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At RAN1#88 meeting [1], way forward on RS for time and frequency tracking was agreed:
· The candidate reference signal for time and frequency tracking  for study
· Demod RS for common control resource set or common control search space together with extension in time domain (if introduced)
· CSI-RS
· Consider the enhanced type in both time and frequency domain (if needed)
· Dedicated RS (if introduced)
· DMRS for PBCH (if introduced)
· MRS (if introduced)
· PT-RS
· PSS/SSS
· Note that it doesn’t mean that only one RS can serve tracking for time and frequency
· The RS design for time and frequency tracking should study
· Tracking range for the frequency error
· E.g. in LTE, CRS: +/-2KHz, DMRS: +/-1KHz, CSI-RS: +/-100Hz 
· Resolution for the timing error
· E.g. in LTE, PSS/SSS: 1us,  10MHz BW CRS: 0.1us
· Transmission timing e.g. burst period and off duration
· Transmission bandwidth, e.g. wideband, partial band
· The support of different sets oL parameters
· The support of Delay spread estimation and Doppler spread estimation
· The detailed signaling mechanism
· Prepare draft LS to RAN4 
· Check whether same level of time/frequency tracking accuracy, e.g. ±0.1 PPM, is enough or not regardless of wider range of NR carrier frequency
· Evaluation is encouraged
· PDSCH decoding performance including SIB under the realistic time/frequency tracking and compensation
· Performance when DRX in connected mode is configured 
· FFS, evaluation assumptions including channel model, modeling drift of local oscillator after DRX period
· Note: Channel model example is as follows
· Fixed value, for example 300Hz for frequency error and 1us for timing error
· Dynamic model
· CDL model with time varying AOA/ZOA for time varying Doppler shift
· For very high speed, consider RAN4 4-path HST model
· Self-defined model
In this contribution we discuss the tracking requirement which may be used as reference in down-selecting and guideline in designing reference signal for the purpose of time/frequency tracking.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Signal design requirement for tracking/estimation
As discussed in contributions [2-9] from previous meetings, tracking includes coarse time/frequency tracking, fine time/frequency tracking and delay/Doppler spread tracking in terms of tracking functionalities. Tracking should work properly in different states, i.e. initial access, DRX and RRC connected states along with some special case, e.g. HST. For candidate reference signal for tracking, we may have Synchronization signal, PT-RS, MRS, CSI-RS, common control RS, DMRS for PBCH and even dedicated RS for tracking. Also signal design in NR should cover much wider and larger variety of system bandwidth compared to LTE. The issue is even worse when the coverage is further extended to high frequency band in which analog beamforming and larger subcarrier spacing are typically employed. So a methodology is required to down-select the proper signal from the candidate list, to associate signals to fulfilled functionalities and to cover various states. Beside meeting the tracking purposes, signaling overhead, configuration flexibility and performance robustness should also be taken into account. If more than one reference signals satisfy the conditions, it is an implementation choice as to which reference signal to use. Otherwise it will be mandatory to rely on certain reference signal for certain functionality and in certain state. To progress the work, we propose to firstly specify the tracking requirements of tracking functionalities for the corresponding states. Then based on the agreed requirements, further down-selection of candidate signals, enhancement of existing signal or designing new dedicated signal could be performed. In the remaining of the section, detailed framework for tracking requirements is provided.
Time tracking
Good time tracking performance is crucial in achieving satisfactory demodulation performance. The tracking performance is mainly determined by reference signal density in time/frequency domain, signal bandwidth and periodicity. The signal frequency density determines the valid time tracking range. The sparser placement of reference signal along frequency, the smaller time tracking range. Minimum tracking range could be specified with respect to fraction (1/N_T) of OFDM symbol time. The bandwidth spanned by reference signal determines tracking timing granularity. To ensure certain demodulation performance, the reference signal transmission bandwidth need to exceed certain minimum bandwidth. This minimum bandwidth can be specified in term of normal sampling interval Ts, e.g. W Ts. When more processing gain is need, the time tracking reference signal can be transmitted in burst mode, i.e. several OFDM symbols carrying reference signal are transmitted within a short period of time. Transmission in the time domain could be reduced by increasing frequency domain density. As long as the processing gain is large enough, e.g. greater than G_T dB, the tracking performance should be guaranteed. Timing tracking reference signal is transmitted periodically to counter the timing drift caused by UE movement and residual oscillators frequency offset. Too often transmission offers little performance gain with increased signaling overhead. Too sparse transmission on the other hand results in reduced tracking capability and degraded demodulation performance. The minimum transmission period can be specified with maximum allowed timing drifting, i.e. P_T Ts, between two consecutive tracking updates. In summary, for time tracking, we propose the following minimum requirements:
Proposal 1: To ensure satisfactory time tracking performance, the time tracking reference signal should meet the minimum requirements:
· Tracking range: 1/N_T OFDM symbol time
· Tracking granularity: W Ts
· Signal processing gain: G_T dB
· Timing drift between updates: P_T Ts

