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1
Introduction
The following agreements related to fine time/frequency tracking RS have been agreed in RAN1#89:
Agreements:
· Fine/time frequency tracking RS (TRS) structure may include burst structure and TRS structure inside a burst
· Whether the term “TRS” appear in specifications is FFS
· RS(s) can be the existing ones, revision of the existing ones, or new ones

· The parameters for burst structure are at least

· X: the length of TRS burst in terms of number of slots
· Y: the TRS burst periodicity in terms of number of slots
· TRS supports a single port

· FFS: Other numbers of TRS ports, resources, etc
· TRS has an equal RE spacing in frequency domain within a TRS bandwidth
· FFS: Whether multiple values are supported
· Note that more than one equal RE spacing can be considered
· FFS on TRS configuration details
In this contribution, the different aspects of fine time-frequency tracking RS design are discussed.
2
On TRS Design for NR 
As discussed in previous RAN1 meetings, the target of TRS is to enable the fine tracking of frequency and timing estimation error. The need for fine tracking of frequency and timing depends on the robustness of  PDSCH and PDCCH against frequency and timing error. Particularly, higher order MCS associated with PDSCH can be assumed to be prone for frequency and timing errors. Since initial timing and frequency synchronization is performed based on SS-block signals, i.e. PSS/SSS, it is important to gain further understanding on the impact of residual frequency and timing error to the link-level performance of PDSCH. In our companion paper [2], the combination of PSS/SS and DMRS for PBCH have been studied to further enhance the accuracy of frequency estimation error.     

Observation 1: It is important to understand the impact of residual frequency and timing error to the link-level performance of PDSCH after SS-block detection by using PSS/SSS signals.


 Figure 1 shows an illustration of burst based TRS structure agreed in RAN1#89 [1]. From the perspective of actual signal structure, SS-block and TRS burst can be considered as similar from UE point of view excluding potential bandwidth difference between SS-block and system bandwidth/connected mode. Both approaches have a set of resources in frequency over multiple time instants with a certain periodicity. 

[image: image1]
Figure 1. An example of time-frequency fine tracking RS configuration. It is worth noting that the example includes only bi-directional subframe configuration and excludes plain uplink and downlink oriented sub-frames.

To enable harmonized pattern design over different functionalities, commonalities between  same and different RS types  need to be considered to set the target for multi-functional RS pattern design. In general,  by taking into account the discussion related to different RS types and their RE design options in NR, it can be observed that RE-level comb based design principle is widely considered in the context of different RS types, e.g. DMRS for PDSCH, PUSCH, PDDCH and  PBCH as well asl SRS. Therefore, RE-level comb based RS pattern design principle can provide an attractive framework for harmonization between different RS types and functionalities. Furthermore, to minimize RS overhead for fine residual time/frequency estimation, it is beneficial to leverage existing RSs without need to define/specify (any) new RSs to support this specific functionality
Observation 2: It is benefical to exploit commonalities in large extend in terms of RE patterns between different RS designs, e.g. CSI-RS, DMRS (PDSCH, PUSCH, PDCH, PBCH), SRS, targeting for multi-functional RS pattern design.
Observation 3: To minimize RS overhead and ease the implementation of estimator for fine residual time/frequency estimation, it is beneficial to leverage existing RSs in large extent.  

Figure 2 shows an illustration of comb-4 based RE pattern for TRS burst and some design parameters. Here, the time difference between different TRS symbols define the frequency offset resolution window with respect to sub-carrier spacings. The closer the symbols are in time more accurate frequency error estimate can be obtained at high SNR range. On the other, by having closely located the symbols in time more narrow frequency resolution is obtained at low SNR range. The bandwidth of signal/RS as well as corresponding RE density in frequency define the timing error estimation accuracy. The periodicy of TRS burst defines the capability to track estimated parameter variation between consequtive TRS bursts. 

