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1 Introduction

In the RAN#71 meeting, a WF [1] on clarification of the scope of the study on latency reduction techniques for LTE was approved, which clarifies that the study on latency reduction techniques will focus on both frame structure type 1 and frame structure type 2. In the RAN1#84bis meeting, a WF [2] on TDD was agreed, which proposed to consider the following three frame structure sets for evaluation or analysis of latency reduction for TDD:

· Set 1: full flexibility on other subframes

· All downlink subframes which can be configured as MBSFN subframes can be replaced with additional subframe type(s)

· All uplink subframes can be replaced with additional subframe type(s)

· Special subframe can be replaced with additional subframe type(s)

· Set 2: full flexibility only on UL subframes

· All downlink subframes are fixed as downlink subframes

· Special subframes are fixed as special subframes

· All uplink subframes can be replaced with additional subframe type(s)

· Set 3: keep legacy TDD DL/UL configuration

· All downlink subframes are fixed as downlink subframes

· All uplink subframes are fixed as uplink subframes

· Special subframes are fixed as special subframes
Frame structure set 1 and frame structure set 2 can be considered as enhanced frame structure type 2, while frame structure set 3 can be considered as legacy frame structure type 2. The contribution focuses on latency reduction for TDD and mainly discusses the U-plane latency for TDD based on both enhanced frame structure type 2 and legacy frame structure type 2. Enhanced frame structure type 2 is further discussed in our companion contribution [3], and performance evaluations for enhanced frame structure type 2 and legacy frame structure type 2 are provided in our companion contributions [4] [5] [6] [7].  
2 Discussion 
2.1 U-plane latency for TDD with legacy frame structure type 2 (Set 3) 
U-plane latency is an important KPI for system and it is determined by several factors with two of them related to frame structure, frame alignment and HARQ RTT [8]. Under a certain TTI length, it can be expected that the U-plane latency in TDD with the legacy frame structure type 2 is much worse than that in FDD, because both data and control suffer from additional time due to the UL/DL configurations. An example of the average U-plane latency for FDD and TDD with legacy frame structure type 2 is shown in Table 1. Details for the calculation of the U-plane latency are shown in Table 6 to Table 8 in Appendix A. Table 1 shows that the latency in TDD is much worse than that in FDD, especially in UL.  And the ratio of the latency in TDD to that in FDD gets bigger when the TTI length gets shorter. For example, the latency in UL of TDD UL/DL configuration 1 is about 1.3 times and 2.8 times that of FDD when the TTI length is 1ms and 2 symbols, respectively.  

  Table 1. Average U-plane latency for FDD and TDD with legacy frame structure type 2.   
	TTI length
	
	FDD
	LTE TDD
(config1 DSUUD)
	LTE TDD
(config2 DSUDD)

