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1
Introduction
The following agreements related to fine time/frequency tracking RS have been agreed in RAN1#AH-01 [1]
Agreement:
Following working assumption is confirmed:

· For above-6GHz, the following configurations are supported

· Same configuration as below-6GHz: X=2 and N=2+2

· For X=1, use the same OFDM symbols as X=2 case within a slot

In this contribution, the remaining  aspects of fine time-frequency tracking RS design for Rel-15 are discussed.
2
Discussion on TRS Support in NR 
In previous RAN1-AH meeting, the different merits of aperiodic TRS have been discussed by Ericsson [2] and Qualcomm [3]. In aforementioned papers it was concluded that by relying in Rel-15 only on the use of periodic CSI-RS for time-/frequency tracking potential problems may appear as follows: 

· Scheduling restrictions: Due to use of analog/hybrid analog-digital antenna array architechtures at higher carrier freuquencies, i.e.  above 6GHz,  especially, the configuration (X,N) = (2,2+2) imposes scheduling restrictions for gNB as well as extra reference signal overhead leading to inefficient system operation.
· PDSCH beam change: When PDSCH beam change occurs from one beam to another at higher carrier frequencies, its related channel parameters, e.g. delay spread, Doppler spread/offset and residual residual timing and frequency offset estimates  may change as well.  Depending on the configured time periodicity of TRS, UE is not neccesarily able to receive TRS to make channel estimation properly before receiving PDSCH. Furthermore, due to inaccurate channel estimation, CSI reporting may also be inaccurate.  As a result of these aforementioned aspects, the performance of PDSCH may be compromised after beam change until the periodic TRS is received. Naturally, the impact of misalignment of channel estimation could be improved by configuring  by higher layers a shorter time periodicity for CSI-RS resources associated with CSI-RS set for TRS. However, this would result in a significant reference signal overhead as well scheduling restrictions.     
· BWP switch: When the switch of active BWP occurs, depending on the configured time periodicity of TRS, UE is not neccesarily able to receive periodic TRS to perform channel estimation properly as well as reporting accurate CSI before receiving PDSCH on new active BWP leading to a compromised PDSCH performance until the periodic TRS is received. 
· SCell activation: Similar to the problems related to BWP switch or PDSCH beam change, after the activation of SCell UE is not neccesarily able to receive TRS to perform channel estimation properly before receiving PDSCH on SCell leading to a compromised PDSCH performance until the periodic TRS is received.
In addition to the topics discussed in text above, the potential additional time allignment problems with periodical TRS may occur related to the time periodicity of TRS with On-duration of idle and connected mode DRX.  

A potential workaround to reduce the impact of a beam change, BWP switch and SCell activation could be to introduce the reconfiguration of higher layer parameter related to the periodicity of CSI-RS resources within the CSI-RS set to be shorter with respect to original value when occurring the beam change, BWP switch or SCell activation. Furthermore, additional higher layer reconfiguration signaling is needed to update to the value back to the original one. As a result of this, additional higher layer is signaling overhead as well as delay is introduced.   

