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Introduction
At RAN1#88 meeting [1], it was agreed that:
· 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 of QCL parameters
· The support of Delay spread estimation and Doppler spread estimation
· The detailed signaling mechanism
· Prepare draft LS to RAN4 in R1-1703949 until Thursday – Hoondong (Samsung) for
· 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
Tracking RS requirements
UE demodulation performance ties closely with the accuracy of time/frequency offset/spread estimation provided by various tracking functionalities, which in LTE, are driven by CRS. Due to the following drawbacks, in NR, CRS type of always-on signal is not preferred:
· Always on signal introduces unnecessary pilot pollution, energy consumption, and is not future compatible
· Cell-specific reference signal cannot provide beam-specific QCL in multi-beam system.

Therefore, we need to carefully study how to map these functionalities to different RSs in NR. While the existing agreement on tracking RS does not take Doppler spread and delay spread into account, it makes sense to consider if the RS for tracking can be used for Doppler spread and delay spread estimation as well, as the requirements for fine time/frequency tracking and Doppler/delay spread estimation largely overlap.
[bookmark: _Ref477982998]Proposal 1: Tracking RS should also support Doppler-spread/delay-spread estimation.
In general, the time/frequency tracking and Doppler/delay spread estimation performance is greatly impacted by the RS pattern in frequency and time, which we summarized in Table 1.

[bookmark: _Ref478049283]Table 1 . The impact of RS pattern on the tracking performance
	RS pattern
	Density in time
	Time span[footnoteRef:2][1] [2: [1] Time span over which phase continuity is guaranteed] 

	Density in frequency
	BW

	Estimation type
	
	
	
	

	Time offset
	Processing gain
	Pull-in range
	Time resolution

	Delay spread
	
	Maximum resolvable delay spread
	

	Frequency offset
	Pull-in range
	Processing gain
	Processing gain


	Doppler spread
	Maximum resolvable Doppler spread
	Doppler resolution
	



Based on the summary in this table, we have the following observations:
Observation 1: SS is not suitable for fine time/frequency tracking and delay/Doppler spread estimation due to its limited BW and time span. 

Table 2. Synchronization Signal
	RS pattern
	Density in time
	limited
time span
	Density in frequency
	limited bandwidth

	Estimation type
	
	
	
	

	Time offset
	Processing gain
	Pull-in range
	insufficient time resolution

	Delay spread
	
	Maximum resolvable delay spread
	

	Frequency offset
	Pull-in range
	Processing gain
	Processing gain


	Doppler spread
	Maximum resolvable Doppler spread
	bad Doppler resolution
	



Observation 2: CSI-RS (without any enhancement) is not suitable for fine time/frequency tracking and delay/Doppler spread estimation due to its sparsity in both time and frequency.

Table 3 CSI-RS (assuming once every 5ms; 1RE/RB)
	RS pattern
	Too sparse in time
	Time span
	Too sparse in frequency
	BW

	Estimation type
	
	
	
	

	Time offset
	Processing gain
	very bad pull-in range
	Time resolution

	Delay spread
	
	very small resolvable delay spread
	

	Frequency offset
	very bad pull-in range
	Processing gain
	Processing gain


	Doppler spread
	very small resolvable Doppler spread
	Doppler resolution
	



Observation 3: PT-RS (without any enhancement) is not suitable for fine time/frequency tracking and delay/Doppler spread estimation due to its sparsity in frequency and limited BW.
Table 4. PT-RS (assuming 1RE/4RB/symbol; BW contained within allocation)
	RS pattern
	Density in time
	Time span
	Very sparse in frequency
	potentially limited allocation BW

	Estimation type
	
	
	
	

	Time offset
	Processing gain
	Very small pull-in range
	Potentially poor time resolution

	Delay spread
	
	Too much aliasing in time
	

	Frequency offset
	Pull-in range
	Processing gain
	poor processing gain for any frequency offset and Doppler spread estimation in case of small BW allocation

	Doppler spread
	Maximum resolvable Doppler spread
	Doppler resolution
	



To fulfill the need for fine time/frequency tracking and Doppler/delay spread estimation, we propose that Tracking RS should have pattern listed in Table 5. Note that the 3RE/RB density in frequency with 60KHz SCS gives about 4us maximum resolvable delay spread, which is much shorter than the 11us maximum resolvable delay spread provided by LTE. 

[bookmark: _Ref478049676]Table 5. Proposed RS pattern
	
	Density in time
	Time span
	Density in frequency
	BW

	proposal of RS pattern
	Consecutive transmissions in a bursty fashion
	Each burst spans at least two slots
	At least 3RE/RB should be guaranteed
	Preferably the entire system BW



Proposal 2: Consider the design of Tracking RS with the following time/frequency pattern
· RSs are transmitted in a bursty fashion
· Each burst spans at least two slots
· At least 3RE/RB should be guaranteed
· Preferably occupy entire system BW

Proposal 3: Consider the design of Tracking RS with the following signaling requirement
· Tracking RS is periodically transmitted (X-slot burst every Y slots) once configured
· FFS on the value of X and Y
· It can be turned off when there is no UE in connected mode
· The configuration includes periodicity, BW, and the number of ports.
· It can be additionally scheduled to help UE from long-CDRX wake-up
· gNB can indicate the QCL relationship between DMRS ports and Tracking RS ports.
Conclusions 
 Proposal 1: Tracking RS should also support Doppler-spread/delay-spread estimation.
Observation 1: SS is not suitable for fine time/frequency tracking and delay/Doppler spread estimation due to its limited BW and time span. 
Observation 2: CSI-RS (without any enhancement) is not suitable for fine time/frequency tracking and delay/Doppler spread estimation due to its sparsity in both time and frequency.
Observation 3: PT-RS (without any enhancement) is not suitable for fine time/frequency tracking and delay/Doppler spread estimation due to its sparsity in frequency and limited BW.
Proposal 2: Consider the design of Tracking RS with the following time/frequency pattern
· RSs are transmitted in a bursty fashion
· Each burst spans at least two slots
· At least 3RE/RB should be guaranteed
· Preferably occupy entire system BW

Proposal 3: Consider the design of Tracking RS with the following signaling requirement
· Tracking RS is periodically transmitted (X-slot burst every Y slots) once configured
· FFS on the value of X and Y
· It can be turned off when there is no UE in connected mode
· The configuration includes periodicity, BW, and the number of ports.
· It can be additionally scheduled to help UE from long-CDRX wake-up
· gNB can indicate the QCL relationship between DMRS ports and Tracking RS ports.
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