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1. Introduction
Three methods to implicitly associate the index of a PHICH to the uplink transmission have been proposed. These are 

1. Linking the PHICH index to the RBs used for uplink transmission [1],[4],[6] ,[7]
2.
Linking the PHICH index to the DM RS cyclic shift and assigned PHICH group [8]
3.
Linking the PHICH index to the control channel that carries the uplink grant [2],[3],[5] ,[9]
In this contribution we analyze the relative merits of these approaches and propose a technique to mitigate the issue of CCE blocking associated with linking the PHICH index to the control channel carring the uplink grant.

2. Discussion of the methods

All three of these methods have some disadvantages and have had various methods proposed to mitigate their disadvantages. The following discussion addresses these disadvantages and  the limitations of the proposed mitigations.  

2.1. Linking the PHICH index to the RBs used for uplink transmission

Linking the PHICH index to the RBs used for uplink transmission results in a larger number of PHICHs required and causes several problems when MU-MIMO is used. There have been some methods proposed to reduce the impact of these problems but these methods result in additional signaling and/or restrictions in scheduling. 
A possible method to reduce the overhead of the first method has been proposed in [1]. In this method, adjacent RBs grouped together are linked to the same PHICH. To differentiate between the PHICHs, an offset value, such as the DM RS cyclic shift, relative to the actual PHICH index is used. The offset value needs to be signaled in PDCCH resulting in an increased signaling overhead. Also, if the offset value is derived from the DM RS cyclic shift, this would put restrictions on the cyclic shift and sequence allocation [6]. Another method to reduce the overhead is to put restrictions on the scheduling such that data transmission can start only on some RBs [7]. As an example, the amount of PHICH resources can be reduced in half by allowing data transmission to start only at even RBs.
When MU-MIMO is used in the uplink, several UEs share the same RBs, so a mechanism to distinguish between the PHICH indexes is required. In this case, using the DM RS cyclic shift as an offset to the PHICH index linked to the first RB has been proposed. This method results in several scheduling restrictions on the number RBs allocated and how they are allocated. For example, the number of RBs cannot be smaller than the number of UEs and the allocated RBs need to be consecutive for a given UE. In addition to this, when UEs in MU-MIMO mode coexist in the same subframe with other UEs, cyclic shift values need to be signaled to all of the UEs to prevent any PHICH mapping collision. (As a simple example, let us assume the first 8 RBs are shared by 8 UEs and the first UE’s cyclic shift index is 1; so this UE uses PHICH index 9. If RB 9 is used by a UE which is not in MU-MIMO mode, this UE cannot link to PHICH index 9 because this would cause a collision. Therefore, we have to signal an offset to this UE as well.)
2.2. Linking the PHICH index to the DM RS cyclic shift and assigned PHICH group
In the second method, each UE is semi-statically assigned to a PHICH group where each group consists of 8 PHICHs. The index of the PHICH selected among the 8 PHICHs is given by the DM RS cyclic shift signaled to the UE. This method causes scheduling restrictions and latency which can only be solved by allocating a PHICH to every active UE in the cell [6]. This results in a large overhead. Also, the use of DM RS cyclic shift creates restrictions on sequence allocation [6].

2.3. Linking the PHICH index to the control channel that carries the uplink grant

In the third method, the PHICH index is linked to the control channel, for example the first CCE of the PDCCH that carries the uplink grant. This method is simple and transparent for MU-MIMO and does not require additional signaling. A problem, however, occurs due to the non-adaptive HARQ used for the uplink transmissions. Because PDCCH is not sent for retransmissions, additional PHICHs need to be allocated for retransmissions resulting in an increased overhead. The overhead can be reduced if the same PHICH index is used for the retransmissions as well. In this case, when the initial transmission of a UE is unsuccessful, some CCEs get blocked and cannot be used to send uplink grant to another UE only during the subframe(s) when the first UE would expect ACK/NACK information (therefore resulting in a scheduling restriction). The blocked CCEs, however, can be used to send downlink grants. 
In this contribution we prospose a method to mitigate the number of blocked CCEs.  We first provide the details of the PDCCH blockage problem in non-adaptive synchronous HARQ  (in 3.0) and then propose a method to improve the utilization of the available CCEs mitigating this problem by reducing the number of blocked PDCCHs (in 4.0).

