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1 Introduction
At the last RAN1 meeting in Orlando it was tentatively concluded that between 6 and 8 HARQ processes should be adopted for both uplink and downlink in FDD. 
In this paper we address the issue of HARQ timing for TDD with frame structure type 1.
2 HARQ cycle time derivation
The required number of parallel HARQ processes is generally derived as the HARQ cycle time divided by the TTI duration.

For UL-SCH, synchronous HARQ is assumed and the following processes contribute to the overall HARQ cycle time:

· Transmission of the UL grant (if a 1st time transmission) or of the PHICH (if a retransmission) or the PHICH+UL grant (if a retransmission with adaptive HARQ)
· UE processing of the UL grant or PHICH

· Transmission of the UL-SCH

· eNB processing of the UL-SCH

· Formation of the next UL grant or PHICH

For DL-SCH asynchronous HARQ is assumed and the following processes contribute to the overall HARQ cycle time:
· Transmission of the DL grant and DL-SCH TTI

· UE processing of the DL grant and DL-SCH data

· Transmission of the CRC result (ACK/NACK) via PUCCH or UL-SCH

· eNB processing of the UL transmission

· Decision to transmit/re-transmit and execution of the eNB scheduler

· Formation of the next DL grant

Propagation delays are not explicitly included in the above and are usually relatively minor in comparison to the other processes.  However, propagation delay can become significant for large cell deployments.
3 TDD specifics
One would expect that UE and eNB processing delays would be relatively similar between FDD and TDD, due to the high degree of harmonisation. However, there are some TDD specific issues, which should be considered differently to FDD:
1) There can be an additional delay which occurs when the radio channel is not immediately available for the necessary UL or DL transmissions.  The effect of this delay varies as a function of the TDD frame structure patterns and as a function of the UL/DL ratio. 
2) Different framing allocations may have different numbers of HARQ processes.  
3) The most important TDD specific issue is probably how to fit the UL synchronous HARQ into allowable framing allocations to minimize HARQ RTT. Both synchronous HARQ and framing allocations have a periodic structure. As sub-frames #0 and #5 have to be DL, 5ms and 10ms framing allocation periods were agreed for FS1 TDD. For the the case of synchronous HARQ, there is an implicit linkage between the TTI index number and the HARQ process number.  Thus, transmissions and retransmissions for a particular HARQ process have to be on predefined subframes. In addition, when resources for a 1st-time transmission are allocated, there is then an implicit allocation of future resources for retransmission (confirmed by a NACK).  If a rule-based approach is adopted by the UEs such as “transmit the retransmission on the first available UL TTI following reception and decoding of the NACK” then there is the possibility for user collisions on UL.  An example of this is shown in  REF _Ref175130880 \h 
 which is caused primarily due to the fact that the amount of available UL resources in the 5ms half-frame following the A/N is different to the amount of resources in the 2nd 5ms half-frame.
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Figure 1 – user collision problem for UL sync HARQ

