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1. Introduction and background
The present contribution considers timing and association of PHICH and UE transmissions for the UL HARQ processes in TDD operation. In [1] it was agreed that following a UL scheduling grant on PDCCH or ACK/NACK on PHICH in DL subframe n, the UE shall respond in an UL subframe n+k with k>3. Similarly, following a UL transmission in subframe n the eNodeB shall respond (on PHICH or PDCCH) in DL subframe n+k with k>3. The number of UL HARQ processes for the different UL/DL configurations are shown in Table 1
	
	UL/DL configuration 
	subframes in UL/DL
	number of UL HARQ processes

	5ms periodicity
	0
	1DL+DwPTS: 3UL
	7

	
	1
	2DL+DwPTS : 2UL
	4

	
	2
	3DL+DwPTS : 1UL
	2

	10ms periodicity
	3
	6DL+DwPTS : 3UL
	3

	
	4
	7DL+DwPTS : 2UL
	2

	
	5
	8DL+DwPTS : 1UL
	1

	
	6
	3DL+2DwPTS : 5UL
	6


Table 1: Number of UL HARQ processes for different UL/DL allocations, from [1].
We recall that the reason that the required number of UL HARQ processes exceeds the number of UL (data) subframes per frame for allocations 0 and 6, is that subframe n+4, which is the first possible subframe in which the UE may transmit in response to a PDCCH scheduling grant or PHICH in subframe n, may not be an UL subframe. Likewise, if the UE transmits in subframe n then subframe n+4, which is the first possible subframe in which the eNodeB can send a PHICH or new scheduling grant to the UE, may not be a DL subframe. This causes delays both ways in the communication, effectively increasing the number of UL HARQ processes required to avoid “HARQ starvation”.
2. Timing of PHICH and UE transmissions

To address the question of which UL HARQ process that will receive a PHICH in a DL subframe (including DwPTS), and which UL HARQ process that will transmit in an UL subframe, we propose the following rules.

1. For a given DL subframe in which PHICH information is sent, let V be the set of UL HARQ processes that may receive a transmission on PHICH in this subframe. Thus V consists of those UL HARQ processes from which the eNodeB has received a transmission at least 4 subframes earlier, but not yet responded to on PHICH. In this DL subframe, send an ACK/NAK on PHICH to that process in V whose UE transmission lies furthest in the past.

2. For a given UL subframe, let W be the set of UL HARQ processes that may transmit on PUSCH in this subframe. Thus W consists of those UL HARQ processes that have received a response on PHICH at least 4 subframes earlier, but not transmitted since. In this UL subframe, let the process in W transmit whose PHICH response lies furthest in the past. 
For TDD allocations 1—5, with more DL subframes than UL subframes, PHICH information need not be sent in all DL subframes. In order to specify in which DL subframes PHICH is sent (i.e. addressing the first sentence of Rule 1), we propose the following principle. In indeed applies to all allocations.

3. Distribute the PHICH transmissions among the DL subframes in such a way that

(i) The PHICH is sent as late as possible without validating the n+4 timing, before the UL subframe in which it will initiate a transmission.
(ii) In any DL subframe, PHICH response to at most one UL subframe is sent.

The principle 3(i) implies that a UL HARQ process will receive a PHICH as late as possible before it is to transmit again, given the timing constraint and also the constraint 3(ii). It means that for some configurations an UL HARQ process will receive PHICH response later than the first possible DL subframe after n+3. The reason for Rule 3(i) is that it aligns, to the furthest possible extent, the timing of PHICH with the timing of scheduling grants sent on PDCCH. 

For allocation 0, with 2 DL subframes (one regular, and DwPTS) and 3 UL subframes per 5 ms, it is obvious that 3 HARQ process must receive information on PHICH per 2 DL subframes, so that some DL subframes must contain PHICH information to more than one HARQ process.  Thus neither of Rule 2 and Rule 3(ii) will work for allocation 0. 

