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1 Introduction
In this contribution we discuss timing advance for NR and examine some of the timing relationships in the TDD NR system. We observe that the system design of NR timing relates to many aspects under RAN4 remit in RRM, RF and demod areas (such as synchronisation of gNB, initial transmit timing requirements, TA accuracy requirements, UE and eNB RX-TX switching and receiver and transmitter decoding and encoding delays) as well as considerable overlap with the work of RAN1, who are also involved in the definition of frame structure and timing advance command. It is therefore important to gain good understanding of the issues at system level, since there are various designs and design trade-offs to be made.
2 Discussion

In this contribution, we discuss timing relationships in TDD systems, which will be relevant for NR. We also discuss NR low latency use cases which put particular demands on processing time. One of the key differences between LTE and NR is that flexible numerology will be introduced.  RAN 1 agreed that sub frame duration scales along with subcarrier spacing
Subframe duration in ms for a reference numerology with subcarrier spacing (2m*15)kHz is exactly 1/2m
Although the exact details of NR frame structures are still to be decided, it seems certain that in addition to different TDD configurations (already an aspect of LTE TDD) there must also be further flexibilities coming from the support of different sub frame durations.
Figure 1 generically shows TDD switching from both the base station and UE perspective. The BS transmits DL signals, which are received by the UE after a propagation delay Tp. Similarly, UL transmissions from the UE are received by the BS after Tp. During both switching periods, both the UE and the BS need to switch their T-R switches, as well as ramping up/down their power amplifiers.
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Figure 1: Timing relationships between UE and BS in a TDD sub frame

One important constant is denoted TA0, which is the nominal “ideal” timing of the uplink from the base station perspective. Using feedback loops, the BS adjusts each UE’s uplink timing so that the uplink transmissions are aligned and can be completely received just before DL reception starts, from the BS perspective
The design of the timing advance feedback loop consists of many parts, some of which are determined by standards and some of which relate to gNB implementation.
For example

· A larger guard period (GP) for DL to UL switching means that it is possible for the UE to apply a larger timing advance. This means that in general, larger cell sizes and more distant UEs can be accommodated. Eventually if too large TA is applied, the UE either does not have time for processing and generating HARQ feedback between the UL and DL transmission, is unable to perform the RX-TX switch operation in time, or causes UE-UE interference if its uplink is so much advanced that it occurs at a time when another UE (connected to a different cell) is still receiving DL.

· An earlier TA0 means that there is less risk of gNB-gNB interference, and more time for gNB RX to TX switching, but reduces the cell size than can be supported (for  a given GP)

In principle, the cell size (or distance from a serving TRP to a UE)  which can be supported is a function of the guard period GP. For direct LOS propagation, ideally cell size=speed of light*GP. For example, 1km corresponds to about 3.33uS.  In a very theoretical case, a UE 1km away from the serving gNB would need to start its transmission the instant that downlink reception is completed, and the uplink would finish being received by the serving gNB at the instant that it needs to begin DL reception. If the UE to gNB distance is ≤1km, this implies that the ISD ≤2km.

If we consider interference issues and assume perfect sync, there are also no significant UE-UE or BS-BS interference scenarios. For example, consider UE A and UE B are collocated. UE A is served by a nearby gNB and is operating with zero TA. UE B is served by a 1km distant gNB and is applying a 3.33uS timing advance.  This means that UE B has not advanced its timing to the extent that it hits the DL of UE A and so it does not interfere. Similarly, under the perfect sync assumption, all gNB transmit and receive at the same time, and the only scenario in which DL transmission from another gNB could impact reception of the UE uplink would be if the other gNB was more distant than 1km away.
When it comes to flexible subcarrier spacing, we can expect that when higher subcarrier spacing and shorter sub frames/symbols are used, smaller GP would also be used, otherwise the relative overhead of GP becomes increased. Since the GP is scaled down, it means that smaller cell sizes are supported with higher subcarrier spacing. On mm-wave bands, pathloss considerations naturally imply that cell sizes will shrink. On lower frequencies it is also natural that cell size will scale down since CP length will also scale accordingly. 
 Naturally, this is a very theoretical analysis, and there are many reasons why a greater GP is needed in practice
· Non-LOS propagation means that there will be a greater effective distance from a serving TRP to a UE than the physical distance. Generally, we should add CP length to Tprop under the assumption that multipath delay spread < CP length.
· Time is needed for RX-TX switching at both the UE and the gNB
· Depending on the details of HARQ feedback, if HARQ is designed for low latency, processing time considerations may limit how quickly it is possible to switch from RX to TX at both the UE and the gNB, rather than RF considerations.

