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Introduction
In this paper, we will go through the various methods for reducing latency in LTE and evaluate the latency performance.
[bookmark: _Ref178064866][bookmark: _Ref494387669]Discussion
In the following we will analyse the worst-case latency in the user plane. We will follow the ITU definition of UP latency as being defined from L2/L3 ingress to L2/L3 egress.
Assumptions
Assumption are listed in Table 1 and depicted in Figure 1.
[bookmark: _Ref494384683]Table 1: Assumptions for latency analysis
	Type
	Comment

	L1/L2 processing delay, 
	For the L1/L2 processing performed in the eNB we have assumed 1 TTI for both TX and RX. The same is assumed in the UE. Also, it is assumed that data can be delivered to higher layers after processing but before ACK feedback is transmitted

	Alignment delay, 
	The alignment delay is the time required after being ready to transmit until transmission can start. We assume the worst-case latency meaning the alignment delay is assumed to the longest possible. A 2-symbol PDCCH is assumed

	UE/eNB processing, 
	The delay between SR and UL grant, and between DL HARQ and retransmission, is assumed to be the same as the UE timing, i.e. the same as the time between DL data and DL HARQ and UL grant and UL data

	UL scheduling, 
	For UL data, the scheduling can either be based on SR or SPS UL. In both cases it is assumed that the period is set to 1TTI
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[bookmark: _Ref494384700]Figure 1: illustration of latency components for DL and UL data.

Rel-14 baseline
In LTE Rel-14, FastUL was introduced, enabling SPS UL with a period down to 1TTI, effectively reducing the UL latency for first data down to the same level as DL.
Rel-15
In LTE Rel-15, two improvements were made, reduced processing time for 1ms TTI, and short TTI.
Reduced processing time
With reduced processing time, the UE response time from DL data to DL HARQ and from UL grant and UL data is reduced from n+4 TTI to n+3 TTI. This means that the HARQ RTT is reduced from n+8 to n+6 for both DL and UL.
Short TTI
With short TTI the 1ms subframe is divided into either 2 parts (7-symbol sTTI) or 5-6 parts (2/3-symbol sTTI). For the 7-symbol TTI the latencies are calculated on the assumption that the TTI is 7 symbols, and for the 2/3-symbol TTI the latencies are calculated on the assumption that the TTI is 3 symbols. For 7-symbol TTI the UL timing is n+4 TTI, and for 2/3-symbol TTI the UL timing is assumed (still FFS) to be n+6 TTI.
HARQ-based retransmissions
Retransmission based on HARQ feedback is very spectral efficient. However, it requires the transmitting side to wait for feedback to be received, and thus the delay increases with one HARQ RTT for every retransmission.
For for example k retransmissions, the DL data delay can be expressed as:

For 1 retransmission and Rel-14 n+4 timing, and taking the assumptions in Table 1, , and that  for n+4 timing,  becomes:
That is, with k=1, the latency equals 12 TTI or 12ms.
It can be noted that for 2/3os sTTI in DL the assumption on always using 3os sTTI is overly pessimistic and would improve the overall latency if both 2os and 3os sTTI is taken into account.
[bookmark: _GoBack]Furthermore, it can be noted that the delay for ‘DL data’ for 2/3os includes the worst case allocation of latency when 2 PDCCH symbols are used resulting in a delay of 2 extra symbols before the first DL sTTI allocation, see Figure 2.


[bookmark: _Ref494477749]Figure 2: Worst case alignment time for 2/3os sTTI
[bookmark: _Hlk492644637]Table 2: FDD UP one-way latency for data transmission with HARQ-based retransmission.
	Latency (ms)
	HARQ
	Rel-14
	Rel-15
Reduced processing (n+3)
	Rel-15
7-symbol sTTI
	Rel-15
2/3-symbol sTTI

	DL data



	1st transmission
	4.0
	4.0
	2.0
	1.0

	
	1 retx
	12
	10
	6.0
	3.6

	
	2 retx
	20
	16
	10
	6.1

	
	3 retx
	28
	22
	14
	8.7

	UL data (SR)



	1st transmission
	12
	10
	6.0
	3.4

	
	1 retx
	20
	16
	10
	6.0

	
	2 retx
	28
	22
	14
	8.6

	
	3 retx
	36
	28
	18
	11

	UL data (SPS)



