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1. Introduction
Several issues are evident in multiplexing PDCCH and PHICH [1]:
1. PDCCH is transmitted in the first n (
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) OFDM symbols of each frame. Each grant is spread over the frequency band and n OFDM symbols by the use of control interleaver. PHICH can occupy the first M OFDM symbols where M is either 1 or 3, and
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.  PCFICH indicates the value of n, which is the duration of the overall control information including PDCCH and PHICH. M and n are assumed decoupled to avoid the dependence of PHICH decoding performance on PCFICH decoding error. Hence, knowing n does not imply a complete knowledge on M. 
2. Within the M OFDM symbols, there are N PHICHs, each allocated to a UE for uplink data transmission. Both the PHICH duration M and the number of PHICHs N determine the PHICH configuration. 
In RAN1#50bis, some principles regarding the multiplexing between PDCCH and PHICH in conjunction with PCFICH were agreed [2]: 
1. SU-1 can be dynamically scheduled
2. PHICH duration ’almost never’ changed
3. If needed, the PHICH duration is signaled on PBCH (1 bit)
4. PCFICH resources are always reserved regardless of PHICH duration
· In MBSFN subframes, the UE should ignore the PCFICH (n is given by higher layers)
· In unicast subframes with PHICH duration =3, the UE should ignore the PCFICH value
5. PCFICH is handled outside of the interleaver for control channel mapping

Based on the agreement above, the following problem arises:
PDCCH mapping/interleaving depends on the PHICH configuration. At the same time, if SU-1 (D-BCH) is dynamically scheduled, the UE needs to read the PDCCH that carries the SU-1 allocation. This becomes a “chicken-and-egg” problem if the PHICH configuration is contained in SU-1. 

Two alternatives for PDCCH-PHICH multiplexing were given in [2]. Alternative 1 decouples PDCCH and PHICH interleaving. In alternative 2, PDCCH and PHICH are jointly interleaved. More details on alternative 2 are given in [3].
2. Possible Solutions
Before discussing the possible solutions, the following principles are enforced:
1. The UE shall not be required to read the master information block (MIB) and the system information block (SIB) from P-BCH and D-BCH (SU-1) upon a DRX wakeup. Having to read MIB and SIB results in up to 40-80ms additional wakeup latency.
2. The same level of configurability should be applied to both PHICH duration (=M) and the number of PHICHs (=N). Since M almost never changes (almost static), N should be almost static as well. 
3. Signaling N on P-BCH should be avoided if N is large since N incurs significant overhead. On the other hand, signaling M costs only 1 bit. This depends on the flexibility of PHICH configuration. 
2.1. Conveying PHICH Configuration

Based on the above principles, the following approaches are allowed in conveying the PHICH configuration:
1. M is signaled on P-BCH but is made static. N is tied with the UL system bandwidth as proposed in [4]. This alternative is feasible if the UL bandwidth can be derived from P-BCH either directly (by explicit signaling of the UL bandwidth) or indirectly (if UL bandwidth is equal to DL bandwidth). In case of explicit signaling, some reduction in UL bandwidth signaling can be attained if the set of possible UL bandwidths for a given DL bandwidth is constrained. Hence, the UL bandwidth can be derived from the DL bandwidth and some additional (partial) information on P-BCH.
2. M and N are signaled on D-BCH. Both M and N are made (almost) static. 
Here, the term static is interpreted as “almost never change”. Hence, it only needs to be read by the UE upon network entry or handover. In the scarce/occasional event when the PHICH configuration needs to be modified, the eNB may notify the UEs via some signaling (e.g. paging) so that the UEs can read the P/D-BCH.
While both are feasible, the first approach is preferred if the UL bandwidth can be obtained from P-BCH with small amount of additional overhead in P-BCH. This seems to be possible if:
· The UL bandwidth is always the same as DL bandwidth

