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1 Introduction

In RAN#72 meeting [1], the detailed objectives of processing time reduction for 1ms TTI are as follows. 
For Frame structure types 1, 2 and 3 for legacy 1ms TTI operation: [RAN1, RAN2, RAN4] (until RAN1#88)

· Specify support for a reduced minimum timing compared to legacy operation according to [2] between UL grant and UL data and between DL data and DL HARQ feedback for legacy 1ms TTI operation, reusing the Rel-14 PDSCH/(E)PDCCH/PUSCH/PUCCH channel design [RAN1, RAN2]

· This applies at least for the case of restricted maximum supported transport block sizes for PDSCH and/or PUSCH when the reduced minimum timing is in operation, and if agreed by RAN1 for the case of unrestricted maximum supported transport block sizes. 

· Specify support for a reduced maximum TA to enable processing time reductions

· Note that the size of the reduction in minimum timing may be different between UL and DL cases.

· Study any impact on CSI feedback and processing time, and if needed, specify necessary modifications (not before RAN1 #86bis)

· Study and specify, if agreed by RAN1, asynchronous HARQ for PUSCH with reduced processing time [RAN1, RAN2]
From the simulation results [2], the reduced minimum timing for 1ms TTI compared to legacy operation n+4 will bring marginal DL gain compared with that of short TTI. This contribution discusses the possible processing time reduction to legacy operation, and HARQ-ACK feedback procedures including FS1 and FS2.
2 Processing time reduction
According to the objective of shortened TTI WI as “specify shortened TTI operation and shortened processing time for both legacy (1ms) TTI and shortened TTI”, the reduced minimum timing of legacy 1ms TTI operation is considered. Before it discusses the possible reduced minimum timing for legacy 1ms TTI operation, we should study the component of processing time of current operation. Figure 1 shows the detailed processing procedure between DL data and DL HARQ, between UL grant and UL data.
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Figure 1. Processing procedure between DL data and DL HARQ, between UL grant and UL data
In the legacy 1ms TTI operation without restricted maximum supported TBS, the available processing timing between DL data to DL HARQ or between UL grant and UL data is 4ms-TA. 
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is the propagation delay.
In Figure 1 (a), the steps of (3) and (4) can be scaled with maximum TBS of PDSCH. The step of (0) is 1ms. The steps of (1) and (6) are the fix processing time no matter with maximum TBS of PDSCH. The time of (2), (5) and (7) scales with one seventh of these steps in legacy operation if it assumes the chip processing speed is seven times than before. Hence, for DL data to DL HARQ in 1ms TTI operation, the time of (4-1-TA-constant processing time) scales with maximum supported TBS of PDSCH and the enhancement of the chip processing speed. 

In Figure 1 (b), the steps of (3) and the DFT of (4) can be scaled with maximum TBS of PUSCH. The step of (0) is up to the time-domain length of PDCCH region. The steps of (1) and the IFFT of (4) are the constant processing time. The time of (2) and (5) scales with to one seventh of these steps in legacy operation if it assumes the chip processing speed is seven times than before. Hence, for UL grant and UL data in 1ms TTI operation, the time of (4-PDCCH region-TA-constant processing time) scales with maximum TBS of PDSCH and the enhancement of the chip processing speed.
Since 1ms TTI has almost seven times time-domain resources than 2-symbol TTI, the maximum supported TBS of 1ms TTI is considered to be at least seven times larger than 2-symbol TTI. In 1ms TTI operation, it is reasonable that the maximum TBS is at most restricted to one seventh, which is the same with 2-symbol TTI. It assumes that the turbo coding time would have the linear growth with maximum supported TBS enlarges. Then the minimum time interval when one seventh of legacy maximum TBS for UL and DL are
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Furthermore, the possible reduced minimum time interval for legacy 1ms TTI operation could be considered from the three following aspects: 
Firstly, the coding/decoding time of transport block with turbo code depends on the maximum supported transport block sizes, rather than the TTI length. In general, it assumes that the turbo coding/decoding time is scaled linearly with the maximum supported TBS. Then, limiting the maximum supported TBS can reduce some processing time, but it is also harmful to the cell throughput since the limited maximum supported TBS in case of high SINR would result in low spectrum efficiency.
Secondly, according to Rel-8 requirements about 100km cell radius, a UE is required to support a maximum TA of 0.67ms, thus the minimum available time for UL processing is reduced to 0.333ms for Rel-8 UE. The maximum TA value is a parameter which significantly impact on the minimum available processing time for given time interval between UL grant and UL data, DL data and DL HARQ (e.g.,4 TTIs). Then, limiting the maximum TA value would be helpful to reduce the time interval between UL grant and UL data, or between DL data and DL HARQ, in the meanwhile it also lessens the cell radius.
Thirdly, although the reduced processing time for legacy 1ms TTI operation could be considered, it is noteworthy that some processing time donot scale with limiting the maximum supported TBS, as the processing time of IFFT/FFT is almost constant.  
Assumed that the maximum TBS is scaled to one seventh and the enhancement of the chip processing speed is seven times, TA is the maximum timing advance value for the UE who operates the reduced minimum time interval and x is the perform FFT/IFFT time in one way, the definition of minimum time interval for 1ms TTI operation is:

