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1 Introduction
Requirements for UE transmit timing in NR were further extensively discussed in the last meeting in several contributions [1-5]. In the last RAN4 meeting the following high level agreement related to the initial transmit timing and autonomous adjustment accuracies was reached as captured in the WF [5].

· It is agreed to specify the initial UE transmit timing error (Te) and the maximum autonomous adjustment step size (Tq) considering the factors including

· downlink bandwidth of the reference signals in Hz, which are used to derive the timing,
· uplink normal CP length of the signal transmitted,
· uplink bandwidth in Hz. 

· Interested companies are invited to investigate the detailed impact of the factors listed.

In this paper we further analyse and address various aspects related to the initial transmit timing in NR.  
2 Initial Transmit Timing Error Requirements
The UE derives its initial transmit timing based on the timing of the reception of the first detected path of the corresponding downlink frame of the serving cell. In NR the analogous signals which can be used for deriving the UE initial transmit timing are PSS/SSS. Therefore in NR, PSS/SSS signals transmitted in SS block can be used by the UE for deriving the UE transmit timing. 
According to RAN1 LS [6], the number of subcarriers for PSS/SSS is 127 and for PBCH it is 288 while the subcarrier spacing (SCS) of SS block can be different for different frequency ranges. According to the current RAN1 agreements in the LS [6], the PSS/SSS BW varies between 1.905 MHz to 30.48 MHz as shown in table 3. RAN4 has not yet agreed on the exact SCS for SS block for different frequency ranges/frequency bands. 

Table 1: PSS/SSS SCS and BW for different frequency ranges [4]
	Frequency ranges (F)
	Subcarrier spacing of PSS/SSS (KHz)
	Number of PSS/SSS subcarriers 
	PSS/SSS BW (MHz)

	≤ 6 GHz
	15
	127
	1.905

	
	30 
	127
	3.81

	6 GHz < F ≤ 52.6 GHz
	120 
	127
	15.24

	
	240 
	127
	30.48


2.1 Impact of downlink bandwidth of the reference signals
In LTE for DL BW ≥3 MHz, the timing error (Te) is ±12 Ts. Furthermore, the UE BW will be at least 5 MHz. This means for PSS/SSS SCS of 30 KHz or above the UE should be able to meet at least Te = ±12 Ts from the PSS/SSS BW perspective. However for PSS/SSS SCS of 30 KHz (BW = 1.905 MHz), the Te should be tightened compared to ±24 Ts for 1.4 MHz and relaxed compared to ±12 Ts for ≥ 3 MHz in LTE. We propose to proportionally scale the Te for 1.905 MHz. For example ±20 Ts will be a reasonable requirement from purely PSS/SSS SCS perspective.
2.2 Scaling of Timing Error by UL CP Length
As agreed in the WF in the last meeting that the Te should also take into account the CP length of UL signal (i.e. SCS of the UL signal). This is because in NR the UE can transmit using SCS larger than 15 KHz, therefore the uplink symbol duration can be much shorter than in LTE. In LTE the UL symbol lengths including CP length are 71.87 µs for the first symbol in the slot and 71.34 µs for the subsequent symbols in the slot. The symbol length excluding the CP length is 66.67 µs for all symbols in the slot. In NR with SCS of 30 KHz, 60 KHz and 120 KHz the symbol durations without CP length will be reduced to 33.33 µs, 16.67 µs, 8.33 µs respectively as shown in table 2.
Table 2: Normal CP length for different SCS of UL symbol
	SCS of UL symbol
	15 kHz
	30 kHz 
	60 kHz
	120 kHz

	UL symbol, duration excluding CP
	66.67 µs
	33.33 µs
	16.67 µs
	8.335 µs

	Normal CP length duration
	4.76 µs
	2.38 µs
	1.19 µs
	0.595 µs

	UL symbol, duration including CP
	71.43 µs
	35.71 µs
	17.86 µs
	8.93 µs


In principle the magnitude of the UE transmit timing requirements should also be scaled (reduced) with respect to the SCS of uplink signal compared to the baseline SCS (15 KHz). Otherwise the base station receiver cannot receive the uplink signal or will cause severe degradation. This means the UE transmit timing need to be defined wrt the BW of the PSS/SSS signals used for timing determination as well as the CP of the UL signal. We therefore suggest that the UE transmit timing is further scaled with the CP length of the UL symbol.
According to the RAN4 agreement in [7-8], the relation between SCS for non-SS block, frequency range and the minimum BW is summarized in table 3. This means the UE initial transmit timing requirements should be defined for the allowed combination of PSS/SSS SCS (CP length) and UL SCS (CP length) in different frequency ranges. 
Table 3: Subcarrier spacing for different frequency ranges and minimum cell BW [7-8]
	Frequency ranges (F)
	Subcarrier spacing (KHz)
	Minimum Cell BW (MHz)

