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Introduction
At RAN1#88bis meeting [1], it was agreed that:
Agreements:
· Support a RS with X MHz bandwidth for time tracking, where X can be
· Alt 1: system bandwidth
· Alt 2: bandwidth part
· FFS configured or fixed 
· Alt 3: maximum UE bandwidth reported by UE capability
· Alt 4: PBCH bandwidth
· Other alternatives are not precluded
· FFS the number of values of X (e.g., whether or not as a function of frequency range)
· For time and frequency domain RE spacing of tracking RS, at least the following aspects are TBD in RAN1#89
· Subcarrier spacing according to frequency range
· Periodicities
· Frequency densities
· Timing of fine time/frequency tracking
· E.g. before SIB decoding, before PDCCH decoding, before PDSCH decoding, etc.
· The structure of the RS
· E.g. time density/burst
Agreements:
· The WF in R1-1706800 is agreed with the following updates:
· Slide 2 is updated to:
· The RS(s) for fine time and frequency (T/F-) tracking should consider
· Whether T and F tracking use independent RS(s) respectively, or same RS
· The number of antenna ports for the RS(s)
· Whether already existing RS(s) used for other purposes can be used also for T and/or F tracking
· Whether the RS(s) are periodic or aperiodic
· Whether RS bandwidth and/or periodicity  is configurable
· If it is configurable, the approach can be, e.g. by RRC, SIB , MIB,…
· Study the need of additionally scheduled to help UE from long CDRX wakeup
· Multi-beam operation
· The RS(s) can be used for delay spread estimation and Doppler spread estimation
· frequency offset= [0.1] ppm

Discussion
In each of the previous several meetings from RAN1#86bis to RAN1#88, there have always been some agreements regarding RS for time/frequency tracking. However, not much progress has been made except for the general consensus that a reference signal for time/frequency tracking (referred to as tracking RS, or TRS hereafter) should be supported. There were mainly two aspects under discussion:
· Whether some of the existing RS can be used for tracking or not
· The signalling scheme for the configuration of tracking RS

In our previous contribution [2], we point that that, for tracking RS, the detailed RS pattern in time and frequency has a determinative impact on the tracking performance. Therefore, any discussion regarding the above two aspects without quantitative understanding the impact of RS pattern on tracking performance is baseless. In our view, we should first study which RS pattern can serve the purpose of robust tracking performance, and then examine if some of the existing RS can be reused or what type of signalling is needed. 
In last meeting (RAN1#88bis), a general agreement on the simulation guidelines regarding tracking RS evaluation has been proposed to encourage companies to conduct extensive simulation to find the desirable tracking RS pattern that can guarantee robust UE performance before claiming that certain existing RS can serve the tracking purpose. Following the spirit of this agreement, in this contribution, we present some simulation results regarding tracking performance under different RS patterns.
Note that the main reason that the time/frequency tracking was under such spotlight in NR while in LTE time there seems to be very few related discussion is that LTE-CRS structure inherently guarantees a very robust UE tracking performance, whereas in NR there has been a strong attempt to avoid any form of always-on signal, in which case, it becomes unclear regarding how to achieve UE tracking performance as robust as that can be guaranteed in LTE. LTE-CRS, although giving rise to the problem of pilot pollution, energy over-consumption in Idle network, and being unfriendly regarding future compatibility, is absolutely essential in robust UE operation, and thus any effort to remove/replace/subsample it should not be taken lightly.

A general TRS framework
To advance the discussion/evaluation of the performance of TRS, we propose a general framework regarding the time pattern of TRS. Specifically, in this general framework, TRS is transmitted in a bursty fashion, where one TRS-burst is the minimum unit of TRS. For example, as illustrated in Figure 1, each TRS spans 2 slots. We denote the inter-TRS-burst spacing in term of slots as Y. Thus, TRS configuration is uniquely defined by the following three variables:
1. X: the length of TRS burst in terms of the number of slots
2. Y: the TRS-burst periodicity in terms of the number of slots
3. The detailed pattern within each TRS burst

Slot
Slot
Slot
…
Slot
Slot
Slot
Slot
Slot
…
Slot
Slot
Each TRS bust spans X Slots
One TRS burst for every Y slots
One TRS burst for every Y slots
Each TRS bust spans X Slots

[bookmark: _Ref481708563]Figure 1 A general TRS framework

We want to emphasize that this framework is quite general in that it does not impose any constraints, and is only proposed to unify TRS discussion. For example, LTE-CRS can be viewed as X=1 and Y=1, where TRS within a burst is transmitted on two OFDM symbols in a staggered fashion with the de-staggered frequency density being 1/3. NR-CSI-RS pattern can be viewed as the case when X=1, Y=the configured CSI-RS periodicity, and within each slot the RS pattern conforms to the latest agreement regarding CSI-RS.