Frequency tracking
Frequency error is caused by oscillator frequency differences between transmitter and receiver and Doppler shift from UE movement. Similar to the signal design requirement for time tracking, the reference signal for frequency tracking should meet certain time/frequency density and transmission periodicity requirements. The signal density in time/frequency domain should provide enough processing gain to combat the various noises, e.g. thermal noise, interference and phase noise. Correspondingly, we could define the minimum processing gain along both time and frequency dimensions, G_F_t and G_F_f dB. The gap between consecutive OFDM symbols carrying frequency tracking reference signal should be carefully chosen. Too small gap results in that the frequency error is comparable to the noise level and the tracking adjustment is driven under significant noise effect. On the other hand, when the gap is too large, there is ambiguity in the observed frequency error and frequency tracking loop may be driven under erroneous input signal. So two parameters, N_F_min and N_F_max could be specified to determine the minimum and maximum gap between consecutive reference signal carrying OFDM symbols. Frequency tracking signal is transmitted periodically and the period between consecutive updates should be small enough such that the frequency offset drift is less than certain Hz, e.g. P_H subcarrier spacing Fs. 
Proposal 2: To ensure satisfactory frequency tracking performance, the frequency tracking reference signal should meet the minimum requirements:
· Signal processing gain: G_F_t and G_F_f dB
· Transmission gap:  (N_F_min, N_F_max) OFDM symbols
· Frequency drift between updates: P_H Fs

For fine time/frequency tracking, classical time-domain tracking approach should be available. To facilitate channel impulse response estimation through IFFT, tracking RS pattern should be evenly spaced and uniformly pre-coded in frequency domain. 
 Proposal 3: To facilitate time-domain fine T/F tracking, reference signal should be evenly spaced and uniformly per-coded in frequency domain in allocated bandwidth 
Considering the different UE state in network, the UE within DRX in connected or idle need also meet the requirements of fine time/frequency tracking to perform data reception, such as paging receptions, so, it’s better for tracking reference signal could be configured to be transmitted before data receptions.

Delay/Doppler spread estimation
In the same way as with time/frequency tracking, we can define the minimum signal design requirements by specifying the following parameters:
Proposal 4: To ensure satisfactory delay/Doppler spread estimation performance, the reference signal for estimation should meet the minimum requirements:
· Signal processing gain: G_S_t and G_S_f dB
· Transmission gap:   > N_S OFDM symbols

Based on the above proposed framework, companies are encouraged to perform evaluation under various states and scenarios and propose several sets of parameters. Sets of parameters corresponding to each states/scenarios should be agreed which accommodate most of the companies minimum requirements. Then candidate reference signal down-selection, existing signal enhancement or new dedicated signal design could start using the agreed sets of parameters as reference.

Multi-point and multi-panel transmission support
High frequency support is an essential part of NR specification. Due to the significant signal path loss at high frequency band, beamforming at both transmit and receive sides are necessary. The narrow beam resulting from the applying of beamforming is more vulnerable to blocking effects. Multi-point transmission is often an effective method to compact blocking. Narrow beams pointing to different directions also naturally provide near orthogonal channels which facilitates the multi-stream data transmission from different transmission point to increase the throughput. For multi-point transmission, the RS carrying QCL assumptions should be flexibly configured and grouped to support various QCL functionalities, e.g. fine time/frequency tracking.
Various antenna architecture implementations are possible to achieve the required beamforming gain. One implementation may employ multiple antenna panels where each antenna panel contains analog antenna array. Different antenna panel may point to different directions and driven by different oscillators. At high frequency with very narrow beams, the large scale QCL parameters may be quite different depending on the beam pointing directions. Thus even for the transmission from a single transmission point, different data stream may come from different antenna panels and beam directions which results in different large scale QCL parameters, e.g. delay spread, frequency offset and etc. The RS design for fine time/frequency tracking should take the antenna architecture variations into account to have flexible QCL association and indication [10].
Doppler spread estimation is essential for UE data demodulation, e.g. channel estimation.  Different from delay spread which are variable depending on beam pointing directions hence need QCLed information,  Doppler spread is actually not sensitive to beam direction and more related to UE velocity and carrier frequency. Thus Doppler spread estimation could be taken as beam-independent parameter which is not QCLed with DMRS port. Further study is needed to confirm the assumption.
Proposal 5: RS designed for fine time/frequency tracking should support multi-point and multi-panel transmission
Proposal 6: FFS on QCL assumption between beam direction and Doppler spread estimation

[bookmark: _Ref129681832]Conclusion
In this contribution we discussed the framework to specify the reference signal design minimum requirements for time/frequency tracking/estimation. In summary we have the following proposals:
Proposal 1: To ensure satisfactory time tracking performance, the time tracking reference signal should meet the minimum requirements:
· Tracking range: 1/N_T OFDM symbol time
· Tracking granularity: W Ts
· Signal processing gain: G_T dB
· Timing drift between updates: P_T Ts  
Proposal 2: To ensure satisfactory frequency tracking performance, the frequency tracking reference signal should meet the minimum requirements:
· Signal processing gain: G_F_t and G_F_f dB
· Transmission gap:  (N_F_min, N_F_max) OFDM symbols
· Frequency drift between updates: P_H Fs
Proposal 3: To facilitate time-domain fine tracking, reference signal should be evenly spaced and uniformly per-coded in frequency domain in allocated bandwidth 
Proposal 4: To ensure satisfactory delay/Doppler spread estimation performance, the reference signal for estimation should meet the minimum requirements:
· Signal processing gain: G_S_t and G_S_f dB
· Transmission gap:   > N_S OFDM symbols
Proposal 5: RS designed for fine time/frequency tracking should support multi-point and multi-panel transmission
Proposal 6: FFS on QCL assumption between beam direction and Doppler spread estimation
Companies are encouraged to perform evaluation under various states and scenarios and propose several sets of parameters. Sets of parameters corresponding to each states/scenarios should be agreed which accommodate most of the companies minimum requirements. Then candidate reference signal down-selection, existing signal enhancement or new dedicated signal design could start using the agreed sets of parameters as reference.
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