· When the legacy maximum TBS is scaled to one seventh and the enhancement of the chip processing speed is seven times, minimum time interval (ms) of 1ms TTI between DL data and DL HARQ is
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· When the legacy maximum TBS is scaled to one seventh and the enhancement of the chip processing speed is seven times, minimum time interval (ms) of 1ms TTI between UL grant and UL data is 
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The difference between one seventh of legacy maximum supported TBS and larger TBS is the additional turbo coding time 
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.Then, the above formula is changed to
· For larger TBS and the enhancement of the chip processing speed is seven times, minimum time interval (ms) of 1ms TTI operation between DL data and DL HARQ is
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· For larger TBS and the enhancement of the chip processing speed is seven times, minimum time interval (ms) of 1ms TTI operation between UL grant and UL data is 
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Then, we will discuss how to reduce minimum time interval between UL grant and UL data and between DL data and DL HARQ feedback for legacy 1ms TTI operation respectively based above formula (3) and (4) in the following two cases.
2.1 Reduced maximum TA and unrestricted maximum supported TBS 

Assumption for the the reduced minimum time interval in this subsection: Additional coding time
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is 6*y in Table 3, and y is one seventh of legacy maximum TBS’s turbo coding time. It assumes y is 1 symbol in this sub-section.
Table 1. Minimum time interval between DL data and DL HARQ for 1ms TTI operation, while one seventh of legacy maximum TBS’s turbo decoding time y is 1 symbol and 
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is 6*y.
	Minimum time interval between DL data and DL HARQ for 1ms TTI operation is
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	         Constant processing time in one way x
TA
	x=0.5 symbol
	x=1 symbol
	x=2 symbols
	x=4 symbols

	0.67ms(~100km)
	2.49 ms 
	2.55 ms 
	2.68 ms 
	2.92 ms 

	0.335ms(~50km)
	2.16 ms 
	2.22 ms 
	2.34 ms 
	2.59 ms 

	0.168ms(~25km)
	1.99 ms 
	2.05 ms 
	2.17 ms 
	2.42 ms 

	0.084ms(~13km)
	1.91 ms 
	1.97 ms 
	2.09 ms 
	2.34 ms 

	0.042ms(~7km)
	1.86 ms 
	1.93 ms 
	2.05 ms 
	2.29 ms 


Table 2. Minimum time interval between UL grant and UL data for 1ms TTI operation, while one seventh of legacy maximum TBS’s turbo decoding time y is 1 symbol,
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is 6*y, and PDCCH region is 2 symbols.
	Minimum time interval between UL grant and UL data for 1ms TTI operation is
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	             Constant processing time in one way x
TA
	x=0.5 symbol
	x=1 symbol
	x=2 symbols
	x=4 symbols

