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Introduction
Agreements on the fine time/frequency tracking for NR were made in the 3GPP RAN1 NR ad-hoc meeting [1]:
Agreements:
· For fine time/frequency tracking, consider
· The required RE resource/patterns
· E.g. CSI-RS, RS for mobility (if adopted, may be CSI-RS or other RSs), DM-RS for broadcast/unicast/control (if introduced), PT-RS, a dedicated RS (if required), etc.
· Other RSs are not precluded
· The required periodicity and the corresponding configurations
· Tracking performance
[bookmark: _GoBack]The need for the accurate time and frequency synchronization is evident in NR where waveform and multiple access techniques are based on OFDM. Without time and frequency synchronization, the received signal is severely degraded due to the inter-block interference (IBI) and inter-carrier interference (ICI). According to the above agreements, various resources can be used for fine tracking of time and frequency in NR. Hence, in this contribution, we discuss a possible NR time/frequency synchronization procedure and reference signal (RS) design principle for the fine time/frequency tracking.
Need for time/frequency synchronization
Based on OFDM technology, NR is inherently susceptible to the timing and frequency errors compared to the single-carrier-based techniques. The reasons of time/frequency errors are various. Delay spread and Doppler spread of the wireless channel, user mobility, and clock/oscillator mismatch between transmitter and receiver collectively constitute the time/frequency errors. If these time/frequency errors are not properly mitigated, IBI in the time domain and ICI in the frequency domain occurs, significantly degrade the link performance. 
As an example, the effect of frequency offset due to Doppler shift is shown in Figure 1, where the BLER is plotted as a function of SNR with and without frequency offset compensation mechanism. We focus on a scenario with very high mobility where effect of frequency offset is significant. Hence, high speed train scenario is selected for this purpose. As agreed in RAN1#85 meeting, CDL-D channel is selected to evaluate the link performance of the high speed train scenario where the speed of train is up to 500 km/h [2][3][4]. The detailed simulation parameters are summarized in the Appendix. It is shown that the BLER gap is very large between the schemes with and without frequency offset compensation.
Observation 1: Employing frequency offset compensation greatly improves BLER performance especially in a very high mobility scenario.
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[bookmark: _Ref474227052]Figure 1. BLER vs. SNR with and without frequency offset compensation (CDL-D, 500 km/h)

Time/frequency synchronization procedure
Synchronization procedure for estimating and compensating time/frequency errors is depicted in Figure 2. The estimation procedure consists of coarse estimation, cell search, and fine estimation. The correction procedure can be done in either time or frequency domain.