By configuring the UL HARQ RTT to be a multiple of the framing allocation periods (i.e. 5ms, 10ms, and 15ms for the 5ms framing period, or 10ms, 20ms and so on for the 10ms framing period), the above-mentioned user collision is avoided. This implies that the TDD HARQ RTT has  a granularity of 5ms or 10ms which is different to the case of FDD. To minimize HARQ delay in some situations, it is worth investigating specifying a tighter UE or eNB processing time requirement to see whether the HARQ RTT can fit into a period of time smaller than the framing period. 
Throughout the document we focus on a 5ms framing allocation period as it allows at least the possibility to have 5ms HARQ RTT.  This is also generally in line with [1] except for the 10ms single-switching-point structures which would exhibit 10ms RTT for sync UL HARQ.
4) The timing relationship between the DL subframe for UL grant at the first transmission and the UL subframe for UL-SCH is different between FDD and TDD. FDD has a simple fixed delay relationship due to the symmetrical UL and DL. However, this is not always possible for TDD as a DL subframe may have to schedule multiple UL subframes. It was agreed that which UL subframes being scheduled are explicitly signalled, which enables a more flexible timing for the UL grant at the first transmission.  
Overall, the situation is different for UL and DL cases and these are therefore treated separately below.
4 HARQ for TDD UL-SCH
A diagram illustrating the scenario for UL-SCH transmission and retransmission is shown in Figure 2 below.
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Figure 2 UL-SCH transmission procedure
The UL grant or the PHICH is represented in green and occurs during the first 3 OFDM symbols of the DL sub-frame.  This enables the UE to process the grant or PHICH during the remainder of the DL sub-frame. The operations required at the UE are listed in Table 1. As aforementioned, the subframe containing the UL grant at the first transmission does not have to have a fixed timing relationship with the subframe containing the UL-SCH. Therefore we only consider the effect of the other two cases (i.e. the retransmission cases II and III) in Table 1 for subsequent RTT derivation. These two cases do not involve higher layer processing and thus can be implemented faster than the first case. 
It is assumed for the grant of case II or the PHICH of case III on sub-frame k that the UL-SCH transmissions occur at sub-frame k+2 or k+3. For the case I, it is assumed that the UL-SCH transmissions occur at sub-frame k+3.
The UL-SCH would also be timing-advanced by an amount roughly equal to the round trip delay.  One OFDM symbol for idle period is sufficient to cover the majority of deployment cases and as such reasonable values for TUE for the UL-SCH case would be:

· Transmission in sub-frame k+2:  TUE = 14 x 2 – 3 – 1 = 24 OFDM symbols = 1.7ms 
· Transmission in sub-frame k+3:  TUE = 14 x 3 – 3 – 1 = 24 OFDM symbols = 2.7ms
Table 1 Operation required by UE to process a UL grant or PHICH
	
	Operations required 

	I. UL grant at the first transmission
	1) PDCCH blind decoding
2) MAC-level function for data preparation

	II. UL grant at retransmission in case of adaptive HARQ
	1) PDCCH blind decoding

2) transmit buffered data with new redundancy version in the case of NACK

	III. PHICH
	1) ACK/NAK decoding
2) transmit buffered data with new redundancy version in the case of NACK


Data processing of the UL-SCH cannot commence prior to the end of the UL TTI in the case that inter-slot frequency hopping is applied.  We assume that the eNB requires 2ms for front-end processing and channel decoding of the UL-SCH.  We further assume that 1ms is required at the eNB for transmit preparation.  As such, for an UL-SCH transmission in sub-frame k, transmission of a new grant or of a PHICH could occur during sub-frame k+4 (i.e. TNB = 3ms).  However, even when coupled with the shorter of the above UE processing times, the overall HARQ RTT is 6ms which is just slightly longer than the 5ms framing allocations periods. It is conceivable that with technology advancement, the eNB processing times could be improved by 1ms in order to meet an overall HARQ RTT of 5ms for UL-SCH.   
The number of HARQ process and corresponding RTT for different combination of TUE and TNB and framing allocations is illustrated in Appendix A and the results are summarized in Table 2. It is seen for all considered TUE and TNB that 10ms RTT is achievable except for the case of highly UL asymmetrical allocation of 1DL/4UL with worst case TUE and TNB. Nevertheless, this allocation has limited applications and therefore is less important. To achieve the minimum 5ms RTT, TUE = 1.7ms and TNB= 2ms is required. 
To enable the system to benefit from 5ms HARQ RTT resulting from future improvements on the network side, we would therefore recommend that:

· TUE = 1.7ms is adopted
· The maximum eNB processing time for UL-SCH is signalled to the UE (in multiples of 1ms) 

These actually correspond to the first two cases in Table 2 and therefore a maximum of 8 HARQ processes are required for TDD UL-SCH.