[image: image2]
Figure 2 An example of comb-4 based TRSs and related design parameters.
Observation 4: RE-level comb structure can provide a flexible and efficient framework for residual frequency and timing error estimation.
Based on agreed TRS burst structure and existing RSs, Table 1 summarizes RS options for the residual time-frequency error tracking in NR. 
 Table 1 Summary of different signals and RS for residual time-frequency error tracking.
	Option
	Reference Signals
	Symbol Positions in Slot (*)
	Number of Consequtive Slots
	Comment

	Option 0
	SSS/PSS+ DMRS for PBCH
	-
	-
	SS-block

	Option 1
	DMRS for PDCCH
	0,1 
	1 or 2 
	Two PDCCH symbols transmitted from same TRP and TX antenna panels sharing same oscillator

	Option 2
	DMRS for PDCCH + DMRS for PDSCH
	0,1
	1 or 2
	DRMS for control and data transmitted from same TRP and TX antenna panels sharing same oscillator in a slot

	Option 3
	DMRS for PDSCH + CSI-RS BM/CSI aquisation
	 1, 4
	1 or 2
	DRMS for data and CSI-RS transmitted from same TRP and TX antenna panels sharing same oscillator in a slot

	Option 4
	CSI-RS for BM 
	2,4 or 4,5
	1 or 2
	CSI-RSs transmitted from same TRP and TX antenna panels sharing same oscillator in a slot

	Option 5
	PTRS
	Density in time configurable 
	1 or 2 
	PTRS transmitted from same TRP and TX antenna panels sharing same oscillator in a slot


(*) Note: Slot is assumed to consist of 7 symbols 
In multi-TRP deployment, each TRP is equipped with multiple TX/RX panels sharing a single or multiple oscillators depending on its hardware implementation. To enable simultaneous tracking of frequency and timing error estimates over multiple TRPs, the number of APs associated with TRS needs to be larger than one within single OFDM symbol.The number of tracked TRS scales with the number of serving TRPs. 
Observation 5: The number of tracked TRS APs scales with the number of serving TRPs.

Proposal 1: Support RE-level comb structure for residual time-/frequency estimation. 
3
Numerical Results

In this section, link-level evaluation results on different RE-level comb based TRS patterns described in Section 3 in conjunction of DMRS are provided. The simulation parameters are summarized in Appendix.

Figure 3 shows throughput performance of PDSCH with the velocity of 3, 30 and 120 km/h and 64-QAM Rc=3/4. Here, frontloaded DMRS configuration in conjunction of TRS configuration with 4th and 8th symbol with RE density of 2/12 and 4/12 is used. As can be seen, the throughput performance degrades significantly in the presence of 120km/h velocity with respect to 30km/h and 3km/h with realistic channel estimation. The reason for this is incapability of UE to track the time evolution of a channel sufficiently well leading to higher standard deviation of residual frequency error in the presence of 3,30 and 120 km/h, as shown in Figure 4. Naturally, the impact of CFO plus Doppler spread/shift for the performance of PDSCH is subject to applied numerology.  
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  Figure 3 Throughput performance of PDSCH with 64-QAM Rc=3/4 and different UE velocities, i.e., 3, 30 and 120 Km/h.
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Figure 4 Standard deviation of residual frequency estimate with different velocities, i.e. 3, 30 and 120 Km/h. T
Figure 5 shows the throughput performance of PDSCH with four DMRS symbols. As can be seen, the performance significantly improves by having four seprate DMRSs with respect to previous results without any additional DMRS symbols.  

[image: image9]
Figure 5 Throughput performance of PDSCH with additional DMRS symbols, velocity of 120 km/h, 64-QAM and Rc=3/4.
Observation 6: By increasing the mobility of UE in the presence of CFO, the residual frequency error increases leading to the degradation of channel estimates and PDSCH performance.  
Observation 7: To improve UE tracking capability of time varying channel in presence of CFO, instead of using separate TRS there is a need to configure multiple DMRSs within slot. 

In comparison with PDSCH, PDCCH uses lower order MCSs that are typically more robust against frequency errors. Therefore, it is likely that SS-block based frequency and timing error estimation is sufficient for PDCCH decoding.   
Observation 8: Due to low order of MCS associated with PDCCH, SS-block based frequency and timing error estimation may be sufficient for PDCCH decoding. 
Figure 6 shows the standard deviation of timing error estimate with different velocities, i.e. 3, 30 and 120km/h. As shown, the velocity does not impact to the estimate of timing errors. In general, timing error should not be a problem for CP-OFDM based transmission as long as the length of CP is longer than the delay spread of channel plus timing error.    
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Figure 6. Standard deviation of timing error estimate with different velocities, i.e. 3, 30 and 120km/h. 

