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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#80 meeting, a new SI “Physical Layer Enhancements for NR URLLC” has been approved [1]. In the corresponding SID [2], the requirement of time synchronization has been identified with accuracy of 1 or a few µs in various use cases.
The objective of this study item is to investigate enhancements to URLLC (Ultra Reliable Low Latency Communications), considering both FR1 and FR2 as well as TDD and FDD, with the already existing solutions for NR as the baseline. The study is focusing on the following items:

Establishing the baseline performance achievable with Release 15 URLLC considering the prioritized URLLC use cases identified in the justification section. Besides the baseline Release 15 URLLC performance, the study will investigate the necessary improvement for the prioritized URLLC use cases in the justification section and how to meet the requirements for those use cases in Release 16 with higher requirements, such as:
· Higher reliability (up to 1E-6 level), higher availability, time synchronization down to the order of a few µs where the value can be 1 or a few us depending on frequency range, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)
· Relevant development in other work and study items to be taken into account.
In this paper, the accuracy requirement of time synchronization between UEs in Rel-16 is further decomposed to obtain a corresponding accuracy requirement of time synchronization between gNB and UE. And the baseline accuracy of time synchronization achievable with Rel-15 NR is also evaluated. Correspondingly, the L1 impact of time synchronization accuracy enhancement(s) is also discussed.
[bookmark: _Ref519591337][bookmark: _Ref129681832]Requirement of timing accuracy between gNB and UE
In the RAN#80 meeting, three new use cases have been identified for Rel-16 URLLC:
· New Release 16 use cases with higher requirements
· Factory automation
· Transport Industry
· [bookmark: OLE_LINK1]Electrical Power Distribution
According to TS 22.804 [3], the factory automation and electrical power distribution both have stringent requirement on clock synchronicity between coordinated nodes. For example, in the scenario of Motion Control in the factory, it is important that there is a very high synchronicity in the order of 1µs between all involved devices (motion controller, sensors or actuators). And in the application of differential protection in distribution network of smart grid, all DTUs need to be synchronized with its neighboring DTUs within 10µs accuracy to ensure that the current value was sampled exactly at the same time. 
The e.g. 1µs accuracy is referring to the time offset between different UEs. And in a wireless cellular network, UE can rely on the gNB to synchronize to other UEs. A simple illustration is shown in Figure 1. 
[image: ]
[bookmark: _Ref519851509]Figure 1: Illustration of time synchronization in factory
If the coordinated UEs are always under a same base station, each of the UEs just needs to synchronize to the gNB within +/- 500ns accuracy, and then the requirement of 1us timing accuracy between UEs can be satisfied. However, UEs may not be located in the area covered by only one base station. As Figure 1 shows, coordinated robots may be under different base stations, which is mainly because many small stations need to be deployed to cover the whole area of the factory. In this case, the time offset between base stations should be also considered. According to the industry experience, slave clock can synchronize to the master clock through 1588V2 mechanism at accuracy within about [-100ns, +100ns] under five hops. So it can be assumed that the timing accuracy between base station and the master clock is within +/-100ns. Then the time offset between base stations can be assumed as +/-200ns since base stations may synchronize to the master clock independently. So the required timing accuracy between UE and gNB can be calculated as: +/-(1us-200ns)/2=+/-400ns. That means UE should synchronize to the gNB with accuracy within [-400ns, +400ns]. The analysis described above is illustrated in Figure 2.
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[bookmark: _Ref519865628]Figure 2: Illustration of the requirement of timing accuracy between UE and gNB.
It should be noted that, the said +/-400ns accuracy is referring to the time offset between UE’s clock and the gNB’s clock. UE not only needs to obtain the relative synchronization to BS which includes downlink frame timing and uplink TA, but also needs to obtain the accurate time information of gNB’s clock such as ‘xxxx year/xx month/xx day/…/ns’. This means gNB needs to deliver the accurate time information to UE, which is similar as the reference time delivery mechanism specified in Rel-15 LTE [5].
Proposal 1: Take the +/-400ns accuracy between UE and gNB as the design objective of time synchronization in Rel-16.
[bookmark: _Ref520217638] Rel-15 performance analysis
There are several aspects which have impact on the timing accuracy between UE and gNB. Before evaluating the baseline performance achievable with Rel-15 NR, the basic mechanism of time synchronization is discussed firstly.
[bookmark: OLE_LINK2]The time synchronization between UE and gNB can be obtained basically through three steps, the first step is the reference time information (denoted by ) delivery, the second step is the downlink frame timing applied by UE, denoted by , and the third step is the estimation of downlink propagation delay, denoted by . The basic mechanism of time synchronization between UE and gNB can be expressed as the equation below. That is, the time clock of UE is equal to the received time clock of gNB plus the downlink propagation delay. A simple illustration of the basic mechanism can be found in Figure 3.
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[bookmark: _Ref518658730]Figure 3: Illustration of time synchronization mechanism
So, the error of time synchronization between UE and gNB can be analyzed by analyzing the error of each item in the equation respectively.
[bookmark: _Ref520193027]Error related to BS timing
The accuracy of  is mainly impacted by two factors, i.e. one is the frame timing accuracy of BS transmitter and another is the indicating error associated to the indicating granularity of . 
The frame timing accuracy of the gNB transmitter can refer to the Time Alignment Error (TAE) which is defined in TS38.104 [4] as a requirement for the base station. This requirement applies to the frame timing in TX diversity, MIMO transmission, carrier aggregation and their combinations. And this requirement is defined due to the frames of the NR signals present at the BS transmitter antenna connectors or TAB connectors are not perfectly aligned in time, and the RF signals present at the BS transmitter antenna connectors or transceiver array boundary may experience certain timing differences in relation to each other. In a sense, the inaccurate frame timing of BS is caused by the misalignment of the BS transmitter timing in different antenna connectors or transceiver array boundary in different transmitting occasions. So the frame timing accuracy can be seen as same as the TAE. 
According to the description in the TS38.104 [4] as shown below, there is various requirement for the TAE under different cases. Without loss of generality, the strictest requirement can be used for the time synchronization case since it represents the BS ability at a single carrier frequency. Then the BS timing error can be seen as within +/-65ns. 
[image: ]
The indicating granularity of  can be simply assumed as 0.25us which has been specified in Rel-15 HRLLC in LTE [5], and the indicating error is within +/-125ns accordingly. Then the total error of  can be assumed as within +/-190ns.