	1ms (legacy)
	UL
	4.8ms
	6.2ms
	7ms

	
	DL
	4.8ms
	5.62ms
	5.18ms

	0.5ms TTI
	UL
	2.4ms
	3.49ms
	4.28ms

	
	DL
	2.4ms
	2.93ms
	2.71ms

	4/3 OS TTI
	UL
	1.2ms
	2.40ms
	3.2ms

	
	DL
	1.2ms
	1.8ms
	1.52ms

	2 OS TTI
	UL
	0.69ms
	1.9ms
	2.69ms

	
	DL
	0.69ms
	1.43ms
	1.03ms


In addition, even with shorter TTI and reduced processing time, the U-plane latency in TDD with the legacy frame structure type 2 is limited for a certain UL/DL configuration, even though the TTI length is very short. For example, as shown in Table 1, even when the TTI length is 2 symbols, the U-plane latency is still very high, e.g. higher than 2ms in UL for TDD configuration 2. However, the U-plane latency in FDD can be very low, e.g. lower than 1ms when the TTI length is 2 symbols. Because even though the TTI can be smaller than the 1ms subframe duration, uplink transmission is still only possible in uplink subframe and downlink transmission is still only possible in downlink subframe and DwPTS, which results in that HARQ RTT and frame alignment cannot be reduced linearly proportional to the reduced TTI and are limited for a certain UL/DL configuration.
Observation 1: Even with shorter TTI length, e.g. 2-symbol TTI, the average U-plane latency in TDD with legacy frame structure type 2 is still very high and much worse than that in FDD, at least in one direction. 
Observation 2: Shorter TTI length and reduced processing time are not sufficient for latency reduction in TDD.
Latency is one of the important performance metrics and low-latency services would be more and more important for communication system. TDD should aim to meet high requirements as much as possible, which can protect the legacy investment from operators. Therefore, it is necessary to enable low latency in TDD, and the latency in TDD should be close to that in FDD as much as possible. The frame structure for TDD should be enhanced to achieve it. 
Proposal 1: It is recommended that TDD should aim to achieve an average U-plane latency which is close to that in FDD as much as possible. 
2.2 U-plane latency for TDD with enhanced frame structure type 2 
From latency perspective, the big problem for the legacy frame structure type 2 is that uplink transmission is impossible in subframes reserved for downlink and downlink transmission is impossible in subframes reserved for uplink. Therefore, though the TTI can be smaller than the 1ms subframe duration, HARQ RTT and frame alignment cannot be reduced linearly proportional to the reduced TTI and are limited for a certain UL/DL configuration. An alternative to solve this problem is to introduce an additional subframe type which includes symbol(s) for downlink transmission, GP and symbol(s) for uplink transmission. The additional subframe type can further include DL-dominate subframe and UL-dominate subframe as shown in Fig. 1.   
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Fig. 1. Additional subframe type for enhanced frame structure type 2.
DL-dominate subframe is mainly for downlink transmission but also includes a short part for uplink control information and/or PUSCH with short TTI. UL-dominate subframe is mainly for uplink transmission but also includes a short part for downlink control and/or PDSCH with short TTI. In addition, SRS can be transmitted in the short part in subframe type 1 also.
An enhanced frame structure type 2 can be composed of subframes including at least one of the above two additional subframes, and the additional subframe(s) can locate in subframe(s) not corresponding to special subframe(s) in order to achieve more gain of reduced latency and throughput, which means that more Downlink-to-Uplink switching points are needed in a radio frame compared to the legacy UL/DL configurations. As described in [2], both enhanced frame structure set 1 and enhanced frame structure set 2 based on additional subframe type can be considered, where additional subframe(s) can be placed only in uplink subframe(s) for enhanced frame structure set 2, while for enhanced frame structure set 1, additional subframe(s) can be placed in downlink subframe(s) that can be configured as MBSFN subframe for legacy UEs and uplink subframe(s) that can be replaced with additional subframe, and special subframe(s) can be used as additional subframe(s) for new UEs. 
Since downlink control and uplink control information can be transmitted in both DL-dominate subframe and UL-dominate subframe, it can be expected that the HARQ RTT can be reduced based on the enhanced frame structure type 2. In addition, since PUSCH transmission is possible in DL-dominate subframe and PDSCH transmission is possible in UL-dominate subframe, frame alignment for both DL and UL can be improved with appropriate configuration. Therefore, the latency can be further reduced. And it can be expected that more gain of the reduced latency can be achieved with more Downlink-to-Uplink switching points in a radio frame compared to legacy frame structure type 2.  
U-plane latency for TDD with enhanced frame structure set 1 
Two examples for enhanced frame structure set 1 are shown in Fig. 2. For enhanced frame structure type 2, the GP location in DL-dominate subframe and UL-dominate subframe can be adjusted based on the latency requirement. For example, example 1 with GP configuration 1 as shown in Fig. 2 can be used for higher requirement on latency in DL and example 2 with GP configuration 2 as shown in Fig. 2 can be used for high requirement on latency in both DL and UL. In addition, the GP positions in a radio frame (or the number of additional subframe types in a radio frame) can be flexible to balance the GP overhead and gain, because it can be expected that the GP overhead will increase with the number of additional subframe types in a radio frame. With appropriate GP configuration, much gain still can be achieved even though the GP overhead increases.     
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Fig. 2. Examples of enhanced frame structure set 1 with different GP locations.
Examples of the average U-plane latency for TDD with enhanced frame structure set 1 are shown in Table 2 and Table 3, where enhanced frame structure with GP configuration 1 and enhanced frame structure with GP configuration 2 as shown in Fig. 2 are used for Table 2 and Table 3 respectively. For comparison, the latency in FDD and LTE TDD UL/DL configuration 1 and 2 are also included. Details for the calculation of the U-plane latency are shown in Table 9 to Table 10 in Appendix A. In order to compare under the similar ratio of the uplink resource to downlink resource, TDD UL/DL configuration 2 is used to compare with enhanced frame structure example 1, and TDD UL/DL configuration 1 is used to compare with enhanced frame structure example 2.
Table 2. Average U-plane latency for TDD with enhanced frame structure set 1 example 1.   
	TTI length
	
	FDD
	TDD-LTE

(config2 DSUDD)
	Enhanced TDD

(GP config 1 as in figure 2)