In the case of allocation 0 it turns out that for each two consecutive DL subframes there are 3 HARQ processes that can receive information on PHICH; of these the process having waited the longest must receive its PHICH in the first DL subframe (because it is to transmit in the last of the following 3 UL subframes), the process having waited the shortest much receive its PHICH in the second DL subframe (in order not to violate the basic PHICH timing constraint), while the process in “the middle of the PHICH queue” can receive its PHICH in either DL subframe without any further effect on the timing or number of the UL HARQ processes. We propose allocate PHICH resources for this HARQ process in the first of the two DL subframes, see Sections 3 and 4 below.
The resulting delays from PHICH transmission to UL transmission and vice versa are summarized in Table 3.

	
	Subframe number

	Allocation
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	4,7
	7
	4
	7
	6
	4,7
	7
	4
	7
	6

	1
	
	6
	4
	6
	4
	
	6
	4
	6
	4

	2
	
	
	6
	4
	
	
	
	6
	4
	

	

3
	4
	
	6
	6
	6
	
	
	
	4
	4

	4
	
	
	6
	6
	
	
	
	
	4
	4

	5
	
	
	6
	
	
	
	
	
	4
	

	6
	7
	7
	4
	6
	6
	7
	7
	4
	7
	5


Table 3: Delays for PHICH and transmission delays for UL HARQ for different TDD allocations. A number not in italics indicates that the subframe is an UL subframe, and the number itself is the delay (in subframes) until the transmitting UL HARQ process receives a response on PHICH in a DL subframe. A number in italics indicates that the subframe is a DL subframe in which a PHICH is sent, and the number itself is the delay (in subframes) until the corresponding UL HARQ process can transmit again in an UL subframe. Empty entries correspond to DL subframes in which no PHICH information is sent. 
3. PHICH resources and overhead
In LTE there are two bits reserved in the eNodeB system information to configure the number of PHICH groups per DL subframe. Currently there is no final agreement on the exact use of these bits, however the maximum number of PHICH groups per subframe will be the system badwidth, measured in units of PRBs, divided by 4 [2].
For TDD it follows from Table 3 that for all allocations except allocation 0, it is enough to send information on PHICH to at most one UL HARQ process, in a given UE, in any given DL subframe. This is exactly as for FDD, where (at most) one UL HARQ process receives PHICH information in any DL subframe. For this reason we propose the following.
4. 
For all TDD allocations except 0, the two bits configuring the number of PHICH groups are interpreted in the same way as for FDD.

The eNodeB can configure to distribute the PHICH groups over the first symbol of a DL subframe only, or over the first three symbols (first two symbols for DwPTS and MBSFN subframes) [3, Section 6.9.3].
Table 3 shows that for allocations 1-5 there are DL subframes in which no PHICH information needs to be sent at all. Leaving the REs potentially configured for PHICH empty in these subframes would lead to a loss of up B/4*12 = 3B REs per such DL subframe, where B is the system bandwidth in RBs (up to B/4 PHICH groups of 12 REs each), corresponding to a fraction 3B/(14*12B) = 1/56 ≈ 1.8% of the total number of REs in this subframe, and somewhat more if counting the fraction of REs available for data. The loss over a whole frame will be smaller since some DL subframes must carry PHICH; up to about 8/9*1.8% = 1.6% for allocation 5. This number could be adjusted upwards if not counting control REs, but then also downwards since DwPTS is not a full DL subframe. Still, we propose the following.

