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1. Introduction

In the SI on latency reduction, both FDD and TDD duplex modes are considered [1]. From RAN1 #83 meeting, TTI shortening and reduced processing times were discussed. In RAN1 #84 meeting, latency reduction based on FS2 was separately discussed regarding several possible modifications of TDD frame structure [2], but no agreement was reached.
In this contribution, we discuss the TDD frame structure issue for latency reduction.
2. TDD Latency Analysis
The influencing factors for TDD latency include TTI length, processing delay and TDD UL-DL configuration. The first two factors are common for FDD and TDD. For FDD, the effect of latency reduction can be (almost) linearly proportional to TTI shortening. For TDD, additional latency will be caused by the waiting time for frame alignment and longer HARQ RTT, both depending on the given TDD UL-DL configuration. However, due to the limited DL-to-UL switching points within one radio frame of FS2, i.e., the maximum number of two per radio frame, it was observed that the effect of latency reduction by TTI shortening is (much) smaller for TDD than FDD [3-6].
As we know, the convergence of LTE TDD and FDD gains a global scale effect and facilitates the seamless global roaming. In this sense, a comparable TDD and FDD latency reduction is preferable, considering both TDD/FDD commonality and user’s QoE. So it would be beneficial to investigate how to achieve a similar latency reduction for both TDD and FDD. Therefore, on top of TDD/FDD common technologies for latency reduction, i.e., TTI shortening and reduced processing times, it could be beneficial to further investigate how to mitigate the restriction from the legacy FS2.
Observation 1: The effect of latency reduction by TTI shortening is (much) smaller for TDD than FDD and hence, on top of TDD/FDD common technologies for latency reduction, it could be beneficial to further investigate how to mitigate the restriction from the legacy FS2.
3. Candidate Solutions Based on FS2
In addition to TTI shortening and reduced processing times, some additional solutions may be needed for latency reduction based on FS2, including CA with different UL-DL configuration per CC [4], new subframe types and more DL-to-UL switching points per radio frame [5-7]. In this contribution, we mainly focus on how to realize latency reduction for one TDD carrier case. So in the following text, we will not consider the CA case. It should be noted that when we consider the candidate solutions for latency reduction, the backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier).
For FS2 in the current LTE specification [8], there are 7 TDD UL-DL configurations, with DL-to-UL switch-point periodicity of 5 ms or 10 ms. The subframe contains DL-to-UL switching point is known as special subframe and each special subframe consists of DwPTS, GP, and UpPTS. In total, there are 10 special subframe configurations, with different ratio of DwPTS:GP:UpPTS. In the legacy special subframe design, UpPTS only has one or two SC-FDMA symbols and can only be used for PRACH and SRS transmission, i.e., no UL data/control transmission can be supported in the legacy special subframe.
3.1 New Subframe Types

The basic motivation to introduce new subframe types is to enable DL-to-UL switching within one subframe and at the same time to support UL data/control transmission in this subframe. In other words, it is some new special subframe design different from the legacy special subframe design. Note that in the UL capacity enhancement WI [9], a new special subframe design will be specified, i.e., to support UL PUSCH in UpPTS (assuming DwPTS:GP:UpPTS = 6:2:6).
Generally speaking, for the new special subframe design, we may decompose its structure as listed below:

· DL control + DL data + GP + UL data + UL control, i.e., both DL and UL data/control transmission are supported in the special subframe. According to the GP position, it could be further classified as
· Fixed GP position;

· Dynamic GP position.

This new special subframe design can provide a subframe-level balance between DL and UL resource allocation, especially with dynamic GP position. Its potential specification impact may include some signalling to notify R14 latency reduction UEs about the type and structure of new special subframes, either in a semi-static or dynamic way.
3.2 More DL-to-UL Switching Points