	4/3 OS TTI
	UL
	1.2ms
	3.2ms
	1.82ms

	
	DL
	1.2ms
	1.52ms
	1.41ms

	2 OS TTI
	UL
	0.69ms
	2.69ms
	1.29ms

	
	DL
	0.69ms
	1.03ms
	0.87ms


Table 3. Average U-plane latency for TDD with enhanced frame structure set 1 example 2.   
	TTI length
	
	FDD
	TDD-LTE

(config1 DSUUD)
	Enhanced TDD

(GP config 2 as in figure 2)

	4/3 OS TTI
	UL
	1.2ms
	2.40ms
	1.71ms

	
	DL
	1.2ms
	1.8ms
	1.53ms

	2 OS TTI
	UL
	0.69ms
	1.9ms
	1.13ms

	
	DL
	0.69ms
	1.43ms
	1.0ms


From the results shown in Table 2 and Table 3, we can see that the latency in TDD with enhanced frame structure is further reduced. For example, in Table 3 the latency in UL is about 71% and 59% of that in TDD with the legacy frame structure type 2 when the TTI length is 4/3 symbols and 2 symbols, respectively. When the TTI length is 2 symbols, the latency in both UL and DL with the enhanced frame structure type 2 is about 1ms in Table 3. In addition, both Table 2 and Table 3 show that the latency in TDD with enhanced frame structures set 1 is much closer to that in FDD.   
Observation 3: Significant reduction of average U-plane latency can be achieved by enhanced frame structure type 2 set 1, and the reduced U-plane latency is much closer to that in FDD compared to that based on legacy frame structure type 2. 

U-plane latency for TDD with enhanced frame structure set 2 
An example for enhanced frame structure set 2 is shown in Fig. 3, where assuming additional subframe is placed only in uplink subframe of legacy UL/DL configuration 1. The average U-plane latency for the example of enhanced frame structure set 2 as shown in Fig. 3 is given in Table 4. For comparison, the U-plane latency in FDD and LTE TDD UL/DL configuration 1 are also included. Details for the calculation of the U-plane latency are shown in Table 11 in Appendix A. 
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Fig. 3. Example of enhanced frame structure set 2.
Table 4. Average U-plane latency for TDD with enhanced frame structure set 2.   
	TTI length
	
	FDD
	TDD-LTE

(config1 DSUUD)
	Enhanced TDD

(Example of set 2)

	4/3 OS TTI
	UL
	1.2ms
	2.40ms
	2.62ms 

	
	DL
	1.2ms
	1.8ms
	1.51ms 

	2 OS TTI
	UL
	0.69ms
	1.9ms
	2.0ms 

	
	DL
	0.69ms
	1.43ms
	0.98ms 


From the results shown in Table 4, we can see that the latency in DL in TDD with enhanced frame structure set 2 is further reduced. For example, the latency in DL with enhanced frame structure set 2 is about 83% and 69% of that in TDD with the legacy UL/DL configuration 1 when the TTI length is 4/3 symbols and 2 symbols, respectively. 
However, since it is only allowed to replace uplink subframe with additional subframe for enhanced frame structure set 2, it will result in a smaller ratio of the uplink resource to downlink resource compared to that of the legacy frame structure type 2, which may result in higher U-plane latency in UL with enhanced frame structure set 2 compared to legacy frame structure type 2 under the same TTI length. For example, the ratio of the uplink resource to downlink resource in the example of enhanced frame structure set 2 as shown in Fig. 3 is even smaller than half of that in legacy TDD UL/DL configuration 1. Since there is much difference on the ratio of uplink resource to downlink resource between the example of enhanced frame structure set 2 and legacy TDD UL/DL configuration 1, the comparison is unfair. In order to compare under a similar ratio of uplink resource to downlink resource, TDD UL/DL configuration 2 can be used to compare with the example of the enhanced frame structure set 2 with the results as shown in Table 5.  

Table 5. Average U-plane latency for TDD with enhanced frame structure set 2.   
	TTI length
	
	FDD
	TDD-LTE

(config2 DSUDD)
	Enhanced TDD

(Example of set 2)

	4/3 OS TTI
	UL
	1.2ms
	3.2ms
	2.62ms 

	
	DL
	1.2ms
	1.52ms
	1.51ms 

	2 OS TTI
	UL
	0.69ms
	2.69ms
	2.0ms 

	
	DL
	0.69ms
	1.03ms
	0.98ms 


From the results shown in Table 5, we can see that the latency in TDD with enhanced frame structure set 2 is further reduced. For example, the latency in UL with enhanced frame structure set 2 is about 82% and 74% of that in TDD with the legacy UL/DL configuration 1 when the TTI length is 4/3 symbols and 2 symbols, respectively. 
Observation 4: Significant reduction of average U-plane latency can be achieved by enhanced frame structure type 2 set 2, at least in one direction. 
Based on the analysis on U-plane latency based on enhanced frame structure type 2, we can see that significant reduction of average U-plane latency can be achieved by enhanced frame structure type 2, and the reduced U-plane latency is much closer to that in FDD compared to that based on legacy frame structure type 2, especially that from enhanced frame structure type 2 set 1, thus we have the following proposal: 
Proposal 2: An enhanced frame structure type 2 is recommended to be supported for further reducing U-plane latency in TDD. 
3 Conclusion