	0.67ms(~100km)
	1.76 ms 
	1.82 ms 
	1.94 ms 
	2.19 ms 

	0.335ms(~50km)
	1.42 ms 
	1.48 ms 
	1.61 ms 
	1.85 ms 

	0.168ms(~25km)
	1.26 ms 
	1.32 ms 
	1.44 ms 
	1.68 ms 

	0.084ms(~13km)
	1.17 ms 
	1.23 ms 
	1.36 ms 
	1.60 ms 

	0.042ms(~7km)
	1.13 ms 
	1.19 ms 
	1.31 ms 
	1.56 ms 


The minimum time intervals of 1ms TTI are shown in Table 1 and Table 2. Based on Table 1 and Table 2, we can observe:

Observation 1: If maximum TA is not smaller than 0.168ms (~25km), unrestricted maximum supported TBS, and constant processing time in one way is larger than 0.5 symbol, the minimum time interval between DL data and DL HARQ for 1ms TTI operation can be reduced to 3ms. Otherwise, it can be reduced to 2ms.
Observation 2: If maximum TA is 0.67ms (~100km), unrestricted maximum supported TBS, and constant processing time in one way is not smaller than 4 symbols, the minimum time interval between UL grant and UL data for 1ms TTI operation can be reduced to 3ms. Otherwise, it can be reduced to 2ms.

2.2 Both reduced maximum TA and restricted maximum supported TBS for the reduced minimum timing
Assumption for the the reduced minimum time interval in this subsection: The constant processing time in one-way x is 1 symbol, and additional coding time 
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 is shown in Table 3.
Table 3. Additional coding time of the larger TBS, compared to one seventh of legacy maximum TBS’s turbo decoding time y 
	Additional turbo coding time 
	Scenario
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=0
	Maximum supported TBS of 1ms TTI equals to a seventh of legacy operation, then the turbo coding time approximates to y
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=1.75y-y  = 0.75y
	Maximum supported TBS is a quarter of legacy operation, then the turbo coding time approximates to 1.75y by 7y*0.25
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=3.5y-y = 2.5y
	Maximum supported TBS is a half of legacy operation, then the turbo coding time approximates to 3.5y by 7y*0.5
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=5.25y-y = 4.25y
	Maximum supported TBS is three quarters  of legacy operation, then the turbo coding time approximates to 5.25y by 7y*0.75
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=7y-y =6y
	Unrestricted maximum supported TBS, then the turbo coding time approximates to 7y


Table 4. Minimum time interval between DL data and DL HARQ for 1ms TTI operation, while one seventh of legacy maximum TBS’s turbo decoding time y is 1 symbol and constant processing time in one way x is 1 symbol.
	Minimum time interval between DL data and DL HARQ for 1ms TTI operation is
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	         maximum supported TBS
TA
	equals to maximum supported TBS of 2-symbol TTI, a seventh of legacy operation
	a quarter of legacy operation
	a half of legacy operation
	three quarters  of legacy operation
	unrestricted maximum supported TBS

	0.67ms(~100km)
	2.13 ms 
	2.18 ms 
	2.30 ms 
	2.43 ms 
	2.55 ms 

	0.335ms(~50km)
	1.79 ms 
	1.84 ms 
	1.97 ms 
	2.09 ms 
	2.22 ms 

	0.168ms(~25km)
	1.62 ms 
	1.68 ms 
	1.80 ms 
	1.93 ms 
	2.05 ms 

	0.084ms(~13km)
	1.54 ms 
	1.59 ms 
	1.72 ms 
	1.84 ms 
	1.97 ms 

	0.042ms(~7km)
	1.50 ms 
	1.55 ms 
	1.68 ms 
	1.80 ms 
	1.93 ms 


Table 5. Minimum time interval between UL grant and UL data for 1ms TTI operation, while one seventh of legacy maximum TBS’s turbo decoding time y is 1 symbol,constant processing time in one way x is 1 symbol, and PDCCH region is 2 symbols.
	Minimum time interval between UL grant and UL data for 1ms TTI operation  is
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	         maximum supported TBS
TA
	equals to maximum supported TBS of 2-symbol TTI, a seventh of legacy operation
	a quarter of legacy operation
	a half of legacy operation
	three quarters  of legacy operation
	unrestricted maximum supported TBS

