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1
Introduction
Based on the outcome of RAN#67 and as captured in the SI description in [1], the following items have been discussed and documented specifically for RAN1 studies regarding TTI shortening and reduced processing times:

·  Assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signaling 

·  Backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);

It is explicitly stated in the SID that “both FDD and TDD duplex modes are considered”. The scope of SI was clarified in RAN#71 [3]: “no specific discussion or assumption related to Frame Structure 3 in the study on latency reduction techniques for LTE in 2016 Q2”. 
Based on the outcome of RAN1#84bis [1], the following items have been agreed regarding UL HARQ and processing time:

Agreements:

· It is recommended to support PHICH-less asynchronous UL HARQ for PUSCH scheduled in a short TTI (i.e. for sPUSCH)

· If DL data transmission is scheduled in a short TTI, the processing time for preparing the HARQ feedback by UE and the processing time for preparing a potential retransmission by eNB are assumed to be reduced

· FFS: the extent of processing time reduction

· If UL data transmission is scheduled in a short TTI, the processing time for preparing UL data transmission upon UL grant reception at UE and the processing time for scheduling a potential retransmission by eNB are assumed to be reduced

· FFS: the extent of processing time reduction

· Study whether it is beneficial to limit the maximum TA value supported in conjunction with latency reduction

· Note that this would restrict the deployment scenarios for latency reduction. 

· FFS whether processing time reductions can also be applied to legacy TTI transmissions for UEs that support short TTI

In this contribution, we present our considerations on shorter TTI for TDD duplex mode based on Frame Structure 2, taking into account especially the point highlighted above.
2
Latency reduction with 1-ms TTI

As we point out in [2], a UE supporting shortened TTI operation with reduced processing times should in principle be able to process faster also 1-ms TTI. As the simulation study shows, when the processing times for 1-ms TTI and 0.5 ms TTI are the same, the performance becomes similar as well. Therefore it is clearly beneficial for the sTTI capable UEs to support shorter processing times also with 1-ms TTI. In particular, it should be possible to reduce the minimum UL grant – to – PUSCH transmission, and DL (or UL) data transmission – to – HARQ-ACK delays from 4 ms down to 2 ms. In the following we describe how the delay associated with HARQ feedback and UL scheduling can be reduced with FS2 without impacting the TTI length.
In LTE Rel-13, DL HARQ-ACK timing is determined based on a DL association set indexing as show in table 1 below. In essence, the entries in the table indicate the HARQ-ACK delay in terms of subframes. 

Table 1: Downlink association set index
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 for TDD [TS 36.213]
	UL-DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	6
	-
	4
	-
	-
	6
	-
	4

	1
	-
	-
	7, 6
	4
	-
	-
	-
	7, 6
	4
	-

	2
	-
	-
	8, 7, 4, 6
	-
	-
	-
	-
	8, 7, 4, 6
	-
	-

	3
	-
	-
	7, 6, 11
	6, 5
	5, 4
	-
	-
	-
	-
	-

	4
	-
	-
	12, 8, 7, 11
	6, 5, 4, 7
	-
	-
	-
	-
	-
	-

	5
	-
	-
	13, 12, 9, 8, 7, 5, 4, 11, 6
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	7
	7
	5
	-
	-
	7
	7
	-


On the other hand, if the UE is capable of processing TTIs as fast as required for 0.5 ms TTI operation (assuming summing linear scaling of processing times), the associated HARQ-ACK feedback time could be shortened as shown in Table 2.