The contribution focuses on latency reduction for TDD and mainly discusses the U-plane latency for TDD based on both enhanced frame structure type 2 and legacy frame structure type 2. Based on the discussion, we have the following observations and proposals:

Observation 1: Even with shorter TTI length, e.g. 2-symbol TTI, the average U-plane latency in TDD with legacy frame structure type 2 is still very high and much worse than that in FDD, at least in one direction. 
Observation 2: Shorter TTI length and reduced processing time are not sufficient for latency reduction in TDD.

Proposal 1: It is recommended that TDD should aim to achieve an average U-plane latency which is close to that in FDD as much as possible. 
Observation 3: Significant reduction of average U-plane latency can be achieved by enhanced frame structure type 2 set 1, and the reduced U-plane latency is much closer to that in FDD compared to that based on legacy frame structure type 2. 

Observation 4: Significant reduction of average U-plane latency can be achieved by enhanced frame structure type 2 set 2, at least in one direction. 

Proposal 2: An enhanced frame structure type 2 is recommended to be supported for further reducing U-plane latency in TDD. 
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Appendix A
The latency is determined by TTI duration, Processing delay, Frame alignment and HARQ RTT. Table 5 to Table 10 provides the details for the calculation of the U-plane latency which are shown in Table 1 to Table 4 in section 2. The following configurations are used to achieve similar ratio of the uplink resource to downlink resource, for enhanced frame structure set 1 with GP location 1 and TDD UL/DL configuration 2, and for enhanced frame structure set 1 with GP location 2 and TDD UL/DL configuration 1. 
· TDD UL/DL configuration 1 and 2 with legacy frame structure: Special subframe configuration 8 is used for special subframe.
· Enhanced frame structure set 1 with GP location 1 shown in figure 2: 1 symbol is used for the GP and 2 symbols are used for the short UL part in the DL-dominate subframe; 1 symbol is used for GP and 4 symbols are used for UpPTS in the special subframe, where the UpPTS can be used for PUCCH and PUSCH transmission;
· Enhanced frame structure set 1 with GP location 2 shown in figure 2: 1 symbol is used for the GP and 6 symbols are used for the short UL part in a DL-dominate subframe; 1 symbol is used for GP and 4 symbols are used for UpPTS in the special subframe, where the UpPTS can be used for PUCCH and PUSCH transmission.     
Table 6. U-Plane latency analysis with 10% HARQ BLER for FDD.
	Description
	TTI length

	
	0.5ms
	4/3 OS
	2 OS

	
	UL
	DL
	UL
	DL
	UL
	DL

	eNB Processing Delay
	1.5TTI
	1TTI
	1.5TTI
	1TTI
	1.5TTI
	1TTI

	Frame Alignment
	0.5TTI
	0.5TTI
	0.5TTI
	0.5TTI
	0.5TTI
	0.5TTI

	TTI duration
	1TTI
	1TTI
	1TTI
	1TTI
	1TTI
	1TTI

	UE Processing Delay
	1TTI
	1.5TTI
	1TTI
	1.5TTI
	1TTI
	1.5TTI

	HARQ Retransmission
	0.8TTI
	0.8TTI
	0.8TTI
	0.8TTI
	0.8TTI
	0.8TTI

	Total one way delay
	4.8TTI

(2.4ms)
	4.8TTI

(2.4ms)
	4.8TTI

(1.2ms)
	4.8TTI

(1.2ms)
	4.8TTI

(0.69ms)
	4.8TTI

(0.69ms)


Table 7. U-Plane latency analysis with 10% HARQ BLER for TDD UL/DL configuration 1 with legacy frame structure.
	Description
	TTI length