Observation 9: Timing error should not be a problem for CP-OFDM based transmission as long as the length of CP is longer than the delay spread of channel plus timing error.   
Proposal 2: Support to use existing RS-types and their corresponding configurations to cover different scenarios of TRS. 

4
Conclusions
In this contribution, the different aspects of TRS design have been considered. 
Based on the discussions, the following observations have been made:

Observation 1: It is important to understand the impact of residual frequency/timing error to the link-level performance of PDSCH after SS-block detection by using PSS/SSS signals.

Observation 2: It is benefical to exploit commonalities in large extend in terms of RE patterns between different RS designs, e.g. CSI-RS, DMRS (PDSCH, PUSCH, PDCH, PBCH), SRS, targeting for multi-functional RS pattern design.

Observation 3: To minimize RS overhead and ease the implementation of estimator for fine residual time/frequency estimation, it is beneficial to leverage existing RSs in large extent.

Observation 4: RE-level comb structure can provide a flexible and efficient framework for residual frequency and timing error estimation.

Observation 5: The number of tracked TRS APs scales with the number of serving TRPs.

Observation 6: By increasing the mobility of UE in the presence of CFO, the residual frequency error increases leading to the degradation of channel estimates and PDSCH performance.  
Observation 7: To improve UE tracking capability of time varying channel in presence of CFO, instead of using separate TRS there is a need to configure multiple DMRSs within slot. 

Observation 8: Due to low order of MCS associated with PDCCH, SS-block based frequency and timing error estimation may be sufficient for PDCCH decoding. 

Observation 9: Timing error should not be a problem for CP-OFDM based transmission as long as the length of CP is longer than the delay spread of channel plus timing error.   
Based on the dicussions, the following proposals have been made:

Proposal 1: Support RE-level comb structure for residual time-/frequency estimation.
Proposal 2: Support to use existing RS-types and their corresponding configurations to cover different scenarios of TRS. 
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Appendix – Simulation Assumptions


[image: image13]
[image: image14.png]Delay spread resolution
for 2-D wiener filter (N-
1)*SCS

R
(T [T T
(I T T T T

1
System BW defining : L3 ®
Time offsetaccuracy— | ® (XX ) .
©=1/BW, BW=#PRBS x 1 ®
SCs 1

1

1

1

1

1

1

1

1

1

1

1

L L]

Frequency offset resolution, e.g.
* 1/1>-1/2<5CS<1/2
* 1/2>-1/4<SCS<1/4
* 1/3>-1/6<5CS<1/6

\_Y_)

Averaging over multiple symbols



[image: image15.png]4 GHz
Single-beam

Spatial multiplexing:
2x2, rank2, MCS=64QAM %, wideband precoding

For 3/30 km/h: Symbols=[3 11]
For 120 km/h_ Symbols=[2 6 10 14]
RS density=3/12

Symbols=[1 59 13] and [5 9]
RS density=2/12 and 4/12

80ms

25 PRBs for both NR-PDSCH and TRS

15 kHz

TDL-C-300ns

3/30/120km/h

Concatenated freq and time 1D Wiener filter
Realistic

LMMSE

Offset: Fixed = 600 Hz



[image: image16.png]STD of timing estimation error [usec]

>

0.1

TRS|25PRB| TDL-C-300ns|4GHz 3kmph| OneShotTimingEst

——RSdensity=2/12, TRSsyms=[0 4 8 12]
_| ——RSdensity=4/12, TRSsyms=[0 4 8 12]
——RSdensity=2/12, TRSsyms={4 8]
——RSdensi 8]

15 20 25 30 35
SNR[dB]

40



[image: image17.png]STD oftiming estimation error [usec]

o
©
T

o
©
T

1)
3

o
>
T

)
o
T

o
=
T

o
©
T

TRS|25PRB|TDL-C-300ns|4GHz|30kmph|OneShofTimingEst

——RSdensity=2/12, TRSsyms=[0 4 8 12]

== RSdensity=4/12, TRSsyms=[4 8]

| | i i

i
15 20 25 30 35
SNR [dB]

40



[image: image18.png]STD of frequency estimation error [Hz]