5.
For TDD mode of operation, in DL subframes when PHICH is never transmitted, no REs are allocated for PHICH.

The effect on the UE side will be that attempts to decode (blindly) PDCCH will be made at different positions when there are no REs for PHICH in a DL subframe.
It remains to discuss TDD allocation 0, for which 3 UL subframes need PHICH response within 2 DL subframes. Obviously, then more PHICH resources are needed in each subframe compared to other TDD allocations, and to FDD. The regular DL subframes have up to 3 OFDM symbols for control information, whereas DwPTS only has 2. This suggests a division in proportions 3:2 (60% vs. 40%) of the PHICH resources in the regular subframes vs. DwPTS. On the other hand, DwPTS is shorter than a regular DL subframe and can hence contain less data. This suggests that less space for PDCCH is required in DwPTS, so that one should lean towards a 50/50 split of the PHICH resources between the regular subframes and DwPTS. Since one UL subframe per 5 ms allows PHICH response in either a regular subframe or DwPTS, as noted above, this is not difficult to accomplish. For instance, half of the PRBs of that UL subframe could receive PHICH response in the regular DL subframe, and the other half in DwPTS. This could possibly also be beneficial from a load sharing perspective when the system is configured to use a small amount of PHICH resources.
Nevertheless, to achieve a very simple solution, we propose the following.
6. 
For TDD allocation 0, the two bits that configure the number of PHICH groups are interpreted such that for each regular DL subframe the number of PHICH groups is twice the corresponding number for any other TDD allocation (or FDD), while for DwPTS the number of PHICH groups is the same as for FDD.
4. Resource block to PHICH resource association

For FDD, the mechanism for associating to each UL transmission a particular PHICH group and PHICH index within that group, was agreed in [2]. The principle is as follows.
· Indexgroup = (Index1st PRB + IndexDMRS) mod Ngroup,
· Indexlocal = ((Index1st PRB / Ngroup( + IndexDMRS ) mod 2NSF,
where Index1st PRB is the (frequency) index of the first pair of resource blocks in which the UE transmission was made, Ngroup is the number of PHICH groups, NSF is the spreading factor used for PHICH modulation (4 and 2 for standard cyclic and extended cyclic prefix respectively), Indexgroup is the index of the PHICH group and Indexlocal is the index within the PHICH group. Moreover, IndexDMRS is set to 0 if DMRS CS index is not configured. The DMRS CS index can be used to shift the PHICH position e.g. in case of multiple UE transmissions on the same PRB (MU-MIMO), which would then have different DMRS CS indices.
As discussed above, for TDD allocations 1-6 the required PHICH resources are never larger than what is required for FDD. Thus we propose the following.

7. 
For TDD allocations 1-6, the principle in [2] is used to associate a particular PHICH resource to a given UL transmission which is to receive a PHICH response in the current DL subframe.
For TDD allocation 0, the principle of [2] does not work without modifications. The problem of associating PHICH resources to UL transmissions was discussed in [4], involving also the concept of multi-TTI grants. We see no reason to explicitly account for multi-TTI grants, because transmissions in different UL subframes will carry different transport blocks and need separate PHICH responses. Once the two, say, PHICH responses have been received, the UE can send more data in later UL subframes (assuming no new overriding scheduling grants are received).  We thus suggest the following.

8.
The PHICH resource or DL subframe in which the eNodeB is to response to an UL transmission, does not depend on how the UL transmission was granted.
For TDD allocation 0 we propose the following way of associating PRBs to PHICH resources. Recall that for this allocation, 3 UL subframes need PHICH response in 2 DL subframes; the first UL subframe in the first DL subframe and the last UL subframe in the second DL subframe. We also propose (in line with Rule 5 above; cf. also Section 1) that for the middle UL subframe, all of the PRBs are associated to PHICH resources in the first DL subframe. More specifically, we propose the following. 

9.
In TDD allocation 0, consider two consecutive of DL subframes (regular + DwPTS) and the 3 UL subframes, UL 1—3, which shall receive information on PHICH in these two DL subframes. Let B be the bandwidth of the system, in number or PRBs. All PRBs of UL 1—2 are associated to PHICH resources in the first DL subframe, while all PRBs of UL 3 are associated to PHICH resources in the second DL subframe.

The exact association of PRBs to PHICH resources is done according to the principle of [2], using, for the purpose of PHICH association, the numbering 0,1,…,B-1 of the PRBs of UL 1, the numbering B,B+1,…,2B-1 of the PRBs of UL 2, and the numbering 0,1,…,B-1 of the PRBs of UL 3.
5. Conclusion
In the present contribution we have discussed the timing of PHICH and UL transmissions, as well as configuration of PHICH groups and association of UL PRBs to PHICH resources, for all TDD allocations. We propose the following.

· The timing of PHICH transmissions is taken as in Table 3, which follows from application of Rules 1—3.

