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1. Introduction
At RAN1#85 the following agreement was reached in respect of the frame structure for NR [1]:
•	RAN1 strives for maximizing commonality between TDD and FDD
· It is preferable that mechanisms to indicate the timing relation are duplex agnostic
· Note: This does not preclude any optimization either for FDD only or TDD only
At RAN1#86 it was further agreed [2]:
•	A slot can contain all downlink, all uplink, or {at least one downlink part and at least one uplink part}
With the aim of FDD/TDD commonality in mind, this contribution discusses some issues related to the NR frame structure design for TDD operation with low latency.
2. Discussion
Some of the desirable features for a frame structure framework to support TDD operation include:
· Commonality with the frame structure for NR FDD to facilitate FDD/TDD interworking and simplify specification 
· Availability of UL/DL configurations compatible with LTE TDD to facilitate in-band co-existence
· Configurable ratio of resources can be allocated for UL and DL to match a range UL/DL traffic mixes
· Configurable guard period to adapt to different cell sizes
As discussed elsewhere signals organised according to a basic time unit or “slot” of 1ms (or a sub-multiple of 1ms) would facilitate inter-working and coexistence with LTE, both TDD and FDD.
Further discussion here is based on the assumption of 15kHz sub-carrier spacing, a 1ms slot containing 14 OFDM symbols, and resource blocks of 12 sub-carriers in the frequency domain (the same as LTE). In this case configuring the equivalent of 1 OFDM symbol in the slot as a guard period would enable approximate equivalence to LTE TDD UL/DL configurations.
In order to be able to guarantee low latency for DL data, it must be possible to provide frequent periodic opportunities for scheduling and similar opportunities for data transmission. It should also be possible to provide corresponding opportunities for ACK/NACK transmission. Similarly, for low latency UL data, periodic opportunities for scheduling and DL ACK/NACK are needed. To simplify the following discussion we focus on DL data transmission, under the following assumptions: 
· Traffic is mainly DL data
· Small quantities of UL data
· DL and UL data can be transmitted using small resource allocations in the time domain (e.g. 1 OFDM symbol)
· HARQ-ACK/NACK transmission for each scheduled packet
· Low loading of both DL and UL control channels
Some of these issues are also addressed in companion contributions [3, 4, 5].
2.1 Baseline low latency configuration
In this configuration we assume, as an example, the following per slot, each occupying 1 OFDM symbol:-
· one scheduling opportunity
· one guard period
· one opportunity for UL data transmission
· one opportunity for UL control
The remaining resources are available for DL data. This is illustrated in Figure 1, with each type of resource allocation colour coded. Such a configuration could be envisaged for implementation as a basic feature in WI Phase 1, and additional flexibility might not be specified until Phase 2.
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Key (For Figure 1 and subsequent Figures):-
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Time (OFDM symbols) 
Figure 1: 1 slot, 2 RBs, 15kHz sub-carrier spacing, 1 UL/DL switching point, 1 scheduling opportunity per slot. DL efficiency = 10/14 = 0.71, latency = 28 symbols (~2ms)
Here we compute DL efficiency as the fraction of OFDM symbols carrying DL data, and “latency” as the maximum time between DL data arrival at base station and earliest opportunity for transmission of ACK/NACK for the corresponding packet. 
2.2 Reduced latency configurations
To reduce latency by a factor of 2 we could introduce two UL/DL switching points in a slot, as in Figure 2. Without multiplexing of control and data within one OFDM symbol, at least one OFDM symbol would be needed for each DL control, UL control and UL data opportunity. 
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 2: 1 slot, 2 RBs, 15kHz sub-carrier spacing, 2 UL/DL switching points per slot, 2 scheduling opportunities per slot. DL efficiency = 6/14 =0.43, Latency = 14 symbols ~1ms

To improve efficiency we could reduce the control overhead by multiplexing control and data in the same OFDM symbol as shown in Figure 3, assuming this provides sufficient resources.

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 3: 1 slot, 2 RBs, 15kHz sub-carrier spacing, 2 UL/DL switching points per slot, 2 scheduling opportunities per slot, FDM of control channels with data. DL efficiency = 9/14 = 0.64, latency = ~1ms

As an alternative to multiplexing control and data we could use a 30kHz sub-carrier spacing as in Figure 4. Note that this achieves the same DL efficiency and latency as the configuration in Figure 3.
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 4: 1 slot, 2 RBs, 30kHz sub-carrier spacing, 2 UL/DL switching points per slot, 2 scheduling opportunities per slot. DL efficiency = 18/28 = 0.64, latency ~1ms

The latency could be further reduced by increasing the frequency of UL/DL switching points, but the DL efficiency would be significantly lower due to the additional guard period overhead.
For small cells where a long guard period is not necessary, the guard period duration could be reduced, as shown in Figure 5, and the DL efficiency is improved.
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 5: 1 slot, 2 RBs, 30kHz sub-carrier spacing, 2 UL/DL switching points per slot, 2 scheduling opportunities per slot, reduced guard period. DL efficiency = 20/28 = 0.71, latency ~1ms



If even lower latency is required, more UL/DL switching points could be reduced, as shown in Figure 6.
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 6: 1 slot, 2 RBs, 30kHz sub-carrier spacing, 4 UL/DL switching points per slot, 4 scheduling opportunities per slot, reduced guard period. DL efficiency = 12/28 = 0.43, latency ~0.5ms
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Key (For Figure 6 and previous Figures):-




In some cases it may be possible to achieve low DL latency in unpaired spectrum without significant overhead. For example, where sufficient reliability is achieved without needing HARQ (or ACK/NACK at PHY layer) then no UL control would be required.  Similarly in some scenarios DL-only operation would be sufficient. Therefore such configurations should be supported, or at least not be precluded in WI Phase 1.

3 	Conclusions
For low latency TDD operation we conclude the following:-
· Low latency requires frequent UL/DL switching
· FDM of control and data allows improved efficiency of resource allocation
· Larger sub-carrier spacing allows improved efficiency of resource allocation
· Latency can be reduced by providing more UL/DL switching points and scheduling opportunities per slot at the cost of higher overhead
· For small cells, the duration of guard period(s) can be reduced to improve efficiency
· With numerologies and guard periods similar to current LTE TDD, having UL/DL switching points more frequently than 0.5ms will incur significant overhead (i.e. “slot” or “TTI” shorter than 0.5ms is not very attractive, particularly for cases where it is not possible to reduce the guard period duration).
The above should be taken into consideration in designing a common frame structure to support both FDD and TDD operation.
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