Table 2: An example of Downlink association set with 2 ms minimum HARQ-ACK delay 

	UL-DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	2
	2
	-
	-
	-
	2
	2
	-

	1
	-
	-
	2, 3
	2
	-
	-
	-
	2, 3
	2
	-

	2
	-
	-
	2, 3, 4,6
	-
	-
	-
	-
	2,3,4,6
	-
	-

	3
	-
	-
	2, 3, 4, 5, 6, 7
	2
	-
	-
	-
	-
	-
	-

	4
	-
	-
	2, 3, 4, 5, 6, 7, 8
	2
	-
	-
	-
	-
	-
	-

	5
	-
	-
	2,3,4,5,6,7,8,9,11
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	2,3
	2
	-
	-
	-
	2
	2
	-


Based on Tables 1 and 2 the reduction in HARQ-ACK delay can be calculated as:

UL-DL Configuration 1:

Average HARQ-feedback latency (legacy timing) =5.67 ms

Average HARQ-feedback latency (n+2 timing) = 2.33 ms = -58.8 % 
UL-DL Configuration 2:

Average HARQ-feedback latency (legacy timing) = 6.25 ms

Average HARQ-feedback latency (n+2 timing) = - 40 %
UL-DL Configuration 3:

Average HARQ-feedback latency (legacy timing) = 6.28 ms

Average HARQ-feedback latency (n+2 timing) = 4.14 ms = - 34.1 %

As can be seen, the average HARQ-ACK feedback delay can be reduced significantly. Similar calculations can be done for UL scheduling delay as well. The UL scheduling delays for legacy LTE are defined in 36.213, Table 8-2, shown in Table 3 below. 
Table 3: (Table 8-2) k for TDD configurations 0-6

	TDD UL/DL
Configuration
	DL subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	4 or 7
	6
	
	
	
	4 or 7
	6
	
	
	

	1
	
	6
	
	
	4
	
	6
	
	
	4

	2
	
	
	
	4
	
	
	
	
	4
	

	3
	4
	
	
	
	
	
	
	
	4
	4

	4
	
	
	
	
	
	
	
	
	4
	4

	5
	
	
	
	
	
	
	
	
	4
	

	6
	7
	7
	
	
	
	7
	7
	
	
	5


Now assuming a reduced UL scheduling delay of 2 ms, we can again define the UL scheduling timing as shown in Table 4:  
Table 4. UL scheduling delay with 2 ms minimum scheduling delay
	TDD UL/DL
Configuration
	DL subframe number n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	2
	2, 3
	
	
	
	2
	2, 3
	
	
	

	1
	2
	2
	
	
	
	2
	2
	
	
	

	2
	2
	
	
	
	
	2
	
	
	
	

	3
	2
	2, 3
	
	
	
	
	
	
	
	

	4
	2
	2
	
	
	
	
	
	
	
	

	5
	2
	
	
	
	
	
	
	
	
	

	6
	2
	2, 3
	
	
	
	2
	2
	
	
	


Correspondingly, the achievable reduction in UL scheduling delay can be calculated:
UL-DL Configuration 1:

Average UL scheduling delay (legacy timing) =5 ms

Average UL scheduling delay (n+2 timing) = 2 ms = -60 % 
UL-DL Configuration 2:

Average UL scheduling delay (legacy timing) =4 ms

Average UL scheduling delay (n+2 timing) = 2 ms = - 50 %
UL-DL Configuration 3:

Average UL scheduling delay, legacy timing = 4 ms

Average UL scheduling delay (n+2 timing) = 2.33 ms = - 41.8 %

As a conclusion we observe that significant latency reduction is possible also in TDD/FS2 simply by shortening the processing times at the UE and at the eNodeB according to what is assumed with shorter TTI operation. The benefit of this approach is that backward compatibility can be fully preserved without any scheduling restrictions for the legacy UEs.
Observation: Significant latency reduction is possible for 1-ms TTI in TDD/FS2 by shortening the UE and eNodeB processing times for UL-grant to PUSCH transmission as well a HARQ-feedback delays according to what is assumed with shorter TTI operation. 
3
Conclusions
In this contribution we have presented our view on latency reduction with 1-ms TTI for FS2. Based on the discussion we make the following observation:
Observation: Significant latency reduction is possible for 1-ms TTI in TDD/FS2 by shortening the UE and eNodeB processing times for UL-grant to PUSCH transmission as well a HARQ-feedback delays according to what is assumed with shorter TTI operation.
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