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1. Introduction

In Sorrento RAN1#52, PHICH assignment for FDD based on the lowest PRB index of the UL allocation and the DMRS cyclic shift was agreed [1]. Also, progress was made for TDD, with decision on the number of HARQ processes for the different UL/DL allocations [2]. In this contribution, based on the agreed number of UL HARQ processes, we discuss the location and number of DL sub-frames provisioned with PHICH and UL scheduling grant resources for single subframe as well as for multi-subframe allocations for the different UL/DL configurations. The amount of PHICH resources that need to be provisioned as well as the eNode-B and UE processing time for PHICH and UL scheduling grants, keNodeB and kUE, for the different TDD configurations is presented (More precisely, from a UE perspective, keNodeB  is the PUSCH transmission to PHICH/PDCCH reception duration and kUE is the PDCCH/PHICH reception to corresponding PUSCH transmission duration).
2. DL subframes provisioned with PHICH and UL scheduling grant resources

The number and location of TDD DL subframes provisioned with PHICH resources (and UL scheduling grant) depend on the UL/DL allocation as well as the number of HARQ processes and assumptions on eNodeB/UE processing times.  Appendix A shows the UL synchronous HARQ timing diagrams for the different UL/DL configurations based on the agreed number of HARQ processes and eNodeB/UE processing times. 
It can be seen from Appendix A that for some UL/DL allocations have more than one candidate DL subframe for PHICH (and UL scheduling grant) transmission without impacting the HARQ timing budget. The principles used for selecting one of the candidate DL subframe (when available) for PHICH transmission and UL scheduling grant are:

· Avoid supporting PHICH and/or UL scheduling grants for multiple UL subframes in the same DL subframe

· Minimize use of DwPTS for PHICH and/or UL scheduling grants transmission (PDCCH in DwPTS (subframes 1 and 6) can only span 1 or 2 OFDM symbols)
· For the same process number, the PHICH and UL scheduling grant is sent in the same DL subframe to maximize commonality with FDD

· The DL subframe assigned for PHICH and UL scheduling grant minimizes the UE processing time (while meeting the HARQ constraints and kUE>3, with bundling where possible) to enable timely scheduling of UL channel dependent scheduled UEs (i.e., maximizes the time available for processing the recent sounding RS, if available).
Table 1 tabulates the DL subframes that are only provisioned with PHICH and UL scheduling grant for the different UL/DL configurations with allocation granularity of a single UL subframe. The other DL subframes are not provisioned for PHICH (and UL scheduling grant).
Table 1 – TDD DL Subframes with PHICH and UL Scheduling Grant Resource

	Configuration
	Switch-point periodicity
	Number of HARQ process
	Avg. HARQ RTT (ms)
	DL Subframes with PHICH Resource (and UL Scheduling Grants)

	0

(1DL+DwPTS:3UL)
	5 ms
	7
	11.67
	0, 1, 5, 6
Note: PHICH for two UL subframes, n=3,4 (8,9) supported on DL subframe n=0 (5)

	1 (2DL+DwPTS:2UL)
	5 ms
	4
	10
	1, 4, 6, 9

	2 (3DL+DwPTS:1UL)
	5 ms
	2
	10
	3, 8

	3 (6DL+DwPTS:3UL)
	10 ms
	3
	10
	6, 7, 8

	4 (7DL+DwPTS:2UL)
	10 ms
	2
	10
	7,8

	5 (8DL+DwPTS:1UL)
	10 ms
	1
	10
	8

	6 (3DL+2DwPTS:5UL)
	10 ms
	6
	12
	0, 1, 5, 6, 9


For a scheduled PUSCH transmission in subframe n, the UE determines (implicitly) its PHICH resource in subframe n+keNodeB , thus allowing for at most keNodeB ms eNodeB processing time, where keNodeB>3 [2]. Also, for a UL scheduling grant received on the PDCCH in DL subframe n-kUE , the UE schedules its PUSCH transmission in subframe n.  For the different UL/DL configurations, the values of keNodeB and kUE are shown in Table 2.
Table 2 – PHICH Resource on DL subframe n+keNodeB and UL scheduling grant on DL subframe     n-kUE corresponding to PUSCH transmission in subframe n (first or last subframe for multi-subframe/bundling allocation)
	Configuration
	Switch-point periodicity
	Subframe number, n
	keNodeB for PUSCH on UL subframe, n
	kUE for PUSCH on UL subframe, n

