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[bookmark: _Ref298777854]Introduction
In the effort to reduce latency through TTI shortening, the importance of processing time has been identified [1]. From a latency perspective both SR to grant delay and UL grant to data delay have direct impact on experienced UL latency, while HARQ related latencies have an impact through retransmission delay, see an accompanying paper on DL [2]. In this paper we discuss the possible processing delays and associated HARQ solutions.
Discussion
Latency contributions in UL
Shortening the TTI primarily reduces the over-the-air transmission delay. But, several other delays contribute to the overall duration of a file transmission in UL. These delays are illustrated in Figures 1 and 2 and include the delay between scheduling request and UL grant transmission, the delay between UL grant reception and UL data transmission, the delay between UL data reception and UL HARQ feedback including the grant for new or retransmission.
Delay between scheduling request and UL grant transmission
When the UE has data in buffer but has not received a grant yet, the UE sends a scheduling request to the eNB to be able to receive UL grants and perform data transmission. This situation occurs each time new data arrive in the UE buffer after some idle period. In case of TCP type of traffic, the slow start phase consists in a series of TCP bursts of increasing size that are separated by idle time. The scheduling request procedure is likely to be initiated very often during the TCP slow start. The delay between SR and UL grant, called delay A in Figure 1, has therefore a direct impact on the total experienced delay for UL data transmissions. It involves decoding and scheduling in the eNB and should be kept as small as possible.
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Figure 1: SR to UL grant delay.
Delay between UL grant reception and UL data transmission
When the UE has received the UL grant, the transmission of UL data is not immediate. A delay, called B in Figure 2, is necessary for the UE to decode the grant, prepare the data to be transmitted, and leave room for timing advance (TA). In current LTE, the delay B is specified to 3TTIs, since the transmission of the UL grant takes 1TTI. But to ensure time-alignment with eNB, the UE must be able to process the UL grant and the UL data in less than 3TTI. To reduce delay B, both the processing time at the UE and the timing advance have to be reduced.
TA depends on the distance between UE and eNB. In addition, TA may be used by the eNB to handle CPRI delay. The remaining part of the delay is spent on processing in the UE or eNB. During part of this time the UE or eNB may also be idle, since the response times are fixed in current LTE.

[bookmark: _GoBack]Observation 1: To reduce the delay between UL grant reception and UL data transmission, both the processing time at the UE and the timing advance should be reduced.
Observation 2: There may be restrictions to reduction in TA.

Delay between UL data reception and UL HARQ feedback
Upon reception of the UL data at the eNB, a delay called C in Figure 2 is introduced for processing of UL data in eNB and scheduling of a retransmission or a new transmission. The HARQ round-trip time (RTT) depends on the processing delay. Even if the retransmission rate is kept reasonably low (10% level) a relatively large value of delay C will have a large impact on the average delay. So, shorter processing times in the eNB are needed to reduce latency. Another limiting factor of the delay C is the HARQ procedure in current LTE. Synchronous HARQ is used in UL, which means that the delay C is set to a constant value. This restricts the possibility for the eNB to reduce delay C whenever possible. A flexible delay in the eNB gives the largest flexibility to traffic demands and would allow for lower delays when possible. On the contrary, a fixed delay would likely lead to conservative delay values, with a negative impact on average latency. For asynchronous HARQ the eNB needs to give the HARQ process ID (PID) associated to each transmission. This value should be sent in the UL DCI for the sTTI, see details in [3].

Observation 3: Asynchronous HARQ enables minimal processing delays in eNB and can therefore reduce average latency.
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Figure 2: UL grant to data and UL data to HARQ feedback delay.

TTI length dependency
Part of the processing delay in delays A, B and C will be directly related to TTI length, such as coding and decoding, filtering, and L1 mapping and de-mapping. Other parts can be regarded as independent of the amount of data and number of OFDM symbols per transmission, such as FFT and IFFT and scheduling. Taking the components of delay A, B and C into account, we can expect the processing times to reduce noticeably with TTI length to values close to the current processing times scaled with TTI length.