To minimize the amount of extra scheduling restriction as well as reference signal overhead, in system, it is beneficial to support aperiodic TRS with respect to higher layer reconfiguration at carrier frequencies above 6GHz. 
Observation 1: To minimize the amount of extra scheduling restriction as well as reference signal overhead, in system, it is beneficial to support aperiodic TRS in Rel-15 NR at above 6GHz.
Since the current Rel-15 specification already supports mechanisms to use of aperiodic CSI-RS, the specification impact of supportintg aperiodic CSI-RS  for time/frequency offset tracking (TRS) in Rel-15 is a minimal. The supported UL DCI based triggering mechanism can be used to enable the use of aperiodic TRS in Rel-15. More specifically, gNB configures a CSI triggering states associated with aperiodic CSI-RS set ID for time-/frequency tracking its corresponding TCI index. The triggering state is triggered via UL DCI. The value of TCI index in CSI triggering state refers to a row in TCI table associated with source RS resource or resource set ID, e.g DMRS and target CSI-RS set ID for time-/frequency tracking as well as QCL type, i.e type-A + type-D. Furthermore, the higher layer parameter reportQuantity is configured to have a value equal to none.  
Observation 2: The specification impact for supporting UL DCI based triggering of aperiodic CSI-RS for time/frequency offset tracking (TRS) is a minimal in Rel-15.
In RAN1#91 meeting, it was agreed to include RRC parameter, i.e. ‘TRS-INFO’ into the CSI-RS resource set to indicate resources that it can be used for a time- and frequency tracking. As a result of this agreement, different CSI-RS based resources configurations can be configured where resources within resource set can be jointly used for beam management and time- and frequency tracking. However, in current versions of the specification related to residual time- and frequency tracking TS 38.214, there is no support for configuration enabling the joint use of  CSI-RS and synchronization signal block (SSB) resources for fine time- and frequency tracking leading to the inefficient use of system resources. The main driver for the joint use of different resources for time and frequency tracking, especially at above 6GHz  due to use of analog/hybrid analog-digital antenna array architechtures, is possibility to reduce reference signalling overhead and scheduling restrictions leading to more efficient overall system operation.
To enable support for the joint use of different CSI-RS resource configurations and SSB resources, new RRC parameter, i.e. TRS-INFO-SSB, is proposed to be included as a part of CSI-RS resource set. Higher layer configured parameter TRS-INFO-SSB includes the following two information elements:
· Element 1: boolean value information element, i.e. ‘ON/OFF’, associated with the CSI-RS resource that defines CSI-RS resource to be jointly used with SSB resources, for time- and frequency tracking 
· Element 2: information element indicates SSB index  that is used together with a given CSI-RS resource for time- and frequency tracking. 
Observation 3: To enable more efficient system operation,  it is beneficial to include higher layer configured parameter ‘TRS-INFO-SSB’  CSI-RS resource configuration to enable joint use of CSI-RS and synchronization signal block (SSB) resources for fine time- and frequency tracking.
In the following, text proposal is proposed to be added as a part of section 5.1.6.1.1 CSI-RS for tracking in TS 38.214:
================================= Text Proposal Starts===============================
5.1.6.1.1
CSI-RS for tracking

< Unchanged parts are omitted >
If a UE is configured with the first information element of higher layer parameter TRS-INFO-SSB set as ‘ON’, the UE shall assume the antenna port with the same port index of the configured NZP CSI-RS resources in the CSI-RS resource set to be same with given SSB resource indicator defined in the second information element of higher layer parameter TRS-INFO-SSB. For both frequency ranges 1 and 2, the UE may be configured with a CSI-RS resource set of two periodic CSI-RS resources in one slot 
================================= Text Proposal Ends===============================
In Appendix A, different use cases for the joint use of CSI-RS  and SSB resources for residual time- and frequency offset tracking are provided. Furthermore, simulation results with and without the joint use of different CSI-RS and SSB resources are provided in the Appendix B.

From channel estimation perspective above 6GHz at UE-side, the joint use of SSB resources (i.e. two separate DMRS resources associated with PBCH resources in two different symbols) and single-slot CSI-RS resources for time-frequency tracking can be seen as a slightly different RS pattern with respect to the agreement (X=1, N=2, Sf=4, St=4). In fact, the aforementioned joint use  just introduces a minor difference in time domain density of reference signals between SSB and CSI-RS  impacting neglibly to frequency offset estimation at low SNR values. However, at low SNR value range  low order MCS is assumed to be used leading to neglible impact to the performance of PDSCH performance. When UE operates at middle or high SNR range values, it is clear that the joint use outperforms the agreed approach. In addition to frequency offset estimation gains, the joint approach provides also large performance gains for Doppler spread/estimation.  Therefore, it can be concluded that the joint use provides enhanced performance with respect to the agreed one in both frequency offset and Doppler spread/offset estimation. To demonstrate superiority of joint approach with respect to the agreed one, simulation results have been included into Section 3.
Observation 4: The joint use of different CSI-RS resource configurations and SSB resources  can provide enhanced performance with respect to the agreed one in both frequency offset and Doppler spread/offset estimation.
Proposal 1: Support UL DCI based triggering of aperiodic CSI-RS for time/frequency offset tracking (TRS).
Proposal 2: To enable support for the joint use of different CSI-RS resource configurations and SSB resources, new RRC parameter, i.e. TRS-INFO-SSB, is proposed to be included as a part of CSI-RS resource set. Higher layer configured parameter TRS-INFO-SSB includes the following three information elements:

· Element 1: boolean value information element, i.e. ‘ON/OFF’, associated with the CSI-RS resource that defines CSI-RS resource to be jointly used with SSB resources, for time- and frequency tracking 
· Element 2: information element indicates SSB index  that is used together with a given CSI-RS resource for time- and frequency tracking. 
Proposal 3: Support for below and above 6GHz, the joint use of CSI-RS based TRS configuration (X=1, N=2) and SSB resource configurations.