Given the new special subframe design, one additional solution is to further introduce more DL-to-UL switching points into one radio frame, aiming at the bottleneck for TDD latency reduction, i.e., the limited DL-to-UL link switching per radio frame. It means that more than 2 special subframes could be supported per radio frame for R14 latency reduction UEs.
For more DL-to-UL switching points, there are two open issues that should be considered, i.e., the number and position of newly introduced special subframes, both depending on the SIB1 TDD UL-DL configuration. From latency point of view, TDD UL-DL configurations with DL-to-UL switch-point periodicity of 5 ms are better choices for operation, i.e., UL-DL Config. 0, 1, 2, 6. Considering the backward compatibility, it is preferable that only UL subframes indicated in SIB1 can be changed to special subframes in a UE-specific way for R14 latency reduction UEs. Otherwise legacy UEs’ RRM/CSI measurement may be affected. Obviously, replacing some UL subframes by special subframes are beneficial to DL, i.e., both DL throughput and latency (including both frame alignment and HARQ RTT) can be improved. However, due to reduced UL resources, UL throughput will be decreased proportional to the newly introduced special subframes (i.e., less data transmission opportunity for UL), even though the impact to UL latency may be small. Also, GP overhead will be increased proportional to the newly introduced special subframes, which should be considered.
The reduced UL resources also impacts to legacy UE performance and legacy (normal-TTI) operation. If the number of DL-to-UL switching points becomes larger by using new special subframe(s) which replaces UL subframe(s) indicated by SIB1, the UL subframe(s) replaced by the new special subframe(s) cannot be allocated to legacy UEs, e.g., for the purpose of SR and periodic CSI reporting; as long as there is a possibility that the eNB will schedule the new special subframe(s) on the UL subframe(s), semi-static UL transmission on those subframe(s) should not be configured. Furthermore, synchronous UL HARQ for legacy UE/normal-TTI operation would also be problematic due to the slow HARQ timeline compared to short-TTI operation. Since the semi-static resources, such as SR and periodic CSI reporting need to be configured and the PUSCH scheduling on normal-TTI may need to be limited for the UL subframe(s) that are not replaced by new special subframe(s), UL efficiency may be degraded, at least for legacy UE/legacy normal-TTI operation.
Considering the trade-off between UL traffic load and DL latency reduction, as well as the ratio between legacy UEs and R14 latency reduction UEs, it would be better that the number and position of newly introduced special subframes are semi-statically or dynamically configurable for R14 latency reduction UEs. So the potential specification impact may include some signalling to notify R14 latency reduction UEs about the actual position of newly introduced special subframes, either by a semi-static RRC signalling or a dynamic L1 signalling.
Note that the newly introduced special subframes may bring DL-to-UL interference issue in the multi-cell scenario, which was extensively investigated in R12 eIMTA. Multiple interference mitigation techniques introduced by eIMTA could be reused, e.g., power control, inter-cell coordination, etc.

3.3 Candidate Solutions

Given the new special subframe design and more DL-to-UL switching points, we may have several candidate solutions for latency reduction of R14 UEs, in addition to TTI shortening, i.e.,
· Solution 1: No more DL-to-UL switching points are introduced, and the legacy special subframes use the new special subframe design;

· Solution 2: More DL-to-UL switching points are introduced into one radio frame, and both the legacy special subframes and the newly introduced special subframes use the new special subframe design;

· Solution 3: More DL-to-UL switching points are introduced into one radio frame, but the legacy special subframes are kept unchanged and only the newly introduced special subframes use the new special subframe design.

For Solution 1 and 2, only one special subframe type will be supported in one radio frame for R14 latency reduction UEs; while for Solution 3, more than one special subframe types will be supported in one radio frame for R14 latency reduction UEs.