2.4. Discussion of Overhead 

If we do not want to have any scheduling restrictions for both the CCE and RB based methods, the maximum number of required PHICHs can be expressed as 
number of PHICHs for the RB based method = (number of RBs) x (maximum number of UEs in MU-MIMO mode)

number of PHICHs for the CCE based method = (number of CCEs) x (maximum number of retransmissions)

With scheduling restrictions, on the other hand, the smallest number of required number of PHICHs become

number of PHICHs for the RB based method = (number of RBs) 

number of PHICHs for the CCE based method = (number of CCEs)

In general, the number of RBs is larger than the number of CCEs, and if we assume that the number of CCEs also increases linearly with the bandwith like the number of RBs, then the difference in overhead would also increase linearly with the bandwith.

With a smaller number of UEs, by reducing the size of the CCE monitoring, the number of required PHICH  resources can be reduced. The overhead of the RB based method, on the other hand, does not change with the number of UEs. A comparison between the overheads of the two methods has been given in [10] where it has been shown that the RB based method results in a larger overhead.
As we have summarized above, methods that aim to reduce the overheads result in scheduling restrictions for both of the methods and additional signaling for the RB based method. The restrictions for the RB based method seem to be more severe. Therefore, we have focused on using the CCE based method.
3. PDCCH Blockage Problem in Non-Adaptive Synchronous HARQ
We now address the issues concerning PDCCH blockage when using PHICH index linked to the CCE. In what follows, we assume that the monitoring set consists of 16 CCEs, and a PDCCH can consist of 1, 2, 4, or 8 CCEs. With these numbers, the 30 possible control channel candidates are illustrated in Figure 1. The uplink grant can be sent by using one of these PDCCHs. Because a PDCCH might consist of several CCEs, the PHICH index needs to be linked to one of the CCEs of the PDCCH; one possibility is to link the PHICH index to the first CCE. 
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Figure 1 An example set of PDCCH candidates 
The CCE blockage problem occurs when the HARQ is non-adaptive. If the initial transmission of a given UE is not successful, then the NodeB sends a NACK and the UE starts a retransmission. In non-adaptive HARQ, new uplink grant is not sent for the retransmissions, and the UE uses the initial control data to configure the transmission parameters. This implies that the UE does not know which PHICH will carry the acknowledgment information for the subsequent retransmissions. One solution is that the NodeB uses the same PHICH for the original transmission and all retransmissions. In this case the same PHICH is used until a new uplink grant arrives for a new transmission. If the HARQ is also synchronous, the information exchange between the NodeB and the UE regarding a transmission occurs with predetermined time intervals.

Using the same PHICH mapping for all retransmissions might result in a situation where some PDCCHs cannot be used by the NodeB to send uplink grants if the initial transmission from a UE fails. This situation can be explained by an example. Let us assume that the NodeB sends an uplink grant in PDCCH # 17 to UE 1. The UE, after detecting the control channel, starts uplink data transmission.  The first CCE of PDCCH # 17 is the CCE 1; therefore the NodeB sends the acknowledgement information to the UE on PHICH 1. Let us assume that this happens on the mth TTI. If the initial uplink transmission was not successful, UE 1 gets a NACK on PHICH 1 and starts a retransmission without waiting for new control data due to the non-adaptive HARQ. The synchronous HARQ implies that the ACK/NACK for the retransmission will be sent k TTIs later, i.e. the PHICH 1 has to be reserved for UE1 on the (m+k)th TTI. This means that the NodeB cannot use any PDCCH which would be linked to PHICH 1 on the (m+k)th TTI. For this example, PDCCHs whose first CCEs is CCE 1, i.e. PDCCHs 1, 17, 25, and 29 cannot be used to send uplink grant to another UE on the (m+k)th TTI, i.e., these control channels are blocked. As a summary, if the NodeB sends a NACK to a UE on a TTI, the PDCCHs that would result in the same PHICH mapping as for this UE cannot be used on that TTI by the NodeB to send uplink control data to any other UE.