Proposal 4: To enable accurate and low reference signal overhead based delay spread estimation at below and above 6GHz, support DMRS associated with PDSCH based delay spread estimation. 

Proposal 5: Support for above 6GHz the joint use of CSI-RS based TRS configurations and SSB with the following parametrization: 
· X=1, N=2, St=4, Sf=4
· Different periodicities can be configured for different resource pairs or resources in the context of joint use of reference signal and SSB resources. 
3
Numerical Results

In this section, link-level evaluation results for the agreed parameter down-selection with different TRS configurations are provided. Firstly, the throughput performance of the PDSCH in the presence of frequency drifting of UE oscillator is evaluated. Secondly, the throughput performance of TRS based Doppler estimation is evaluated. 

The frequency drifting of oscillator at UE-side is modelled with linear model by assuming the frequency drift rate of 0.16 ppm/s. The set of different time periodicities, i.e. {10, 20, 40, 80}ms for CSI-RS based TRS is considered. Further details of the simulation parameters are summarized in Appendix.

3.1 Frequency Estimate

Regarding to the down-selection of  available three options, from the perspective of frequency offset estimation, all different symbol position options share same symbol spacing within a slot, i.e. St=4, i.e. option-1[4 8], option-2[5 8], option-3[6 10], resulting to a similar throughput performance. Therefore, only one of them is used to perform frequency offset estimation. 
Figure 4a) (X=2, N=2+2), B=24, b) (X=2, N=2+2), B=50,Figure 5 a) (X=1,N=1), B=24, Figure 5 b) (X=1,N=1), B=50  show the PDSCH throughput comparison of TRS transmission with different paramterizations, frequency drift rate of 0.16 ppm/s, SCS=15KHz, and  velocity of 3km/h. Here, different TRS burst periodicities are mentioned in the legend text. The throughput results take into account the reference signal overhead of different TRS configurations. The result of the ideal frequency offset estimation without any overhead is marked with black colour. As can be seen, to track frequency drifting of UE oscillator accurately enough, the burst periodicity of 40ms provides overall the best throughput performance over considered SNR range. Even though the burst periodicity of 10ms enables to track the most accurately the drifting, it causes also the highest overhead leading to worst throughput performance at high SNR range. As shown, the results between two bandwidth options, i.e. B=24 vs. B=25, with different burst periodicities lead nearly to the same throughput performance.   

Observation 5: The bandwidth size of TRS has a minor impact to frequency offset estimation performance in both (X=1, N=2) and (X=2, N=2+2) TRS configurations. 
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Figure 3 PDSCH throughput with TRS (X=2, N=2+2), frequency drift rate of 0.16 ppm/s, B = {24,50} PRBs, Y={10, 20, 40, 80}ms, SCS = 15KHz and velocity of 3km/h.
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Figure 4 PDSCH throughput with TRS(X=1, N=1), frequency drift rate of 0.16 ppm/s , B = {24,50}PRBs, Y={10, 20, 40, 80}ms, SCS = 15KHz and velocity of 3km/h.

Figure 6 a) Y=80ms, a) Y=40ms, Figure 7 a) Y=20ms and Figure 7 b) Y=10ms, show the throughput comparison between TRS(X=1,N=2) and (X=2, N=2+2) with different bandwidth options, i.e. B=24 and B=50. When the TRS burst periodicity is less than 40ms, the reference signal overhead related to the TRS configuration (X=2, N=2+2) degrades significantly the throughput performance of PDSCH. TRS (X=1,N=2) outperforms. Therefore, it is beneficial to support the TRS configuration (X=1, N=2).  
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Figure 5 PDSCH throughput with TRS(X=1, N=2) and (X=2, N=2+2), frequency drift rate of 0.16 ppm/s,Y ={80,40}ms, B = {24,50}, SCS = 15KHz and velocity of 3km/h.
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Figure 6 PDSCH throughput comparison between (X=1, N=2) and (X=2, N=2+2) with frequency drift rate of 0.16 ppm/s ,Y ={20,10}ms, B = {24,50}, Y ={20,10}ms, SCS = 15KHz and velocity of 3km/h.