[bookmark: _Ref474169240]Figure 2. Time/frequency synchronization procedure
Coarse time and frequency synchronization is performed before FFT block, where the beginning of the OFDM symbol and fractional frequency offset are identified and their effects are compensated. One example of coarse time and frequency synchronization is to utilize the correlation property inherent in the cyclic prefix (CP) of an OFDM symbol [5]. After the timing offset is acquired, the starting position of the FFT window is adjusted such that it is within the CP duration. Once the fractional frequency offset is estimated, its impact can be completely compensated by reversely rotating its phase rotating effect.
During cell search, frame timing and integer frequency offset are identified by detecting the synchronization signal (SS). The correlation of the received data and the expected SS pattern can be used.
Although the coarse time and frequency synchronization and cell search are completed, there might be residual time and frequency offsets. The residual timing error can be inherently estimated and compensated during the channel estimation and equalization procedures. In contrast, due to the short-term oscillator drifts and/or time-varying Doppler shift, residual frequency error should be continuously tracked and compensated in order to avoid ICI [6]. This residual frequency error is particularly significant for high Doppler scenarios. Several resources are candidates for the residual frequency error tracking, e.g., CP and RSs.
Proposal 1: In NR study, tracking and compensating the residual frequency offset should be taken into account.
Proposal 2: In NR study, resources for tracking and compensating the residual frequency offset should be identified.
RS for fine time/frequency tracking
Fine timing tracking
As mentioned in the previous section, residual timing offset tracking can be done with channel estimation and equalization. Hence, DMRS can be used for this purpose. Since the DMRS is supposed to be allocated enough to track the channel variation both in the time and frequency domains, it will be sufficient to track the timing offset variation.
Proposal 3: In NR study, DMRS can be used for fine timing error tracking.
Fine frequency tracking
Fine frequency tracking can be typically implemented using a closed-loop structure. In each block, an estimate of the frequency offset is obtained and employed by the loop filter. The tracking and compensation are performed iteratively. One example of time-domain approach is the CP-based method where the phase shift between the CP and the last samples of the OFDM symbol is used to estimate the residual frequency offset. On the other hand, frequency-domain approaches perform fine frequency tracking using preamble or RS. The residual frequency offset can be estimated in the frequency domain by comparing the phase between the received symbols and expected patterns. Another example is to calculate the phase difference between the two consecutive RSs [7].
Existing RSs in NR or a proper combination of RSs can be employed for the fine frequency tracking. The allocation and density of a specific RS should be considered because it greatly affects the tracking performance. Among the RSs, the DMRS may be suitable for fine frequency tracking, which can be allocated with variable time/frequency density. For example, the DMRS can be densely allocated for high Doppler scenarios where the exact frequency tracking is more required. The phase tracking RS (PTRS) can also be used to track the residual frequency along with the DMRS. Reusing the RSs can be good at reducing the overall RS overhead while achieving multiple system objectives.
Proposal 4: In NR study, DMRS and PTRS can be used for fine frequency tracking.
The drawback of using the DMRS and PTRS is that they are allocated only to scheduled resources. So, the need for the dedicated RSs for tracking is raised. This dedicated RS can be allocated either to the entire resource grid like LTE’s CRS or to the temporarily black resource region.
Proposal 5: In NR study, dedicated RS for tracking can be employed for fine frequency tracking.
Conclusion
In this contribution, we discussed a possible NR time/frequency synchronization procedure and reference signal (RS) design principle for the fine time/frequency tracking. We propose the followings.
Observation 1: Employing frequency offset compensation greatly improves BLER performance especially in a very high mobility scenario.
Proposal 1: In NR study, tracking and compensating the residual frequency offset should be taken into account.
Proposal 2: In NR study, resources for tracking and compensating the residual frequency offset should be identified.
Proposal 3: In NR study, DMRS can be used for fine timing error tracking.
Proposal 4: In NR study, DMRS and PTRS can be used for fine frequency tracking.
Proposal 5: In NR study, dedicated RS for tracking can be employed for fine frequency tracking.
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Appendix
The link-level simulation parameters are summarized in Table 1. For the phase noise model, the multi-pole/zero model for 30 GHz is used [8], which was agreed in [9]. In the simulation, the common phase error is compensated. 
[bookmark: _Ref458782256]Table 1. Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	30 GHz

	System bandwidth
	80 MHz

	Subcarrier spacing
	120 kHz

	Channel coding
	LTE Turbo

	MCS
	16QAM 3/4

	Number of layers
	1

	Channel estimation
	Ideal

	Equalizer
	LMMSE

	Channel model
	· CDL-D (DS = 10ns, K-factor = 13.3 dB)
· Parameter set # 1: 5(ASD), 5(ASA), 1(ZSA), 1(ZSD)
· ZoD and ZoA for cluster #1 are fixed at 90 degrees

	TRP antenna configuration
	· (M,N,P,Mg,Ng) = (8,8,2,1,1); (dV,dH) = (0.5, 0.5)λ with directional antenna element (HPBW=65, directivity 8dB)

	UE antenna configuration
	· (M,N,P,Mg,Ng) = (8,8,2,1,1); (dV,dH) = (0.5, 0.5)λ with directional antenna element (HPBW=65, directivity 8dB)

	Phase noise model
	Multi-pole/zero model [8]

	UE speed
	500 km/h
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