· There are uncertainties in the setting of UE timing advance using feedback, and hence the network cannot maintain each UE timing at exactly TA0
· gNB synchronisation cannot be perfectly synchronised and a smaller cell size or larger GP is needed to avoid UE-UE or gNB-gNB interference with imperfect sync.

· If a network node has later timing than a neighbour, it may cause UE-UE interference since UEs under its control will still be transmitting their uplink when other UEs are receiving downlink

· If a network node has earlier transmitted timing than a neighbour, it may cause BS-BS interference, since it could start to transmit DL signals when other BS are still receiving UL signals.

All of these factors are at least partially under RAN4’s area of responsibility. One main reason for emphasising this is

Observation 1: The design of NR TDD timing involves an interaction between frame structure for different numerologies, cell size, propagation conditions, UE and BS Rx-TX switching, HARQ processing time, RRM requirements for timing advance and gNB synchronisation performance.

Based on this observation, and the fact that many of these areas are within RAN 4 scope as well as the fact that frame structure is a fundamental aspect of NR system design, it seems important that RAN4 starts to consider timing aspects.

We now turn our attention to timing advance requirements in RAN4. In LTE RAN4 specified both initial transmit timing accuracy requirements, and timing advance accuracy. Initial transmit timing is clearly important, but is more related to transient effects, whereas in this contribution we have considered mostly steady state effects.

One key question we can evaluate is how accurately each UE’s timing can be set to the ideal timing TA0, from the gNB perspective.
The feedback loop consists of the following steps
1. gNB measures the UE uplink timing and determines the difference between UE actual timing and TA0
2. gNB determines a TA command to apply

3. UE receives the TA command and applies it to its transmit timing

For each of these steps, an uncertainty budget is shown it table 1 for LTE
	Source of uncertainty
	Reference
	Budget

	1. gNB measures the UE uplink timing and determines the difference between UE actual timing and TA0
	36.133 section 10.3 has requirements for Tadv reporting “The reporting range of TADV is defined from 0 to 49232Ts with 2Ts resolution for timing advance less or equal to 4096Ts and 8Ts for timing advance greater than 4096Ts.” This is for reporting between network nodes, so it does not directly specify the accuracy within a gNB. Nevertheless, we use ±1Ts as an optimistic value
	±1Ts

	2.
gNB determines a TA command to apply
	36.133 section 7.3 indicates “The timing advance command is expressed in multiples of 16* TS and is relative to the current uplink timing. “
	±8Ts

	3. UE applies TA command
	36.133 section 7.3 indicates “The UE shall adjust the timing of its transmissions with a relative accuracy better than or equal to ±4* TS seconds to the signalled timing advance value compared to the timing of preceding uplink transmission.”
	±4Ts

	TOTAL
	±13Ts


Table 1: Uncertainty budget for timing advance setting
In distance terms, the uncertainty of ±13Ts corresponds to an approximate distance of ±125m, in other words the theoretical size of cell which can be supported is shrunk by 125m approx. due to uncertainties in timing advance setting in both the UE and eNB. When different numerologies are considered (e.g. with shorter symbol duration/Ts), it could be expected that many of the uncertainties would scale according to the shorter Ts. In other words, in absolute time terms the eNB should be able to measure the signal with greater granularity, TA commands should support setting the UE timing advance with smaller steps, and the UE should also be able to implement finer adjustment for the uplink. Another way of stating this is simply that Ts becomes shorter as the subcarrier spacing is increased.
Observation 2: To allow efficient operation with greater than 15kHz subcarrier spacing, it is important that uncertainties in timing advance are scaled down according to the shorter Ts.
3 Conclusions

In this contribution we discuss some aspects of timing advance for NR. Firstly, we observe 
Observation 1: The design of NR TDD timing involves an interaction between frame structure for different numerologies, cell size, propagation conditions, UE and BS Rx-TX switching, HARQ processing time, RRM requirements for timing advance and gNB synchronisation performance

Based on this observation, and the fact that many of these areas are within RAN 4 scope as well as the fact that frame structure is a fundamental aspect of NR system design, it seems important that RAN4 starts to consider timing aspects.
We also provide a more detailed discussion of timing advance requirements in LTE, and speculate on the extension of requirements to NR where flexible numerology and greater than 15kHz subcarrier operation can be expected. For LTE, we provide an optimistic analysis of the timing advance control loop which indicates that the uncertainty in TA is at least ±13Ts or around ±125m if considered in terms of distance. When different numerologies are considered (e.g. with shorter symbol duration/Ts), it could be expected that many of the uncertainties would scale according to the shorter Ts
Observation 2: To allow efficient operation with greater than 15kHz subcarrier spacing, it is important that uncertainties in timing advance are scaled down according to the shorter Ts.
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