This situation is illustrated in Figure 2 where we assume that PHICHs are linked to the first CCEs of the PDCCHs. In this figure, because PDCCHs 1, 17, 25, and 29 are mapped to the same PHICH, they all get blocked on the 4th TTI. 
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Figure 2 An illustration of an example for the blocked PDCCH problem

4. Reducing the number of blocked PDCCHs
As we have seen above, when the PHICH is linked to the first CCE of a given PDCCH, the PDCCHs that share the same CCE as their first CCEs cannot be used at certain TTIs, i.e. they get blocked. In this section, we describe a method that reduces the number of blocked PDCCHs and improves CCE utilization.

When mapping is achieved by linking the first CCE of the PDCCH to the PHICH, up to 4 PDCCHs can be mapped to the same PHICH. For example, PDCCHs 1, 17, 15, and 29; which share CCE1 as their first CCE, are all mapped to the same PHICH. In this case, if that PHICH needs to be reserved due to an unsuccessful initial transmission, then none of these PDCCHs can be used to send uplink grant at certain subframes. The problem here stems from the fact that the several PDCCHs are linked to the same PHICH.
A method that would ensure that a reserved PHICH would result in only one PDCCH being blocked is to have as many PHICHs as the number of PDCCHs and have a one-to-one mapping between them. In this case, if a PHICH needs to be reserved for a UE at a given TTI, only the PDCCH that is mapped to this PHICH cannot be used in that TTI. For the example given above, this method would require that there are 30 PHICHs available. 
When the number of available PHICHs is less than the number of PDCCHs, some PDCCHs have to be mapped to the same PHICHs. Here, we describe a method that ensures that at most two PDCCHs gets blocked at a given time (with one of the PDCCHs with a single CCE). The method is based on introducing an offset value so that the PDCCHs that have the same first CCE are linked to different PHICH indexes. In this method, we start by mapping the PDCCHs with 2 CCEs to the available PHICHs. Then, we map the PDCCHs with 4 CCEs and 8 CCEs to the PHICHs that do not have a mapping already. Finally, we map the PDCCHs with one CCE. When all of the PHICHs have a mapping and we still have unmapped PDCCHs, the remaining PDCCHs are mapped to some of the PHICHs.

The proposed mapping rule can be written as:
PHICH index = first CCE of the PDCCH + c, 

where c is a constant that depends on the size of the PDCCH and is given as below

c = 0 for PDCCHs with 1 CCE
c = 1 for PDCCHs with 2 CCEs

c = 2 for PDCCHs with 4 CCEs

c = 4 for PDCCHs with 8 CCEs
With this method, the mapping for PDCCHs with 2, 4, and 8 CCEs is given as in Table 1.

Table 1 An example for PDCCH specific mapping

	PDCCHs with 2 CCEs
	PHICH index
	PDCCHs with 4 CCEs
	PHICH index
	PDCCHs with 8 CCEs
	PHICH index

	
	
	
	
	
	

	17
	2
	25
	3
	29
	5

	18
	4
	26
	7
	30
	13

	19
	6
	27
	11
	
	

	20
	8
	28
	15
	
	

	21
	10
	
	
	
	

	22
	12
	
	
	
	

	23
	14
	
	
	
	

	24
	16
	
	
	
	

	
	
	
	
	
	


From the table, we can see that all PDCCHs with 2 or more CCEs are mapped to different PHICH indexes. The PDCCHs with 1 CCE will be mapped to PHICH indexes from 1 to 16. In this case, 14 of the PHICHs are mapped to 2 PDCCHs where one of the PDCCHs consist of a single CCE and the other PDCCH consists of more than one CCE. We see that one PHICH is linked to at most 2 PDCCHs.

The above mapping rule can be generalized as follows

PHICH index = (first CCE of the PDCCH + c + x) (mod # of PHICHs)

where x is an arbitrary constant and taking the mod with respect to the number of PHICHs ensures that the PHICH index is not out of range. When we look at the mapping table, we can see that, any random mapping between the PDCCHs and the PHICHs van be used. The important point to keep in mind is that we need to try to link a PHICH to one PDCCH if possible. Having a randomly selected mapping means that we would need to store the mapping table at the UE; this would consume memory and increase the hardware complexity. With a mapping rule given as above, the complexity is reduced.