· The set of possible UL bandwidths is limited for a given DL bandwidth. For example, if there are only 2 possible UL bandwidth values for a given DL bandwidth, only 1 additional bit is needed to obtain the UL bandwidth. Hence, only 2 bits are needed to signal the PHCIH configuration on P-BCH.
It is also possible to signal M on P-BCH and N on D-BCH. However, knowing M alone does not fully resolve the PDCCH-PHICH mapping issue described in Section 2.2. Since M and N have the same level of configurability, signaling both M and N on SU-1 is more justified to minimize the overhead in P-BCH which is transmitted twice more often than SU-1.
2.2. PDCCH-PHICH Mapping
Since PDCCH mapping (determined by the control channel interleaving) is conditioned upon the PHICH configuration, the PHICH configuration needs to be known prior to PDCCH detection.
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Figure 1. The overall procedure for control channel decoding assuming the first approach in Section 2.1
With the first approach in Section 2.1, the static PHICH configuration is obtained without having to read D-BCH. In that case, the UE can start reading its PHICH after acquiring the resource assignment (e.g. from implicit mapping with CCE or RB assignment). Hence, the overall procedure of control channel decoding is as follows (see Figure 1):

· The UE infers the PHICH configuration from P-BCH (M and UL system bandwidth), which is done, e.g. during the initial synchronization or upon paging.
· The UE reads PCFICH to obtain n. 

· The PHICH configuration and n specify the control channel interleaver, which allows the UE to deinterleave the control channel and start detecting its PDCCH(s). 
· From the PDCCH (CCE or RB assignment), the UE infers the resource assignment for its PHICH and starts decoding the DL ACK/NAK. 
Here, PHICH can either be separated from or a part of the control channel interleaving process (i.e. both alternative 1 and 2 in [2] apply). For simplicity, it is preferred that PHICH is separated from the interleaving process. This is also in line with the working assumption. 
If the UL bandwidth cannot be inferred from P-BCH, the second approach in Section 2.1 applies. In order to read D-BCH, however, the UE may need to read the PDCCH for D-BCH resource assignment if D-BCH is dynamically scheduled. In this case, several alternatives exist:

a) Define a special PDCCH which carries D-BCH but is not a part of the main control channel interleaving. This breaks the dependency of the D-BCH resource allocation on the PHICH configuration at the expense of introducing at least one additional PDCCH structure.  
b) Incorporate PHICH into the control channel interleaving process (joint PHICH+PDCCH interleaving) as suggested in alternative 2 [2, 3] That is, the control channel interleaver is not conditioned upon PHICH configuration. This alternative, however, has the following problems:

i. Since M is unknown, per OFDM symbol control channel interleaving needs to be done. This is not in line with the working assumption of spreading each CCE across n OFDM symbols.  In addition, the interleaver diversity gain tends to be compromised for n>1. 
ii. Even if M is known (e.g. signaled in P-BCH instead of D-BCH), per OFDM symbol interleaving still needs to be done for n=2. 
iii. This also violates the working assumption of excluding PHICH in the control channel interleaving process [1]. 

c) Persistent transmission of D-BCH (see, e.g. [5]). This removes the need for a PDCCH format for D-BCH resource assignment. Hence, the UE can obtain the PHICH configuration without having to perform control channel deinterleaving. In this case, both alternative 1 and 2 in [2] apply. For simplicity, it is preferred that PHICH is separated from the interleaving process. This is also in line with the working assumption. 

Out of the three alternatives, alternative c) is preferred as long as persistent transmission of D-BCH does not result in significant D-BCH capacity penalty. With this solution, the overall procedure for control channel decoding is similar to that in Figure 1, except that the PHICH configuration (M and N) is obtained from D-BCH. This is also done, e.g. during the initial synchronization or upon paging.
3. Summary

The PDCCH-PHICH multiplexing issue was discussed. From a number of different alternatives outlined in [2], two viable alternatives which fulfill the DRX wakeup requirement were chosen. For both solutions, the PHICH configuration is assumed (almost) static and PHICH is not a part of the control channel interleaving, which are in line with the current working assumptions.
1) Alternative 1: The PHICH duration is signaled on the P-BCH and the number of PHICHs is inferred from the UL system bandwidth information. This is an attractive scheme if the knowledge of UL bandwidth can be obtained without significant P-BCH overhead. 
2) Alternative 2: Both the PHICH duration and the number of PHICHs are signaled on the D-BCH. The D-BCH is persistently scheduled and hence requires no PDCCH grant.
Both alternatives allow a simple control channel detection procedure as shown in Figure 1. Furthermore, the control channel (PDCCH) interleaver design is conditioned upon PHICH configuration and distributes each CCE across all the n OFDM symbols indicated by the PCFICH.
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