50

TRS|25PRB| TDL-C-300ns|4GHz| 3kmph| OneS hotCFOest| CFO=600Hz

——Estimated, RSdensity=2/12, TRSsyms=[0 48 12]
——Estimated, RSdensity=4/12, TRSsyms=[0 48 12]
——Estimated, RSdensity=2/12, TRSsyms=[4 8]
——Estimated, RSdensity=4/12, TRSsyms=[4 8]




[image: image19.png]STD of frequency estimation eor [Hz]

TRS|25PRB| TDL-C-300ns| 4GHz] 120kmph| OneShotCFOesiCFO=600Hz

——Estimated, RSdensity=2/12, TRSsyms=[04 8 12]

——Estimated, RSdensity=4/12, TRSsyms=[04 8 12]
_| ——Estmated. Rsdensity=2/12, TRSsyms=[4 8]

——Estimated, RSdensity=4/12, TRSsyms=[48]

i
15 20 25 30 35 40
SNR [dB]



[image: image20.png]STD of frequency estmation error [Hz]

50

TRS| 25PRB| TDL-C-300ns| 4GHz|30kmph| OneShotCFOest|CF

——Estimated. RSdensity=2/12, TRSsy!
—— Estimated, RSdensity=4/12, TRSsy!

*| ——Estimated, RSdensity=2/12, TRSsyms=4 8]
—— Estimated, RSdensity=4/12, TRSsyms=[4 8]




[image: image21.png]NR-PDSCH|2x2,Rank2,64QAM 3/4|25PRB|TDL-C-300ns|4GHz| 3kmph|OneShotCF Oest|CFO=600Hz

o771 T T T T T T [ T T T T 1
350
30
g 25
o
=)
é_ 201
=3
3
9
£ 150
101 ~| =8~ Ideal, TRSsyms=[0 4 8 12]
—B-Estimated, RSdensity=2/12, TRSsyms=[0 4 8 12]
—8-Estimated, RSdensity=4/12, TRSsyms=[0 4 8 12]
—O-|deal, TRSsyms=[4 8]
—©-Estimated, RSdensity=2/12, TRSsyms=[4 8]
; ; —©-Estimated, RSdensity=4/12, TRSsyms=[4 8]

4 16 18 20 22 24 26 28 30 a2 34 36 28 40
SNR [dB]



[image: image22.png]NR-PDSCH|2x2,Rank2,64QAM 3/4|25PRB|TDL-C-300ns|4GHz|120kmph|OneShotCFOest|CFO=600Hz| TRSperiod=80ms
30

—8—|deal
—&—Estimated, RSdensity=2/12, TRSsyms=[0 4 8 12]
=B Estimated, RSdensity=4/12, TRSsyms=[0 4 8 12]
25H =@ - Estimated, RSdensity=2/12, TRSsyms=[4 8]
=©-Estimated, RSdensity=4/12, TRSsyms=[4 8]

Throughput [Mbit/s]

N N NS NS NS N N
24 26 28 30 32 34 36 38 40
SNR [dB]




[image: image23.png]Throughput [Mbit/s]

NR-

14

PDSCH|2x2,Rank2,64QAM 3/4|25PRB|TDL-C-300ns|4GHz|120kmph|OneShotCFOest| CFO=600Hz

1.2

: : : : : : : : : T T T T T
=B-|deal, TRSsyms=[04 8 12] i i i i i

=B—Estimated, RSdensity=2/12, TRSsyms=[0 4 8 12]
—B—Estimated, RSdensity=4/12, TRSsyms=[04 8 12]|_
=©-|deal, TRSsyms=[4 8]

-8 -Estimated, RSdensity=2/12, TRSsyms=[4 8]
-© -Estimated, RSdensi /12, TRSsyms=[4 8]

0.8

0.6

0.4

0.2

i i
24 26 28
SNR [dB]

20

22



[image: image24.png]Single port CSI-RS, part of CSI-

TRS burst consists of X slots TRS burst consists of X slots RS for CSl aquisation or BM

( \ f \ I Single port PDCCH & DMRS

I PUCCH

I PDSCH/PUSCH
SS-block

Every n-th Periodicity of periodicity: 5, 10, I SS-block
symbol TF-RS burst 20, 40, 60, 80, 160

Y g in terms of

repetition or slots, Y ms

staggered