	1st transmission
	4.0
	4.0
	2.0
	0.86

	
	1 retx
	12
	10
	6.0
	3.4

	
	2 retx
	20
	16
	10
	6.0

	
	3 retx
	28
	22
	14
	8.6



[bookmark: _Toc494387612][bookmark: _Toc494387623][bookmark: _Toc494387643][bookmark: _Toc494477092]Only the 2/3-symbol TTI in can fulfil a 1ms target, while all configurations can fulfil a 5ms target in FDD DL.
[bookmark: _Toc494387613][bookmark: _Toc494387624][bookmark: _Toc494387644][bookmark: _Toc494477093]SPS UL is required to fulfil a 1ms target, while SR can be used for a 5ms target.
[bookmark: _Toc494387614][bookmark: _Toc494387625][bookmark: _Toc494387645][bookmark: _Toc494477094]HARQ retransmissions can’t be done within 1ms target but possible for 5ms target.
HARQ-less retransmissions
An alternative to HARQ-based retransmission is “HARQ-less”, “blind”, or “automatic” retransmission or repetitions. Since these do not require feedback they can be executed back-to-back without any further delay. The spectral efficiency is lower since the retransmissions may not be necessary.
 Table 2: FDD UP one-way latency for data transmission with HARQ-less retransmission.
	Latency (ms)
	HARQ
	Rel-14
	Rel-15
Reduced processing (n+3)
	Rel-15
7-symbol sTTI
	Rel-15
2/3-symbol sTTI

	DL data



	1st transmission
	4.0
	4.0
	2.0
	1.0

	
	1 repetition
	5.0
	5.0
	2.5
	1.2

	
	2 repetitions
	6.0
	6.0
	3.0
	1.4

	
	3 repetitions
	7.0
	7.0
	3.5
	1.6

	UL data (SR)



	1st transmission
	12
	10
	6.0
	3.4

	
	1 repetition
	13
	11
	6.5
	3.6

	
	2 repetitions
	14
	12
	7.0
	3.9

	
	3 repetitions
	15
	13
	7.5
	4.1

	UL data (SPS)



	1st transmission
	4.0
	4.0
	2.0
	0.86

	
	1 repetition
	5.0
	5.0
	2.5
	1.1

	
	2 repetitions
	6.0
	6.0
	3.0
	1.3

	
	3 repetitions
	7.0
	7.0
	3.5
	1.5



[bookmark: _Toc494387615][bookmark: _Toc494387626][bookmark: _Toc494387646][bookmark: _Toc494477095]With a 5ms target 3 repetitions can be made with sTTI.

TDD aspects
With TDD there are additional alignment delays caused by the sequence of subframes. Depending on when the data arrives in the transmit buffer the latency may be similar or much longer than the FDD latency. Looking at the TDD configuration with most equal distribution of DL and UL subframes and with the highest frequency of switching points, configuration 1 (DSUUD) should be the most latency optimal choice. Assuming that the special subframe is completely DL, the resulting latency is as indicated in Table 3. As can be seen in the table, no TDD configuration can reach a 1ms target, but 5ms is within reach.

[bookmark: _Ref493693010]Table 3. TDD UP one-way latency for data transmission with TDD configuration 1.
	Latency (ms)
	HARQ
	Rel-14
	Rel-15
Reduced processing (n+3)
	Rel-15
7-symbol sTTI

	DL data



	1st transmission
	6.0
	6.0
	4.0

	
	1 retx
	17
	15
	11

	
	2 retx
	28
	24
	17

	
	3 retx
	39
	33
	24

	UL data (SR)



	1st transmission
	18
	16
	12

	
	1 retx
	29
	25
	18

	
	2 retx
	40
	34
	25

	
	3 retx
	51
	43
	31

	UL data (SPS)



	1st transmission
	7.0
	7.0
	5.0

	
	1 retx
	18
	16
	12

	
	2 retx
	29
	25
	18

	
	3 retx
	40
	34
	25
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Conclusion
In Section 2 we made the following observations
Observation 1	Only the 2/3-symbol TTI in can fulfil a 1ms target, while all configurations can fulfil a 5ms target in FDD DL.
Observation 2	SPS UL is required to fulfil a 1ms target, while SR can be used for a 5ms target.
Observation 3	HARQ retransmissions can’t be done within 1ms target but possible for 5ms target.
Observation 4	With a 5ms target 3 repetitions can be made with sTTI.
Observation 5	With TDD a latency below 5ms can be achieved.
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