	0.67ms(~100km)
	1.39 ms 
	1.44 ms 
	1.57 ms 
	1.69 ms 
	1.82 ms 

	0.335ms(~50km)
	1.06 ms 
	1.11 ms 
	1.23 ms 
	1.36 ms 
	1.48 ms 

	0.168ms(~25km)
	0.89 ms 
	0.94 ms 
	1.07 ms 
	1.19 ms 
	1.32 ms 

	0.084ms(~13km)
	0.80 ms 
	0.86 ms 
	0.98 ms 
	1.11 ms 
	1.23 ms 

	0.042ms(~7km)
	0.76 ms 
	0.82 ms 
	0.94 ms 
	1.07 ms 
	1.19 ms 


The minimum time intervals of 1ms TTI are shown in Table 4 and Table 5. Based on Table 4 and Table 5, we can observe:

Observation 3:If maximum TA is not larger than 0.335ms (~50km) , maximum supported TBS is not larger than a half of legacy operation and constant processing time in one way is 1 symbol, the minimum time interval between DL data and DL HARQ for 1ms TTI operation can be reduced to 2ms. 
Observation 4: If constant processing time in one way is 1 symbol, the minimum time interval between UL grant to UL data for 1ms TTI operation can be reduced to 2ms. 
From the above results and observations, we have the following proposal:
Proposal 1: Considering with reduced maximum TA and restricted maximum supported TBS, for 1ms TTI operation when TA is 0.335ms (~50km) and maximum supported TBS is not larger than a half of legacy operation,
· The minimum timing can be reduced to 2ms between DL data to DL HARQ 
· The minimum timing can be reduced to 2ms between UL grant to UL data
3 HARQ-ACK feedback procedures 
In the section, we discuss the impact of reduced minimum time interval to the HARQ-ACK feedback procedures.
3.1 HARQ-ACK feedback procedures between PDSCH to PUCCH format 1a/1b for FS1
Based on section 10.1.2 in [4], the PUCCH format 1a/1b resource is defined as follows:
“For FDD and one configured serving cell, the UE shall use PUCCH resource [image: image24.wmf])
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· For a PDSCH transmission indicated by PDCCH in subframe [image: image27.wmf]4
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· For a PDSCH transmission indicated by the detection of a corresponding EPDCCH in subframe [image: image31.wmf]4
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 is the number of the lowest ECCE index used to construct the EPDCCH in EPDCCH-PRB-set [image: image35.wmf]q

, [image: image36.wmf]ARO

D

 is determined from the HARQ-ACK resource offset field in the DCI format of the corresponding EPDCCH, [image: image37.wmf](e1)

PUCCH,q

N

 for EPDCCH-PRB-set [image: image38.wmf]q

is configured by higher layer, [image: image39.wmf]q

ECCE

RB

N

,

for EPDCCH-PRB-set [image: image40.wmf]q

, and [image: image41.wmf]'

n

is determined from the antenna port used for localized EPDCCH transmission.”

[image: image42.emf]PDCCH and 

PDSCH 

of new UE2 

with n+3 

capacity

Subfame i-3 Subfame i-4 Subfame i-2 Subfame i-1 Subfame i

PDCCH and 

PDSCH 

of legacy UE1 

The UE1 and UE2 are indicated by PDCCH, 

and 

the same lowest CCE index used to 

construct the PDCCH

PUCCH format 

1a/1b

Time


Figure 2. Multiple PDCCHs to same PUCCH format 1a/1b resource, when there is the UE with reduced processing time in system
Based on section 10.1.2 in [4], when the minimum time interval between DL data to DL HARQ is reduced to 3ms or 2ms, a HARQ-ACK received on the PUCCH assigned to a UE in subframe i would be associated with the PDCCH transmissions in subframe i-3 or i-2. Then, legacy PDCCH transmission in subframe i-4 and the PDCCH transmission with reduced minimum time interval in subframe i-3 or i-2 may choice the same PUCCH format 1a/1b resource in subframe i.
For the possible PUCCH format 1a/1b resource collision issue, the straightforward way is the introduction of PUCCH resource allocation like legacy EPDCCH to PUCCH.  For example, when the PDSCH of a UE with reduced minimum time interval is indicated by PDCCH, the PUCCH resource could be determined by UE-specific 
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 and HARQ-ACK resource offset field in the DCI format. The eNB would avoid this resource collision by the two parameters. 