Observation 6: When the TRS burst periodicity is less than 40ms, the reference signal overhead related to the TRS configuration (X=2, N=2+2) degrades significantly the throughput performance of PDSCH. 
Observation 7: Due to reduced reference signal overhead of TRS (X=1,N=2) with respect to (X=2, N=2+2), it is beneficial to support the TRS configuration (X=1, N=2) at below and above 6 GHz.  
3.2 Doppler Estimate

In this section, the throughput performance of PDSCH in the presence of difference UE velocities, i.e. 30, 60, and 120 km/h, with TRS based Doppler estimation is evaluated. 
Figure 12 a) velocity =30km/h  and Figure 12 b) velocity =60km/h, Figure 13 velocity =120km/h show the PDSCH throughput comparison when  TRS(X=2, N=2+2) and (SSB[3,5] + X=1, N=2) are used to provide filtered Doppler estimates for Wiener based DMRS channel estimator. Here, a simple alpha-filtering is implemented for both TRS(X=2, N=2+2) and (SSB[3,5] + X=1, N=2) options. The result of the ideal Doppler estimation without any overhead is marked with black colour. As can be observed, the joint use of the SSB [3,5] and (X=1, N=2) outperforms the TRS(X=2, N=2+2) option up to 60km/h due to reduced reference signal overhead. When UE velocity is 120 km/h, (SSB[3,5] + X=1, N=2) can achieve comparable performance with respect to TRS(X=2, N=2+2 option. Additionally, it is worth noting that the bandwidth associated with (SSB[3,5] + X=1, N=2) is nearly half of the bandwidth configured for the TRS(X=2, N=2+2).    
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Figure 7 PDSCH throughput with different (SSB[3,5] + (X=1, N=2)) and TRS (X=2, N=2+2) configurations, Y ={10, 20}ms, B = {24,50}, SCS = 15KHz.

[image: image11]
Figure 8 PDSCH throughput with different (SSB[3,5] + (X=1, N=2)) and TRS (X=2, N=2+2) configurations, Y ={10, 20}ms, B = {24,50}, velocity =120 km/h, SCS = 15KHz.

Observation 8: To enable enhanced Doppler estimation support for the TRS configuration(X=1, N=2), TRS can be combined with SSB resources and/or DL BM P1 CSI-RS resources  leading to a improved throughput performance without increasing any reference signal overhead. 

Observation 9: The bandwidth size of TRS has a minor impact to Doppler estimation.

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: To minimize the amount of extra scheduling restriction as well as reference signal overhead, in system, it is beneficial to support aperiodic TRS in Rel-15 NR at above 6GHz.

Observation 2: The specification impact for supporting UL DCI based triggering of aperiodic CSI-RS for time/frequency offset tracking (TRS) is a minimal in Rel-15.
Observation 3: To enable more efficient system operation,  it is beneficial to include higher layer configured parameter ‘TRS-INFO-SSB’  CSI-RS resource configuration to enable joint use of CSI-RS and synchronization signal block (SSB) resources for fine time- and frequency tracking.
Observation 4: The joint use of different CSI-RS resource configurations and SSB resources  can provide enhanced performance with respect to the agreed one in both frequency offset and Doppler spread/offset estimation.
Observation 5: The bandwidth size of TRS has a minor impact to frequency offset estimation performance in both (X=1, N=2) and (X=2, N=2+2) TRS configurations. 
Observation 6: When the TRS burst periodicity is less than 40ms, the reference signal overhead related to the TRS configuration (X=2, N=2+2) degrades significantly the throughput performance of PDSCH. 
Observation 7: Due to reduced reference signal overhead of TRS (X=1,N=2) with respect to (X=2, N=2+2), it is beneficial to support the TRS configuration (X=1, N=2) at below and above 6 GHz.  
Observation 8: To enable enhanced Doppler estimation support for the TRS configuration(X=1, N=2), TRS can be combined with SSB resources and/or DL BM P1 CSI-RS resources  leading to a improved throughput performance without increasing any reference signal overhead. 

Observation 9: The bandwidth size of TRS has a minor impact to Doppler estimation.