Error related to UE timing
The downlink frame timing at the UE receiver represents the arrival time of the downlink signal, and is obtained via detecting the downlink signal of the reference cell. The requirement of UE initial transmit timing error has been defined in TS 38.133 [6] which is denoted by Te, and it represents the uplink transmission timing error of UE in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission. It mainly includes the detecting error of downlink signal by UE, and also includes the implementation error of UE due to the internal processing jitter. Both of these factors have impact on the final timing accuracy between UE and gNB. So basically the time error related to UE timing can be seen as same as Te.
According to the description in TS 38.133 [6], Te has various values under different scenarios. We can use the +/-12*64*Tc and +/- 7*64*Tc as two typical values for SCS 15kHz and 60kHz respectively. 
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[bookmark: _Ref519583545]Error related to DL propagation delay estimation
[bookmark: OLE_LINK5]UE decides the downlink propagation delay according to the TA value obtained from TA command sent by gNB. According to the current TA mechanism in Rel-15 NR, the TA command delivery is realized by implementation. That is, gNB decides, by realization, when to deliver the TA command to UE, and UE may re-obtain the TA value after the TA-alignment timer expires according to the specification. At worst case, the TA accuracy can be seen as about half of CP length since gNB may trigger the TA command delivery after one or several uplink demodulation failures. At best case, it can be assumed that gNB can deliver the TA command to UE in time and the accuracy relies on the detailed TA processing which is analyzed as follows. Since the TA command delivery belongs to the behavior which gNB has ability to control, it is assumed that gNB can deliver the TA command in time at least to the UEs which have requirement of high accuracy time synchronization. And the analysis below is applied based on this assumption.
[bookmark: _Ref520196243]Asymmetry between downlink and uplink channel
UE estimates the downlink propagation delay as half of the TA value obtained from gNB, which introduces error due to the asymmetry between downlink and uplink propagation delay. In TDD system, the downlink and uplink channel fading can be seen strongly correlated with each other while the time gap between them is short enough. And the asymmetry between downlink and uplink propagation delay is mainly due to the change of small scale fading. In FDD system, the situation is a little worse since the downlink and uplink signal are transmitted at different carrier frequencies. In general, devices in factory or electric system have low mobility, so it can be assumed that the downlink and uplink channel with time gap of dozens of milliseconds have the same large scale fading. Then the asymmetry is mainly caused by the change of multi-path distribution. 
According to 38.901 [7], 300ns is a typical value for the RMS of 5G channel model in outdoor. Then we made a simple simulation to see the asymmetry of the multi-path distribution between downlink and uplink channel with various time gaps. The simulation assumptions are listed in Table 1, and the simulation result is shown in Figure 4. It can be found that the typical value for the asymmetry between downlink and uplink channel multi-path distribution is about 160ns. So we can assume the asymmetry between downlink and uplink propagation delay as:


[bookmark: _Ref520129799]Table 1: Simulation assumptions
	Duplexing mode
	TDD

	Channel model
	TDL-C

	Frequency carrier
	5 GHz

	Mobility
	3 km/h

	SCS
	15 kHz

	Bandwidth
	52 RBs

	RMS
	300 ns

	AWGN
	Ideal, no noise

	Metric
	First path detected
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[bookmark: _Ref520129845]Figure 4: Simulation result of asymmetry versus time gap
BS detecting error
BS decides the value of the TA for a certain UE by detecting the reference signal (e.g. SRS) sent by the UE, so the detecting error impacts the final accuracy of the time synchronization. The detecting performance of SRS in Rel-15 NR is simulated as follows. The simulation assumptions are listed in Table 2, and the simulation results are provided in Figure 5. It can be found that the SRS detecting accuracy is within about +/- 130ns with 20MHz bandwidth and 1 OFDM symbol under 15kHz SCS. So it can be typically assumed that the achievable SRS detecting accuracy in Rel-15 NR is about:


[bookmark: _Ref520191178]Table 2: Simulation assumptions
	Channel model
	TDL-C

	Frequency carrier
	2 GHz

	Mobility
	3 km/h

	SCS
	15 kHz

	Bandwidth
	24, 48, 96 RB

	RMS
	300 ns

	Resource allocation
	1 OFDM symbol per slot

	Repetition number
	1

	AWGN
	SNR = -7dB

	Metric
	First-path detection



[image: ]
[bookmark: _Ref520191310]Figure 5: SRS detection performance
[bookmark: _Ref520196253]Indicating error
Besides, the indicating granularity of TA command causes additional error, i.e. the error can be as large as half of the indicating granularity. According to 38.213[8], the TA indicating granularity is , so the indicating error can be assumed as .
 for 15kHz
 for 60kHz
Downlink frame timing error
Besides the three aspects which have been discussed in section 3.3.1 to 3.3.3, the downlink frame timing error (Te) also impacts the accuracy of the estimation for downlink propagation delay . As shown in Figure 6, the estimated TA equals to correct TA plus Te without regard to other factors.
[image: ]
[bookmark: _Ref520214981]Figure 6: Te impacts the TA estimating accuracy
Summary
In general, the error of TA estimation is composed of BS detecting error, TA indicating error and the downlink frame timing error. And the total error of TA estimation is calculated as:

Since the downlink propagation delay  is gotten from the following equation sets:

So the downlink propagation delay  is calculated as:
.
Then the error of the downlink propagation delay  is:

Total error
According to the analysis in section 3.1 to 3.3, the final error of the time synchronization between UE and gNB is calculated as follows:










It can be seen from the equation that the total error of the time synchronization is:
For 15kHz,