	≤ 1 GHz
	15
	5

	
	30
	5

	1 GHz < F ≤ 6 GHz
	15
	5

	
	30
	5

	
	60
	5

	6 GHz < F ≤ 52.6 GHz
	60
	50

	
	120
	50


2.3 Link Simulation Results: Impact of Te on BS demodulation
Table 4 shows link simulation results in terms of relative degradation of UL SNR ((UL-SINR) for 70% uplink throughput for different timing error for different UL SCS. The relative degradation ((UL-SINR) is defined as follows:

(UL-SINR [dB] = UL SINR for Te=0 - UL SNR for (Te ( > 0
The results are provided for QPSK with 1/10 code rate (corresponding to MCS0 in LTE). The fading channel model is EPA5. 

The current Te requirement in LTE is ±12 Ts i.e. when SCS = 15 KHz and channel BW ≥ 3 MHz. The UL SINR loss for Te = 12 Ts is around 0.8 dB. To ensure that UL SNR degradation does not exceed 1 dB, according to table 4 the magnitude of Te should be scaled down linearly with the increase in the UL SCS.
Table 4: Impact of timing error for different SCS on uplink demodulation performance
	SCS of Uplink signal (KHz)
	(UL-SNR [dB] for different timing error (Te) at 70% uplink throughput

	
	±1.5 Ts
	±3 Ts
	±6 Ts
	12 Ts
	±24 Ts
	±48 Ts

	15
	
	
	
	0.81
	1.35
	2.09

	30
	
	
	1.07
	1.79
	2.72
	

	60
	
	0.94
	1.56
	2.44
	
	

	120
	0.82
	1.38
	2.27
	
	
	


2.4 Proposed Initial Transmit Timing Error
The proposed UE initial transmit timing error requirements are based on PSS/SSS BW and are further scaled linearly by UL SCS (CP length) in different frequency ranges based on the arguments provided in sections 2.1-2.3. The proposed requirements are shown in table 5, where 1 Ts = 32.55 ns.
Table 5: Proposed Initial Transmit Timing Error Requirements; 1 Ts = 32.55 ns

	Frequency range
	PSS/SSS SCS (KHz)
	PSS/SSS BW (MHz)
	SCS of UL signal (KHz)
	Timing error limit (Te)

	≤ 1 GHz
	15
	1.905
	15
	±20Ts

	
	
	
	30
	±10Ts

	
	30 
	3.81
	15
	±12Ts

	
	
	
	30
	±6Ts

	1 GHz < F ≤ 6 GHz
	15
	1.905
	15
	±20Ts

	
	
	
	30
	±10Ts

	
	
	
	60
	±5Ts

	
	30 
	3.81
	15
	±12Ts

	
	
	
	30
	±6Ts

	
	
	
	60
	±3Ts

	6 GHz < F ≤ 52.6 GHz
	120
	15.24
	60
	±3Ts

	
	
	
	120
	±1.5Ts

	
	240
	30.48
	60
	±3Ts

	
	
	
	120
	±1.5Ts


3 UE Transmit Timing Adjustment Requirements
In LTE the following requirements related to the UL transmit timing adjustment are specified:
· The maximum amount of the magnitude of the timing change in one adjustment shall be Tq seconds.

· The minimum aggregate adjustment rate shall be 7*TS per second.

· The maximum aggregate adjustment rate shall be Tq per 200ms.