Table 2 Number of UL HARQ process and RTT for different framing allocation
	TUE
	TNB
	Number of HARQ Process / RTT

	
	
	4DL/1UL
	3DL/2UL
	2DL/3UL
	1D/4UL

	1.7ms
	2ms
	1/5ms 
	2/5ms 
	2/5ms & 1 /10ms 
	1/5ms & 6/10ms

	1.7ms
	3ms
	2/10ms
	4/10ms
	6/10ms
	8/10ms

	2.7ms
	2ms
	2/10ms
	4/10ms
	6/10ms
	8/10ms

	2.7ms
	3ms
	2/10ms 
	4/10ms
	6/10ms
	3/10ms & 7/15ms


5 HARQ for TDD DL-SCH
The aforementioned issue of matching the UL sync-HARQ RTT to the framing allocation period is not relevant for the case of async-HARQ DL-SCH, where retransmissions are explicitly scheduled. A diagram illustrating the scenario for DL-SCH transmission and retransmission is shown in Figure 3.

Most of the previous contributions on the number of HARQ processes recommended a UE processing time (TUE) for DL-SCH of the order of 3ms and an eNB processing time (TNB) for ACK/NAK demodulation/decoding and re-scheduling of the order of 3ms. Unlike the UL case, there is no need for the eNB to advertise his maximum processing time of the UL TTI.  This is because asynchronous HARQ is employed and therefore there is no fixed relationship between ACK/NACK transmission and reception of a new grant. With these assumptions, the number of HARQ processes for different framing allocations are illustrated in Appendix B and the results are summarised in Table 3, where TNB = 2ms is also considered. It is seen that the maximum number of HARQ processes for the DL-SCH is 10 (assuming eNB processing times are ≤3ms). 
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Figure 3 DL-SCH transmission procedure
Table 3 Number of DL HARQ process for different framing allocation
	TUE
	TNB
	4DL/1UL
	3DL/2UL
	2DL/3UL
	1D/4UL

	3ms
	2ms
	9
	5
	4
	2

	3ms
	3ms
	10
	6
	4
	2


6 Conclusions
Some considerations on HARQ timing for TDD FS1 with 5ms framing allocation period have been presented.
We suggest the following:

· For UL-SCH:

· Synchronous HARQ retransmission timing is based upon a baseline 10ms raster (but with scope for improvement to 5ms possible from the outset via improved eNB implementation)
· It should be possible for the UE to receive an UL grant for a new transmission during sub-frame k and to transmit the associated UL-SCH during sub-frame k+3
· It should be possible for the UE to receive a NACK on PHICH (and potentially accompanied by a grant for adaptive HARQ) during sub-frame k and to transmit the associated UL-SCH during sub-frame k+2
· The eNB signals its processing time for UL-SCH to the UE such that network-side improvements can be implemented and result in a potential reduction of the sync HARQ retransmission raster to 5ms
· The maximum number of required HARQ processes is 8
· For DL-SCH:
· It should be possible for the UE to receive an DL grant and DL-SCH data during sub-frame k and to transmit the associated ACK/NACK during sub-frame k+4
· The maximum number of required HARQ processes is 10
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8 Appendix A:  UL HARQ Timing
In this section the UL HARQ timings for retransmissions with different framing allocations and UE and NB processing times are illustrated.  The legends used in illustrations of both Appendix A and B are listed as following, 
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8.1 TUE = 1.7ms and TNB = 2ms
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8.2 TUE = 1.7ms and TNB = 3ms  
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8.3 TUE = 2.7ms and TNB = 2ms 
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8.4 TUE = 2.7ms and TNB = 3ms 
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9 Appendix B:  DL HARQ Timing
In this section the DL HARQ timing for retransmissions with different framing allocations is illustrated. 
9.1 TUE = 3ms and TNB = 2ms
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9.2 TUE = 3ms and TNB = 3ms
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