For 60kHz,


	
	SCS 15kHz
	SCS 60kHz

	Time synchronization error between UE and gNB
	+/-661ns
	+/-482ns



Observation 1: Current Rel-15 NR cannot satisfy the requirement of 1us timing accuracy between UEs.
Consideration on alternatives for time synchronization
It can be found from the discussion in section 3 that the downlink frame timing error, TA indicating error, asymmetry between DL/UL propagation delay and the BS timing error have big impact to the total error of the time synchronization between UE and gNB. So some enhancements can be considered to improve the time synchronization accuracy in Rel-16 NR.
· Possible enhancement for more accurate TA
As discussed in section 3.3, in Rel-15 NR, the TA command delivery is realized by gNB implementation and cannot ensure the TA accuracy due to uncertain occasion of TA command delivery. In Rel-16, a mechanism to enable gNB periodically indicate the current TA adjustment to UE could be considered to guarantee the required accuracy of TA. For example, a downlink response message following one kind of uplink reference signal transmission can be defined to carry the TA adjustment information. And the uplink reference signal is also transmitted periodically accordingly such that the TA adjustment information can be delivered periodically.
According to the analysis in section 3.3, the indicating error of TA command due to indicating granularity is about  and has nonnegligible impact to the time synchronization accuracy. So the indicating granularity of TA adjustment could be also improved in Rel-16 to decrease the indicating error for the UEs have requirement of high accuracy time synchronization. 
· Possible enhancement for smaller Te
For UE in connective mode, the main components included in Te are downlink frame timing error and time drift due to frequency error/drift. To decrease the downlink frame timing error, gNB can configure a specific resource to carry the DL RS which occupies wide enough bandwidth and several symbols to ensure the reliable detecting performance of DL RS by UE. To decrease the time drift of UE, a periodic UE procedure of updating the downlink frame timing result can be defined to make the “empty time” without detecting/tracking any DL RS in control.
For example, if a periodic UE procedure of detecting the specific e.g. CSI-RS is defined with period of 80ms. Then the maximum time drift is only about 0.1ppm*80*10^-3=8 (ns), which can be even ignored in the time synchronization accuracy.
· Possible enhancement for more accurate BS timing delivery
The indicating granularity of reference time delivery by gNB could be smaller compared with the 0.25us granularity which has been specified in Rel-15 LTE since Rel-16 NR should satisfy more accurate time synchronization. For example, the granularity in Rel-16 NR can be at the level of 100ns, then the indicating error of the reference time by gNB is only about +/- 50ns which is acceptable since the requirement of time synchronization accuracy is about +/-400ns according to section 2.
· Possible enhancement for asymmetry between DL/UL propagation delay
According to the analysis in section 3.3, the time error caused by the asymmetry between downlink and uplink propagation delay is about 160ns, which has big distribution to the final error of the time synchronization. In TDD system, we can shorten the time gap between downlink and uplink signal transmission to increase the correlation of downlink and uplink channel and decrease the asymmetry between downlink and uplink propagation delay. 
[bookmark: _GoBack]Observation 2: There is L1 impact to support time synchronization with 1us accuracy between UEs.
[bookmark: OLE_LINK3]Proposal 2: At least one of the following aspects should be considered to be enhanced in Rel-16:
· TA accuracy
· Downlink frame timing accuracy
· Accuracy of reference time information delivery
· Asymmetry between downlink and uplink propagation delay
Conclusions
In this paper, the requirement of time synchronization accuracy between UE and gNB is discussed. The baseline accuracy of time synchronization achievable with Rel-15 NR is evaluated, and some possible enhancement(s) are discussed. Several observations and proposals have been made as follows.
Observation 1: Current Rel-15 NR cannot satisfy the requirement of 1us timing accuracy between UEs.
Observation 2: There is L1 impact to support time synchronization with 1us accuracy between UEs.
Proposal 1: Take the +/-400ns accuracy between UE and gNB as the design objective of time synchronization in Rel-16.
Proposal 2: At least one of the following aspects should be considered to be enhanced in Rel-16:
· TA accuracy
· Downlink frame timing accuracy
· Accuracy of reference time information delivery
· Asymmetry between downlink and uplink propagation delay
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»6.5.3.2 Minimum requirement for BS type 7-C and 1-H.
For MIMO or TX diversity transmissions, at each carrier frequency, TAE shall not exceed 65 ns..
For intra-band contiguous carrier aggregation, with or without MIMO or TX diversity, TAE shall not exceed 260ns.
For intra-band non-contiguous carrier aggregation, with or without MIMO or TX diversity, TAE shall not exceed 3s.

For inter-band carrier aggregation, with or without MIMO or TX diversity, TAE shall not exceed 3ps.
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Table 7.1.2-1: T, Timing Error Limit.
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