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	

	0

(1DL+DwPTS:3UL)
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U
	4 for n =2,7

7 for n =3,8
6 for n =4,9
	7 for n=2,7
7 for n=3,8
4 for n=4,9

	1 (2DL+DwPTS:2UL)
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D
	4 for n =2,7

6 for n =3,8
	6 for n=2,7
4 for n=3,8

	2 (3DL+DwPTS:1UL)
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D
	6 for all UL
	4 for all UL

	3 (6DL+DwPTS:3UL)
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D
	4 for all UL
	6 for all UL

	4 (7DL+DwPTS:2UL)
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D
	5 for all UL
	5 for all UL

	5 (8DL+DwPTS:1UL)
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D
	6 for all UL
	4 for all UL

	6 (3DL+2DwPTS:5UL)
	10 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D
	4 for n =2,7

6 for n =3,4

7 for n =8
	7 for n=2,7
7 for n=3,8
5 for n=4


Note that unlike FDD where the value of keNodeB = kUE = 4 and is invariant to the uplink subframe number, configurations 0, 1, 6 require mutliple of keNodeB and kUE values that are dependent on the UL subframe index. 
Notes on keNodeB and kUE selected from more than one candidate value for TDD configurations 2, 3, 4, 5: 
· TDD Configuration 2, 5: keNodeB = 6, kUE = 4 avoids the use of DwPTS for PHICH/UL Grant transmission and/or enables timely scheduling of UL channel dependent scheduled UEs (i.e., maximizes the time available for processing recent sounding RS, if available – minimize UE processing time while meeting timing constraints) 

· TDD Configuration 3: keNodeB = 4, kUE = 6 supports bundling (of size 2/3) while meeting the timing constraints for ACK/NACK transmission after decoding all UL subframes in a bundle with no extra HARQ RTT delay - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+1*HARQ RTT
· TDD Configuration 4: keNodeB = 5, kUE = 5 supports bundling (of size 2) while meeting the timing constraints for ACK/NACK transmission after decoding all UL subframes in a bundle with no extra HARQ RTT delay - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+1*HARQ RTT. Also, it enables timely scheduling of UL channel dependent scheduled UEs by minimizing the UE processing time while meeting HARQ timing constraints (kUE = 5 instead of kUE = 6).
It can also be seen from Table 1 and Table 2 that with UL allocation granularity of a single subframe, all configurations except configuration 0 require provisioning of PHICH and UL scheduling grants for one UL subframe on one DL subframe. Thus, the PHICH resource dimensioning (number of PHICH/PHICH groups) for all configurations except configuration 0 is the same as that for FDD. Further, as only UL scheduling grants corresponding to one UL subframe needs to indicated on one DL subframe PDCCH while meeting the HARQ timing requirements, no additional TDD specific signaling of ‘UL Index’ is required for configurations 1-6.   