The adjustment step size depends upon the sampling rate of the UL signals which in turn depends on the bandwidth. That’s why in LTE the timing adjustment step size scales with the DL cell BW. In LTE UL and DL bandwidths are the same. However in NR, asymmetrical bandwidth can be supported. Therefore the adjustment step size in NR should be scaled with respect to the uplink bandwidth. Similar scaling of the adjustment step with respect to the bandwidth as in LTE can be used in NR for UL SCS of 15 KHz (normal CP length = 4.76 µs). 
As discussed and proposed in section 3 that the UE transmit timing error should be scaled (reduced) with the decreased in the CP length of UL signal. Therefore the adjustment step should also be further scaled with respect to the SCS of UL signal i.e. Tq should be proportionally reduced with the decrease in the UL CP length (i.e. increase in SCS of UL symbol). Otherwise additional error in transmit timing will lead to performance degradation at the base station. 
3.1 Proposed Transmit Timing Adjustment Requirements
The proposed UE maximum autonomous time adjustment step requirements based on UL BW and further scaling by UL SCS (CP length) in different frequency ranges are shown in table 6, where 1 Ts = 32.55 ns.
Table 6: Proposed Transmit Timing Adjustment Requirements; 1 Ts = 32.55 ns
	Frequency range
	UL bandwidth
	SCS of UL signal (KHz)
	Maximum Autonomous Time Adjustment Step

	≤ 1 GHz
	5 MHz
	15
	5.5 Ts

	
	
	30
	5.5/2 Ts

	
	≥ 10 MHz
	15
	3.5 Ts

	
	
	30
	3.5/2 Ts

	1 GHz < F ≤ 6 GHz
	5 MHz
	15
	5.5 Ts

	
	
	30
	5.5/2 Ts

	
	
	60
	5.5/4 Ts

	
	≥ 10 MHz
	15
	3.5 Ts

	
	
	30
	3.5/2 Ts

	
	
	60
	3.5/4 Ts

	6 GHz < F ≤ 52.6 GHz
	≥50 MHz
	60
	3.5/4 Ts

	
	
	120
	3.5/8 Ts


4 Summary
In this paper we have further analysed the UE initial transmit timing requirements in NR. We have also provided link simulation results to assess impact of Te on UL demodulation performance. The following are the main proposals:

· Proposal # 1: The UE initial transmit timing error requirements are defined as function of subcarrier spacing of PSS/SSS (e.g. SN = 15 KHz, 30 KHz, 120 KHz and 240 KHz) and normal CP length of UL symbol (i.e. UL SCS). The proposal is shown in table 5:

Table 5: Proposed Initial Transmit Timing Error Requirements; 1 Ts = 32.55 ns
	Frequency range
	PSS/SSS SCS (KHz)
	PSS/SSS BW (MHz)
	SCS of UL signal (KHz)
	Timing error limit (Te)

	≤ 1 GHz
	15
	1.905
	15
	±20Ts

	
	
	
	30
	±10Ts

	
	30 
	3.81
	15
	±12Ts

	
	
	
	30
	±6Ts

	1 GHz < F ≤ 6 GHz
	15
	1.905
	15
	±20Ts


	
	
	
	30
	±10Ts

	
	
	
	60
	±5Ts

	
	30 
	3.81
	15
	±12Ts

	
	
	
	30
	±6Ts

	
	
	
	60
	±3Ts

	6 GHz < F ≤ 52.6 GHz
	120
	15.24
	60
	±3Ts

	
	
	
	120
	±1.5Ts

	
	240
	30.48
	60
	±3Ts

	
	
	
	120
	±1.5Ts


· Proposal # 2: The UE maximum autonomous time adjustment step requirements are defined as function of the uplink bandwidth and normal CP length of UL symbol (i.e. UL SCS). The proposal is shown in table 6:
Table 6: Proposed Transmit Timing Adjustment Requirements; 1 Ts = 32.55 ns
	Frequency range
	UL bandwidth
	SCS of UL signal (KHz)
	Maximum Autonomous Time Adjustment Step

	≤ 1 GHz
	5 MHz
	15
	5.5 Ts

	
	
	30
	5.5/2 Ts

	
	≥ 10 MHz
	15
	3.5 Ts

	
	
	30
	3.5/2 Ts

	1 GHz < F ≤ 6 GHz
	5 MHz
	15
	5.5 Ts

	
	
	30
	5.5/2 Ts

	
	
	60
	5.5/4 Ts

	
	≥ 10 MHz
	15
	3.5 Ts

	
	
	30
	3.5/2 Ts

	
	
	60
	3.5/4 Ts

	6 GHz < F ≤ 52.6 GHz
	≥50 MHz
	60
	3.5/4 Ts

	
	
	120
	3.5/8 Ts


A TP to TS 38.133 to specify the core requirements based on the above proposals is provided in [10].
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