Proposal 2: Introduce the similar indication way with EPDCCH to PUCCH to the UE with reduced processing time when the DL data is indicated by PDCCH.

3.2 HARQ-ACK feedback procedures for FS2
In this sub-section, we will discuss HARQ operation both for downlink and uplink in 1ms TTI operation for FS2. 
In legacy 1ms TTI operation, the transmissions in n-kth TTI and the HARQ-ACK feedback corresponding to the transmission in nth TTI. For FDD, k is fixed to 4; for TDD, k depends on the TDD configuration and n value. For reduction minimum time interval of 1ms TTI operation, we can reuse the current mechanism by the definition of additional parameter k value. As discussed in above section 2, for downlink HARQ and uplink HARQ the k can be 2 and 3. Furthermore, the additional parameter k minimum value (i.e. kmin) may be fixed to same value to all UE or respectively configured to a UE. Considering that the UEs have different process ability, it is reasonable that the k minimum value is different between UEs. 
Observation 5: for 1 ms FS2 HARQ operation, some additional time delay k value(s) will be introduced to uplink and downlink HARQ.
To determine the value k, we can have two different options. 
· Option 1: determine the k value according to some additional pre-defined tables. This option is more suitable to a fixed or pre-defined minimum k value. Once one minimum k value is defined, the k value will be determined according to the associated additional pre-defined table.
· Option 2: determine the k value according to some dynamic signaling. In this option, the eNB can indicate the HARQ feedback resource by DCI. When eNB indicates the PDSCH transmission by DL Grant in TTI (n-k), a HARQ-ACK feedback resource indication k is also given. The UE feedbacks the HARQ-ACK in TTI n. No additional pre-defined tables are needed for the index of k. 
4 Conclusion
In this contribution, the possible processing time reduction to legacy operation and HARQ-ACK feedback procedures are discussed, the following observations and proposals are given:
Observation 1: If maximum TA is not smaller than 0.168ms (~25km), unrestricted maximum supported TBS, and constant processing time in one way is larger than 0.5 symbol, the minimum time interval between DL data and DL HARQ for 1ms TTI operation can be reduced to 3ms. Otherwise, it can be reduced to 2ms.
Observation 2: If maximum TA is 0.67ms (~100km), unrestricted maximum supported TBS, and constant processing time in one way is not smaller than 4 symbols, the minimum time interval between UL grant and UL data for 1ms TTI operation can be reduced to 3ms. Otherwise, it can be reduced to 2ms.

Observation 3:If maximum TA is not larger than 0.335ms (~50km) , maximum supported TBS is not larger than a half of legacy operation and constant processing time in one way is 1 symbol, the minimum time interval between DL data and DL HARQ for 1ms TTI operation can be reduced to 2ms. 
Observation 4: If constant processing time in one way is 1 symbol, the minimum time interval between UL grant to UL data for 1ms TTI operation can be reduced to 2ms. 

Observation 5: for 1 ms FS2 HARQ operation, some additional time delay k value(s) will be introduced to uplink and downlink HARQ.
Proposal 1: Considering with reduced maximum TA and restricted maximum supported TBS, for 1ms TTI operation when TA is 0.335ms (~50km) and maximum supported TBS is not larger than a half of legacy operation,
· The minimum timing can be reduced to 2ms between DL data to DL HARQ 
· The minimum timing can be reduced to 2ms between UL grant to UL data
Proposal 2: Introduce the similar indication way with EPDCCH to PUCCH to the UE with reduced processing time when the DL data is indicated by PDCCH.
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