4.1. UE-Specific Control Channel Mapping by the Shift Method

Until now, we have assumed that the mapping between the PHICHs and the PDCCHs is the same for all UEs. In this case, if one or more PDCCHs get blocked due to an unsuccessful transmission from a UE, then these PDCCHs cannot be used by the NodeB to send uplink control data to any other UE. 

If each UE experiences a different set of blocked PDCCHs, then the NodeB can have more freedom in control channel allocation. In this section, we propose an alternative method to map the PHICH index to the control channel that achieves this. In the proposed method, each UE computes its PHICH index for a given PDCCH as follows:

PHICH index for UEi= (Reference PHICH index + bi) (mod # of PHICHs)

where bi is a UE-specific parameter for the ith UE. The reference PHICH index is the original PHICH mapped to a given PDCCH as explained in the previous section. As an example, in Table 2, mappings for 5 UEs are shown. We assume that there are 5 PDCCHs (denoted with PDCCHs a, b, ..e) and they are mapped to 5 PHICHs; the first two columns illustrate this reference mapping.  Note that, with this method, for each UE, the mapping becomes a circular shift of the reference mapping. As an example, b1 = 0 does not change the reference mapping, and b2 = 1 results in a circular shift of the reference mapping by one. Therefore, we also call bi as the shift parameter.

We can see that due to the UE specific shift parameter, contrary to the original mapping, the mapping is now different for each UE. Although this method does not prevent the blocking problem from occurring, it reduces its effects significantly. In this case, a failed transmission of a UE results in different control channels of the other UEs getting blocked. This gives the NodeB more freedom to efficiently utilize the available CCEs. Here we have assumed that the number of PHICHs is equal to the number of CCEs. If we can afford to have more PHICHs than the CCEs, the probability of having the CCE blockage problem can further be reduced as shown in [2]. 
Table 2 CCE to PHICH  index mapping by the shift method
	PDCCH
	UE 1 (Shift 0)
Reference mapping
	UE 2 (Shift 1)
	UE 3 (Shift 2)
	UE 4 (Shift 3)
	UE 5 (Shift 4)

	PDCCH a
	PHICH 1
	PHICH 2
	PHICH 3
	PHICH 4
	PHICH 5

	PDCCH b
	PHICH 2
	PHICH 3
	PHICH 4
	PHICH 5
	PHICH 1

	PDCCH c
	PHICH 3
	PHICH 4
	PHICH 5
	PHICH 1
	PHICH 2

	PDCCH d
	PHICH 4
	PHICH 5
	PHICH 1
	PHICH 2
	PHICH 3

	PDCCH e
	PHICH 5
	PHICH 1
	PHICH 2
	PHICH 3
	PHICH 4


In this method, it would be useful to have a different shift parameter for every UE; but this is not necessary. It is possible that some UEs might have the same parameter; in this case these UEs would have the same mapping between the PDCCHs and the PHICHs.

The shift parameter is UE specific and two different methods might be used to inform a UE of this parameter. This parameter can be sent to the UE via L2/3 or L1 signaling. This would increase the signaling overhead. The shift parameter can also implicitly be derived from another UE specific value. As an example, each UE will need to report channel quality information (CQI) on the physical uplink control channel (PUCCH). The control information will be transmitted in a specific subframe and slot/frequency resource after it is masked with an orthogonal sequence which can be found by applying a cyclic shift to a root sequence. The combination of slot/frequency resource, subframe, and cyclic shift of the sequence needs to be different for every UE. The UE specific shift parameter can be a function of these three resources. For example, all possible combinations of these three parameters can be written as an ordered list and the UE can use the index of the appropriate combination from the list as the shift parameter.
5. Conclusions
In this contribution, we first have analyzed several methods proposed to implicitly link the PHICH index to the uplink transmissions. We have explained the advantages of CCE based mapping over the RB based mapping in terms of lower overhead, less severe scheduling restrictions and no requirement for additional signaling. We then introduced a technique to mitigate the impact of CCE blockage problem. The proposed technique improves the CCE utilization and reduces the impact of the CCE blockage problem resulting in less severe scheduling restrictions.
Using the proposed technique to mitigate PDCCH blockage, we believe that CCE based PHICH linking method should be adopted due to its advantages (lower overhead, less severe scheduling restrictions and no requirement for additional signaling) over the RB based method.
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