Based on the discussions, the following proposals have been made:

Proposal 1: Support UL DCI based triggering of aperiodic CSI-RS for time/frequency offset tracking (TRS).
Proposal 2: To enable support for the joint use of different CSI-RS resource configurations and SSB resources, new RRC parameter, i.e. TRS-INFO-SSB, is proposed to be included as a part of CSI-RS resource set. Higher layer configured parameter TRS-INFO-SSB includes the following three information elements:

· Element 1: boolean value information element, i.e. ‘ON/OFF’, associated with the CSI-RS resource that defines CSI-RS resource to be jointly used with SSB resources, for time- and frequency tracking 
· Element 2: information element indicates SSB index  that is used together with a given CSI-RS resource for time- and frequency tracking. 
Proposal 3: Support for below and above 6GHz, the joint use of CSI-RS based TRS configuration (X=1, N=2) and SSB resource configurations.

Proposal 4: To enable accurate and low reference signal overhead based delay spread estimation at below and above 6GHz, support DMRS associated with PDSCH based delay spread estimation. 

Proposal 5: Support for above 6GHz the joint use of CSI-RS based TRS configurations and SSB with the following parametrization: 

· X=1, N=2, St=4, Sf=4

Different periodicities can be configured for different resource pairs or resources in the context of joint use of reference signal and SSB resources.
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Appendix A –Different Use Cases for Joint Use of Different CSI-RS and SSB Resources 
At above 6GHz, it is expected that CSI-RS configuration for time- and frequency tracking (X=2, N=2+2) with analog/hybrid analog-digital antenna array architechtures imposes scheduling restrictions in spatial domain in two consecutive time slots. Therefore, it is beneficial to use TRS configuration(X=1, N=2) to reduce scheduling restrictions at above 6GHz.  

At higher carrier frequencies, different  DL beam management (BM) procedures P1-P3 will be used to indentify and perform the alignment of TX and RX beams at gNB and UE sides, respectively. Therefore, from a system perspective to reduce scheduling restrictions as well as reference signal overheads associated with TRS(X=2, N=2+2), it is beneficial to combine the TRS resources with periodic CSI-RS resources used for DL BM P1 procedures and/or with SSB resources at above 6GHz. It is worth noting that the reductions of reference signal overheads can also be obtained by combing the use of reference signals for TRS at below 6GHz.   

Figure 3 shows an example of the exploitation of periodically transmitted SSB and separately configured resources for 1- AP CSI-RS resources within CSI-RS sets 1 as well as separately configured resources for 1-AP CSI-RS resources CSI-RS set 2 for TRS functionality. All CSI-RS resource sets with resources therein have been user-specifically configured by RRC, namely, CSI-RS sets 1-2. Moreover, it is assumed that each resource is mapped  to single or multiple antenna ports associated with CSI-RS. By RRC-signaling the NR higher layer parameter, ResourceConfigType  associated  with CSI resource sets 1 and 2 is configured to be periodic. The time periodicity of set 1 is configured by higher layer parameter, CSI-RS-timeConfig, to be aligned with the time periodicity of SSB. Here, TRS_INFO_SSB is set to {ON, 8} for resources 1,2 within CSI-RS resource set1. Furthermore, CSI-RS resources within  CSI-RS set 1 are spatially QCL:ed with DMRS resources associated with PBCH of SSB. Additionally, resources 1 and 2 are spatially QCL:ed with each other within resource sets 1. Moreover, the resources 1 and 2 within set 2 are spatially QCL:ed with each others.The CSI-resource component configuration for each resource is configured as 1-antenna port configuration with a specific resource element density per physical resource block, e.g. 1, 3, 4,6. 

As a result of the given configuration,  residual time-frequency offset estimation and Doppler spread/shift estimation can be performed based on SSB- resources and CSI-RS set 1 UE-side. Additionally, instead of performing delay spread estimation on CSI-RS resource,  delay spread estimation at UE-side can be performed based DMRS resource elements associated with physical shared data channel transmission (PDSCH) which may provide more accurate delay spread estimation.  Moreover, the time periodicity of CSI-RS set 2 is configured to be shorter with respect to the CSI-RS set 1. As a result of this, enhanced time and frequency offset tracking as well as Doppler spread/shift estimation can be enabled with reduced refence signal overhead.
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Figure 9 The joint use of periodical SSB  and 1-AP CSI resources with CSI-RS set1 and additional 1-AP CSI-RS resources within CSI-RS sets 2.
Appendix B – Simulation Assumptions
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