TRS burst pattern
In this contribution, we studied six different TRS burst patterns with 30KHz numerology, as illustrated in Figure 2. The TRS burst pattern is labelled by ([OFDM symbol indices], density in frequency)


[bookmark: _Ref481709736]Figure 2 six different TRS burst pattern show in 1RBx1slot (12-RE x 14-OFDM-symbol) grid.
On top of each of these six patterns, we also evaluated three different TRS BW configurations:
1. 5MHz: 16RB=5.76MHz
2. 10MHz: 32RB=11.52MHz
3. 15MHz: 48RB =17.28MHz

The general trade-off of the different TRS burst patterns can be summarized in Table 1. While Table 1 only mentions how the RS pattern in time and frequency affects the estimation for time-offset, frequency-offset, delay spread, and Doppler spread, it should be clear that these estimations have an essential impact on the demod performance, which translate into throughput impact, which is exactly the target of evaluation of this contribution. 
[bookmark: _Ref478049283]Table 1 . The impact of RS pattern on the tracking performance (restated from [2])
	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
	



TRS processing
In the simulation agreement in RAN1#88bis (listed in Section I), it is explicitly mentioned that TRS can be used for delay spread estimation and Doppler spread estimation besides fine time/frequency tracking. The agreement is based on the observation that the requirement of fine time/frequency tracking largely overlap with delay/Doppler estimation.  

Following the agreement, in our simulation, we use TRS to drive all four functionalities: time tracking, frequency tracking, delay spread estimator, and Doppler spread estimator, and then observe the impact on the data channel throughput. 
In order to study the convergence behavior of all these four functionalities, in each set of simulations, we restrict the set of TRS-bursts that UE can rely on (hereafter referred to as filtering length), and then sweep across different filtering lengths. Specifically, the following three cases are simulated
· 1-TRS burst based tracking (one shot TRS burst based tracking)
· 3-TRS bursts based tracking
· 5-TRS bursts based tracking

The first one represents the case when the UE is in the cold start phase and only captured one TRS burst for tracking and channel parameter estimation, whereas the second and the third cases are designed to observe how tracking can be improved over time when more TRS bursts are captured.
In all the TRS filtering related algorithms, we assume that phase continuity across TRS bursts may not be guaranteed. 
Simulation results and observations
For easier navigation, we put the links to the simulation results across different configuration in Table 2. For each figure, we overlaid the three different filtering options. Some simulation assumptions are summarized in Table 3.
[bookmark: _Ref481714605]Table 2 Simulation results figure-link
	BW
	5MHz
	10MHz
	15MHz

	TRS-burst pattern in time
	TRS-burst pattern in frequency (density)
	
	
	

	[3,10]
	1/4
	Figure 3
	 Figure 6
	 Figure 9

	
	1/6
	 Figure 12
	 Figure 15
	 Figure 18

	[3,5,7,9]
	1/4
	 Figure 4
	 Figure 7
	 Figure 10

	
	1/6
	 Figure 13
	 Figure 16
	Figure 19

	[3,10,17,24]
	1/6
	 Figure 5
	 Figure 8
	 Figure 11

	
	1/6
	Figure 14
	Figure 17
	Figure 20



From these simulation results, the following observations can be made:
Frequency density requirement study
TRS with 1/6 frequency density is more susceptible to timing error compared with that with 1/4 frequency density at low SNR. 
· Since the simulation results are based on TDL-C 300ns, the RMS delay spread is small compared with CP, the effect of timing error does not translate much into the degradation of throughput
· For robustness concern, at least 1/4 frequency density needs to be guaranteed.
· Note that LTE CRS based TTL sees 22us span in delay domain
· 1/4 density in NR 30KHz only yields 8us span in delay domain, which is already much worse than LTE
· 1/6 density also leads to a noticeable bias in the Doppler estimation compared with 1/4 density

Therefore, we reach the following proposal
Proposal 1: For tracking RS, at least 1/4 RS density in frequency should be guaranteed to allow robust time tracking performance. 
BW requirement study
In almost all cases, 3-TRS-burst based tracking and 5-TRS-burst based tracking deliver close to throughput with genie tracking loops
· 3/5-TRS-burst based tracking yield a small loss in throughput at high SNR

For one-shot (single-TRS-burst) based tracking to function properly, the TRS BW has to be at least 10MHz
· If the TRS BW is only 5MHz, then significant loss is observed (>5dB)
· Even at TRS BW of 10MHz or 15MHz, there is still a significant loss (~5dB) at high SNR due to inaccurate Doppler and delay spread estimation

Based on these observations, the following proposal is made:
Proposal 2: For tracking RS, at least 10MHz BW should be guaranteed if the system BW is larger than 10MHz.

Conclusions 
Proposal 1: For tracking RS, at least 1/4 RS density in frequency should be guaranteed to allow robust TTL. 
Proposal 2: For tracking RS, at least 10MHz BW should be guaranteed if the system BW is larger than 10MHz.
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Appendix

[bookmark: _Ref481837858][bookmark: _GoBack]Table 3 Simulation setup
	Parameter
	Value

	Channel profile
	TDL-C 300ns, 100Hz Doppler (Jakes)

	Number of BTS antennas
	4

	Number of UE antennas
	4

	Number of RBs
	48

	PRB bundle size
	4

	Transmission scheme
	Single layer random PMI

	subcarrier spacing
	30KHz

	DMRS Pattern
	Symbol 2 and Symbol 5 (0-based indexing)
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