Observation 4: Some components of the processing delays can be scaled with TTI length, but not all components.

If asynchronous HARQ is adopted for UL, the specifications do not need to include shorter value for the delay C. However, the specifications need to be updated to cover shorter values for the delay between the UL grant reception and the UL data transmission and the maximum timing advance when sTTI is used. 

Proposal 1: Shorter values should be specified for the UL grant to data delay when shortened TTI is applied.

Latency impact
For UL transmission with no available grant we can assume the delay components [4] as given in Table 1. Here we have assumed a SR period of 1 TTI, and that processing can be scaled with same factor as TTI length, and for simplicity that the current LTE SR and UL HARQ processing timing is reused, with delays A-C set to 3TTIs.

Table 1. Average one-way UL delay with SR-based access for different TTI lengths assuming scaled processing times.
	Component
	14 symbol TTI
	7 symbol TTI
	4 symbol TTI
	2 symbol TTI

	Waiting for SR resource (0.5TTI)
	0.5ms
	0.25ms
	0.14ms
	0.07ms

	SR transmission (1TTI)
	1ms
	0.5ms
	0.29ms
	0.14ms

	eNB processing (3TTI)
	3ms
	1.5ms
	0.86ms
	0.43ms

	UL grant transmission (1TTI)
	1ms
	0.5ms
	0.29ms
	0.14ms

	UE processing (3TTI)
	3ms
	1.5ms
	0.86ms
	0.43ms

	UL data transmission (1TTI)
	1ms
	0.5ms
	0.29ms
	0.14ms

	eNB processing (3TTI)
	3ms
	1.5ms
	0.86ms
	0.43ms

	Total
	12.5ms
	6.3ms
	3.6ms
	1.8ms



If instead the processing can’t be scaled linearly but less in terms of TTIs, to for instance the level of 6TTIs or 10TTIs we would end up with a HARQ RTT of 14 or 22 TTIs, respectively. This could correspond to having 14 or 22 HARQ processes. For these values of processing time the HARQ RTT are listed in Table 2. 

Table 2. UL HARQ RTT for different TTI lengths and different processing delay in TTI.
	Processing time (TTIs)
	14 symbol TTI
	7 symbol TTI
	4 symbol TTI
	2 symbol TTI

	3
	8ms
	4ms
	2.3ms
	1.1ms

	6
	-
	7ms
	4ms
	2ms

	10
	-
	-
	6.3ms
	3.1ms



With the scaling of the processing times corresponding to 3, 6, or 10 TTIs and assuming a retransmission rate of 10%, the average one-way delays as defined in Table 1 (but with modified processing durations) can be estimated to those of Table 3 for different TTI lengths. From the table it is clear that a less than linear scaling of the processing times will have a large impact on the experienced UL latency.




Table 3. Average UL latency with SR-based transmission assuming 10% retransmissions for different TTI lengths and different processing times in TTIs.
	Processing time (TTIs)
	14 symbol TTI
	7 symbol TTI
	4 symbol TTI
	2 symbol TTI

	3
	13.3ms
	6.7ms
	3.8ms
	1.9ms

	6
	-
	11.5ms
	6.5ms
	3.3ms

	10
	-
	-
	10.2ms
	5.1ms



Observation 5: The processing delay has a nearly linear impact on average UL latency.

Conclusion
In this contribution we discussed our views on the processing time and HARQ RTT impact in short TTIs in uplink transmissions. The above discussion is summarized with the following observations and proposals:
Observations:
· Observation 1: To reduce the delay between UL grant reception and UL data transmission, both the processing time at the UE and the timing advance should be reduced.
· Observation 2: There may be restrictions to reduction in TA.
· Observation 3: Asynchronous HARQ enables minimal processing delays in eNB and can therefore reduce average latency.
· Observation 4: Some components of the processing delays can be scaled with TTI length, but not all components.
· Observation 5: The processing delay has a nearly linear impact on average UL latency.
Proposals:
· Proposal 1: Shorter values should be specified for the UL grant to data delay when shortened TTI is applied.
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