2.1. PHICH/UL Grant Load Issue for TDD Configuration 0: 1DL+DwPTS:3UL
Only configuration 0 1DL+DwPTS:3UL TDD requires provisioning of PHICH and UL scheduling grants for two UL subframes on one DL subframe (n=0, 5). This leads to increased PHICH and UL scheduling grant load on PDCCH resulting in approximately double the amount of PHICH and UL scheduling grant resources needed for UL same scheduling flexibility as for other configurations or FDD at the expense of DL scheduling flexibility. Further, a 1 (or 2)-bit UL Index field is required on the PDCCH (DCI Format 0) to indicate either (or both) UL subframes i.e., UL subframe index n=4,7 (9,2) on DL subframe n=0 (5). 
One option to reduce the PHICH load on DL subframe (n=0, 5) to make it same as for FDD and other TDD configurations and remove the need for the UL Index field is to restrict the scheduler allocation to even/odd assignable lowest PRB index based on even/odd UL subframe index (n) of initial transmission (for both adaptive/non-adaptive HARQ). With this scheduler restriction, the PHICH load on the DL DwPTS (n=1, 6) is also reduced (to approximately half of FDD case) which may be beneficial as the PDCCH in DwPTS can only span 1 or 2 OFDM symbols. Also, the UL subframe assigned (UL subframe index n=4,7 (9,2) on DL subframe n=0 (5)) is implicit from the lowest PRB index thereby eliminating the need for the UL Index field for configuration 0. Bundling (or multi-subframe allocation) with a single UL scheduling grant can easily be supported with this scheduler restriction (to even/odd assignable lowest PRB index based on even/odd first/last UL subframe index) without affecting the PHICH dimensioning.
Another option for reducing the PHICH load would be to consider bundling (or multi-subframe allocation) with a single UL scheduling grant and a single associated PHICH. However, with current agreement on 7 HARQ processes and 3 UL subframes every 5ms (for configuration 0), it can be seen from the HARQ timing diagram in Appendix A that a single bundle allocation (same HARQ process for 2 or 3 UL subframes) does not always reduce the PHICH load on DL subframe n=0,5. This is due to PHICH corresponding to different HARQ processes occur on DL subframe n=0,5 in different radio frames. Additional scheduler restriction are needed, e.g., always scheduling more than one bundle (or multi-subframe) allocation every HARQ RTT with certain restriction on bundle position to guarantee PHICH load reduction on DL subframes n=0,5.  Note, that although the UL subframes in a bundle may be consecutive in the initial transmission, as the number of HARQ processes (7) is not an integer multiple of the number of consecutive UL subframes (3) in the TDD configuration, the subframes in the bundles for the retransmissions may not necessarily be “physically” consecutive (due to synchronous HARQ). However, with some modifications to the UL HARQ timing as outlined in Appendix B, the subframes in a bundle can be always consecutive (for initial transmission and also retransmissions) while also reducing the PHICH load (to make it same as for other TDD configurations and FDD) and the need for UL Index signaling.
In Summary

Thus, 

· For the same process number, PHICH and UL scheduling grant is sent in the same DL subframe thereby maximizing commonality with FDD
· eNode-B and UE processing time, keNodeB and kUE, is invariant to the uplink subframe number (as FDD) for configurations 2, 3, 4, 5

· keNodeB and kUE is dependent on the uplink subframe number for configurations 0, 1, 6 with agreed HARQ timing in [2]
· For configurations 1-6: 

· Flexibility of single UL subframe scheduling granularity
· One DL subframe supports PHICH and UL Grant signaling for only 1 UL subframe or bundle
· PHICH resource provisioning (for DL subframes with PHICH) is same as in FDD 
· No additional TDD specific signaling of ‘UL Index’ on PDCCH DCI Format 0 is required 

· For configuration 0:
· keNodeB and kUE is dependent on the uplink subframe number
· With no scheduling restrictions,  provisioning of PHICH and UL Grant signaling for 2 UL subframes on DL subframes, n=0, 5
· PHICH dimensioning on DL subframes, n=0, 5 is (approximately) twice that required for FDD and other configurations 

· PHICH resource provisioning on DL DwPTS subframes (n=1, 6) is same as for FDD and other TDD configurations (dimensioning for one UL subframe)

· A 1 (or 2)-bit ‘UL index’ field is required on the PDCCH (DCI Format 0) to indicate either (or both) UL subframes i.e., UL subframe index n=4,7 (9,2) on DL subframe n=0 (5).
· With scheduler restriction of even/odd assignable lowest PRB index based on even/odd UL subframe index (n) of initial transmission