To better understand the effect of latency reduction of the three candidate solutions, we provide some latency analysis for three examples (corresponding to three solutions respectively), taking TDD UL-DL Config. 1 with special subframe Config. 7 (DwPTS:GP:UpPTS = 10:2:2) as the baseline. Both the baseline and three examples are illustrated in Fig. 1.
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Fig. 1. Examples for possible new frame structure with different TTI length.
· Example 1: Special subframes 1/6 with new special subframe design (DwPTS:GP:UpPTS = 6:2:6);
· Example 2: Special subframes 1/3/6/8 with new special subframe design (DwPTS:GP:UpPTS = 6:2:6);
· Example 3: Special subframes 1/6 with special subframe Config. 7, special subframes 3/8 with new special subframe design (DwPTS:GP:UpPTS = 2:2:10)
In both Example 1 and 2, the new special subframe design of DwPTS:GP:UpPTS = 6:2:6 is chosen, due to several considerations: its structure can realize balanced DL/UL resource allocation; its DwPTS length is the same as that in the legacy special subframe Config. 9 (DwPTS:GP:UpPTS = 6:6:2), which may facilitate the coexistence of legacy UEs and R14 latency reduction UEs; it is more aligned with the UL capacity enhancement WI which will specify a new special subframe. In Example 3, the new special subframe design of DwPTS:GP:UpPTS = 2:2:10 is adopted to achieve a balanced DL/UL resource allocation, considering the legacy special subframe Config. 7.
In Table I, we provide the TDD DL/UL latency analysis results for the baseline and three examples with different TTI length. The latency calculation consists of Tx/Rx processing delay, TTI duration, frame alignment, and HARQ RTT with 10% HARQ retransmission probability (as in [5, 7]), assuming the total processing delay of 3TTIs (Note: This assumption may be challenging when the TTI length is as short as 2 OS). Also, for UpPTS in the legacy special subframes, no UL data/control can be transmitted. While for other cases, DL/UL data/control are assumed in DwPTS/UpPTS. As a reference, FDD latency is also provided in Table I. From Table I, in addition to the performance gap between TDD/FDD latency, we can have several additional observations regarding TDD latency performance, i.e.,
· Example 1 achieves the same DL and UL latency performance due to the even DL/UL resource allocation. Compared to the baseline, Example 1 achieves much better UL latency performance, while slightly degrades DL latency performance because of slightly less DL resource allocation in Example 1;
· With more DL-to-UL switching points, Example 2 achieves further latency performance improvement compared to Example 1, especially for DL due to more DL resource allocation;
· Compared to the baseline, Example 3 can achieve both much better DL latency performance and slightly better UL latency performance.
Considering the DL-to-UL interference issue in the multi-cell scenario,
· Example 1 can avoid this issue by aligning DwPTS between the legacy special subframe and the new special subframe;
· Example 3 can minimize this issue by choosing a very short DwPTS for the new special subframe;

· Example 2 may bring some strong inter-cell DL-to-UL interference, especially when the traffic load is high and/or the inter-site distance is close.
Table I. Latency analysis with different TTI length
	TTI length
	FDD latency (ms)
	TDD latency (ms)

	
	
	Baseline
	Example 1
	Example 2
	Example 3

	
	DL
	UL
	DL
	UL
	DL
	UL
	DL
	UL
	DL
	UL

	1 ms
	4.8
	4.8
	 5.633
	6.2
	 5.567
	5.567
	5.1
	5.533
	 5.15
	6.15

	0.5 ms
	2.4
	2.4
	 2.925
	3.488
	 3.18
	3.18
	2.817
	3.238
	 2.65
	3.488

	2 OS
	0.69
	0.69
	 1.498
	1.921
	 1.655
	1.655
	 1.142
	1.508
	 1.104
	1.822


Observation 2: It is beneficial to introduce new subframe type, i.e., new special subframe design, for TDD latency reduction, especially for UL.

Observation 3: It is beneficial to introduce more DL-to-UL switching points for TDD latency reduction, especially for DL.
Observation 4: Introduction of new special subframe design and more DL-to-UL switching points may have impact to the performance of legacy UE/normal-TTI operation.
4. Summary
In this contribution, we discussed the TDD frame structure issue for latency reduction. The observations are summarized as follows.
Observation 1: The effect of latency reduction by TTI shortening is (much) smaller for TDD than FDD and hence, on top of TDD/FDD common technologies for latency reduction, it could be beneficial to further investigate how to mitigate the restriction from the legacy FS2.
Observation 2: It is beneficial to introduce new subframe type, i.e., new special subframe design, for TDD latency reduction, especially for UL.

Observation 3: It is beneficial to introduce more DL-to-UL switching points for TDD latency reduction, especially for DL.
Observation 4: Introduction of new special subframe design and more DL-to-UL switching points may have impact to the performance of legacy UE/normal-TTI operation.
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