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1
Introduction
In this contribution, we provide further details on shortened-TTI TDD design and implementation.
2
Discussion
Multiple design options for shortened TTI have been proposed for implementation including multi-symbol and slot-based TTI lengths. In this contribution, we examine further on how some of these ideas can be implemented specifically for TDD implementation. We consider two main classes of designs:
(1) A slot-based TTI structure where shortened TTI downlink and uplink TTIs operate within the same downlink and uplink subframes, respectively, of the legacy system
(2) Repurposing subframes to allow for both downlink and uplink shortened TTI allocations within the same subframe. 
2.1  Slot-based TTI structure 
In TDD implementation, subframes can be either configured as downlink subframes, uplink subframes, or special subframes, and their placement is determined by uplink-downlink configuration choice when using frame structure type 2. If we insert additional low latency users with smaller TTI durations within an existing TDD deployment, one option is to keep the shortened downlink TTIs within the legacy downlink subframes and the shortened uplink TTIs within the legacy uplink subframes so as to minimize any Tx to Rx interference between legacy and shortened TTI users.

To reduce overall latency we can consider a slot based-TTI structure where all downlink and uplink subframes are split into two downlink and two uplink slots respectively. A simple example is shown in Figure 1 for uplink/downlink configuration 1 where both subframe and slot configurations are given. 
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Figure 1: Subframe and Slot Allocations for Uplink/Downlink Configuration 1

To determine overall latency reduction we can consider the HARQ turnaround times for both the legacy and slot implementations. Using an n+4 turnaround time scaled proportionally to TTI duration, we can tabulate and compare overall downlink to uplink latencies as shown in Table 1.
	Legacy Subframe TTI

(DL SF ( UL SF) Time Delay
	Slot TTI

(DL Slot ( UL Slot) Time Delay
	HARQ Timing Differential

	(0(7) 7ms
	(0(4) 2ms
(1(5) 2ms
	5ms
5ms

	(1(7) 6ms
	(2(6) 2ms
	4ms

	(4(8) 4ms
	(8(14) 3ms
(9(14) 2.5ms
	1ms
1.5ms

	(5(2) 7ms
	(10(14) 2ms
(11(15) 2ms
	5ms
5ms

	(6(2) 6ms
	(12(16) 2ms
	4ms

	(9(3) 4ms
	(18(4) 3ms
(19(4) 2.5ms
	1ms
1.5ms


Table 1: Comparison of downlink to uplink HARQ timing delays between subframe and slot based TTIs
For the configuration chosen, latency reduction of between 1 and 5ms are achieved for the slot based TTI over the legacy subframe TTI and similar reductions will be seen for the uplink to downlink timing delays. While the magnitude of the latency reduction will depend on the specific uplink-downlink configuration chosen, the slot TTI structure provides a reasonably large gain over the subframe TTI in each of the configurations. 
One may further consider shorter TTIs than the slot-based TTI structure. However, with the constraint of requiring that shortened downlink and uplink TTIs be contained within the legacy downlink and uplink subframes, respectively, the gains may have diminishing returns over the slot based structure. As an example for the uplink-downlink configuration #1 chosen above, an additional saving of up to 1.5ms can be achieved in certain transmit TTIs. However, complexity of implementation including HARQ management and bundling aspects are increased. 
Observation #1: Even under slot-based TTI structure, shortened TTI still provide latency gain over 1ms TTI case.

Proposal #1: If shortened TTI DL and UL TTIs must coincide with legacy downlink and uplink TDD subframe configurations, shortened TTI can still be used. 
2.2 Subframe Repurposing
Another alternative to achieve overall latency reduction is to repurpose the TDD subframe allocations. This method can introduce additional latency reduction while still maintaining backward compatibility. For this scenario, new shortened channels can be introduced on the uplink subframes as well on the uplink portions of the special subframes without affecting legacy TDD operation. As an example, for the uplink-downlink configuration 0, where 8 out of every 10 subframes are either configured as uplink or special subframes, a suitable low latency design can be configured where the “A” subframes can contain low latency channels as shown in Figure 2. Moreover, it is also possible to support shortened UL transmission in a DL subframe; however, it is understood that such support has much more constraints compared with supporting shortened DL transmission in an UL subframe, such as observing the CRS symbols, the PSS/SSS/PBCH symbols, etc. 
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Figure 2: Reconfiguration of TDD subframes to support low latency
Taking an “A” subframe as an example, we can insert new TDD-specific shortened DL data and control as well as shortened UL data and control which is shown conceptually in Figure 3. A guard period can be inserted within the ‘A’ subframes for any configuration where there is a DL to UL switch within the subframe.
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Figure 3: Example configuration for a low latency TDD subframe
Furthermore, within this general subframe structure, we can introduce two subtypes that allow for multiplexing of different UEs: (1) an FDM-based allocation and a (2) TDM based allocation. We give a representative diagram of the FDM-based subframe allocation in Figure 4.
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Figure 4: FDM-based low latency TDD subframe
For this structure, users can be allocated in the “A” subframe in an FDM manner. The resource usage can be a combination of downlink only, uplink only, or combined downlink and uplink as shown. For the case of a downlink to uplink switch, a guard period can be inserted whose duration can be optimized as a function of frequency allocation. Additionally, the guard period will ensure that there is no simultaneous Tx and Rx transmissions across the FDM allocations.

In Figure 5, we given a representative diagram of a TDM-based allocation.
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Figure 5: TDM-based low latency TDD subframe

For this structure, the example “A” subframe has user allocations partitioned in time. The subframe may contain downlink only, uplink only, or downlink and uplink traffic as shown. Users can be allocated in segmented blocks and a guard period can be allocated for any downlink to uplink switch that may be present in the subframe. Additionally, the guard period duration need not be sized relative to the configured cell size but can be optimized per subframe and sized specifically for the DL user transmitting prior to the guard period and the UL user transmitting after the guard period.

Observation #2: If the constraint that shortened TTI DL and UL TTIs must coincide with legacy downlink and uplink TDD subframe configurations is removed, more latency reduction gain can be achieved.
Proposal #2: For additional latency reduction beyond the slot-based TDD structure, one may consider repurposing the legacy TDD subframes to include both downlink and uplink shortened data and control allocations within the same subframe. Within this framework, an FDM-based structure and a TDM-based structure are given for further consideration.
3
Conclusions 
Based on the discussion presented in the paper, we outlined specific implementation issues regarding a shortened TTI TDD based solution. In particular, we have the following observations:

Observation #1: Even under slot-based TTI structure, shortened TTI still provide latency gain over 1ms TTI case.
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Observation #2: If the constraint that shortened TTI DL and UL TTIs must coincide with legacy downlink and uplink TDD subframe configurations is removed, more latency reduction gain can be achieved.

Therefore, we propose:
Proposal #1: If shortened TTI DL and UL TTIs must coincide with legacy downlink and uplink TDD subframe configurations, shortened TTI can still be used. 
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Proposal #2: For additional latency reduction beyond the slot-based TDD structure, one may consider repurposing the legacy TDD subframes to include both downlink and uplink shortened data and control allocations within the same subframe. Within this framework, an FDM-based structure and a TDM-based structure are given for further consideration.
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