· PHICH resource provisioning on DL subframes, n=0, 5 is same as in FDD and TDD configurations 1-6

· PHICH resource provisioning on DL DwPTS subframes (n=1, 6) is (approximately) half as for FDD and other TDD configurations (dimensioning for one UL subframe with odd/even lowest PRB index for n=1/6)

· No additional TDD specific signaling of ‘UL Index’ on PDCCH DCI Format 0 is required

· UL subframe assigned (UL subframe index n=4,7 (9,2) on DL subframe n=0 (5)) is implicit from even/odd lowest PRB index

2.2. PHICH Resource Assignment for TDD Configuration 0: 1DL+DwPTS:3UL
As mentioned above, with no scheduling restrictions (single UL subframe scheduling granularity and no restriction on PRB index), PHICH provisioning for 2 UL subframes on each of the DL subframes, n=0, 5 is required. PHICH associated with UL subframe n=3,4 (8,9) are scheduled on DL subframe n=0 (5).
In order to support implicit pointing of the PHICH resource using the lowest PRB index and 3-bit DM RS cyclic shift, the number of PHICH groups supported on DL subframe n=0, 5 need to be doubled compared to that needed for DL DwPTS subframes n=1 (the 2-bit PHICH resource indicator on the PBCH can indicate the resources provisioned for the DL DwPTS subframes n=1, 6 with the same requirements/procedure as FDD and other TDD configurations). The first half of the PHICH groups are associated with the even UL subframe index (n=4/8) used for PUSCH transmission and the second half of the PHICH groups are associated with the odd UL subframe index (n=3/9).

The assignment equations in Section 9.1.2 in 36.213 can be modified as follows:
For scheduled PUSCH transmission on even UL subframe index with associated PHICH on DL subframe n=0, 5:
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For scheduled PUSCH transmission on odd UL subframe index with associated PHICH on DL subframe n=0, 5:
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where

· 
[image: image3.wmf]group
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 is the number of PHICH groups configured based on the 2-bit PBCH value (corresponding to number PHICH groups for DL subframe n=1,6)
PHICH resource provisioning via PBCH is discussed in [6]. 
Another option (to avoid doubling of the PHICH resources required) is to explicitly assign PHICH resources to a UE basis via higher layer signaling at the expense of the increased signaling.
2.3. Impact of Bundling on TDD Configurations

Bundling is proposed in [4] to improve the LTE uplink coverage without the overhead associated with L2 segmentation and the issues with ACK/NAK errors pointed out by RAN2. Three bundling alternatives are discussed in [4].
As can be seen from the discussion above, PHICH provisioning is achievable for each UL subframe for the different TDD configurations. Thus, bundling (or multi-subframe allocation) with a single UL scheduling grant and associated PHICH can be easily be supported for the different TDD configurations. However, due to TDD nature of the transmission, for some bundle positions, the UL subframes in a bundle may not consecutive (for example TDD configuration 2 - 3DL+DwPTS:1UL and configuration 5 -  8DL+DwPTS:1UL).
With multi-subframe allocation with a single associated PHICH, ACK/NAKs from the two UL subframes are combined (“bundled” by performing AND of the two A/N) to a single ACK/NAK in case of a single TB on each UL subframe, similar to agreed TDD UL HARQ ACK/NAK transmissions [3]).
The following observations can be made regarding bundling for the different TDD configurations:

· Configuration 0, 1DL+DwPTS:3UL:  Although 3 consecutive UL subframes are present every 5ms,  the number of HARQ processes (7) is not an integer multiple of the number of consecutive UL subframes (3) for this configuration. Thus, although the UL subframes in a bundle (size 2 or 3) may be consecutive in the initial transmission, subframes in the bundles for the retransmissions may not necessarily be “physically” consecutive (due to synchronous HARQ).  With bundling alternate 1, extra retransmission delay is needed (as for FDD case) - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+2*HARQ RTT (Although the retransmission delay can be 1*HARQ RTT in some retransmission locations (radio frames), to avoid error cases an extra retransmission delay is always used). If subframes in a bundle are required to be “physically” consecutive for initial transmission and also for retransmissions, then bundling cannot be supported with TDD configuration 0 with the current agreed HARQ timing. However, with some modifications to the UL HARQ timing as outlined in Appendix B, the subframes in a bundle can be made to be always consecutive (for initial transmission and also retransmissions).
· Configuration 1, 2DL+DwPTS:2UL: Bundle size of 2 consecutive UL subframes (n=2,3 or 7,8) possible. For alternative 1, need extra retransmission delay (as for FDD case) - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+2*HARQ RTT.
· Configuration 2, 3DL+DwPTS:1UL: Only 1 UL subframe every 5ms, so no consecutive subframes in a bundle are possible 
· Configuration 3, 6DL+DwPTS:3UL: Can support bundle of size 2 or 3 consecutive UL subframes within a radio frame. With the UL HARQ timing, ACK/NACK can be transmitted after decoding all UL subframes in a bundle. Thus, alternative 1 can be supported without extra delay in HARQ RTT - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+1*HARQ RTT.
· Configuration 4, 7DL+DwPTS:2UL: Can support bundle of size 2 consecutive UL subframes (n=2,3) within a radio frame. With the UL HARQ timing, ACK/NACK can be transmitted after decoding all UL subframes in a bundle. Thus, alternative 1 can be supported without extra delay in HARQ RTT - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+1*HARQ RTT
· Configuration 5, 8DL+DwPTS:1UL: Only 1 UL subframe every 10ms, so no consecutive subframes in a bundle are possible 
· Configuration 6, 3DL+2DwPTS:5UL: Can support bundle of size 2 or 3 consecutive UL subframes. For alternative 1, need extra retransmission delay (as for FDD case) - if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+2*HARQ RTT.
In Summary,
· Bundle size of 2 consecutive UL subframes can be supported by TDD configurations 1, 3, 4, 6.  
· Bundle size of 3 consecutive UL subframes can be supported by TDD configurations 3, 6.
· For TDD configuration 0 with current agreed HARQ timing, although the UL subframes in a bundle (of size 2 or 3) may be consecutive in the initial transmission, subframes in the bundles for the retransmissions may not necessarily be consecutive
· Based on the UL HARQ timing, Alternative 1 can be supported without extra retransmission delay with TDD configurations 3, 4.  
3. Conclusion and Proposal

In this contribution, we discussed the location and number of DL sub-frames provisioned with PHICH and UL scheduling grant resources, amount of PHICH resources that need to be provisioned, as well as the eNode-B and UE processing time for PHICH and UL scheduling grants, keNodeB and kUE, for the different TDD configurations taken in to account single subframe as well as for multi-subframe allocations. 
Based on our analysis we propose the following: 

· For the same process number, PHICH and UL scheduling grant is sent in the same DL subframe maximizing commonality with FDD
· Table 1 and Table 2 for TDD DL Subframes with PHICH/UL Scheduling Grant Resource and eNode-B and UE processing time, keNodeB and kUE
· keNodeB and kUE, is invariant to the uplink subframe number (as FDD) for TDD configurations 2, 3, 4, 5

· keNodeB and kUE is dependent on the uplink subframe number for configurations 0, 1, 6 with agreed HARQ timing

· PHICH resource provisioning (for DL subframes with PHICH) same as in FDD (One DL subframe supports PHICH for only 1 UL subframe or bundle)

· For TDD configurations 1-6: 

· Flexibility of single UL subframe scheduling granularity
· One DL subframe supports PHICH and UL Grant signaling for only 1 UL subframe or bundle
· No TDD specific signaling of ‘UL Index’ on PDCCH DCI Format 0 is required. . However, if an ‘UL Index’ field is available, UL Grant control signaling overhead can be reduced. 