	
	0.5ms
	4/3 OS
	2 OS

	
	UL
	DL
	UL
	DL
	UL
	DL

	eNB Processing Delay
	1.5TTI
	1TTI
	1.5TTI
	1TTI
	1.5TTI
	1TTI

	Frame Alignment
	2.6TTI
	1.5TTI
	4.4TTI
	2.3 TTI
	7.1 TTI
	3.93 TTI

	TTI duration
	1TTI
	1TTI
	1TTI
	1TTI
	1TTI
	1TTI

	UE Processing Delay
	1TTI
	1.5TTI
	1TTI
	1.5TTI
	1TTI
	1.5TTI

	HARQ Retransmission
	0.88TTI
	0.85TTI
	1.7TTI
	1.5 TTI
	2.9 TTI
	2.55 TTI

	Total one way delay
	6.98TTI

(3.49ms)
	5.85TTI

(2.93ms)
	9.6TTI

(2.4ms)
	7.3TTI

(1.8ms)
	13.5TTI

(1.9ms)
	9.98TTI

(1.43ms)


Table 8. U-Plane latency analysis with 10% HARQ BLER for TDD UL/DL configuration 2 with legacy frame structure.
	Description
	TTI length

	
	0.5ms
	4/3 OS
	2 OS

	
	UL
	DL
	UL
	DL
	UL
	DL

	eNB Processing Delay
	1.5TTI
	1TTI
	1.5TTI
	1TTI
	1.5TTI
	1TTI

	Frame Alignment
	4.1TTI
	0.8TTI
	7.3TTI
	1.25TTI
	12.1TTI
	1.53TTI

	TTI duration
	1TTI
	1TTI
	1TTI
	1TTI
	1TTI
	1TTI

	UE Processing Delay
	1TTI
	1.5TTI
	1TTI
	1.5TTI
	1TTI
	1.5TTI

	HARQ Retransmission
	0.95TTI
	1.11TTI
	1.9TTI
	1.32 TTI
	3.2TTI
	2.2TTI

	Total one way delay
	8.55TTI

(4.28ms)
	5.41TTI

(2.71ms)
	12.7TTI

(3.2ms)
	6.07TTI

(1.52ms)
	18.8TTI

(2.69ms)
	7.23TTI

(1.03ms)


Table 9. U-Plane latency analysis with 10% HARQ BLER for TDD with enhanced frame structure set 1 example 1.
	Description
	TTI length

	
	4/3 OS
	2 OS

	
	UL
	DL
	UL
	DL

	eNB Processing Delay
	1.5TTI
	1TTI
	1.5TTI
	1TTI

	Frame Alignment
	2.65TTI
	1.03TTI
	4.23TTI
	1.26TTI

	TTI duration
	1TTI
	1TTI
	1TTI
	1TTI

	UE Processing Delay
	1TTI
	1.5TTI
	1TTI
	1.5TTI

	HARQ Retransmission
	1.145TTI
	1.117TTI
	1.3TTI
	1.315TTI

	Total one way delay
	7.295TTI

(1.82ms)
	5.647TTI

(1.41ms)
	9.03TTI

(1.29ms)
	6.075TTI

(0.87ms)


Table 10. U-Plane latency analysis with 10% HARQ BLER for TDD with enhanced frame structure set 1 example 2.
	Description
	TTI length

	
	4/3 OS
	2 OS

	
	UL
	DL
	UL
	DL

	eNB Processing Delay
	1.5TTI
	1TTI
	1.5TTI
	1TTI

	Frame Alignment
	2.2TTI
	1.55TTI
	3.3TTI
	2.13TTI

	TTI duration
	1TTI
	1TTI
	1TTI
	1TTI

	UE Processing Delay
	1TTI
	1.5TTI
	1TTI
	1.5TTI

	HARQ Retransmission
	1.167TTI
	1.073TTI
	1.127TTI
	1.355TTI

	Total one way delay
	6.867TTI

(1.71ms)
	6.123TTI

(1.53ms)
	7.927TTI

(1.13ms)
	6.985TTI

(1.0ms)


Table 11. U-Plane latency analysis with 10% HARQ BLER for TDD with enhanced frame structure set 2.
	Description
	TTI length

	
	4/3 OS
	2 OS

	
	UL
	DL
	UL
	DL

	eNB Processing Delay
	1.5TTI
	1TTI
	1.5TTI
	1TTI

	Frame Alignment
	5.2TTI
	1.1TTI
	8.7TTI
	1.6TTI

	TTI duration
	1TTI
	1TTI
	1TTI
	1TTI

	UE Processing Delay
	1TTI
	1.5TTI
	1TTI
	1.5TTI

	HARQ Retransmission
	1.75TTI
	1.41TTI
	1.76TTI
	1.74TTI

	Total one way delay
	10.45TTI

(2.62ms)
	6.01TTI

(1.51ms)
	13.96TTI

(2.00ms)
	6.84TTI

(0.98ms)
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Example 2: Enhanced frame structure with GP configuration 2
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