· PHICH resources are not reserved in a DL subframe when no PHICH information needs to be sent (Rule 5).

· For TDD configurations 1—6, the two bits sent on PBCH that configure the number of PHICH groups are interpreted as in FDD (Rule 4).

· For TDD configuration 0, the two bits sent on PBCH are interpreted as twice as many PHICH groups than implied by the interpretation for FDD in the regular DL subframes, and the same number of PHICH groups in DwPTS (Rule 6).

· For TDD allocations 1—6, the agreed principle in [2] for assigning PRB index to PHICH indices is applied (Rule 7).

· The PHICH resource or DL subframe in which the eNodeB is to response to an UL transmission, does not depend on how the UL transmission was granted (e.g. single- or multi-TTI grant; Rule 8).

· For allocation 0, for any consecutive pair of DL subframes (regular + DwPTS), of the 3 UL subframes that are to receive response on PHICH in these DL subframes, PHICH resources for the middle UL subframe are sent in the first DL subframe and associated as described in Rule 9.

Appendix: Proposed changes to 36.213

The following changes to 3PGG TS 36.213 V8.2.0 (2008-03) are proposed. In the change for Section 8 we address the timing of PHICH, but not that of UL scheduling grants; the latter will have to be aligned with possible multi-TTI grants.
--- start ----

8
Physical uplink shared channel related procedures

For FDD, there shall be 8 HARQ processes in the uplink.  For FDD, the UE shall upon detection of a PDCCH with DCI format 0 and/or a PHICH transmission in subframe n intended for the UE, adjust the corresponding PUSCH transmission in subframe n+4 according to the PDCCH and PHICH information.

For TDD, the number of HARQ processes shall be determined by the DL/UL configuration as given in Table 8.0-1

Table 8.0-1 Number of UL HARQ processes for TDD for different UL-DL configurations

	Configuration 
	Number of UL HARQ processes

	0
	7

	1
	4

	2
	2

	3
	3

	4
	2

	5
	1

	6
	6


 For TDD, the UE shall upon detection of a PDCCH with DCI format 0 and/or a PHICH transmission in subframe n intended for the UE, adjust the corresponding PUSCH transmission in subframes n+k, with k>3  given in Table 8.0-2 according to the PDCCH and PHICH information.
Table 8.0-2 PHICH delays k  for TDD
	Configuration
	DL subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	4,7
	7
	
	
	
	4,7
	7
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	6
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	6
	
	
	4

	2
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	4
	

	3
	4
	
	
	
	
	
	
	
	4
	4

	4
	
	
	
	
	
	
	
	
	4
	4

	5
	
	
	
	
	
	
	
	
	4
	

	6
	7
	7
	
	
	
	7
	7
	
	
	5


--- end ---

--- start  ---
9.1.2  
PHICH Assignment Procedure
For FDD mode of operation, for scheduled PUSCH transmissions, a UE shall implicitly determine the corresponding PHICH resource in subframe n from the lowest index PRB of the uplink resource allocation and the 3-bit uplink demodulation reference symbol (DMRS) cyclic shift both indicated in the PDCCH with DCI format 0 received on subframe n-4.  The PHICH resource is identified by the index pair
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where 

· 
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is the cyclic shift of the DMRS used in the UL transmission for which the PHICH is related. 

· 
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is the spreading factor size used for PHICH modulation as described in section 6.9.1 in [3].
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 is the number of PHICH groups configured 
In TDD mode of operation, for scheduled PUSCH transmissions, a UE shall implicitly determine the corresponding PHICH resource in subframe n from the lowest index PRB of the uplink resource allocation in subframe n-k, where k is given in the Table 9.1.2-1, and the 3-bit uplink demodulation reference symbol (DMRS) cyclic shift indicated in the PDCCH with DCI format 0 received on subframe n-l, 

Table 9.1.2-1: PHICH advance k for TDD
	Configuration
	UL subframe index n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
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 For allocations 1—6 the indices 
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 are computed as for FDD. For allocation 0 the same formulae are used after replacing 
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 for subframe indices 2 and 7.
--- end ---
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