· For TDD configuration 0:

· Scheduler restriction of even/odd assignable lowest PRB index based on even/odd UL subframe index (n) of initial transmission to enable PHICH resource provisioning same as FDD and TDD configurations 1-6
· Bundle size of 2 consecutive UL subframes can be supported by TDD configurations 1, 3, 4, 6.  
· Bundle size of 3 consecutive UL subframes can be supported by TDD configurations 3, 6.
· For TDD configuration 0 with current agreed HARQ timing, although the UL subframes in a bundle (of size 2 or 3) may be consecutive in the initial transmission, subframes in the bundles for the retransmissions may not necessarily be consecutive
· Bundling Alternative 1 can be supported without extra retransmission delay with TDD configurations 3, 4. 
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APPENDIX A – UL HARQ Timing Diagrams 
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APPENDIX B – UL HARQ MODIFICATION FOR TDD CONFIGURATION 0 TO SUPPORT CONSECUTIVE SUBFRAMES IN A BUNDLE, REDUCE PHICH LOAD, AND NEED FOR ‘UL INDEX’ FIELD 
[image: image5.wmf]0

1

2

3

4

5

6

7

8

9

0

1

2

3

4

5

6

7

8

9

0

1

2

3

4

5

6

7

8

9

1

2

3

4

1

2

5

6

3

4

1

2

5

6

3

4

1

2

5

6

1

+

1

:

3

K

eNodeB

=

8

K

UE

=

7

0

DL

DwPTS

UL


Figure 1. Modified UL HARQ Timing for TDD Configuration 0, # of HARQ processes=6, HARQ RTT=15ms.

With the modification to UL HARQ for configuration 0 (as shown in Figure 1), the following desirable properties can be additionally achieved:

1. eNode-B and UE processing time, keNodeB=8 and kUE=7, invariant to the uplink subframe number (maximize commonality with FDD)

2. One DL subframe supports PHICH and UL Grant signaling for only 1 UL subframe or bundle

a. PHICH resource provisioning is same as in FDD
3. No additional TDD specific signaling of ‘UL Index’ on PDCCH DCI Format 0 is required 

4. Subframes in a bundle always “physically” consecutive for initial transmission and also for retransmissions

As can be seen from UL HARQ timing in Figure 1, the following scheduler restriction apply:

· Bundling or multi-subframe allocation with a single UL scheduling grant and associated PHICH is required for at least UL subframes n=3,4 and n=8,9

· Bundling alternative 1 in [4] (bundle size of 2 or 3 consecutive subframes) can be supported without additional retransmission delay. Thus, if the first subframe in a bundle is subframe n then any HARQ retransmissions begins in subframe n+1*HARQ RTT

· Modification to the number of HARQ processes to 6 with a single HARQ process for the bundled subframes (HARQ RTT = 15ms)
Table 3 summarizes the proposed modification for configuration 0.

Table 3 – Modified TDD Configuration 0: PHICH Resource on DL subframe n+keNodeB and UL scheduling grant on DL subframe n-kUE corresponding to PUSCH transmission in subframe n (first or last subframe for multi-subframe/bundling allocation)
	Configuration
	Switch-point periodicity
	Subframe number, n
	keNodeB for PUSCH on UL subframe, n
	kUE for PUSCH on UL subframe, n

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	

	0

(1DL+DwPTS:3UL)
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U
	8 for all UL

	7 for all UL.
Bundle allocation for n=(3,4) and (8,9)


The DL subframes that are only provisioned with PHICH and UL scheduling grant for the configuration 0, with UL HARQ modification is shown in Table 4. The other DL subframes are not provisioned for PHICH (and UL scheduling grant).
Table 4 – TDD DL Subframes with PHICH Resource for proposed modified UL HARQ timing for TDD Configuration 0, 1, 6

	Configuration
	Switch-point periodicity
	Number of HARQ process
	HARQ RTT (ms)
	DL Subframes with PHICH Resource (and UL Scheduling Grants)

	0

(1DL+DwPTS:3UL)
	5 ms
	7
	15
	0, 1, 5, 6
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