {0,1,0} and {1,0,1} to dummy REQs selected on the first OFDM symbol.
4 Proposed steps of PHICH mapping

Following steps are proposed for PHICH mapping. These are applicable to any PHICH duration. 

1) Select dummy REQs among the ones not allocated to PCFICH on the first OFDM symbol for a set of PHICH groups, i.e. the PHICH groups belonging to a set are to define the same dummy REQs. Set size S indicates how may PHICH groups are multiplexed using the selected dummy REQs and S=nPHICH.  Let A0(g,r) be the indexes of the selected dummy REQs, where r=0,1,2 and g denote the repetition and group indexes, respectively. 
2) Get the actual REQs for PHICH group g whose indexes are
A(g,r) = A0(g,r)+mod(g+r,nPHICH)
5 Summary
In this document, we discussed a couple of open issues on PHICH mapping. The proposal is summarized as follows:

· PHICH mapping independent from PCFICH mapping: To exploit frequency diversity as much as possible, largely spaced REQs are selected for a PHICH group among the REQs not allocated to PCFICH.
· Time-shifted mapping of PHICH for extended PHICH durations: Place the repetitions of a PHICH group onto the time-shifted REQs from the REQs selected for the PHICH group assuming the normal PHICH duration.
· Multiplexing of PHICH groups: A set of nPHICH PHICH groups are multiplexed using the same dummy REQs selected on the first OFDM symbol. Multiplexing of the PHICH groups belonging to a group set is done by applying different sets of time-shifts. In addition to multiplexing of PHICH groups with distinct time-shifts, it is also possible to multiplex PHICH groups using different sets of dummy REQs. 
· Balanced PHICH mapping in MBSFN subframes: A half of PHICH groups follow 1+2 mapping and the other half of PHICH groups follow 2+1 mapping.
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